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ABSTRACT 

These s t u d i e s  support  t he  F o s s i l  Energy development 
program i n  atmospheric and p re s su r i zed  f luidized-bed coa l  
combustion. Laboratory and process  development-scale 
s t u d i e s  a r e  aimed a t  providing needed information on 
limestone, u t i l i z a t i o n ,  c o n t r o l  of t he  emission of a l k a l i  
metal compounds and SO2 dur ing  combustion, p a r t i c u l a t e  
loading i n  f l u e  ga's, and o t h e r  a s p e c t s  of f luidized-bed 
coa l  combusti.on. 

This  r e p o r t  p r e sen t s  in format ion  on t h e  e f f e c t  of bed 
temperature ,  s u p e r f i c i a l  gas  v e l o c i t y  and gas  hou r ly  space 
v e l o c i t y  on the  removal of gaseous NaCl from h o t  gas  
st.reams by a  g ranu la r  bed of diatomaceous e a r t h ;  r e s u l t s  of 
experiments i n  which t h e  adso rp t ion  c a p a c i t y  f o r  gaseous 
NaCl of a c t i v a t e d  baux i t e  was measured a f t e r  r egene ra t i on  
by an aqueous leaching  process ;  and an e s t i m a t e  of t he  c o s t  
of using t h e s e  two so rben t s  f o r  a l k a l i  metal  c o n t r o l  i n  a  
l a r g e  PFBC. Resu l t s  a r e  a l s o  presented f o r  s t u d i e s  aimed 
a t  t h e  development of an a c o u s t i c  d u s t  cond i t i on ing  system, 
and t h e  e v a l u a t i o n  of .  a h igh-ef f ic iency  cylone f o r  removal 
of p a r t i c l e s  from a . 'h igh-pressure  high temperature  gas  
s t ream. The r e l a t i o n s h i p  of t h e  SO2 r e a c t i v i t y  of lime- 
s tones  t o  i n t e r n a l  eu r f ace  area, pore d iameter ,  'and pore 
volume a r e  examined. 

SUMMARY 

Task A. Hot Gas Cleanup 

Removal of ~ l k a l i  ~ e t a l C o m p o u n d s G a s .  Methods for 
reducidg t h e  c o n c e n t r a t i o n o f  gaseous a l k a l i  meta l  &ompounds i n  ho t  g a s  a r e  
be ing  s t u d i e d .  It i s  expec t ed - tha t  t h e  r e s u l t s  of t h e s e  s t u d i e s  w i l l  a id  i n  
t h e  des ign  of h o t  g a s  c leanup  systems f o r  PFBCs and h e l p  a l l e v i a t e  t h e  h o t  
c o r r o s i o n  of g a s  t u r b i n e  components. The o b j e c t i v e  of t h e  c u r r e n t  s t u d i e s  
i s  t o  develop the  t e c h n i c a l  d a t a  base needed f o r  t h e  des ign  of s o l i d  so rben t  
fixed-bed f i l t e r s  t o  remove gaseous a l k a l i  meta l  compounds from h o t  gas .  



Previous  s t u d i e s  demonstrated t h a t  both diatomaceous e a r t h  and a c t i v a t e d  
b a u x i t e  a r e  p o t e n t i a l l y  u s e f u l  so rben t s  f o r  t h e  removal of gaseous NaC1, K C l ,  
and K2SO4 from h o t  gases .  E f f e c t s  of bed temperature ,  s u p e r f i c i a l  gas  
v e l o c i t y ,  and gas hou r ly  space v e l o c i t y  were e s t a b l i s h e d .  In  the  p re sen t  
r e p o r t ,  r e s u l t s  a r e  presented which i n d i c a t e  t h a t  t he  r a t e  of s o r p t i o n  of 
gaseous NaCl per u n i t  q u a n t i t y  of  diatomaceous e a r t h  i s  d i r e c t l y  p ropor t i ona l  
t o  the  concen t r a t i on  of NaCl i n  the, gas  phase. These s t u d i e s  a l s o  i n d i c a t e  
about 90% removal of gaseous NaCl was achieved i n  2- t o  5-h experiments f o r  
a  ga s  c o n t a c t  time of about O:1 s  and was independent of the NaCl vapor con- 
c e n t r a t i o n  i n  t h e  gas .  

Resu l t s  a r e  g iven  f o r  a  s e r i e s  of c y c l i c  experiments i n  which a  sample 
nf a c t i v a t e d  baux i t e  was a l t e r n a t e l y  exposed t o  gaseous NaCl and t o  aqueous 
l each ing .  NaCl was sorbed dur ing  t h e  exposure t o  gaa and was remnved dur ing  
water  t rea tment .  The 1uaLer l a 1  tegcncrsted by t h e  water leaching  was found 
t o  r e t a i n  about 70% of i t s  i n i t i a l  c a p a c i t y  aLLer t h r e e  cyc l e s ;  t h i s  c a p a c i t y  
i s  thought  adequate t o  make use of t he  sorbent  p r a c t i c a l .  These r e s u l t s  
i n d i c a t ~  t h a t  a c t i v a t e d  baux i t e  can be regenera ted  and reused.  Cons idera t ion  
o f  t h e  r e s u l t s  of  t h e s e  leaching  experiments and t h e  temperature  dependence 
of t h e  NaCl capac i ty  of a c t i v a t e d  baux i t e  suggest  aga in  t h a t  i n  t h e  case  of 
a c t i v a t e d  baux i t e ,  a  l a r g e  f r a c t i o n  of t h e  NaCl i s  r e t a i n e d  by adsorp t ion .  
The mechanism of t he  sorp t iof i  process  LoL a c t  iva tad  bauxi t~ makes regenera- 
t i o n  p o s s i b l e .  

A p re l iminary  e s t i m a t e . h a s  i nd i ca t ed  t h a t  t h e  use of diatomaceous e a r t h  
would add about 0.2 mill/kWh t o  t h e  c o s t  of e l e c t r i c i t y ;  i f  a c t i v a t e d  baux i t e  
should be used but  no t  r egene ra t ed ,  t h e  added power c o s t  would be about 
1.6 m i l  ls/kWh. 

P a r t i c l e  Removal from Flue  Gas. I n  PFBC, t h e  ho t  f l u e  gas  from t h e  com- 
b u s t o r  must be expanded through a  gas  t u r b i n e  t o  recover  energy. TO p r o t e c t  
t h e  gas  t u rb ine  from damage, rhe p a r t i c l e  maso loading m i l s t  be  reduced t o  
accep tab ly  low levels. Reported a r e  ( 1 )  p rogress  i n  developing a pu l se - j e t  
r e sonan t  manifold system f o r  enhancing p a r t . i c u l a t e  removal by a c o u s t i c  d u s t  
c o n d i t i o n i n g  and ( 2 )  t h e  . r e s u l t s  of  t e s t i n g  a  h igh-ef f ic iency  cyclone f o r  
p a r t i c u l a t e  removal. 

f 

The ef for t .  being made a t  t he  Un ive r s i t y  of  Toronto (under subcont rac t  t o  
ANL) t o  develop a  pu l se - j e t  a c o u s t i c  dus t -condi t ion ing  sysLeu f o r  auboequent 
t e s t i n g  and e v a l u a t i o n  a t  ANL i s  tsuuluarizcd. Acoustic d u s t  cond i t i on ing  i s  
de f ined  a s  a  process  whereby the  n a t u r a l  tendency of  p a r t i c l e s  t o  agglomerate 
i s  enhanced by exposure of  the p a r t i c l e s  t o  h i g h - i n t e n s i t y  a c o u s t i c  f i e l d s .  

The f i r s t  phase of t h e  developmental e f f o r t  has  been s u c c e s s f u l l y  
completed, a s  s i g n i f i e d  by s t eady - s t a t e ,  cont inuous ope ra t i on  of a  high- 
f requency,  high-sound-intensi ty  pu l se  j e t  exhaus t ing  i n t o  a  tuned resonant  
manifold ope ra t i ng  a t  ambient cond i t i ons .  Sound i n t e n s i t i e s  a s  high a s  
1'60 dB a t  f requenc ies  of 300 t o  350 Hz have been obta ined .  



Work on t h e  second phase of t h e  p r o j e c t  i s  i n  progress .  The o b j e c t i v e  
of t h i s  phase of w o r k : i s  t o  i nc rease  the  ope ra t i ng  p re s su re  of  t he  pu l se  j e t  
t o  about 1015 kPa. To d a t e ,  t h e  pu lse  j e t  has  been s u c c e s s f u l l y  opera ted  a t  
p r e s su re s  a s  high a s  about 350 kPa. 

On the b a s i s  of t h e  r e s u l t s ,  t h e  pu l se - j e t  a c o u s t i c  dus t -condi t ion ing  
program was reassessed  i n  terms of t he  bas i c  arguments o r i g i n a l l y  used t o  
j u s t i f y  the  development e f f o r t .  Pu l se - j e t  a c o u s t i c  d u s t  cond i t i on ing  
cont inues  t o  look promising f o r  PFBC a p p l i c a t i o n s .  

The r e s u l t s  of experiments  performed t o  a s s e s s  t he  p a r t i c l e  c o l l e c t i o n  
e f f i c i e n c y  of  a  TAN-JET cyclone a r e  presen ted .  The TAN-JET employs a  second- 
a ry  c l ean -a i r  f low t o  improve gas-so l id  s e p a r a t i o n  i n  t h e  primary flow of  
d i r t y  gas .  

I n  experiments a t  ambient cond i t i ons  (no combustion i n  t h e  combustor),  
l imestone was f l u i d i z e d  i n  t h e  combustor a t  a  gas  v e l o c i t y  of about 0.76 m / s  
and a  system p re s su re  of about 250 kPa. .The c o l l e c t i o n  e f f i c i e n c y  o f  t h e  
TAN-JET cyclone was determined from s t eady  s t a t e  de t e rmina t ions  of ( 1 )  t h e  
cyclone (pr imary and TAN-JET) p a r t i c l e  c o l l e c t i o n  r a t e s  and ( 2 )  t h e  s o l i d s  
load ing  i n  the  f l u e  ga-s downstream from t h e  cyclone.  The s o l i d s  loading i n  
t h e  f l u e  gas  l eav ing  the  TAN-JET ranged from 0.08 t o  0.17 g/m3. Co l l ec t i on  
e f f i c i e n c y  ranged from 69 t o  90%. Percent  p e n e t r a t i o n  (100% - c o l l e c t i o n  
e f f i c i e n c y )  was found t o  decrease  with i nc reas ing  mass load ing  i n  t he  f l u e  
gas  e n t e r i n g  the  combustor. Also, . t he  mass load ing  leav ing  t h e  cyclone d id  
i nc rease  with i nc reas ing  mass load ing  e n t e r i n g  t h e  cyclone,  an expected r e s u l t .  

For combustion experiments  performed a t  304 kPa p re s su re  and 855°C com- 
bus t ion  temperature ,  s o l i d s  load ing  i n  t he  f l u e  gas  l eav ing  t h e  TAN-JET ranged 
from about 0.15 t o  about 0.24 g/m3. The h igher  loadings than i n  t h e  ambient 
experiments r e s u l t e d  from much h ighe r  i n l e t  mass load ings  t o  t he  cyclone dur- 
ing  t h e  combustion experiments .  Under optimum secondary a i r  i n l e t  cond i t i ons  
i n  t he se  experiments ,  mass load ings  i n  t h e  f l u e  gas  l eav ing  t h e  TAN-JET were 
>0.15 g/m3, even wi th  i n l e t  mass load ings  a s  high a s  about 3.2 g/m3. - 
C.  Limestone U t i l i z a t i o n  

Enhancement of Limestone S u l f a t i o n .  The use of  chemical a d d i t i v e s  ( e . g . ,  
NaCl o r  CaC12) t o  enhance t h e  SO2 r e a c t i v i t y  of l imes tones  i s  under inves- 
t i g a t i o n .  It has  been found t h a t  s a l t  t rea tment  of l imes tones  l eads  t o  l a r g e r  - 
pores  when t h e  l imestone i s  c a l c i n e d .  To understand t h e  e f f e c t s  of s a l t s  on 
t h e  SO2 r e a c t i v i t y  of  l imes tones ,  i t . w a s  necessary  t o  understand t h e  su l f a -  
t i o n  r e a c t i o n  of l imes tones .  I n  t h e  presen t  r e p o r t ,  t h e  r e l a t i o n s h i p  of t h e  
SO2 r e a c t i v i t y  of l imes tones  with i n t e r n a l  surface a r e a ,  pore d iameter ,  and 
pore volume a r e  examined. A good c o r r e l a t i o n  e x i s t s  between percent  conver- 
s i o n  of  CaC03 t o  CaS04 and t h e  i n t e r n a l  s u r f a c e  a r e a  of pores  whose d iameters  
a r e  equal  t o  o r  g r e a t e r  than  0 . 3  PI. 



R e s u l t s  a r e  presen ted  which s t r o n g l y  suggest  t h a t  v e r y  l a r g e  conversions 
of CaC03 t o  CaS04 which a r e  observed with l a r g e  add i t i ons  of CaC12, a r e  due 
t o  t h e  formation of a  l i q u i d  phase which i s  probably a  CaC12-CaO s o l u t i o n .  

Petrog'raphic Examination of Limestones. Pe t rographic  ana lyses  of severa l  
ca l ca reous  s tones  have been made t o  understand the  b a s i c  s t r u c t u r a l  reasons  
f o r  t h e  wide v a r i a t i o n s  i n  SO2 r e a c t i v i t y  of d i f f e r e n t  l imes tones .  Resu l t s  
of t he  examinations of e i g h t  s t ones  r evea l  no obvious s t r u c t u r a l  d i f f e r e n c e s  
c o r r e l a t e d  with t h e i r  SO2 r e a c t i v i t i e s .  



TASK A.  HOT GAS CLEANUP 

1. Removal of A l k a l i  Metal Compounds from Hot F lue  Gas of Coal Combustion 
(S. H .  D .  Lee) . 

I n  t he  prospec t ive  a p p l i c a t i o n  of p r e s su r i zed  f luidized-bed combustion 
of c o a l  t o  power gene ra t i on ,  t h e  co r ros ion  of t u r b i n e  b l ades  due t o  a t t a c k  
by a l k a l i  meta l  compounds i n  t h e  ho t  f l u e  gas  i s  a  p o t e n t i a l  problem. This  
problem can be e l imina ted  by reducing t h e  concen t r a t i on  of a l k a l i  meta l  com- 
pounds i n  t h e  ho t  f l u e  gas  t o  a  l e v e l  t o l e f a b l e  f o r  a  t u r b i n e  b lade .  A way 
t o  accomplish t h i s  i s  t o  use a  ho t  fixed-bed f i l t e r  having a  sorbent  a s  bed 
m a t e r i a l  t o  remove the  a l k a l i  metal  compounds from the  ho t  f l u e  gas  be fo re  
t h e  gas  i s  expanded i n t o  a  t u rb ine .  The o b j e c t i v e  of t h i s  t a s k  i s  t o  develop 
an e f f e c t i v e  sorbent  a s  bed m a t e r i a l  f o r  t he  f i l t e r .  

