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

Many, i f  not most ,  o f  t h e  problems p e c u l i a r  t o  t h e  u s e  of  c o a l  a s  a f u e l  a r e  
r e l a t e d  t o  i t s  minera l  matter c o n t e n t .  The a s h  and s l a g  products  cause  f o u l i n g  
and sometimes c o r r o s i o n  o f  h e a t  t r a n s f e r  s u r f a c e s ,  a r e  hard  t o  remove when s l a g  
d e p o s i t s  become massive, a r e  d i f f i c u l t  t o  c o n t a i n  when t h e  s l a g  i s  f l u i d ,  and a r e  
costly t o  remove as p a r t i c u l a t e  m a t t e r  i n  t h e  s t a c k  g a s e s .  The purpose o f  t h i s  ' 

paper  is t o  d i s c u s s  t h e  r e l e a s e  of m i n e r a l  matter i n  burning c o a l  and t o  p r e s e n t  
d a t a  on r e a c t i o n s  of  a s h  d e p o s i t s  w i t h  combustion product  gases  i n  a l a r g e  cyc lone-  
f i r e d  steam g e n e r a t o r .  Conclusions w i l l  be  drawn t h a t  must be i n t e r p r e t e d  a s  
p e r t i n e n t  t o  the p a r t i c u l a r  u n i t  though based i n  p a r t  on o b s e r v a t i o n s  i n  o t h e r  
u n i t s .  The i n t e n t  i s  t o  demonst ra te  t h a t  v a l u a b l e  informat ion  can  be gained by 
s y s t e m a t i c  sampling and a n a l y s i s  of  f l y  a s h  and ash d e p o s i t s .  

The Release  of  Minera l  Matter 

11 Ash, as formed from t h e  m i n e r a l  m a t t e r  of  c o a l  i n  t h e  ASTM Standard Method,- 
h a s  a n a l y s e s  a s  i l l u s t r a t e d  by samples  8 and 9 of  Table  I f o r  two I l l i n o i s  c o a l s .  
S e v e r a l  t h i n g s  a r e  noteworthy:  1) Carbonates  are conver ted  t o  o x i d e s ,  2) s u l f u r  
i s  r e t a i n e d  as s u l f a t e  t o  t h e  e x t e n t  t h a t  s u l f a t e  formation precedes carbonate  
decomposi t ion,  and 3) t h e  weight  percentages  of  ash components, r e p r e s e n t e d  a s  . 
o x i d e s ,  add approximate ly  t o  100%. When t h e  a s h  i s  formed under high-temperature  
c o n d i t i o n s ,  as i n  t h e  steam g e n e r a t o r  furnace  r a t h e r  than  t h e  tempera ture-cont ro l led  
m u f f l e  f u r n a c e  used f o r  t h e  ash d e t e r m i n a t i o n ,  a l e s s e r  p r o p o r t i o n  of t h e  s u l f u r  i s  
r e t a i n e d  a s  s u l f a t e s  and t h e  a l k a l i  metals are a t  least  p a r t i a l l y  v o l a t i l i z e d .  
Vapor p r e s s u r e s  f o r  v a r i o u s  a l k a l i  m a t e r i a l s  a r e  g iven  i n  Table  11. The f r e e  a l k a -  
l i  m e t a l s  are most v o l a t i l e ,  b u t  e q u i l i b r i a  f a v o r  convers ion  t o  t h e  hydroxides .  The 
o x i d e s  should be c o n s i d e r e d ,  a l though e q u i l i b r i a  a l s o  favor  t h e i r  convers ion  t o  t h e  
hydroxides .  L i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  on t h e  k i n e t i c s  of such high-tempera- 
t u r e ,  gas-phase r e a c t i o n s .  Acid-base r e a c t i o n s  a r e  f a s t  i n  water s o l u t i o n  b u t  may 
b e  slow i n  t h e  g a s  phase.  HC1 g a s  seems r e l a t i v e l y  i n e r t .  A l k a l i n e  m i s t s  have 
been  observed t o  f a l l  o u t  of  t h e  plume from i n c i n e r a t i o n  o f  o r g a n i c  wastes wi th  
h i g h  NaCl conten t .  These c o n s i d e r a t i o n s  sugges t  t h a t  t h e  hydroxides  a r e  t h e  
probable  mode of t r a n s p o r t  o f  a l k a l i  metals i n  the h o t  combustion gases .  