Previous experiments  have shown t h a t  both diatomaceous e a r t h  and a c t i -  
va ted  baux i t e  e f f e c t i v e l y  remove NaC1, K C 1 ,  and K2SO4 vapors  from t h e  
s imulated h o t  f l u e  gas  of PFBC. The e f f e c t s  of sorbent  bed temperature ,  
s u p e r f i c i a l  gas  v e l o c i t y ,  and gas  hou r ly  space v e l o c i t y  o f  f l u e  gas  were 
s tud i ed  and were presen ted  (ANL/CEN/FE-~~-~O). During t h e  present '  r e p o r t  
per iod ,  s t u d i e s  have been cont inued ( 1 )  t o  i n v e s t i g a t e  t h e  e f f e c t  of NaCl 
vapor concen t r a t i on  i n  f l u e  gas  on t h e  s o r p t i o n  e f f i c i e n c y  of  diatomaceous 
e a r t h ,  ( 2 )  t o  examine t h e  r e g e n e r a b i l i t y  of a c t i v a t e d  baux i t e  by a  water- 
l each ing  p roces s ,  and ( 3 )  t o  ga in  a  b e t t e r  understanding of t h e  s o r p t i o n  . 
mechanisms of NaCl vapor by t h e s e  two s o r b e n t s .  Also,  a  p re l iminary  economic 
eva lua t ion  was made of both diatomaceous e a r t h  and a c t i v a t e d  baux i t e  a s  
so rben t s  f o r  t h e  removal of a l k a l i  meta l  compounds from h o t  f l u e  gas  of PFBC. 
Resu l t s  of t h e  above s t u d i e s  and t h e  pre l iminary  economic eva lua t ion  a r e  
presented and d i scus s sed .  

a .  E f f e c t  of NaCl Vapor Concent ra t ion  i n  F lue  Gas on t h e  So rp t ion  
E f f i c i e n c y  of Diatomaceous Ear th  

Except f o r  s c r een ing  t e s t s  wi th  K2SO4 vapor ,  t e s t s  completed s o  
f a r  were g e n e r a l l y  conducted by feed ing  a  s imulated f l u e  gas  of PFBC conta in-  
ing  about 80 Cpm a l k a l i  meta l  compound vapor.  A l k a l i  concen t r a t i on  i n  t h e  
f l u e  gas  of PFBC h a s  been es t imated  t o  be of . t he  order ol: 10 ppm. 

In  o rde r  t o  i n v e s t i g a t e  t h e  e f f e c t  of NaCl vapor concen t r a t i on  i n  
t h e  f l u e  gas  on . the  s o r p t i o n  e f f i c i e n c y  of  diatomaceous e a r t h ,  a  s e r i e s  of  
experiments was c a r r i e d  ou t  i n  a  l abo ra to ry - sca l e ,  ba tch-uni t  combustor," us ing  
s imulated f l u e  gas  (3%02, 16XC02, about 300 ppm S02, about 120 ppm H20, and . 
t h e  balance N2) con ta in ing  about 29 ppm NaCl vapor .  A d e t a i l e d  d e s c r i p t i o n  
of t h e  combustor was presen ted  i n  an e a r l i e r  r e p o r t  i n  t h i s  s e r i e s  (ANLIES- 
CEN-1016). I n  t he se  experiments ,  diatomaceous ' e a r th  sorbent  was t e s t e d  a t  
8 0 0 " ~  and atmospheric p re s su re  as a func t ion  of experiment d u r a t i o n .  The 

The combustion system c o n s i s t s  of a h o r i z o n t a l  tube  furnace  and a s s o c i a t e d  
gas  feed l i n e s  and product  ga s  a n a l y s i s  i n s t rumen ta t i on .  The f i r s t  s e c t o r  
of t h e  tube furnace  i s  a  gas  p rehea t e r ;  t h e  next  s e c t o r  con ta in s  a  sample pan 
which can be heated a long  with i t s  con ten t s ;  nex t  i s  a g ranu la r  Led so rben t  
f i l t e r ,  followed by co ld  t r a p s  and a  backup g l a s s  wool f i l t e r .  



s u p e r f i c i a l  gas v e l o c i t y  and t h e  gas  hou r ly  space v e l o c i t y  (GHsv) of s imulated 
f l u e  gas  passing through t h e  sorbent  bed were 66 cm/s and 33,500 h-1, respec-  
t i v e l y .  P a r t i c l e s  were -8 +10 mesh. The d i , s t r i b u t i o n s  of NaCl obtained from 
t h e s e  experiments  a r e  t abu la t ed  i n  Table 1 ,  and the  r e s u l t s  a r e  p l o t t e d  i n  
F igs .  1 and 2 .  To a l low comparison of t h e  e f f e c t s  of two NaCl conen t r a t i ons ,  
t h e  r e s u l t s  of a  t e s t  run  (Experiment HGC-47) conducted a t  t h e  same experi-  
mental  cond i t i ons  except  with a  96 ppm NaCl concen t r a t i on  i n  t h e  s imulated 
f l u e  gas  a r e  a l s o  inc luded  i n  t h e  t a b l e  and t h e  f i g u r e s .  

Figure 1 i s  a  p l o t  of t h e  r a t e  of NaCl vapor s o r p t i o n  by diatoma- 
ceous e a r t h  i n  mi l l i g r ams  NaCl per  gram of sorbent  per  hour a s  a  func t ion  of 
NaCl concen t r a t i on  i n  t h e  s imulated f l u e  gas  ( i n  p a r t s  per  m i l l i o n ) .  Except 
f o r  t h e  8-h run,  a l l  p o i n t s  f i t  e x c e l l e n t l y  on a  s t r a i g h t  l i n e  passing 
through t h e  o r i g i n  0.f t h e  s c a l e .  This  i n d i c a t e s  t h a t  a t  t he  experimental  
c o n d i t i o n s  used, t h e  r a t e  of NaCl vapor s o r p t i o n  by diatomaceous e a r t h  i s  a  
l i n e a r  func t ion  of t h e  NaCl vapor  concen t r a t i on  i n  t h e  s imulated f l u e  gas  
f o r  t he  i n i t i a l  few hours  of t h e  t e s t s .  

Figure 2  i s  a  p l o t  O F  t h e  percent  of NaCl vapor i n  f l u e  gas  
cap tured  by diatomaceous e a r t h  a s  a  func t ion  of experiment du ra t i on . ,  A t  an  
average NaCl vapor concen t r a t i on  of 29 ppm i n  t h e  s imulated f l u e  gas  and 
wi th  a  f a i r l y  h igh  space v e l o c i t y  of 33,500 h-l (which i s  equ iva l en t  t o  a  
c o n t a c t  time of about 0 .1  s  f o r  t h e  s imula ted  f l u e  gas  and t h e  sorbent  bed) ,  
t h e  e f f i c i e n c y  wi th  which diatomaceous e a r t h  removes NaCl vapor from t h e  
s imula ted  f l u e  gas  approaches 90% f o r  t e s t s  no longer  than 5 h .  It should be 
noted t h a t  t he  e f f i c i e n c y  can be increased  by reducing t h e  space v e l o c i t y  of  
t he  s imulated f l u e  gas  o r  by i n c r e a s i n g  the  con tac t  time of t h e  s imulated 
f l u e  gas  and the  sorbent  bed. Comparison of t h e  cap tu re  e f f i c i e n c e s  obtained 
a t  t h e  low NaCl vapor concen t r a t i on  with t h a t  a t  t h e  h igh  NaCl vapor concen- 
t r a t i o n  ( ~ i ~ .  2 )  shows t h a t  t h e  e f f i c i e n c y  with which diatomaceous e a r t h  
,remavco NaCl vapor  from t h e  s imula ted  f l u c  gas i s  not a f f e c t e d  a t  those  NaCl 
vapor  concen t r a t i ons  i n  t h e  f l u e  gas .  

b.  NaCl Adsorpt ion and Water-Leaching Regenerat ion of Activat,ed 
Bauxi te  Sorbent  

A th ree-cyc le  experiment of (1) NaCl adso rp t ion  and ( 2 )  regenera- 
t i o n  of  a c t i v a t e d  baux i t e  by water  l eaching  were completed. The adso rp t ion  
t o o t  w a s  c a r r i e d  out us ing  t h e  smal l - sca le  adso rp t ion  t e s t  r i g  t h a t  ha s  been 
shown and des=r ibed  i n  d e t a i l  p r ev ious ly  (ANL/CEN/PE-78-4). Figure  3 is a 
f low sheet diagram showing t h e  experimental s t e p s  f o r  t h i s  set of experiments ,  
as we l l  a s  the  manner of de te rmin ing  m a t e r i a l  ba l a l i i t s .  

Phys i ca l  Observa t ions .  Fresh a c t i v a t e d  baux i t e  i s  l i g h t  pink. 
When i t  i s  exposed t o  NaCl vapor and h a s  adsorbed i t ,  t h e  baux i t e  becomes 
milky whi te .  ' However, a f t e r  ;he NaC1-adsorbed a c t i v a t e d  baux i t e  i s  leached 
wi th  water  and d r i e d  i n  a  fu rnace ,  t h e  o r i g i n a l  l i gh t -p ink  c o l o r  i s  r e s t o r e d .  
Th i s  color-change phenomenon was observed i n  a l l  t h r e c  cyc l e s  of adso rp t ion  
and r egene ra t i on  experiments--the adso rp t ion  of NaCl vapor (which i s  milky 
wh i t e  when condensed) on t h e  s u r f a c e  of a c t i v a t e d  baux i t e  du r ing  t h e  adsorp- 
t i o n  s t a g e  was i n d i c a t e d ,  a s  was, t h e  r e l e a s e  of NaCl from t h e  s u r f a c e  dur ing  
t h e  water- leaching r egene ra t i on  s t e p .  The l a t t e r  argument i s  confirmed by 
t h e  a n a l y t i c a l  r e s u l t s  (p re sen t ed  below) showing mole r a t i o  of Na+ t o  C1- of 
u n i t y  i n  the  l eachan t s .  



Table 1. Distributions of NaCl from testing Diatomaceous Earth for NaCl Vapor Capture as a 
Function of Experimental Duration and NaCl Concentration in the Simulated Flue Gas. 
Sorbent (-8 +10 mesh) was tested at 800°C and atmospheric pressure in a simulated 
flue gas of PFBC at a linear gas velocity of 66 cm/s and GHSV of 33,500 h-1. 

HGC- HGC- HGC- HGC- HGC- HGC- HGC- HGC- 
47 5 7 5 7R 58 5 8R 56 6 2 5 5 

. . 

Experiment Duration, 
h 2 2 

Avg NaCl Conc. in 
Simulated Flue Gas 
to the Filter, ppm 9 6 3 7 

Amount of Sorb. , g 3 0 13 . 

(1) NaCL, mg, 
Collected by: 
(a) Cold Trap. , 2 9 5 

(b) Glass-wool 
Filter 18 2 

(2) NaCl 
Captured by: 
Sorb. ,a mg 292 . 4 9 3 1 6 6 5 7 9 0 8 9 104 

- - 
( 3 )  Total NaC1, mg' 33 9 56 36 71 67 100 105 17 7 
( 4 )  Rate of Sorption, 

mg NaCl/h-g sorb. .4.9 1.9 1.2 1.7 1.5 1.4 1.4 1.0 

( 5 )  % ~ a ~ l  Capture, 
[(2)/(3)1xIOO .36.1 87.5 86.1 93 .O 85.1 90 84.8 58.8 

a NaCl concentration of the sorbent was obtained by dissolving representative samples of the 
sorbent in a mixture of HzS04, HF, and HNO3, and then analyzing the solution by 
flame emission spectrometry (FE). FE analysis was done by R. Bane. 
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Fig. 1. Kate of NaCl sorption by Uiat~itlaceuus 
Earth as a Function of NaCl Concentra- 
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Fig .  3. Flow Sheet  Showing a  NaCl Adsorption and Water-Leaching 
Process  and Analyses f o r  Act ivated Bauxi te .  

. . 

' a.  So rp t ion  cond i t i ons :  800°C and atmospheric pres- 
. . s u r e  i n  a  s imulated f l u e  gas  of PFBC con ta in ing  

3%. 02 , . 16% C02, about 300 ppm.SO2,' about 120 ppm 
H20, about 220 ppm NaCl vapor ,  and' t h e  balance N2. 

. The l i n e a r  v e l o c i t y  of f l u e  gas  passing through the  
bed was 27 cm/s. The experiment d u r a t i o n  was 2  h .  

b. Leaching Condit ions:  ~ i s t i ' l l e d  water  l eaching  a t  
g e n t l y  b o i l i n g  temperature  (about  3 5 " ~ )  l u r  1 h .  

c .  Drying Condit ions:  2 0 0 " ~  f o r  2  h  i n  an a i r  flow. 
d.  Screened with 14-mesh screen .  

Po ros i t y  Measurement of Sorbents .  Figure 4  shows a  p l o t  of cumula- 
t i v e  pore volume a s  a  f u n c t i o n  of pore d iameter  f o r  both f r e s h  and regenera ted  
a c t i v a t e d  baux i t e s .  It can be seen from t h i s  f i g u r e  t h a t  i n  comparison t o  
f r e s h  a c t i v a t e d  baux i t e ,  t h e  regenera ted  a c t i v a t e d  baux i t e s  l o s t  a .  small  
amount of l a r g e  pores  (>2 pm); however, they  gained f a i r  amounts of  pore 
volume i n  t h e  very  f i n e  pores  (c0.06 pm). The pore volume continued t o  
i n c r e a s e  i n  l a t e r  r egene ra t i on  c y c l e s .  I n t e r n a l  s u r f a c e  a r e a  i s  e s s e n t i a l  
f o r  the  adso rp t ion  process  and i s  mainly con t r ibu t ed  by small  pores;  
t h e r e f o r e ,  t h e  i nc rease  of f i n e  pores of t h e  regenera ted  a c t i v a t e d  baux i t e  
should i nc rease  i t s  i n t e r n a l  s u r f a c e  g rea  and thus  i t s  adso rp t ion  capac i ty .  
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Fig .  4. Cumulative Pore Volume a s  a Funct ion of Pore Diameter f o r  
Act ivated Bauxi tes  on which NaCl was Sorbed followed by 
Regenerat ion ( i . e . ,  Water Leaching).  

A t t r i t i o n  of Sorbent .  During t h e  water-leaching r egene ra t i on  s t a g e ,  -.... 
a c t i v a t e d  baux i t e  f i n e s  were produced due to  a t t r i t i o n  of t he  sample. The 
amount of  a t t r i t i o n  no t  on ly  i s  an i n d i c a t i o n  of t h e  r e s i s t a n c e  t o  ab ra s ion  
of t h e  sample but  a l s o  more impor tan t ly  a l lows sample l o s s  du r ing  t h e  water- 
l each ing  r egene ra t i on  process  t o  be e s t ima ted .  Table 2 g ives  t h e  a t t r i t i o n ,  
i n  pe rcen t ,  of a c t i v a t e d  baux i t e  caused by waler-leaching r egene ra t i on  fo r  
each of t he  t h r e e  c y c l e s .  A t t r i t i o n  was 6.6% i n  t h e  f i r e t  c y c l e  and decreased 
t o  2 .8% i n  the t h i r d  c y c l e .  

Table 2.  A t t r i t i o n  of Act ivated Bauxite Caused by Three 
Cycles of Water Leaching ( ~ e ~ e n e r a t i o n ) .  NaC1- 
adsorbed a c t i v a t e d  baux i t e  (A.B.) was leached 
with d i s t i l . l . ed  water  a t  g e n t l y  b o i l i n g  tempera- 
t u r e  ( 9 5 ° C )  f o r  1 h .  

W t .  of  A.B.  W t .  of A.B. 
Cyc l e  of Leached ,a Lostb a s  Ftnes, ~ t t r i t i o n ,  
Leaching g g % 

18.5725 1.2304 . ' 1 6.6 

2 11.2877 0.3397 3.0 

3 4.6802 0.1324 2.8 

a The weight of a c t i v a t e d  baux i t e  has  been co r r ec t ed  f o r  
the weight of NaCl t h a t  was leached out .  

b ~ n c l u d e s  a l l  p a r t i c l e s  passing through a 14-mesh sc reen .  . 



Leachant Analysis .  Previous experimental  r e s u l t s  (Table 5 ,  ANL/CEN/ 
FE-77-11] i nd ica t ed  t h a t  sodium and ch lo r ide  ions were present  i n  the water  
leachant  from NaC1-adsorbed ac t iva t ed  bux i t e  i n  about equal  concent ra t ions .  
To f u r t h e r  'confirm the  e a r l i e r  r e s u l t s ,  the  leachants  from a l l  t h r e e  cyc l e s  
of water-leaching regenera t ion  i n  t h i s  i n v e s t i g a t i o n  were analyzed f o r  ~ a +  
and C1' concen t r a t ion .  The a n a l y t i c a l  r e s u l t s  a r e  tabula ted  i n  Table 3. 
As shown i n  the  right-hand column of t he  t a b l e ,  w i th in  the  l i m i t s  of analy- 
t i c a l  and experimental e r r o r ,  t h e  mole r a t i o  of ~ a +  t o  C1- i s  approxi- 
mately u n i t y  f o r  a l l  t h r e e  leachants .  These r e s u l t s  confirm t h e  previous 
r e s u l t s ,  a s  wel l  a s  t h e  conclusion t h a t  the leachable  NaCl - i s  r e t a ined  by 
a c t i v a t e d  bauxi te  by an adsorp t ion  process .  It can a l s o  be observed i n  Table 
3 t h a t  a t  l a t e r  leaching  cyc le s ,  h ighe r  concent ra t ions  of ~ a +  and C1- a r e  
leached (on ' the b a s i s  of moles per  gram of ac t iva t ed  baux i t e ) ,  i n d i c a t i n g  
t h a t  the  adsorp t ion  process  p lays  an inc reas ing  r o l e  i n  NaCl vapor c a p t u r e  by 
a c t i v a t e d  bauxi te .  The r o l e  of the  adsorp t ion  process  i n  NaCl vapor cap tu re  
by a c t i v a t e d  bauxi te  (as  compared with another  NaC1-retention mechanism) i s  
d i scussed  next .  

Table 3. Concentrat ions of Sodium and Chloride Ions i n  the  Leachants from 
Water-Leaching Regeneration of NaC1-Adsorbed on Activated Bauxite.  
NaC1-adsorbed ac t iva t ed  baux i t e  was leached with d i s t i l l e d  water 
a t  g e n t l y  b o i l i n g  temperature ( ~ 9 5 ° C )  f o r  1 h.. 

W t .  of Sample Ion Concentrat ion i n  Leachant,  
Cycle of Leached, mmollg sample Na+/Cl' 

.Leaching g  ~ a +  C l -  Mole Rat io 

NaCl Mater ia l  Balances. By t h e  procedure descr ibed  i n  F ig .  3, t h e  
amounts of NaCl ( 1 )  adsorbed 'during the  adsorp t ion  s t a g e ,  ( 2 )  leached out  - - 
during the  water-leaching rcgcnerat iul l  s t a g e ,  ( 3 )  l o s t  i n  a t  t r i t e d  ac t iva t ed  
baux i t e ,  and ( 4 )  r e t a ined  i n  t he  ac t iva t ed  bauxi te  were determined. A ma te r i a l  
balance of NaCl was made f o r  each cyc le .  Table 4  shows the  r e s u l t s .  The NaCl 
ma te r i a l  balances shown i n  the  f i r s t  row i n  the  t a b l e  were ca l cu la t ed  i n  u n i t s  
of mil l igrams per gram of a c t i v a t e d  baux i t e  and a l s o  r ep re sen t  t he  s o r p t i o n  
c a p a c i t i e s .  

As can be seen i n  t h e  t a b l e ,  very good ma te r i a l  balances were 
obtained f o r  a l l  t h r e e  cyc l e s  of the  experiment.  For the  f i r s t  c y c l e ,  24.2 mg 
NaCl was captured per  gram of ac t iva t ed '  bauxi te .  



Of the  amount of NaCl cap tured ,  about 51% was leached out  dur ing  
water- leaching r egene ra t i on .  In  o t h e r  words, about 51% of t he  NaCl captured 
by a c t i v a t e d  bauxi te  was cap tured  by an adsorp t ion  process .  The remainder of 
t h e  NaCl captured (about  49%) was r e t a i n e d  i n  the  a c t i v a t e d  baux i t e .  Bauxite 
i s  a  p r i n c i p a l  o r e  of  aluminum, and c o n s i s t s  mainly of aluminum oxide and 
i m p u r i t i e s  inc lud ing  Si02 and c l ay  minera l s .  Act ivated bauxi te  used f o r  
t h i s  s tudy  c o n t a i n s  81% A1203 and 10% Si02. The r e a c t i o n s  of  NaCl with the  
SiO2 and t h e  c l a y  mine ra l s  i n  the  a c t i v a t e d  baux i t e  a r e  be l ieved  r e spons ib l e  
f o r  r e t e n t i o n  of the  about 492 of NaCl cap tured .  

Table  4. NaCl Ma te r i a l  Balances f o r  ( 1 )  NaC1-Vapor.Adsorption and ( 2 )  Water- 
Leaching 'Regenera t ion  of Act ivated Bauxite (A. B. ) 

.-,.,..,...-... 

NaC1, mg/g ~ct . ' i .vated ~ a u x i t e  
-,,- ,.. . ....,.. -- 

Cycle 1 Cycle 2  Cycle 3  

INPUT 

( 1 )  NaCl Adsorbeda 24.2 22 .2 16.6 
( i . e . ,  sorpCioa c a p a c i t y )  

OUTPUT 

( 2 )  NaCl Leached out  12.3(50.8%) 14.7.(66.2%) 14.8(89.2%) 

( 3 )  NaCl Retained i n  A . B . ~  
af r e r  Leach ing 10.4(43.0%) 6.5(29.3%) 1.4(8.4%) 

( 4 )  ~ a C 1 '  Lost  i n  A t t r i t e d  
Ma te r i a l  a f t e r  Leaching 0 .7(2 .9%)  0.5(2.3%) 0.5(3.0%) 

- .  - .. . 

( 5 )  Tota l  23.4 21.7 i6 .7  

( 6 )  LOSS [ (1 ) - (5 I I  0.8(3.3%) 0..5(2.2%) -~.1(-0.6~) - 
a  Except f o r  t he  f i r s t  c y c l e ,  t h e  va lues  were obtained by s u b t r a c t i n g  the  . 

amount of NaCl r e t a i n e d  i n  t h e  d ry  regenera ted  acLivated baux i t e  (row 3 )  
o t  t he  previous c y c l e  from the t o t a l  NsCl i n  the NaC1-adsorbed a c t i v a t e d  
bauxi t e  . . . 

b ~ x c e p t  f o r  t h e  f i r s t  c y c l e ,  t he  v a l u e s  were obtained by s u b t r a c t i n g  the  
amount of NaCl r e t a i n e d  i n  t h e  d ry  regenera ted  a c t i v a t e d  baux i t e  (row 3 )  of 
t h e  previous c y c l e  from t h e  t o t a l  NaCl i n  t h e  d ry  regenera ted  ace iva ted  
baux i t e  . 

In t h e  second and t h i r d  c y c l e s ,  t h e  s o r p t i o n  c a p a c i t i e s  (row 1 )  
decreased t o  aboi i t ,92% and about 70% of t h e  s o r p t i o n  capac i ty  achieved i n  the  
f i r s t  c y c l e .  Th i s  dec rease  i n  s o r p t i o n  c a p a c i t y  i s  due t o  the l o s s  of t he  
chemical r e a c t i v i t y  with t h e  Si02 and c l a y  minera l s  i n  the  a c t i v a t e d  baux i t e .  
However, i t  may be  seen i n  row 2 of Table 4  t h a t  t h e  q u a n t i t y  of  NaCl captured 
by an adso rp t ion  .process  i n c r e a s e s  i n  the  second and t h i r d  cyc l e s .  This  i s  
be l i eved  t o  be due t o  ,an i n c r e a s e  i n  the i n t e r n a l  s u r f a c e  area of t h e  regen- 
e r a t e d  a c t i v a t e d  baux i t e ,  a s  d i s cus sed  prev ious ly .  I n  c o n t r a s t  t o  t h e . g r e a t e r  



NaCl cap tu re  by an adso rp t ion  process  i n  the  second and t h i r d  c y c l e s ,  NaCl 
cap tu re  by chemical r e a c t i o n s  with Si02 and c l a y  minera l s  decreased sha rp ly  
i n  t h e  l a t e r  cyc l e s  (row 3  of Table 4 ) .  

,. . 

On the b a s i s  of t h e s e  d a t a ,  i t  can be reasonably i n f e r r e d  t h a t  a f t e r  
t h i rd -cyc l e  r egene ra t i on ,  NaCl vapor w i l l  be captured by a c t i v a t e d  baux i t e  
e s s e n t i a l l y  by an adso rp t ion  process .  An adso rp t ion  process  i s  a  r e v e r s i b l e  
process ,  which means t h a t  t he  adsorbent  can be reused r epea t ed ly  a f t e r  desorp- 
t i o n s  of t he  adsorba te .  For a  given adsorba te  and f o r  u n i t  weight of a  g iven  
adsorbent ,  t h e  amount of adsorba te  adsorbed a t  equ i l i b r ium i s  a  func t ion  of 
t he  f i n a l  p r e s su re  and temperature  o n l y ; l  t h e r e f o r e ,  a f t e r  t h e  t h i r d  c y c l e ,  
a t  cons tan t  p r e s su re  and temperature ,  t h e  amount of NaCl vapor adsorbed ( i - e . ,  
t h e  s o r p t i o n  capac i ty )  by a c t i v a t e d  baux i t e  through a  pure adso rp t ion  process  
should be cons t an t  and independent of adso rp t ion  and r egene ra t i on  cyc l e .  
Based on t h i s  behavior ,  t h e  s o r p t i o n  capac i ty  of about 16 mg NaCl per  gram 
a c t i v a t e d  baux i t e  would be maintained s t a r t i n g  with t he  fou r th  c y c l e  of t h e  
s o r p t i o n  and r egene ra t i on  process .  

Under d i f f e r e n t  cond i t i ons ,  t h e  s o r p t i o n  c a p a c i t i e s  obtained f o r  
a c t i v a t e d  baux i t e s  us ing  t h e  l abo ra to ry - sca l e  batch-uni t  fixed-bed combustor 
on a  once-through b a s i s  were smal le r  than 8  mg NaCl per  gram of a c t i v a t e d  
baux i t e ;  g r e a t e r  than 90% of t h e  NaCl vapor was removed from simulated f l u e  
gas  of PFBC (ANL/CEN/FE-78-10). Therefore ,  s i n c e  90% of t h e  NaCl could be 
removed us ing  f r e s h  a c t i v a t e d  baux i t e  which c a p t u r e d . o n l y  8  mg NaCl per  gram, 
t h e  adso rp t ion  c a p a c i t y  of  16 mg NaCl per  gram of regenera ted  a c t i v a t e d  
baux i t e  i s  ve ry  adequate f o r  a pr .act ica1 a p p l i c a t i o n ,  with g r e a t e r  than 90% 
removal of NaCl vapor from f l u e  gas  ach ievable .  