TABLE I.- Analyses  of  ash  and s l a g  samples ,  weight  p e r c e n t  

No. Locat ion SO3 Fe2O3 A1203 Si02  CaO MgO Na20 K20 T o t a l  

1 
3 
4 
5 
6 

. 7  
8 
9 

S l a g  tank  
Reheat superhea ter  
Primary s u p e r h e a t e r  
Economizer hopper 
A i r  h e a t e r  hopper  
P r e c i p i t a t o r  hopper  
Coal a s h ,  A 
Coal a s h ,  B 

0 . 2 5  19.7 17.6 
10 .2  21.0 16.4 

2 .2  18.6 18.3 
5.0 20.6 17.4 
2.2 21.7 17.6 
3 . 5  18.9 17 .6  
7.5 28.2 15.5 
8.0 17.2 18.9 

45.8 
32 .5  
47.1 
43.2 
45.4 
45.8 
35.7 
44.5 

8.67 0 .95  
10.95 ,.80 

5.96 .86 
5.79 .75 
7 .61  .86 
5.04 .90 
7.68 .78 
7.55 .91 

2.16 1.99 97.1 
2.80 2.19 96 .8  
2.47 2.04 97.5 
2.56 2.13 97.4 
2.12 2.05 9 9 . 5  
2.91 2.82 97.5 
2.43 1.83 9 9 . 6  
1.98 1 . 8 3  100.9 
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TABLE 11.- Temperatures a t  s e l e c t e d  vapor p r e s s u r e s  

T O C  

Component l m m  10 m 100 mm 

Na 43 9 549 701 
K 341 443 586 
NaOH 739 897 1111 
KOH 7 19 86 3 1064 
N a C l  865 1017 1220 
KC 1 821  968 1164 

I r o n  s u l f i d e ,  FeS, and m e t a l l i c  i r o n  tend t o  appear  w i th  d e f i c i e n t  a i r  supply.  
Th i s  i s  aggravated i n  w e t  bottom fu rnaces  when p y r i t e  (FeS2) impinges on t h  s l a g  
su r face .  The i r o n  i n  c o a l  i s  p r e s e n t  p r i m a r i l y  as p y r i t e .  B a i l e y  and Elyx? have 
shown t h a t  i ron  tends t o  seg rega te  i n t o  s l a g  and i n t o  fu rnace  d e p o s i t s .  The au tho r  
h a s  observed a fu rnace  w i t h  f r o n t  wa l l  burners  and a p l an  a r e a  too small  t o  prevent  
flame impingement on the  wall s u r f a c e s .  I r o n  c o n t e n t  of  t h e  w a l l  slag w a s  over  
t h r e e  times t h a t  expected from t h e  c o a l  ash a n a l y s i s .  
d e f i c i e n t  i n  t h e  a r e a  of flame impingement and t h a t  l i q u i d  d r o p l e t s  o f  FeS were 
p r e f e r e n t i a l l y  adhering t o  t h e  w a l l ,  a l t hough  i n t e r m i t t e n t  o x i d a t i o n  gave an  
oxidized s l a g .  

It appeared t h a t  oxygen was 

F i r e s i d e  co r ros ion  a s s o c i a t e d  wi th  segregated d e p o s i t s  h i g h  i n  a l k a l i - i r o n  
s u l f a t e s  were f i r s t  found on fu rnace  w a l l  t ubes  o f  w e t  bottom E u r n a c e s . u /  
Presence of  CO i n  t h e  l o c a l  gas  s t ream was i n d i c a t i v e  of  l o c a l  oxygen d e f i c i e n c y  
and flame impingement with p r e f e r e n t i a l  adherence of  FeS d r o p l e t s  and h igh  l o c a l  
h e a t  t r a n s f e r  r a t e s .  However, t h e  segregated d e p o s i t s  were found t o  b e  s u l f a t e s  
with d e t e c t a b l e  s u l f i d e  on ly  a t  t h e  i n t e r f a c e  between the d e p o s i t  and t h e  tube  
me ta l .  I n t e r m i t t e n t  ox id i z ing  c o n d i t i o n s  conve r t  s u l f i d e s  t o  s u l f a t e s .  With tube 
s u r f a c e  temperatures  on t h e  o rde r  o f  400'C, t h e  complex a l k a l i - i r o n  p y r o s u l f a t e s  
become s t a b l e  l i q u i d s .  While these l i q u i d s  i n  p a r t  may be  c o r r o s i o n  p roduc t s ,  they 
i n  t u r n  a r e  cause f o r  e l e c t r o l y t i c  co r ro2 ion  i f  not  t h e  a c t i v e  c o r r o s i v e  agen t s .  

React ions between s u l f u r  ox ides  and f l y  a sh  have been the s u b j e c t  of  s tudy  and 
specu la t ion  f o r  many yea r s .  
b o i l e r s  had a l i t t l e  c a t a l y t i c  t i o n  on t h e  o x i d a t i o n  o f  s u l f u r  d i o x i d e  i n  f l u e  
gas .  Cross l ey ,  P o l l  and Sweettz? s t u d i e d  t h e s e  r e a c t i o n s  t o  e x p l a i n  f i n d i n g s  of 
the Bo i l e r  A v a i l a b i l i t y  Committee t h a t  f i r i n g  of  pu lve r i zed  c o a l  over t h e  back end 
of mechanical s t o k e r s  was e f f e c t i v e  i n  c o n t r o l l i n g  a c i d i c  d e p o s i t s  i n  t h e  b o i l e r .  
The appearance of  t he  t y p i c a l  a lkal i - i ron-aluminum s u l f a t e s  on supe rhea te r  t ubes  
brought renewed i n t e r e s t  i n  t he  r e a c t i o n s  between f y ash and combustion gases .  
The ex tens ive  l i t e r a t u r e  h a s  been reviewed by Reid.--/ The d e p o s i t s  are c h a r a c t e r -  
ized by water s o l u b i l i t y ,  a low pH, high con ten t  of a l k a l i ,  i r o n ,  aluminum and 
s u l f a t e ,  and r e l a t i v e l y  low contaminat ion by o t h e r  c o n s t i t u e n t s  of  f l y  ash.  These 
d e p o s i t s  u n d e r l i e  t y p i c a l  a sh  d e p o s i t s .  They have an  amorphous or m i c r o c r y s t a l l i n e  
appearance when co ld  bu t  sometimes show s i g n s  o f  having been l i q u i d .  They appear  
where gas temperatures ,  t he  th i ckness  of t h e  ove r ly ing  ash d e p o s i t ,  and t h e  steam 
cond i t ions  are such t h a t  t he  r e s u l t i n g  h e a t  t r a n s f e r  produces temperatures  near  t he  
tube su r face  approaching 65OoC. The segregated d e p o s i t  may be sepa ra t ed  from t h e  
tube me ta l  by a poorly conso l ida t ed  oxide scale. The au tho r  has  a l s o  found samples 
where l i q u i d  wetted the  metal tube and pene t r a t ed  under  t h e  ox ide  scale so as t o  
bend i t  away from t h e  tube s u r f a c e .  R e l a t i v e l y  low occ lus ion  o f  f l y  a sh  i n  t h e  
segregated d e p o s i t  i n d i c a t e s  t h a t  components not  s o l u b l e  i n  t h e  d e p o s i t  are mechan- 
i c a l l y  e j e c t e d  by c y c l i c  me l t ing  and s o l i d i f i c a t i o n .  
American bituminous c o a l s ,  h a s  a somewhat v a r i a b l e  composi t ion,  p a r t i c u l a r l y  t h e  

Johnston&/ concluded t h a t  f l y  a sh  from s t o k e r - f i r e d  

3 

The r e s u l t i n g  d e p o s i t ,  from 
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p r o p o r t i o n  of  i r o n  and aluminum s u l f a t e s ,  b u t  i s  so c h a r a c t e r i s t i c a l l y  d i f f e r e n t  
from t h e  ove r ly ing  f l y  a s h  d e p o s i t s  t h a t  i t  is  v i s u a l l y  d e t e c t a b l e  without  need f o r  
chemical  a n a l y s i s .  

Occurrence o f  t h e  seg rega ted  d e p o s i t  under t y p i c a l  a sh  d e p o s i t s  h a s  caused 
s p e c u l a t i o n  as t o  whether  t h e  d e p o s i t  was formed f i r s t  and the  f l y  ash depos i t ed  
la ter  o r  whether t h e  seg rega ted  m a t e r i a l  w a s  syn thes i zed  beneath t h e  f l y  ash 
d e p o s i t .  