On the  b a s i s  of experimental  r e s u l t s  obtained from t h i s  adso rp t ion  
and water-leaching regenera t , ion  experiment,  i t  can be concluded t h a t  a c t i v a t e d  
baux i t e  can be e a s i l y  regenera ted  and reused by a  simple water- leaching 
process .  

c .  Mechanisms of Sorp t ion  of NaCl Vapor by Diatomaceous Ear th  and 
Act ivated Bauxi te  

Diatomaceous e a r t h  i s  a  sedimentary rock nf marine o r  l acus t r i l l t !  
d e p o s i ~ i u n .  Chemically,  i t  c o n s i s t s  p r imar i l y  of  s i l i c o n  d ioxide  and va r ious  
amounts of i m p u r i t i e s  such a s  c l a y ,  carbonaceous m a t t e r ,  i r o n  oxide ,  sand,  . 
e t c .  Celatom MP-91 diatomaceous e a r t h  i s  a  product of Eagle-Picher I n d u s t r i e s ,  
I n c . ,  Ohio, and i s  used i n  t h i s  s tudy.  It con ta in s  92% S i02 ,  5% Al203, and 
o t h e r  i m p u r i t i e s .  Prev ious  experimental  r e s u l t s  (Table  5 ,  ANL/CEN/FE-77-11) 
from t h i s  work i n d i c a t e d  t h a t  NaCl vapor captured by diatomaceous e a r t h  was 
p r imar i l y  t i e d  up i n  chemical forms t h a t  a r e  no t  so lub l e  i n  water .  The reac- 
t i o n  of 

'AH1073~ = 5.71 k c a l  m01-l f o r  n  = 1 

i s  wel l  known and has  been s t u d i e d . 2 ~ 3  The NaCl vapor r e t a i n e d  by diatoma- 
ceous e a r t h  i s  be l i eved  t o  p r imar i l y  r e a c t  with diatomacous e a r t h  according 
t o  t he  above r e a c t i o n  t o  form sodium s i l i c a t e s  t h a t  a r e  no t  r e a d i l y  s o l u b l e  



i n  wa te r .  The s o l u b i l i t y  of  an a l k a l i  metal  s i l i c a t e  depends on the  r a t i o  
of  s i l i c a  t o  a l k a l i  meta l  oxide and i s  a l s o  c o n t r o l l e d  by t h e  amount of 
impur i ty  p r e s e n t . 4  P a r t  of t h e  NaCl vapor may a l s o  r e a c t  with c l a y s  presen t  
a s  i m p u r i t i e s  i n  diatomaceous e a r t h  because c l a  minera l s  a r e  known t o  be 
e f f e c t i v e  " g e t t e r s "  f o r  a l k a l i  meta l  c o m p ~ u n d s . g - ~  I n  an i n v e s t i g a t i o n  of 
t h e  k i n e t i c s  of t h e  above r e a c t i o n ,  i t  was reported3, .8  t h a t  between 840 and 
940°C, t h e  r a t e  of t he  above r e a c t i o n  inc reases  with temperature  according t o  
t h e  Arrhenius  equa t ion .  The r a t e  of r e a c t i o n  of NaCl vapor with diatomaceous 
e a r t h  i n  t he  p re sen t  system i s  a l s o  noted to .  i nc rease  with temperature  
(ANL/CEN/FE-78-10). 

Bauxite i s  a  p r i n c i p a l  o r e  of aluminum; i t  c o n s i s t s  mainly of 
aluminum oxide and o t h e r  i m p u r i t i e s ,  i nc lud ing  Si02 and c l a y  mine ra l s .  A s  
shown and d iscussed  i n  Sec t ion  1 . b .  of t h i s  t a s k . ( ~ a C I  Adsorption and Water- 
Leaching Regenerat ion of Activated Dauxite EorbontJ,  51.2 nf the  NaCl vapor i s  
cap tured  by a c t i v a t e d  baux i t e  by an adso rp t ion  process  f o r  ehe f r e s h  a c t i v a t e d  
b a u x i t e .  In  c o n t r a s t  t o  the chemical p rocess  ( r e a c t i o n s  of NaCl vapor with 
S i02  and c l a y  minera l s  i n  a c t i v a t e d  b a u x i t e ) ,  adso rp t ion  sha rp ly  i n c r e a s e s  
a t  l a t e r  r egene ra t i on  c y c l e s .  

d.  Preli .minary Economical Eva lua t ions  of Diatomaceous Ear th  and 
Act iva ted  Bauxi te  used f o r  t h e  Removal of  A l k a l i  Metal Compounds 
from Hot F lue  Gas o f  PFBC 

Both diatomaceous e a r t h  and a c t i v a t e d  baux i t e  ( a l k a l i  so rben t s )  
a r e  . e f f e c t i v e  i n  removing a l k a l i  metal  compounds from h o t  s imulated f l u e  gas  
o f  PFBC,.as has  been exper imenta l ly  demonstrated.  Here, t h e s e  two a l k a l i  , 

s o r b e n t s  a r e  f u r t h e r  eva lua ted  from a  p r a c t i c a l  economic viewpoint .  To 
a l low comparison, t h e  c o s t  of  SO2 so rben t  i s  a l s o  included i n  t h i s  eva lua t ion .  
Table  5 shows assumptions and computation bases  f o r  t h i s  p re l iminary  economic 
e v a l u a t i o n  f o r  a 200-MWe PFBC demonstrat  ion  p l a n t .  

On t h e  b a s i s  of avrruluptions i n  Table 5 ,  a m a t e r i a l  balance around 
a  200-MWe PFBC demons t ra t ion  p l an t  combustor was made and i s  shown i n  F ig .  5. 
The m a t e r i a l  balance shows t h a t  206.9 ML/h f l u e  gas  a t  8 0 0 " ~  and 1  MPa 
(10  atm) w i l l  be produced which must be t r e a t e d  f o r  removal of a l k a l i  meta l s .  
Experimental r e s u l t s  showed t h a t  both diatomaceous e a r t h  and a c t i v a t e d  baux i t e  
can achieve 90% removal of a l k a l i  meta l s  from t h e  f l u e  gas  a t  a  gas  hou r ly  
space velocity (GHSV) of 33,500 h- l .  The GHSV i s  def ined  a s  the  volumetr ic  
f low r a t e  of f l u e  gas  per  u n i t s  of sorbent  volume p e r  hour. Therefore ,  t h p  
vo lume t r i c  flow r a t e s  of  a l k a l i  so rben t s  requi red  t o  t r e a t  206.9 ML/h f l u e  
g a s  can be c a l c u l a t e d .  With known bulk d e n s i t i e s  and c u r r e n t  p r i c e s  of 
a l k a l i  so rben t s ,  a s  shown i n  Table 5 ,  t h e  mas3 flow r a t e  nf a lka l i - so rben t s  
needed and a l s o  the c o s t  of t he  so rben t s  f o r  a  g iven  mass flow r a t e  of coa l  
burned can be computed. Table  6  shows t h e  computed r e s u l t s .  

A s  compared with t h e  0.82 m i l l  c o s t  f o r  SO2 so rben t  per  kWe-h 
e l e c t r i c i t y  produced, 0 . 2 2  and 1 .64  mill wuuld be thc  c o s t s  of us ing  diatoma- 
ceous e a r t h  and a c t i v a t e d  b a u x i t e ,  r e s p e c t i v e l y ,  t o  achieve 90% removal of 
a l k a l i s  from t h e  ho t  f l u e  gas  from a  200-MWe PFBC demonstrat ion p l a n t .  A l -  
though t h e  c o s t  of u s ing  a c t i v a t e d  baux i t e  i s  about e i g h t  t imes t h e  c o s t  of 
diatomaceous e a r t h ,  t h i s  c o s t  d i f f e r e n t i a l  may be  ' o f f s e t ,  by r egene ra t i on  of 
a c t i v a t e d  baux i t e .  



Table 5 .  Assumptions and Computation Bases f o r  the  Prel iminary Economic Evaluat ions of Granular .Sorbents  
(Diatomaceous Ear th  a2d Activated ~ a u x i t e )  f o r  t h e  Removal of A lka l i  Metal Compounds from Hot 
Flue Gas of a  200-MWe PFBC ~emons t r a t ' i on  P l a n t  

Assumptions f o r  200-MWe PFBC Denons t r a t  ion  P l an t  

( 1 )  Coal: Typical I l l i n o i s  coa l  with a  hea t ing  value of 29 MJ/kg of coa l  (12,500 ~ t u / l b )  and an u l - '  
. t imate  a n a l y s i s  of 70.3% C ,  5.0% H,  1.3% N ,  3.3% S, 11.4% ash ,  and 8.7% 0 .  

( 2 )  SO2 Sorbent :  Tymochtee dolomite conta in ing  51.8% CaC03 (20.7% Ca) and 43.3% MgC03; once-through 
ope r a t  ior-. 

( 3 )  Excess A i r :  20% 

(4 )  Ca/S Mole Rat io  f o r  80% S removal: 1 .5  

( 5 )  Over-all  Cycle E f f i c i ency :  40% 

Cornput a t  i on  Bases f o r  Alkali-Sorbent Evaluat ion 

(1 )  90% removal of a l k a l i  metal  compounds from h o t  f l u e  gas  ( 8 0 0 " ~ )  assumed t o  conta in  29 ppm 
(by v o l )  a l k a l i s  a t  l i n e a r  v e l o c i t y  of 66 cm/s (2.2 f t / s )  and GHSV = 33,500 h-1 (This  b a s i s  
i s  ach ievable  based on che experimental r e s u l t s  obtained with both diatomaceous e a r t h  and 
a c t i v a t e d  bauxi te  a t  800°C and atmospheric p re s su re  ope ra t i ons )  

( 2 )  Bulk Densi ty  of Granular Sorbents  ( p  given by manufacturer)  

PD.E. = 24 l b / f t 3  (385 g / ~ )  

PA.B. =. 55 l b / f t 3  (882 g/L) 

( 3 )  Current  P r i c e  of Granular Sorbents  ( ~ u ~ u s t  1978) 

$8O/ton o f  diatomaceous e a r t h  

$275/ton of ac t i va t ed  bauxi te  

$8/ ton ~f  SO2 sorbent  (assumed) 

(4 )  Once-through ope ra t i on  f o r  a l k a l i  sorbents  



Coal: - 
61.9 Mg/h 
(68.2 tonS/h! 

Flue Gas: 206.9 MUh 
at 800°C and 
10 atm. 

14.9 VOI % COP 
3.4 vol % 0 2  
6.0 vol % Hz0 

480 PPm SO2 
29 ppm total Na and 
K (assumed) 

1 Balance Np 

- SO2 Sorbent 
18.6 Mg/h 
(20.5 tonslh) 

Fig .  5. Ma te r i a l  Balance f o r  Conceptual 
200-MWe PFBC Demonstration P l a n t ,  
based on Assumpriorls i n  Table 5 .  

Table  6 .  Granular  Sorbents  for Removal of A l k a l i s  and SO*, 
200-MWe FFRC Demonstration P l a n t .  Ca l cu l a t i ons  
a r e  based on assumptions and computation bases  i n  
Table  5 .  

Sorbent Required CosL of  Cost of Sorbent 
per  ton  of  Coal Sorbent per  kWe-h 

Burned, per  ton ,  Pr oduc ed , 
Sorbent l b  $ m i l  l/kWe-h 

~ 0 2  Sorbent  601 

Diatomaceous 
Ea r th  16 

Act ivated 
Bauxite 



It i s  emphasized t h a t  t h e  r e s u l t s  presented i n  Table  6 were com- 
puted on the  b a s i s  of removing 90% of t h e  a l k a l i  metal  compounds from h o t  
f l u e  gas which i s  assumed t o  con ta in  29 ppm a l k a l i  vapors .  This  b a s i s  was 
chosen because with both diatomaceous e a r t h  and a c t i v a t e d  b a u x i t e ,  90% a l k a l i  
removal from h o t  s imulated f l u e  gas  of PFBC con ta in ing  29 ppm NaCl vapor had 
been achieved exper imenta l ly  a t  800°C and atmospheric-pressure ope ra t i on .  To 
the  p re sen t ,  however, no r e l i a b l e  measurement of the  l e v e l  of t o t a l  a l k a l i  i n  
t h e  f l u e  gas  of PFBC h a s  been ob ta ined ,  nor  i s  t h e  a l lowable  l e v e l  of a l k a l i s  
i n  the  f l u e  gas  of PFBC t h a t  i s  t o l e r a b l e  by a  gas  t u r b i n e  known. Based on 
thermodynamic c a l c u l a t i o n s  made by r e s e a r c h e r s  a t  General E l e c t r i c  Company, 
i t  has  been est imated t h a t  t he  a l k a l i  vapor p re sen t  i n  the  f l u e  gas  of PFBC 
w i l l  approach 10 ppm when coa l  con ta in ing  0.1% C 1  i s  combusted a t  9 5 0 " ~ .  
Based on experience with gas  t u rb ine .  l i q u i d  f u e l ,  t h a t  l e v e l  of  a l k a l i  vapor  
may be  a s  much a s  two o rde r s  of magnitude g r e a t e r  than the  acceptab le  l i m i t  
of a  gas  t u rb ine .9  On t h e  bascs  of t h i s  in format ion ,  t h e  acceptab le  l i m i t  
of a  gas  t u rb ine  may n o t  be met by removing only 90% of a l k a l i s  from f l u e  
gas .  However, with both diatomaceous e a r t h  and a c t i v a t e d  b a u x i t e ,  h ighe r  
removal e f f i c i e n c y  can t h e o r e t i c a l l y  be  achieved a t  high p re s su re  (10 atm) 
and longer  con tac t  time o r  s h o r t e r  GHSV (<33,500).  Fu r the r  experiments  a r e  
needed t o  i n v e s t i g a t e  t h e  performance of t h e  two a l k a l i  so rben t s  a t  high 
p re s su re s  and low concen t r a t i ons  of a l k a l i  vapor i n  t h e  f l u e  gas .  



2 .  P a r t i c l e  Removal from Flue Gas 
(W. M. S w i f t ,  F. G .  T e a t s ,  A. R. Pumphrey, S. D .  Smith, and 
J .  J .  s tockba r )  

I n  PFBC, t h e  h o t  f l u e  gas  from t h e  combustor must be expanded through 
a  gas  t u r b i n e  t o  recover  energy and make the  process  economic. However, t o  
prevent  e ros ion  o f  the  t u r b i n e  b l ades  by p a r t i c l e s  of l imestone and f l y  ash 
e n t r a i n e d  i n  t he  f l u e  gas ,  t h e  p a r t i c l e  mass load ing  must be reduced t o  
accep tab ly  low l e v e l s .  

Although t h e  a i r  q u a l i t y  requirements  f o r  a  ga s  t u r b i n e  have y e t  t o  be 
expe r imen ta l l y  demonstrated,  es t imates '  have been made of what c o n s t i t u t e  
I1 a ccep tab ly  low l e v e l s "  nf p a r t i c l e  mass' load ing  f o r  a  ga s  t u r b i n e .  Westing- 
h n ~ i s e ,  f o r  example, h a s  suggested t h a t  loadings i n  t he  range of about 0.05 t o  
abouL 0.005 g/mJ (depending oli the par  L ic le  oioo d i g t r i h ~ ~ t i o n )  would be 
a c c e p t a b l e .  lo  Since  p a r t i c l e  loadings i n  t h e  f l u e  gas  l eav iug  t h e  combustor 
a r e  on t h e  o rde r  of about 30 g/m3, a  t o t a l  par t ic le-removal  e f f i c i e n c y  between 
99.8 and 99.98%'would be needed t o  meet the t u r b i n e  a i r - q u a l i t y  requirements .  