$7' Syn thes i s  of  t h e  complex s u l f a t e s  r e q u i r e s  a p a r t i a l  p r e s s u r e  of SO3 h i g  
than  t h a t  found i n  t h e  m a i n  s t r eam o f  combustion gases .  Anderson and Goddard- 
conclude t h a t  t h e  SO2-SO3 r e a c t i o n  r eaches  e q u i l i b r i u m  w i t h i n  t h e  d e p o s i t  and t h a t  
s o l u t i o n  phenomena a t  o p e r a t i n g  temperatures  reduce t h e  necessary p a r t i a l  p r e s s u r e  
of  SO3 below t h a t  e x h i b i t e d  by pu re  phases  o f  a l k a l i - i r o n  and alkal i -a luminum 
s u l f a t e s  t h a t  appea r  i n  t h e  d e p o s i t  a f t e r  coo l ing .  

While information on r e a c t i o n s  between s u l f u r  ox ides  and f l y  ash i s  sketchy,  
there is  even less 47formation on r e a c t i o n s  invo lv ing  t h e  a l k a l i  m e t a l s .  
Goldberg and Orning- found t h a t  t h e  a l k a l i  c o n t e n t  of  f l y  a sh ,  sub jec t ed  t o  a 
t empera tu re  g r a d i e n t  i n  a f l u e  gas  atmosphere,  migrated towards a co ld  s u r f a c e  a t  
375OC. 
beyond t h a t  of t h e  o r i g i n a l  f l y  a s h ,  t h e r e  w a s  i n s u f f i c i e n t  a l k a l i  f o r  t h e  synthe-  
s i s .  S ince  the a l k a l i  components of t h e  m i n e r a l  matter of c o a l  are v o l a t i l e  under 
combustion c o n d i t i o n s ,  it seemed d e s i r a b l e  t o  g a t h e r  d a t a  on t h e  r e a b s o r p t i o n  of 
a l k a l i  by f l y  a sh  and by d e p o s i t s  a t  v a r i o u s  p o i n t s  w i t h i n  a c o a l - f i r e d  steam 
g e n e r a t o r .  A s t u d y  of d e p o s i t s  i n  a cyc lone - f i r ed  u n i t  seemed p r e f e r a b l e  because 
t h e  h igh  temperatures  w i t h i n  t h e  cyclone would a s s u r e  more complete v o l a t i l i z a t i o n  
o f  the a l k a l i  components. 

Weintraub, 

The complex a l k a l i  s u l f a t e s  d i d  not 'appear .  I n  t h e  absence of a supply,  

The Steam Generator  

The steam g e n e r a t o r  c r o s s  s e c t i o n  i s  shown i n  F ig .  1. It was r a t e d  a t  
3 ,290,000 l b  of s t eam/hr ,  3625 p s i g  and 1005% supe rhea t  with 575 p s i g  and 1005% 
r e h e a t .  It had 10 c y c l o n e s ,  10 f t  i n  d i ame te r ,  f i v e  each on t h e  f r o n t  and rear 
w a l l s .  Sampling p o i n t s  a r e  shown by the  c i r c l e d  numerals,  except  f o r  t h e  e l e c t r o -  
s t a t i c  p r e c i p i t a t o r  hopper  which i s  not  shown. The fu rnace  w a l l  t ubes  were f u l l y  
s tudded t o  a l e v e l  about  5 f t  below t h e  gas  r e c i r c u l a t i o n  p o r t s .  A t h i n ,  g l a s s y  
s l a g  c o a t  was i n t a c t  t h roughou t  t h e  studded zone fo l lowing  shutdown. S lag  shedding. 
had occurred on a l l  upper  wall s u r f a c e a e x c e p t  i n  t h e  c o r n e r s  j u s t  above t h e  s tud -  
d i n g  and o n  the w a l l s  under  some o f  t h e  gas  r e c i r c u l a t i o n  p o r t s .  