E x i s t i n g  dev ices  r e a d i l y  adaptab le  t o  .high-temperature,  h igh-pressure  
p a r t i c l e  removal such a s  convent iona l  cyclones a r e  no t  very  e f f i c i e n t  i n  
removing p a r t i c l e s  having d iameters  smal le r  than about 10 vm. Thus, ach iev ing  
t h e  v e r y  low loadings  necessary  f o r  PFBC r e q u i r e s  t h a t  h i g h l y  e f f i c i e n t  methods 
be  developed f o r  removing p a r t i c l e s  having d iameters  between 2 and 10  vm from 
high-temperaturelhigh-pressure f l u e  gas .  

promising f lue-gas  c l ean ing  methods id .ent i f  i ed  f o r  t e s t i n g  and evalua- 
t i o n  i n  t h e  off-gas  system of t h e  ANL 15.2-cm-dia f luidized-bed combustor 
i nc lude  granular-bed f i l t r a t i o n ,  h igh -e f f i c i ency  cyc lones ,  and a c o u s t i c  
agglomerat ion.  This  r e p o r t  p r e s e n t s  ( . I )  t h e  progress  made i n  developing a  
. pu l se - j e t  resonant-manifold system f o r  i nvcs t i . ga t i on  of a c o u s t i c  d u s t  condi- 
t i o n i n g  and ( 2 )  t he  r e su l t s  of t e s t i n g  a h igh-ef f ic iency  cyclone.  

a .  Acoustic Dust C.onditioning 

A C O U S ~ ~ C  dust cond i t i on ing  (ADC) i s  a  technique t o  enhance the  
n a t u r a l  tendency of po lydispersed  p a r t i c l e s  t o  i m p a c ~  upon caah e t h e r  and 
agglomerate .  F ine  p a r t i c l e  emissions a r e  c o n t r o l l e d  i n  a  process  whereby t h e  
mcnn s i z e  of t h e  e f f l u e n t  p a r t i c l e s  i s  s i g n i f i c a n t l y  increased  by exposure t o  
h i g h - i n t e n s i t y  f i n i t e - ampl i t ude  a c o u s t i c  f i e l d s .  Acoustic d u s t  cond i t i on ing  
wollld be incorpora ted  i n t o  t h e  off-gas  t rea tment  system t o  i n c r e a s e  t h e  
c o l l e c t i o n  e f f i c i e n c y  of downstream d u s t  c o l l e c t o r c .  

E f f o r t s  t o  d a t e  f o r  development and f a b r i c a t i o n  of a  pu l se - j e t  
a c o u s t i c  d u s t  cond i t i on ing  (PJ-ADC) system have been c a r r i e d  ou t  (under  a  
subcon t r ac t )  a t  the  Un ive r s i t y  of    or onto." Components of the  system 
(ANL/CEN/FE-78-4, p. 35)  i nc lude  ( 1 )  a  pu l se - j e t  sound gene ra to r ,  ( 2 )  a 
resonant  manifold system t o  match t h e  a c o u s t i c  system capa.ci ty  with t h e  FBC 
system volumet r ic  gas  flow c a p a c i t y ,  and ( 3 )  an a c o u s t i c  t rea tment  s e c t i o n  
where t h e  f l u e  gas  can be exposed t o  t h e  a c o u s t i c  f i e l d .  

* 
D i r e c t i o n  is by D r .  David S. S c o t t ,  P ro fe s so r  and Chairman, Department of 
Mechanical Engineer ing.  



The m e r i t s  of PJ-ADC a s  appl ied  t o  PFBC have been rev iewed, l l  and 
t h e  bas ic  reasoning suppor t ing  t h e  development e f f o r t  i s  repea ted  h e r e :  

1.  PJ-ADC a t  ambient atmospheric cond i t i ons  has  achieved 5- t o  
7-fold i nc reases  i n  t h e  mean p a r t i c l e  diameter  of i n d u s t r i a l  
type aeroso ls .12  Q u a l i t a t i v e  arguments involving p r i m a r i l y  
i n t e r p a r t i c l e  spacing but no t  p a r t i c l e - p a r t i c l e  adhesion,  
i n d i c a t e  t h a t  a t  t he  expected temperatures  and p re s su re s  of 

. PFBC, ADC should be even more e f f e c t i v e  than a t  ambient 
cond i t i ons .  

2. Performance e v a l u a t i o n s  i n d i c a t e  t h a t  high-ef f i c i e n c y  cyc lqnes 
may reduce s o l i d s  load ings  s u f f i c i e n t l y  t o  meet t h e  gas  t u r b i n e  
i n l e t  c r i t e r i o n  f o r  p a r t i c l e  loading i f  t he  mean p a r t i c l e  diam- 
e t e r  e n t e r i n g  t h e  cyclone i s  increased  by a  f a c t o r  of 2 t o  5 .13 

3. Pu lse  j e t s  a r e  combustors, and exhaus t ing  t h e  hea t  of combus- 
t i o n  from p u l s e  j e t s  d i r e c t l y  i n t o  the  off-gases  from t h e  PFBC 
would add t o  the i n t e r n a l  energy of t h e  f l u e  gas .  This  h e a t  
would be e x t r a c t a b l e  by t h e  t u r b i n e  with t h e  same e f f i c i e n c y  
a s  t h e  PFBC h e a t  of combustion e x t r a c t e d  from t h e  f l u e  gas .  
Thus, i n  p r i n c i p l e ,  t h e  power c o s t  chargeable  t o  p a r t i c l e  gas  ,.' 

s e p a r a t i o n  by PJ-ADC would be very  n e a r l y  zero .  

4. Q u a l i t a t i v e  arguments i n d i c a t e  t h a t  pu lse  j e t s  should y i e l d  
h igher  powers and h ighe r  e f f i c i e n c i e s  when run. a t  p r e s su re s  
g r e a t e r  than atmospheric.  

5. The c a p i t a l  and ope ra t i ng  c o s t s  f o r  PJ-ADC a r e  expected t o  
be very  low. Thus, t h e  use of PJ-ADC could be very  advanta- 
geous i n  whatever p a r t i c l e l g a s  s e p a r a t i o n  technology i s  
employed (h igh -e f f i c i ency  cyc lone ,  granular-bed f i l t e r ,  o r  
ceramic f a b r i c  f i l t e r  a r e  examples).  

The e f f o r t  a t  t h e  Un ive r s i t y  of Toronto was d iv ided  i n t o  t h r e e  
phases: Phase I ,  t h e  des ign ,  f a b r i c a t i o n ,  and t e s t i n g  of a  pu lse  je t - resonant  
manifold sys  tern (P.T-R.MS) a t  atmospheric p re s su re ,  ha s  been completed. 
Phase 11, inc reas ing  t h e  ope ra t i ng  p r e s s u r e  of  t he  PJ-RMS t o  about 1 .01 MPa, 
h a s  been i n i t i a t e d .  Phase 111, which i s  t o  be the  des ign ,  manufacture ,  and 
t e s t i n g  of a  PJ-RMS system f o r  i n s t a l l a t i o n  and e v a l u a t i o n  i n  the  f l u e  gas  
system of t h e  ANL f luidized-bed combustion process  development u n i t ,  i s  y e t  
t o  be i n i t i a t e d .  

The r e s u l t s  of t he  work a t  t h e  Un ive r s i t y  of Toronto have been very  
encouraging. Major u n c e r t a i n t i e s  surrounding t h e  development of t h e  PJ-RMS 
have been removed, and the  c f f o r t  has y ie lded  no evidence t h a t  t h e  t e c h n i c a l  
o b j e c t i v e s  of t h e  p r o j e c t  cannot be met. However, t h e  p r o j e c t  has  r equ i r ed  
s i g n i f i c a n t l y  more developmental work than was o r i g i n a l l y  a n t i c i p a t e d .  The 
r e s u l t s  obtained t o .  d a t e  a r e  summarized below. Emphasized a r e  t h e  advances 
made i n  pu lse  j e t  , technology du r ing  the  developmental e f f o r t .  



Phase I .  Phase  I was comple ted ,  s i g n i f i e d  by t h e  s t e a d y  s t a t e ,  
c o n t i n u o u s  o p e r a t i o n  of  a  h igh- f requency ,  h igh-sound- in tens i ty  p u l s e  j e t  
e x h a u s t i n g  i n t o  a  tuned r e s o n a n t  mani fo ld  o p e r a t i n g  a t  approx imate ly  ambient  
c o n d i t i o n s .  Sound i n t e n s i t i e s  a s  h igh a s  160 dB were ach ieved  w h i l e  f requen-  
c i e s  of  abou t  300 Hz were m a i n t a i n e d .  

P r i o r  t o  t h e  i n i t i a t i o n  of  t h i s  p r o j e c t ;  t h e  U n i v e r s i t y  o f  Toron to  
had b e n e f i t t e d  f rom t h e  e x p e r i e n c e  of d e v e l o p i n g  p u l s e  j e t s  f o r  ADC eva lua -  
t i o n s  i n  v a r i o u s  p r o t o t y p e  p r o j e c t s  conducted . a t  O n t a r i o .  Research Founda t ion .  l 2  
However, t h e  s p e c i f i c  p u l s e  j e t s  used a t  O n t a r i o  Research Foundat ion were 
n o t  w e l l  s u i t e d  t o  t h e  r e q u i r e m e n t s  o f  PFBC. T o . p r o v i d e  t h e  n e c e s s a r y  
t e c h n i c a l  background f o r  p u l s e - j e t  development a s  p a r t  of  t h e  ANL p r o j e c t ,  a n  
e x t e n o i v e  rev iew o f  the l i t e r a t u r e  was f i r s t  under taken .  

For  r e a s o n s  o f  both  saf$ry and c u ~ r v e u i e n c e ,  propane w a s  sel.ected as 
t h e  f u e l  f o r  t h e  p u l s e  j e t  d u r i n g  development.  Although o t h e r  f u e l s  have n o t  
been used i n  t h e  deve lopmenta l  program, a l m o s t  any f u e l  can  i n . p r i n c i p a 1  be  
adap ted  t o  P J  opera t .  ion--even p u l v e r i z e d  c o a l .  

The f i r s t  P J  c o n f i g u r a t i o n s  examined . i n  t h i s  s t u d y  o p e r a t e d  a t  
i n t a n c i t i e s  1lp tn 130 dB and a t  f r e q u e n c i e s  up t o  295 Hz, w i t h  t h e  microphone 
p l a c e d  a t  a  r e l a t i v e l y  a r b i t r a r y  l o c a t i o n  ( a t  a  45' a n g l e  appfax imaie ly  1 5  ciu 
from t h e  opening of t h e  P J  e x h a u s t i n g  t a i l - p i p e . )  I n  an i n t e n s i v e  program of 
p u l s e - j e t  upgrad ing ,  u n i t s  were developed which ach ieved  sound i n t e n s i t i e s  a s  
h i g h  a s  160 dB a t  a  f r equency  o f  280 Hz. During t h i s  development,  d imens iona l  
and c o n f i g u r a t i o n a l  changes  were made i n  t h e  combustion chamber, e x h a u s t  p i p e ,  
and a i r l f u e l  mixing and i n l e t  d e s i g n s .  Fur thermore ,  a i r -  and wa te r -coo l ing  
sys tems  were developed f o r  c o n t r o l  of  t h e  m e t a l - t e m p e r a t u r e s  of  t h e  combust ion 
chamber and exhaus t  p i p e ,  r e s p e c t i v e l y .  

A f t e r  a c c e p t a b l e  .perfurmance of ' thr?  j e t  was a c h i e v e d ,  testing 
o f  t h e  p u l s e  j e t  e x h a u s t i n g  i d t o  a  r e s o n a n t  m a n i f o l d . w a s  i n i t , i a t e d .  Tuned a s  
a  l e n g t h  r e s o n a t o r ,  t h e  combined PJ-RMS e x h i b i k e d  t h e  c a p a b i l i t y  o f  producing 
g r e a t e r  t o t a l  sound power, a s  w e l l  a s  h i g h e r  f r e q u e n c i e s ,  t h a n  c o u l d  t h e  same 
p u l s e  j e t  e x h a u s t i n g  i n t o  t h e  f r e e  a tmosphere .  It was a l s o  d i s c o v e r e d  t h a t  a  
"double-frequency" o p e r a t i n g  mode c o u l d  b e  ach ieved  ( a b o u t  550 Hz) by p r o p e r .  
a d j u s t m e n t  of t h e  o v e r a l l  l e n g t h  o f  . t h e  r e s o n a n t  m a n i f o l d .  A t  t h e s e  "double  
f r e q u e n c i e s , "  h i g h e r  sourld l e v e l s  were ach ieved  than  w i t h  normal RMS f requen-  
c i e s  of about  300 H z .  

Although t h e  absence  o f  d e f i n i t i v e  and q u a n t i t i a t i v e  d i a g n o s t i c s  
p r e v e n t s  unequ ivoca l  c l a i m s  r e g a r d i n g  p u l s e - j e t  performance,  t h e  f o l l o w i n g  
a r e  c la imed  a s  advances  i r l  pu l se -  j e  t t e c h n o l ~ g y  : 

1. The achievement  of  sound i n t e n s i t y  l e v e l s  o f  about  160 dB, 
a s  measured a t  t h e  l o c a t i o n  i n d i c a t e d  above,  a t  a  f r equency  
of abou t  300 Hz i s  b e l i e v e d  t o  exceed t h e  h i g h e s t  sound 
l e v e l s  p r e v i o u s l y  o b t a i n e d  a t  t h i s  f requeucy by p u l s e  j e t s .  

2. A r e s o n a n t  m a n i f o l d  ( l e n g t h  r e s o n a t o r )  c a n  be used t q  pro- 
duce more t o t a l  sound t h a n  c a n  t h e  p u l s e  j e t  a l o n e ,  and 
t h e  f requency  o f  t h e  r e s o n a n t  combustion c a n  a l s o  b e  
markedly  i n c r e a s e d  by t h e  a d d i t i o n  o f  a  r e s o n a n t  m a n i f o l d .  



Phase 11. Phase 11 progress  i s  evidenced by t h e  succes s fu l  opera- 
of t h e  PJ-RMS a t  p r e s su re s  a s  high. as  350 kPa. No ope ra t i ona l  d i f f i c u l t i e s  
were caused by these  increased  p re s su re s .  There i s  reason  t o  b e l i e v e  t h a t  
t h e  increased f u e l l a i r  mass flow r a t e s  a s soc i a t ed  with increased ope ra t i ng  
p re s su re  r e s u l t e d  i n  increased  sound l e v e l s .  Although o p e r a t i o n  of t h e  
pu lse  j e t  a t  810 t o  1015 kPa ( t h e  o b j e c t i v e  of t h e  Phase I1 e f f o r t )  i s  y e t  
t o  be demonstrated, t h e r e  i s  no reason  t o  doubt t h a t  t h i s  can be achieved.  
Operat ion of the  pu l se  j e t  a t  p r e s su re s  s i g n i f i c a n t l y  above atmospheric 
p re s su re  c o n s t i t u t e s  another -  s i g n i f i c a n t  advance i n  pu l se - j e t  technology. . 