Ash and S l a g  Samples  

Two southern I l l i n o i s  bi tuminous c o a l s  were used.  Analyses o f  t h e  ash and 
s l a g  samples a r e  shown i n  Table  I. Data on t h e  mole pe rcen t  b a s i s ,  shown i n  Table 
111, are more r e v e a l i n g .  Unfo r tuna te ly ,  t h e  two c o a l s  t h a t  were used have somewhat 
d i f f e r e n t  ash a n a l y s e s .  The SO3 i s  e q u i v a l e n t  t o  abou t  70% o f  t h e  CaO f o r  bo th  
c o a l  a shes ,  while s u l f u r  i n  a sh  accounted f o r  24.6% of  t h e  s u l f u r  i n  c o a l  A and 
38.5% of  t h e  s u l f u r  i n  c o a l  B .  Re ten t ion  o f  s u l f u r  i n  t h e  c o a l  ash,  as produced a t  
700' t o  75OoC by t h e  s t a n d a r d  method f o r  a sh  c o n t e n t ,  i s  r e l a t e d  t o  t h e  c a l c i t e  
c o n t e n t  r a t h e r  t han  t o  the s u l f u r  c o n t e n t  of  t h e  coal.  

The composition o f  v a r i o u s  s l a g ,  d e p o s i t ,  and f l y - a s h  samples may be expected 
t o  depend upon o p p o r t u n i t i e s  f o r  s e g r e g a t i o n ,  on temperatures  a t  v a r i o u s  p o i n t s  
a l o n g  t h e  gas  flow p a t h ,  and on t h e  r e a d s o r p t i o n  o f  s u l f u r  and a l k a l i  components. 
The temperatures  were n o t  measured b u t  were probably on t h e  o r d e r  of  ove r  170OOC 
i n  t h e  Fyc1one,100O0C i n  t h e  secondary s u p e r h e a t e r ,  l o c a t i o n  2 ,  and 325OC a t  the  
a i r  h e a t e r ,  l o c a t i o n  6.  
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TABLE 111.- Ash a n a l y s e s ,  mole p e r c e n t ,  and p h y s i c a l  c h a r a c t e r i s t i c s  

9 No .. Location Colora 

S l a g  tank 
A i r  h e a t e r  
Primary supe rhea te r  
Economizer hopper 
Reheat supe rhea te r  
P r e c i p i t a t o r  hopper 
Coal a s h ,  A 
Coal a s h ,  B 

BL . 
BL . 
R.B. 
B.R. 
B.R. 
G.B. 

b Mag. SO3 

1 0 . 2  
3 2 . 1  
2 2 . 2  
2 4 .9  
0 10.2 
2 3 . 4  - 7 .6  
- 7 . 5  

Fe203 

9 . 5  
10 .4  
8 .9  

1 0 . 2  
10 .5  
9 . 2  

14 .3  
8 . 0  

~ 

A1203 

1 3 . 3  
1 3 . 2  
13 .9  
1 3 . 4  
1 2 . 9  
1 3 . 4  
1 2 . 3  
13 .8  

Si07 CaO MgO 

59.0 11 .9  1 . 8  
5 8 . 0  1 0 . 4  1 . 6  
6 0 . 4  8 . 2  1 . 6  
56.7 8 . 2  1 . 5  
43 .6  15.7 1 . 6  
59 .4  7 . 0  1 . 7  
48 .3  1 1 . 1  1 . 6  
5 5 . 2  10.0 1 . 7  

Na20 K20 

2 .7  1 . 6  
2 . 6  1 .7  
3 . 1  1 . 7  
3 . 3  1 .8  
3 . 6  1 .9  
3 . 6  2 . 3  
3 . 2  1 . 6  
2 . 4  1 . 4  

a 

bSca le  of i nc reas ing  magnetic c h a r a c t e r .  
Color code: BL., b l ack ;  R.B., red-brown; G.B., gray-brown; B.R., b r i ck - red .  

S u l f u r  con ten t  of  t h e  s l a g  i s  almost immeasurably low. The 0 . 2  mole of  SO3 
corresponds t o  0 .1  w t  p e r c e n t  of  s u l f u r ,  which i s  r epor t ed  t o  t h e  n e a r e s t  0.1%. 
The sodium and potassium c o n t e n t s  o f  the s l a g  are comparable t o  those  o f  t h e  c o a l  
a shes .  
E i t h e r  t he  a l k a l i  metals were not  s u b s t a n t i a l l y  v o l a t i l i z e d  i n  the cyc lones  or they 
were readsorbed as t h e  s l a g  flowed a c r o s s  t h e  fu rnace  f l o o r .  