Conclusions.  On t h e  b a s i s  of t h e  developmental work a t  t he  Univer- 
s i t y  of Toronto, t h e  f e a s i b i l i t y  of  PJ-ADC f o r  PFBC a p p l i c a t i o n  con t inues  t o  
look t e c h n i c a l l y  f e a s i b l e .  The u n c e r t a i n t y  regard ing  t h e  f e a s i b i l i t y  o f  P J .  
o p e r a t i o n  a t  e l eva t ed  p re s su re s  appears  t o  b e  a l l  but removed. Although t h e  
developmental work necessary  t o  extend t h e  ope ra t i ng  c h a r a c t e r . i s t i c s  of previ-  
ous ly  e x i s t i n g  pu l se - j e t  de s igns  has  been s i g n i f i c a n t l y  g r e a t e r  than a n t i c i -  
pa ted ,  continued examination of PJ-ADC f o r  h igh- tempera tu re lh igh-pressure  
a p p l i c a t i o n s  such a s  PFBC i s  warranted.  

b. High-Eff i c i e n c v  Cvclone 

A Donaldson Co. TAN-JET cyclone,  claimed t o  have b e t t e r  dust-removal 
e f f i c i e n c y  than  convent ional  cyc lones ,  h a s  been i n s t a l l e d  i n  t he  f lue-gas  
system of the  ANL 15.2-cm-dia combustor f o r  t e s t i n g  and eva lua t ion .  The 
cyclone w i l l  a l s o  be used i n  t e s t i n g . o f  t h e  ANL granular-bed f i l t e r  concept 
and i n  t e s t i n g  of a pu l se  j e t - acous t i c  dus t  cond i t i on ing  system f o r  enhanced 
p a r t i c l e  removal. 

The TAN-JET employs a  secondary flow of c l e a n  a i r  t o  improve gas- 
s o l i d  s e p a r a t i o n  i n  t h e  primary a i r  f low of  d i r t y  gas  e n t e r i n g  t h e  cyclone.  
The secondary a i r  f low i s  preheated t o  t he  temperature  of t h e  incoming p r i -  
mary gas  and e n t e r s  t he  cyclone through a  nozz le  c e n t r a l l y  loca ted  i n  t h e  
cyclone b a r r e l .  

Tes t s  a t  Ambient Condi t ions .  A s e r i e s  of experiments have been 
performed a t  ambient cond i t i ons  (no combustion, f l u i d i z e d  bed of l imestone i n  
t h e  combustor) as  a  p re l iminary  s t e p  t o  e v a l ~ i a t i o n  of t he  cyclone.  Figure 6 
i l l u s t r a t e s  t h c  presenc arrangement of  t h e  PDU combustion t e s t  system, with 
t he  TAN-JET cyclone c u r r e n t l y  func t ion ing  a s  t h e  secondary cyclone.  

For t he se  pre l iminary  experiments ,  t h e  combustion system was pressur-  
ized t o  about 250 kPa. A bed of f r e s h  l imestone i n  t he  combustor was f l u i d i z e d  
a t  a  s u p e r f i c i a l  gas v e l o c i t y  of  about 0.76 m / s ,  g ene ra t i ng  a  dust- laden gas .  
Fresh l imestone was c o n t i n u a l l y  fed t o  the  combustor, and a cons t an t  bed 
l e v e l  waE maintained v i a  a  0.91-m high overf low s tandpipe .  

Af t e r  s t eady  o p e r a t i o n  dur ing  an experiment was e s t a b l i s h e d ,  t h e  
primary cyclone and TAN-JET cyclone hoppers were emptied and a  timed per iod  of 
s o l i d s  c o l l e c t i o n  was i n i t i a t e d .  During t h i s  per iod ,  t he  f l u e  gas  downstream 
from t h e  TAN-JET cyclone was sampled a t  t he  sampling po r t  l o c a t i o n  ( s e e  F ig .  
6 )  us ing  an Andersen cascade impactor.  The e f f i c i e n c i e s  of t h e  primary and 
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Fi,g. 6. Schematic Flow Sheet of PFBC System 



Table 7 .  Prel iminary Experiments i n  the  Evaluat ion of TAN-JET Cyclone 

Exit-Gas P a r t i c l e  Loading P a r t i c l e  Co l l ec t i on  E f f i c i ency  

TAN-JET. TAN-JET AP Across Primary Primary 
TAN-JET .Nozzle, Expt. Canbus t o r ,  Cyclone, Cyclone, . Cyclone, Cyclone, . Combined, 

Wa NO. d m 3 .  gIm3 . .. % % % 

' ~ o t a l  air (main a i r  f low p lus  seco-ndary a i r )  



TAN-JET cyclones were then  c a l c u l a t e d  from the  amounts of s o l i d s  co l le ' c ted  i n  
t h e i r ' r e ~ ~ e c t i v e  ash hoppers and from t h e  s o l i d s  loading  downstream from t h e  
TAN-JET a s  determined with t h e  cascade impactor. 

The ; e s u l t s  of t he  experiments are .  summarized i n  Table 7. Three 
experiments  were performed a t  each of t h r e e  l e v e l s  of pressure  drop (about 70, 
about 100, and about 140 kPa) across  t h e  TAN-JET secondary a i r  i n l e t  nozz le .  
A t  70, 100, and 140 kPa p re s su re  drop ac ros s  the  nozz le ,  t he  secondary a i r  
flows represented  about 10,  about 12,  and about 23% of t he  t o t a l  gas  flow 
(primary p lus  secondary) through the.  TAN-JET cyclone,  r e s p e c t i v e l y .  

Sol ids  loadings  i n  the  f l u e  gas leav ing  the  TAN-JET cyclone ranged 
from 0, n8 t o  0 .17  g/m3. Co l l ec t ion  e f f i c i e n c y  ranged from 69 t o  90%. 

l'n k'i,g. 7, che c u l l i c t i 6 r l  c f f i c i u r ~ l : ~  I ~ A ~ R  i o  p r ~ s a n t o d  a s  percent 
p e n e t r a t i o n  (100% - c o l l e c t i o n  e f f i c i e n c y )  a s  a  func t ion  uf t he  maso loading  
e n t e r i n g  t h e  TAN-JET cyclone.  As expected,  percent  pene t r a t ion  decreased 
with inc reases  i n  mass loading  Lo the cyclone.  A t  an i n l e t  mass loading of 
about  0 .3  g/m3, p e n e t r a t i o n  was measured t o  be about 30%. A t  an i n l e t  mass 
loading of about 1 .5  g/m3, p e n e t r a t i o n  was measured t o  be only about 10%. 
The t e s t s  were not  s u f f i c i e n t l y  s e n s i t i v e ,  however, t o  a s se s s  t he  e f f e c t  of 
t h e  nozzle  pressure  drop on the  c o l l e c t i o n  e f f i c i e n c y .  Pene t r a t ion  a t  a  
g iven  i n l e t  mass loading  would-be expected t o  decrease  with inc reas ing  nozzle  
p re s su re  drop. 

MASS LOADING IN FLUE GAS ENTERING CYCLONE,Q/~' 

Fi8 .  7 ,  Pene t r a t ion  of Flue Gas 
P a r t i c u l a t e  Matter  Through 
TAN-JET Cyclone a s  a  Funct ion.  
.of Mass Loading in '  Flue Gas 
Enter ing thc  Cyclone. 

Figure 8 i s  a p l o t  u f  t he  mass loading i n  the f l u e  gas leav ing  the  
TAN-JET a s  a  func t ion  of t h e  mass loading i n  t he  gas e n t e r i n g  t h e  cyclone.  
Although t h i s  d a t a  e x h i b i t s  s c a t t e r ,  i t  does i n d i c a t e  ( a s  expected)  t h a t  t he  
above-discussed inc reases  i n  cyclone e f f i c i e n c y  with inc reases  i n  i n l e t  mass 
loading  a r e  i n s u f f i c i e n t  t o  prevent t he  o u t l e t  mass loading  from inc reas ing  
a t  h ighe r  i n l e t  mass loadings .  



Fig. 8  Mass Loading i n  Flue Gas 
Leaving TAN-JET Cyclone 
as  a  Function of  Mass 
Loading i n  t h e  Flue Gas 
Enter ing  Cyclone. 

MASS LOADING IN FLUE GAS ENTERING C Y C L O N E , ' Q / ~ ~  

T e s t s  dur ing  Combustion Experiments. Severa l  experiments have been 
completed t o  t e s t  and e v a l u a t e ' t h e  TAN-JET cyclone dur ing  combustion experi-  
ments i n  t he  PDU. Condi t ions i n  t he  combustor were: ( 1 )  Sewickley c o a l ,  
( 2 )  Greer l imestone so rben t ,  ( 3 )  8 5 5 " ~  combustion temperature ,  ( 4 )  304-kPa 
ope ra t i ng  p re s su re ,  and ( 5 )  approximately 17% excess  combustion a i r .  

Resu l t s  of t h e  t e s t s  dompleted. a r e  g iven  i n  Table 8. A s  compared 
with t he  experiments a t  ambient c d n d i t i o n s , '  i n .  combustio* experiments t h e  
loadings l eav ing  the  primary cyclone and e n t e r i n g  t h e  TAN-JET were cons ider -  
ab ly  h i  h e r .  In  t he se  ex e r i m e n t . ~ ,  load ings  t o  t he  TAN-JET ranged from about 5 2.2 g/mg t o  about 3 .4  g/m . The loadings  i n  t he  pre l iminary  experiments  
ranged from about 0 .3  g/m3 t o  about 1 .5  g/m3. A t  the  high i n l e t  l oad ings ,  
t h e  TAN-JET co l l . e c t i on  e f f i c i e n c y  ranged from about 91% t o  about 95% and load- 
ings  i n  t he  o u t l e t  gas  from t h e  TAN-JET ranged from about 0.15 t o  0.24 g/m3. 

The d a t a ' a r e  a l s o  presen ted  i n  Figs .  9 aud 10. ('l'he open symbols 
a r e  che ambient temperature  d a t a  a l s o . p r e s e n t e d  i n  F igs .  7  and 8) .  The s o l i d  
symbols r ep re sen t  t h e  d a t a  ob ta ined  dur ing  combustion experiments.  Figure 9  
i l l u s t r a t e s  t h e  p e n e t r a t i o n  of p a r t i c l e s  through t h e  TAN-JET cyclone a s  a  
f u n c t i o n ' o f  t h e  mass load ing  i n  t he  f l u e  gas  e n t e r i n g  t h e  cyclone.  F igure  10 
i l l u s t r a t e s  t h e  mass load ing  i n  th'e f l u e  gas  l eav ing  t h e  TAN-JET cyclone,  
a l s o  a s  a  func t ion  of i n l e t  mass load ing .  . 

A s  can be seen  from Fig .  9 ,  t h e  p e n e t r a t i o n  d a t a  ob ta ined  i n  combus- 
t i o n  experiments  i s  c o n s i s t e n t  with t h e  pcne t r a t i o l i  d a t a  obtained under lower 
loading cond i t i ons  i n  thk ambient experiments .  P e n e t r a t i o n  cont inues  t o  de- 
c r e a s e  with an i nc rease  i n  i n l e t  mass load ing .  



. . 

Table 8 .  TAN-JET ~ o l l e c t i c n  E f f i c i ency  i n  Combustion ~ x ~ ? r i m = n t s  

Exit-Gas E z r t i c l e  Loading P a r t i c l e  Co l l ec t i on  E f f i c i ency  

AP Across Pr i n a r y  TAN-JET P r  imary TAN-JET 
TAN-JET Nozzle, Ex*. Combustor, Cyclone, Cyclone, Cyc 1 one, Cyc 1 one, Combined, 

kPa NO. g/m3 g/n3 g/m3 a % % % 

100 8031LPlB 35.1 3.15 0.151 90.1 95.2 99.1 

7 0 8C31LPlE 28.7 3.39 0.243 86'. 8 92.8 98.6 

140 . 8001LPl F 31.4 3.24 0.148 88.7 95.4 99.0 

a To ta l  air .  (main a i r  f low p lus  secondary a i r )  



Fig . '  9 .  Penetration vs.   ass ' ~ 0 a d i . n ~  i n  
F lue  Gas ~ n t G i n ~  TAN-JET Cyclone 
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Fig. 10. Maos Loadiag Leaving TAN-JET Cyclone 
vs. Mass Loading Entering Cyclone - 



The e f f e c t  on cyc lone  e f f i c i e n c y  of th.e p re s su re  drop of  t h e  
secondary a i r  f low nozz le , .which  was n o t  r e a d i l y  apparent  from t h e  ambient 
d a t a ,  i s  i l l u s t r a t e d  i n  F ig .  10. I n  t he  high range of i n l e t  mass loading,,  
2 .0  t o  3 .5  g/m3, p a r t i c u l a t e  removal was s i g n i f i c a n t l y  worse a t  about 70 
kPa p r e s s u r e  drop than a t  g r e a t e r  p r e s su re  drops .  A t  the  h ighe r  (about  100 
and about 140 kPa) p re s su re  d r o p s ,  performance was independent of  p r e s su re  
drop .  I n  f a c t ,  a t  t h e  h ighe r  p re s su re  drops ,  very  l i t t l e  i nc rease  i n  o u t l e t  
mass  l oad ing  was observed a s  t h e  i n l e t  mass load ing  increased  from about 1  t o  
ove r  3  g/m3. 

The r e s u l t s  i l l u s t r a t e d  i n  F ig .  10 a r e  encouraging. A t  nozz le  
p r e s s u r e  drops  g r e a t e r  than  100 kPa, t h e  mass load ing  i n  t h e  f l u e  gas  l eav ing  
t h e  cyc lone  was l e s s  t han  0 .15  g/m3, even f o r  i n l e t  mass load ings  a s  high 
a s  3.2 g/m3. 

Addi t iona l  experiments  a r e  planned t o  ope ra t e  t h e  system a t  h ighe r  
p r e s s u r e  (about 810 'kPa) and t o  gene ra t e  information on s e p a r a t i o n  e f f i c i e n c y  
as a func t ion  of  p a r t i c l e  s i z e .  