S l ag  from t h e  cyc lones  f lows a c r o s s  t h e  fu rnace  f l o o r  t o  t h e  s l a g  d r i p . -  

Deposi t  samples were n o t  t aken  from l o c a t i o n  2 ,  Fig. 1 (lead tube o f  t h e  l a s t  
p l a t e n  o f  t h e  secondary supe rhea te r ) .  V i s u a l l y  i d e n t i f i a b l e  complex a l k a l i - i r o n -  
aluminum s u l f a t e ,  covered by a t h i n  s h e l l  o f  ash, was found on t h e s e  tubes .  The 
ash s h e l l  had p a r t i a l l y  shed on c o o l i n g  of the fu rnace .  Large s e c t i o n s  could be  
removed i n t a c t  with l i g h t  f i n g e r  p r e s s u r e  on t h e  edge t o  expose t h e  unde r ly ing  
s u l f a t e  d e p o s i t .  The s h e l l  was so t h i n  t h a t  c l e a n  s e p a r a t i o n  from t h e  underlying 
s u l f a t e  d e p o s i t  could no t  be a s su red  f o r  t he  purpose o f  chemical a n a l y s i s .  

Deposi ts  a t  l o c a t i o n  3 ( l ead  tube of  the r e h e a t  s u p e r h e a t e r  p l a t e n )  were 
shaped l i k e  a n t l e r s  j u t t i n g  i n t o  t h e  gas  stream and were jo ined  by a t h i n  s h e l l  
a c r o s s  t h e  f r o n t  of t h e  tube.  They were so hard  t h a t  t he  a u t h o r  could not  break 
t h e m  o f f  by hand though they  p r o j e c t e d  about 3 inches i n  f r o n t  of the tube .  The 
a n a l y s i s  gave an e x c e p t i o n a l l y  h igh  con ten t  of  SO3 and maximum v a l u e s  f o r  t h e  
a l k a l i  metals, excep t  K20 i n  t h e  p r e c i p i t a t o r  hopper sample. The s u r f a c e  of  t he  
d e p o s i t  was d u s t y ,  and f r a c t u r e  s u r f a c e s  showed no i n d i c a t i o n  o f  f u s i o n ,  sugges t ing  
t h a t  t h e  ash w a s  cemented by formation o f  a l k a l i  s u l f a t e s  w i t h i n  pores  o f  t h e  
d e p o s i t .  

The samples from l o c a t i o n  4 ( the  top o f  the primary supe rhea te r )  were ha rd  
nodules  blown from a n  unknown l o c a t i o n  and too  l a r g e  t o  p a s s  between t h e  supe r -  
h e a t e r  tubes.  While these  nodules  were a s  ha rd  a s  sample No. 3 ,  t h e  s u l f u r  con ten t  
was no t  a s  h igh .  The under ly ing  tubes  were f r e e  o f  d e p o s i t s .  

The economizer hopper ( l o c a t i o n  5)  was l o c a t e d  below t h e  downflow s e c t i o n  of  
convec t ive  h e a t  t r a n s f e r  t ubes .  The a i r  h e a t e r  hopper was under t h e  flow r e v e r s a l  
duc t  between s e c t i o n s  of  t h e  a i r  h e a t e r .  The c l a s s i f y i n g  a c t i o n  of  changes i n  
flow d i r e c t i o n ,  compared t o  e lectrostat ic  p r e c i p i t a t i o n ,  may be r e s p o n s i b l e  f o r  t h e  
d i f f e r e n c e s  i n  a n a l y s i s  between samples from t h e  economizer hopper ,  t h e  a i r  heater 
hopper ,  and the  p r e c i p i t a t o r  hopper ,  l o c a t i o n s  5 ,  6 ,  and 7 .  There is a l s o  a pro-  
g r e s s i v e  drop i n  temperature  between t h e s e  l o c a t i o n s .  
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The sample a n a l y s e s  a r e  remarkably c o n s i s t e n t  excep t  f o r  t h e  v a r i a t i o n  i n  s o 3  

c o n t e n t  and a d i s p r o p o r t i o n a t i o n  between l i m e  and s i l i ca  i n  sample No. 3. The i r o n  
c o n t e n t  of  t h e  hopper and d e p o s i t  samples is  between t h o s e  of  the t w o  c o a l  a s h e s ,  
while  t h e  silica c o n t e n t s ,  with t h e  o n e  e x c e p t i o n ,  are h i g h e r  then thz t  of e i t h e r  
c o a l  a s h .  i 