, ' .  



TASK C .  LIMESTONE UTILIZATION 

1. Enhancement.of Limestone S u l f a t i o n  
(J. A.  Shearer and C.  B.  Turner)  

Extensive work has  been done i n  t h i s  l a b o r a t o r  on c h a r a c t e r i z i n g  the  
e f f e c t s  of inorganic s a l t s  on limestone s u l f a t i o n .  l g  Resu l t s  have shown t h a t  
f o r  a l l  l imestones i n v e s t i g a t e d ,  maximum s u l f a t i o n  i s  achieved when the  aver- 
age pore diameter of t he  ca l c ined  m a t e r i a l  i s  near  0 . 3  pm. Previous work on 
l imestone s u l f a t i o n  demonstrated t h a t  pores l a r g e r  than 0 .3  pm appear t o  be 
most important i n  r e a c t i o n s  with S02/02 mixtures.16 I n  t h i s  work, s u r f a c e  
a r e a s  a s  wel l  a s  p o r o s i t i e s  have been measured f o r  the  un t r ea t ed  l imestones 
inves t iga t ed .  Table 9 l i s t s  t o t a l  su r f ace  a r e a s ,  s u r f a c e  a reas  of pores 
>0.3 pm, t o t a l  pore volumes, and pore volumes of pores >0.3 pm f o r  l imestones - 
ca l c ined  1  h  i n  5% 02,  20% C02,. and the  balance N2.  he s tones  a r e  l i s t e d  i n  
t h e  o rde r  of t h e i r  i nc reas ing  CaC03 content  ( i nd ica t ed  by t h e  f i r s t  two d i g i t s  
of t h e i r  number d e s i g n a t i o n s ) .  

No c o r r e l a t i o n  of e i t h e r  su r f ace  a rea  o r , p o r e  volume with CaC03 content  
i s  apparent .  The po ros i ty  of t h e  ca l c ined  s tones  r e f l e c t s  the  o r i g i n a l  por- 
o s i t y  of t he  .na tura l  l imes tones ,  a s  wel l  a s  the  e f  f e c t s  of impur i t i e s  on the  
r e s u l t a n t  po ros i ty  of t h e  ca lc ined  m a t e r i a l .  

As mentioned e a r l i e r ,  l i t e r a t u r e  data16 on t h e  r e a c t i v i t y  of calcium 
carbonate-containing rocks with SO2 ind ica t ed  t h a t  po ros i ty  and r e a c t i v i t y  
a r e  r e l a t e d .  Data c o l l e c t e d ' d u r i n g  t h i s  i n v e s t i g a t i o n  on su l f . a t i on  r e a c t i v i t y  
of l imestones exposed t o  a  simulated f l u e  gas a t  850°C a r e  p l o t t e d  a g a i n s t  
t o t a l  pore su r f ace  a r e a  (F ig .  11)  r a t h e r  than po ros i ty  o r  pore volume. There 
i s  no c o r r e l a t i o n  of r e a c t i v i t y  with t o t a l  po ros i ty .    ow ever, t h e r e  i s  an 
obvious r e l a t i o n s h i p  (F ig .  12) of t he  percent  conversion t o  s u l f a t e  and the  
s u r f a c e  a rea  of pores >0.3 pm i n  diameter  ( a s  measured with a  mercury porosi- 
meter ) .  The d a t a  i n d i c a t e  t h a t  a s  t he  su r f ace  a r e a  of pores l a r g e r  than 0 .3  
pm diameter i nc reases ,  s u l f a t i o n  of t he  lime inc reases ,  l e v e l i n g  o f f  a t  50-60% 
conversion ( t h e  apparent  maximum range of s u l f a t i o n  f o r  pure l imes tones) .  

When these  l imestones a r e  t r e a t e d  with e i t h e r  NaCl o r  CaCI2, t h e i r  sur- 
f a c e  a reas  change g rea t ly . '  A t  laow l eve lo  of s a l t  . a d d i t i o n ,  pore su r f ace  a r e a  
i n c r e a s e s ,  but  with g r e a t e r  s a l t  a d d i t i o n s  and subsequent enlargement of pores 
and l o s s  of micropores ,  pore s u r f a c e  a r e a  decreases .  Figure 1 3  shows conver- 
s i o n  versus  su r f ace  a r e a  of pores >0.3 pm f o r  ( 1 )  un t r ea t ed  s tones  ( a l s o  given 
i n  Fig.  12) and ( 2 )  s a l t - t r e a t e d  s tones  having a  wide v a r i e t y  of r e a c t i v i t i e s .  
Conversion f o r  a l l  t r e a t e d  s tones  approaches 50%, a  conversion exh ib i t ed  by 
only t h e  most r e a c t i v e  of un t r ea t ed  l imestones.  



Table 9 .  Pore Volumes and Sur face  Areas f o r  18-20 mesh Limestonesa Calcined 
1 h i n  20% C02, 5% 0 2 ,  and t h e  balance N2 a t  8 5 0 " ~  

Stone 

ANL-6702 
ANL-7401 
ANL-8001 
ANL-8101 
ANL-8301 
ANL-8701 
ANL-890 1 
.AN'L-8902 
ANL-8903 
ANL-9201 
ANL-9401 
ANL-9402 
ANL-9501 
ANL-9502 
ANL-9503 
ANL-9504 
ANL-9505 
ANL-9601 
ANL-9602 
ANL-9603 
ANL-9 70 1 
ANL-9702 
ANL-9 703 
ANL-970l1 
ANL-9801 
ANL-9802 
ANL-990 1 
ANL-9902 
C a l c i t e  

Tota l  Sur face  
Area, 

cm2/ g 

87,742 
89,795 
58,114 

129,121 
163,603 
68,297 

109,217 . 
92,397 
91,923 

134,793 
87,146 

124,779 
188,442 

73,057 
113,907 
112,596 
80,099 

197,599 
116,824 
90,043 

120,202 
175,777 
108,540 

82,474 
113,486 
93,435 

110,056 
.100,952 
285,350. 

Sur face  Area To ta l  Pore 
f o r  Pores  >0 .3  pm, Volume, - 

cm2/g cm3 I g 

12,510 0.423 
6,764 0.423 
8,868 0.325 
3.61'2 0.453 
2,108 0.403 

14,537 0.396 
6,253 0.357 
3,236 0.310 
6,478 0.369 
1,315 0.325 

29,066 0.508 
1,370 0.277 

877 0.375 
12,770 0.382 

9,227 0.512 
2,981 0.351 
4,660 0,338 
2,099 0.454 
4,251 . . '  0.345 
3,297 0.295 
2,090 0,351 
2,285 0.353 
9,736 0.519 
8,378 0.388 
4 , 3 9 3  0.430 
6 , 7 2 7 .  0.488 
6,187 0.392 
9,655 0.473 

61 9 0.281 . 

Pore Volume f o r  
Pores  >0.3 pm, - 

cm3 / g  

0.219 
0.130 
0.118 
0.175 
0.058 
0.161 
0.109 
0.055 
0.107 
0.080 
0.280 
0.050 
0.051 
0.156 
0.243 
0.055 
0.130 
0.160 
0.092 
0.070 
0.051 
0.090 
0.281 
0.120 
0,144 
0.2GO 
0.116 
0.214 
0.038 

3 
Stonc compositions ace g iven  i n  Reference 15. 

Pore volumes (determined d i r e c t l y  from mercury porosimetry measurements) 
a r e  r e l a t e d  t o  su r f ace  areas of l imcc. Whereas F ig ,  14 shows a weak c o r r e l a -  
t i o n  bccweerl ~ o t a i  pnrc  volume and cnnvession t o  s u l f a t e  of t he  a v a i l a b l e  CaU, 
t h e  c o r r e l a t i o n  with s u l f a t i o n  r e a c t i v i t y  i s  g r e a t l y  improved by c o n s i d c r i r ~ g  
on ly  t h e  volume .of pores  with d iameters  l a r g e r  t han  0 .3  p m .  ( ~ i g .  15 ) .  This  cor- 
r e l a t i o n  al lows the  r e a c t i v i t y  of a g iven  l imes tone 'w i th  S02/02 t o  be roughly 
p red i c t ed  r e l a t i v e  t o  o t h e r  l imes tones  being cons idered .  This  h a s  a p p l i c a t i o n  
t o  f luidized-bed coa l  cumbustion where t h e  choice  of l imestone i s  l i m i t e d  more 
by geographic l o c a t i o n  of l imestone formation than any o t h e r  f a c t o r .  
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Pig.  11. S u l f a t i o n  v s .  To ta l  Surface Area f o r  18-20 
. . Mesh ,~ imes tone  Su l f a t ed  ' a t  850°C f o r  6 h i n  

0.3% SO2, 5% 02 ,  20% C02 and t h e  ba lance  N2 
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Fig .  12. Percent  s u l f a t i o n .  v s .  Surface Area of Pores  >0.3 pm i n  
Untreated 18-20  ex Limestones Sul fa ted  a t -850"~ f o r  
6 h  i n  0.3% S02, 5% 02,  20% C02, and . t h e  balance N2 
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Fig .  13. Percent  S u l f a t i o n  v s .  Surface Area of Pores >0,3 prn 
f o r  Untreated 1 8 - 2 F ~ e s h  Limestone and ~ i m e s t o n e s  
Treated with NaCl and CaC12. S u l f a t i o n  a t  850°C f o r  
6 h  i n  0 .3% SO2, 5% 02, 20% C02, and the  balance N2 
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Fig.  14. S u l f a t i o n  v s .  To ta l  Pore Volume i n  Limestones. 
S u l f a t i o n  et 850°C f o r  6 h  i n  3% S02, 5% 02 ,  
20% C02 and t h e  ba lance  N2 
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Fig. 15. S u l f a t i o n  v s .  Pore volume f o r  18-20 ~ e s h  Limestones 
Sul fa ted  a T 8 5 0 " ~  f o r  6 ,h i n  0 . 3 %  S02, 5% 02,  20% C02 
and the  balance N2 

A t  p r e sen t ,  i n v e s t i g a t i o n  of t he  e f f e c t s  of CaC12 on dolomites  and t h e  
s .u l f a t ing  c a p a c i t i e s  of t h e  CaC12-treated c a l c i n e s  i s  being.completed. Scan- 
ning e l e c t r o n  microphotographs a r e  'being prepared t o  provide v i s i b l e  evidence 
of CaC12 e f f e c t s  on both l imes tones  and dolomites .  

m e n  amounts of s a l t s  g r e a t e r  than 1 mol % a r e  added, su r f ace  a r e a  and 
r e a c t i v i t y  decrease  under l abo ra to ry  cond i t i ons .  conversion of.CaO t o  CaS04 
appears t o  be r e l a t e d  t o  t he  ' s u r f a c e  ,area f o r  pores >0.3 pm. Larger su r f ace  
a reas  produce maximum r e a c t i v i t y  which i s  l imi ted by-the s t r u c t u r a l  space re- 
quiremcnts 01 the  l a r g e  CaS04 molecule. 

I n v e s t i g a t i o n  of t h e  e f f e c t s  ,of a d d i t i v e s  dur ing  s u l f a t i o n  of l imestones 
has  shown major e f f e c t s  on t h e  phys ica l  s t r u c t u r e  of t h e  s tones .  Scanning ' 

e l e c t r o n  microscopy has  been s u c c e s s f u l l y  used i n  conjunct ion with mercury 
porosimeter d a t a  t o  desc r ibe  i n  d e t a i l  t he  changes t h a t  oc.cur during ca lc ina-  
t i o n  and s u l f a t i o n  of t r e a t e d  l imestones ( s ee  below). 

The use of NaCl a s  a  sblfat ion-enhancer  has  ' reccived.must  of t he  experi-  
mental a t t e ~ 1 ~ i o n . l 5  A ,suggested mechan'ism proposes t h a t  t r a c e  amounts of 
l i q u i d  phase form, lowering t h e  a c t i v a t i o n  energy of decomposition and recrys-  
t a l l i z a t i o n  and thereby ac 'celer ,a t ing t h e  ion ic  .rearrangement and inc reas ing  
p o r o s i t y  i n  t he  litue. 



It was u n c e r t a i n  whether a  l i q u i d  o r  vapor phase forms. The s t r u c t u r e s  
seen i n  t h e  photographs i n  F ig .  16 provide a  p a r t i a l  answer. Figure 16 shows 
two views of a  c a l c i t e  spa r  c r y s t a l  t r e a t e d  with a  minute amount of NaC1. 
The s a l t  c r y s t a l l i z e d  from an aqueous s o l u t i o n  a s  d i s c r e t e  p a r t i c l e s  dur ing  
t r ea tmen t .  Upon h e a t i n g  of t h e  p a r t i c l e s  a t  850°C f o r  40 min, a  l i q u i d  
formed which i n t e r a c t e d  i n  a  g r a d u a l l y  en l a rg ing  sphere  around t h e  po in t  of 
c o n t a c t  with the c a l c i t e  c r y s t a l .  Lessening s t r u c t u r a l  changes i n  c i r c l e s  
around s a l t  p a r t i c l e s  s t r o n g l y  suggest  a  l i q u i d  phase i n t e r a c t i o n .  The 
presence of  a  vapor phase .would have produced a  more uniform a t t a c k  over  t he  
e n t i r e  sample. 

I n  t h i s  i n v e s t i g a t i o n ,  t h e  e f f e c t s  of CaC12 on l imestone s u l f a t i o n  
were a l s o  s tud i ed  (ANL/CEN/FE-78-3). The mechanism of i n t e r a c t i o n  of l imes tone  
con ta in ing  small concen t r a t i ons  of t h i s  s a l t  was suggested t o  be s i m i l a r  t o  
t h a t  with NaC1. F igure  1 7  i l l u s t r a t c a  Cl~o e f f ~ r c t o  Q £  v a r i o u s  amounts of 
CaC12 upon the  c a l c i n a t i o n  of ANL-9501 l imestone.  Also i l l u s t r a t e d  a r e  
two un t r ea t ed  samples t h a t  were ca l c ined  f o r  d i f f e r e n t  l eng ths  of t ime. 

F i r i n g  f o r  a  long d u r a t i o n  has  t h e  e f f e c t  of i nc reas ing  t h e  po ros i t y  a s  
i nd i ca t ed  by F ig .  17b; t h i s  photograph shows uniform pores  over  t he  e n t i r e  
particle. These pores a r e  l a r g e r  than those produced by 2-h f i r i n g  (F ig .  
17a ) .  

In sha rp  c o n t r a s t  t o  NaC1, small  amounts uf CaClf have a l a r g e  e f f e c t .  
Extens ive  pore growth and c r y s t a l l i t e  clumping occurred (F ig .  18)  s i m i l a r  
t o  t he  e f f e c t s  produced by l a r g e  amounts of NaC1,. (shown i n  photographs 
presen ted  e a r l i e r ) . l 5  A s  t h e  concen t r a t i on  of  CaC12 inc reased ,  t h e  e x t e n t  of 
e r y o t a l  grnwth inc reased ,  and pore s i z e  g radua l ly  i nc reased .  A t  l e v e l s  of 
s a l t  a d d i t i o n  g r e a t e r  than 1  mol W CaC12, c11r lime p a r t i c l e s  begin t o  fu se  
t o g e t h e r  ( ~ i ~ .  1 8 ) .  A t  t h i s  p o i n t ,  l a r g e  amounts of  l i q u i d  phase formed t h a t  
were capable  of  d i s s o l v i n g  CaO i n  s u b s t a n t i a l  amounts, a s  shown by t h e  phase 
diagram f o r  t h i s  system. l 7  Figure  18 i l l u s t r a t e 0  t h i s  c h a r a c t e r i s t i c  f low 
s t r u c t u r e  i n  ANL-9501 l i ~ u e a t o n e .  F i g r ~ t e s  18b and 18c show t h e  j t lnc~ ion  of 
two s e p a r a t e  l imes tone  p a r t i c l e s  a t  two magni f ica t ions .  The poin t  oE contact 
i s  between the  da rke r  image and the  l i g h t e r  image. The p a r t i c l e s  have fused 
t o g e t h e r  y e t  r e t a i n  some coa r se  po ros i t y .  A t  t he  s u l f a t i o n  temperature ,  t h i s  
i s  a  v e r y  f l u i d  system con ta in ing  d isso lved  CaO and hence has  g r e a t  p o t e n t i a l  
t o  r e a c t  w i ~ h  502/02 mix tures .  The e x t e n t  of r e a c t i o n  i s  l i m i t e d  only by t h e  
presence of s u f f i c i e n t  l i q u i d  phase t o  d i s s o l v e  r e s idua l  u ~ ~ ~ e a c t e d  CaO. 

S u l f a t i o n  experiments  show t h a t  indeed t h e r e  i s  maximum s u l f a t i o n  ( ~ u X  
convers ion)  a t  low s a l t  c o n c e n ~ r a t i o n s ;  conversion s t a r t s  t o  decrease  when 
t h e s e  low CaC12 a d d i t i o n s  are excccded. A t  CaC12 concen t r a t i ons  above 
1 .0  mol %, however, t h e  e x t e n t  of s u l f a t i o n  begins  t o  i nc rease  r a p i d l y ;  with 
cont inued CaC12 a d d i t i o n ,  conversion approaches 100%. P r a c t i c a l  a p p l i c a t i o n  
of t h i s  information i s  l i m i t e d  s i n c e  t h e  high s a l t  concen t r a t i ons  produce 
s t i c k y  p a r t i c l e s  t h a t  may cause  problems i n  main ta in ing  f l u i d i z a t i o n  i n  a  
f  luid-bed combustor. However, CaC12 h a s  been s u r c e s s f u l l y  added t o  i n j e c t e d  
l imes tone  powder i n  a  l a rge - sca l e  fixed-bed combustor t o  enhance the  s u l f a t i o n ,  
removing s u l f u r  from exhaus t  gases  a t  very  high temperatures  ( > 1 0 0 0 " ~ ) .  l8 



Fig. 16. Surfece of Calcite Spar Particle (two views) Calcined with 
0 .2  w t  % NaCl i n  20% COZ, 5% 02, and the balance Ng a t  850°C 
for 40 min. ANL Neg. No. 308-78-418. 



a. 9501 Calcined 2 h (700x1 b. 9501 Calcined 6 h (?O(TX) 

c .  9501 + 0.1 mol % d. 9501 + 0.5 mol % e ,  Y ~ U L  + 1.0 mol  % 
CaCL2 Calcrned 1 h CaC12 Calcined 1 h CaC12 Calcined 1 h 

C700X) (650x1 ( 6 7 5 ~ )  

Fig. 17. Limestone ANL-9531 P a r t i c l e  Cross Sections. Various ca lc ina t ion  treatments 
a t  850": i n  %5 b, 20% CW2, and the  balance N2. ANL Neg. N a .  308-78-420 



9501 + 1.0 mol % CaC12 
(520x1 

9501 + 2.0% CaC12 
Junction of Two Particles 

(520~) 

9501 + 2.0% CaC12 
Jumction of Two Particles 

(1920x) 

Fig. 18. Limestone ANL-9501 with CaC12. Calcined 1 h at 850'~ in 50% 02, 
20% C02, and the balance Np. ANL Neg. No. 308-78-419 



Extrapolation of laboratory tube furnace r e s u l t s  t o  actual  fluidized-bed 
combustor conditions would introduce many var iables  not present under con- 
t r o l l e d  laboratory conditions. 

Differences between limestones a re  current ly  being investigated with a 
polar iz ing microscope i n  order t o  r e l a t e  s t ruc tu ra l  proper t ies  t o  su l fur  
r e a c t i v i t i e s .  Also, experiments a r e  being i n i t i a t e d  t o  examine the  e f f e c t s  
of reducing conditions on limestone r eac t i v i t y  and a l so  on the effectiveness 
of inorganic su l f a t i on  enhancers. Products generated by a 15-cm-dia (6-in.-dial 
combustor a re  a l so  being characterized fo r  comparison with laboratory samples 
t h a t  had been reacted i n  flow-through horizontal-tube furnaces. Attempts t o  
i s o l a t e  various reac t ion  condit ions t o  determine t h e i r  e f f e c t s  on limestone 
su l f a t i on  a re  being pursued using both the laboratory-scale apparatus and the 
 large^ fluidieed-hed combustors. 

T11e c f fcc te  on s u l t a t i o n  af ~ l l c  steueturu ul: r ~ l c i n a d  material ( i , e , ,  
grain  s i ze  and other  proper t ies  determinable from SEM pholugraphs) w i n  
determined. In  t h i s  repor t  i n  the  sect ion,  petrographic Examination of Lime- 
stones,  a polarizing microscopy evaluation of the  s t ruc ture  of raw untreated 
stones i s  described. 

2. Petrographic Examination of Limestones 
(W. I. Wilson and J .  A. Shearer) 

Petrographic analyses of several calcareous rocke were made and compared 
with t h e i r  limestone SO2 r e a c t i v i t i e s  t o  determine the basic s t ruc tu ra l  
reasons f o r  wide var ia t ions  i n  calcium u t i l i z a t i o n  fo r  carbonate rocks which 
have e s sen t i a l l y  the  same chemical composition. The calcareous rocks studied 
have CaC03 contents ranging from 95 t o  100 w t  % (Table 10). One limestone 
has  a t o t a l  calcium u t i l i z a t i o n  of approximately 20%. Four hove t o t a l  ralciunr 
u t i l i z a t i o n s  ranging from approximately 31 t o  38%, and three  have t o t a l  calcium 
u t i l i z a t i o n s  ranging from approximately 52 t o  66%. 

Following vacuum-impregnatiou with cpnxy res in  af pa r t i c l e s  from each of 
the  e ight  rocks, polished sect ions  were made. These sections were examined 
i n  re f lec ted  polarized l i g h t .  Average gra in  s izes  were estimated. (These 
estimates may be i n  e r r o r  by a fac tor  of two t o  three.)  To obtain an estimate,  
the  predominant s i ze  of the grains  present i n  the sample was determined with 
the  microscope, and these values were assigned t o  one of three s i ze  
categories :  ( 1 )  fine;4 t o  63 ~ r m  across; (2)  medium, 63 t o  250 m across,  
and (3) coarse, 250 ~rm-across. More quaneitatfvt! grain  s iea  meaaiir~ment w i l l  
be made by point-counting several  hundred grains i n  t h in  sections of each 
sample ( t o  be prepared l a t e r ) .  

Because the  f i n e r  grains  i n  t h i s  stone tend t o  pluck out during pol- 
i shing,  i t  is d i f f i c u l t  t o  est imate the ave'rage grain  s i ze  fram the  polished 
sect ion of t h i s  limestone. Crushed par t ic lea  viewed i n  transmitted l i g h t  show 
t h a t  the  average s i ze  i s  3 t o  6 pu. Normally, the  vacuum impregnation treatment 
promotes g rea te r  re ten t ion  of grains  unless the  permeability t o  epcixy i s  very 
low. The high r e a c t i v i t y  of t h i s  limestone is probably linked with i t s  high 
porosity,  yet  is  l imited somewhat by i t s  apparently low gaseous permeability. 

* 
Examined by L. H. Fuchs, Chemistry Division 
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b. ANL-9801 Limestone 

This coarse-grained c a l c i t i c  l imestone i s  gray  and con ta in s  a  few 
dark  gray seams which a r e  probably carbonaceous s t y l o l i t e s .  This  l imes tone  
appears  t o  be an equigranular  ro,ck ( g r a i n s  a r e  a l l  approximately t h e  same 
s i z e ) .  The low r e a c t i v i t y  o f  t h i s  s t one  i s  probably l inked  with i t s  coa r se  
g r a n u l a r i t y  and i t s  low po ros i t y .  

c .  ANL-9703 Limestone 

This s tone  appears  t o  be a  f ine-grained porous carbonated l imestone.  
The t e x t u r e  i s  somewhat l oose ,  making i t  more h igh ly  r e a c t i v e .  The high reac- 
t i v i t y  of t h i s  s t one  is  probably l inked  with i t s  high po ros i t y  and f i n e  g r a i n s .  

ANL-9702 Limes tone 

This  sample, more than  any of t h e  o t h e r s ,  shows a  d i s t i n c t  twinning 
c h a r a c t e r i s t i c  (groups of two o r  more c r y s t a l s  i n  which t h e  i nd iv idua l s  grow 
toge the r  symmetr ical ly  so  t h a t  they, sha re  a  common p l ane ) .  The g r a i n s  vary  
g r e a t l y  i n  s i z e  from medium t o  coa r se .  The coa r se  g r a i n s  show t h e  twinning 
c h a r a c t e r i s t i c  of t he  l imestone.  

It i s  no t  c e r t a i n  what caused twin c r y s t a l s  i n  t h i s  l imestone.  
However, t h e  n a t u r e  of t h i s  t e x t u r e ,  a s  wel l  a s  t h e . s t o n e  po ros i t y ,  may be  
s i g n i f i c a n t  i n  causing t h e  low r e a c t i v i t y  of the  s tone .  

e .  ANL-9701" (Germany Val ley)  Limestone 

This  l imestone i s  f i n e  gra ined  and dense,  bu t  con ta in s  some coa r se r  
vein-deposi ted c a l c i t e .  Grain s i z e s  a r e  predominantly near  5 pm. The f ine-  
g ra ined  t e x t u r e  of t h i s  l imes tone  i s  not  conducive t o  h ighe r  r e a c t i v i t y .  The 
dense ly  packed c r y s t a l l i t e s  pr.obably i n d i c a t e  a  low po ros i t y .  

f .  ANL-9603 Limestone 

' 

The g r a i n  s i z e s  o f ' t h i s  l imes tone  va ry  from f i n e  t o  coa r se .  The 
coa r se  g r a i n s  show a twinning c h a r a c t e r i s t i c  s i m i l a r  t o  t h a t  of t h e  ANL-9702 
l imestone sample. The t o t a l  calcium u t i l i e a t i o n  i s  a l s o  e s s e n t i a l l y  t h e  same 
as t h a t  of  ANL-9702. Therefor.e, t h e  n a t u r e  of t h i s  t e x t u r e ,  a s  wel l  a s  i t s  
p o r o s i t y ,  may be  s i g n i f i c a n t  i n  determining t h e  low r e a c t i v i t y  o f ' t h e  s tone .  

g. ANL-9602 Limes tone 

The g r a i n s  of t h i s  sample appear t o  have uniform s i z e s  f o r  t h e  most 
p a r t .  They appear t o  be l oose ly  packed c r y s t a l l i t e s ,  i n d i c a t i n g  h igh  po ros i t y  
and h igh  permeabi l i ty .  

h .  ANE-9501 (Grove) Limestone 

This  f ine-grained l imestone i s  uniformly gray  and equ ig ranu la r .  
The g r a i n s  appear t o  be t i g h t l y  i n t e r l o c k e d .  A few v e i n l e t s  of c a l c i t e  occur 
i n  some p a r t i c l e s .  The low r e a c t i v i t y  of t h i s  s t one  probably r e s u l t s  from 
i t s  t i g h t l y  i n t e r locked  grains-.  

Examined by L. H.  Fuchs, Chemistry Div is ion  



Table 10. .:ompositions of Limestones 

TGA Total Ca 
CaC03, MgC03, Fez03 A1203 Si02, Ra20 ,. K20, Utilization, 

Limestone w t  %: wt % wt % wt % wt % vt X wt % % 

ANL-9802 98.2 0.47 0.18 . 0.10 0.29 3.04 0.01 61.8 

ANL-9801 98.3 0.6 0.15 0.16 0.20 0.04 0.20 35.3 

ANL-9703 97.6 0.58 0.19 0.50 1.08 '0. C3 0.17 66.2 

ANL-9702 
(Germany Val ley) 97.5 0.68 0.05 0.05 0.21 3.01 0.01 31.0 

ANL-9 70 1 97.8 0.6 0.10 1.8 0.2 0.25 - - 18.7 

ANL-9603 96 ..4 1.56 0.10 0.30 0.70 '0.135 0.11 32.1 D 0 

ANL-9602 96.2 0.43 0.12 0.21 1.19 0.03 0.01 51.7 

ANL-9501 
(Grove ) 



i. Conclusion 

It remains u n c e r t a i n  whether t h e  pe t rographic  p r o p e r t i e s  of t h e  
l imes tones  account f o r  t h e i r  d i f f e r e n c e s  i n  r e a c t i v i t i e s .  The d a t a  do no t  
c l e a r l y  i n d i c a t e  t h a t  pe t rographic  t e x t u r e  i n f luences  SO2 r e a c t i v i t y .  Fu r the r  
work i n  which c r y s t a l  d e f e c t s  such a s  i n t r a c r y s t a l l i n e  o r  i n t r a g r a n u l a r  vo ids ,  
f l u i d  i n c l u s i o n s ,  and twin l ame l l ae  a r e  s tud i ed  may enable  us  t o  p r e d i c t  sul-  
f u r  r e a c t i v i t y  more a c c u r a t e l y  from pe t rographic  d a t a .  
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