The hopper and d e p o s i t  samples showed remarkable d i f f e r e n c e s  i n  c o l o r  and rp 
magnet ic  p r o p e r t i e s .  Tab le  111 g i v e s  d a t a  from g r c s s  appearance.  Microscopic 
examinat ion showed heterogeneous c h a r a c t e r .  The s l a g  t ank  sample looked l i k e  p u l -  
v e r i z e d  b l a c k  g l a s s  w i th  a few t r a n s l u c e n t  wedges and a few magnetic p a r t i c l e s ,  
presumably magnet i te .  The b r i c k - r e d  material  from t h e  r e h e a t  supe rhea te r  tube had 
a ve ry  small number o f  m a g n e t i t e  p a r t i c l e s .  The economizer hopper and supe rhea te r  
nodule  samples had i n c r e a s i n g  p r o p o r t i o n s  of  magne t i t e  mixed wi th  t h e  b r i c k  red.  
The a i r  h e a t e r  sample appeared almost  a s  b l a c k  as t h e  s l a g  t a p  sample,  and had a 
l a r g e  p o r t i o n  o f  magne t i t e  with a s p r i n k l i n g  of small red p a r t i c l e s  on t h e  s u r f a c e  
o f  t h e  l a r g e r  b l ack  p a r t i c l e s .  
p o r t i o n  o f  magnet i te  w i t h  enough w h i t e s  (some o p a l e s c e n t  beads) and r e d s  t o  give a 
gray-brown appearance.  
were magnet ic ,  presumably magne t i t e .  The ana lyses  f o r  i r o n  are g iven  i n  terms of 
FeqO3 without  regard t o  t h e  a c t u a l  s t a t e  o f  ox ida t ion .  
t o  f e r r i c  ox ide ,  and t h e  c o l o r  v a r i a t i o n s  may be  used t o  i n f e r  v a r i a t i o n s  i n  f e r r i c  
oxide c o n t e n t .  

I 

1 
The p r e c i p i t a t o r  hopper sample had a cons ide rab le  - 

Almost a l l  b l ack  p a r t i c l e s ,  excep t  t hose  from the  s l a g  tank,  

The b r i c k  r ed  c o l o r  is  due 

Di scuss ion  

Most of the ash from cyc lone  combustion i s  c o l l e c t e d  i n  t h e  s l a g  tank wi th  
almost  n e g l i g i b l e  s u l f u r  c o n t e n t .  
long p e r i o d s  of t i m e  and r e p r e s e n t  a n e g l i g i b l e  p a r t  of  t h e  m a t e r i a l  ba l ance .  The 
f l y  ash has  a s i g n i f i c a n t  s u l f u r  c o n t e n t  b u t  r e p r e s e n t s  a minor f r a c t i o n  o f  t h e '  
mine ra l  m a t t e r  i n p u t .  Most of t h e  s u l f u r  p a s s e s  through t h e  system a s  S02, bu t  
o x i d a t i o n  t o  SO3 and s u l f a t e  fo rma t ion  by r e a c t i o n  wi th  o t h e r  mine ra l  matter com- 
ponents  have c o n s i d e r a b l e  e f f e c t  on d e p o s i t  formation.  

Depos i t s  with high s u l f u r  c o n t e n t  a r e  formed over 

The behavior  of i r o n  i s  o f  p a r t i c u l a r  i n t e r e s t .  It i s  p r e s e n t  i n  t h e  c o a l  
a lmost  e n t i r e l y  as p y r i t e ,  o f t e n  d i s t r i b u t e d  as v e r y  f i n e  p a r t i c l e s .  Rapid hea t ing  
t o  22OOoC produces l i q u i d  d r o p l e t s  approximating FeS, f e r r o u s  s u l f i d e  .lo/ 
sequence of  m e l t i n g ,  decomposi t ion,  and o x i d a t i o n  i s  unknown. Larger  p a r t i c l e s  a r e  
probably thrown o n t o  t h e  s l a g  w i t h i n  t h e  cyc lone .  Smal l e r  p a r t i c l e s  are converted 
i n  suspension t o  f i n e l y  d i v i d e d  f e r r i c  oxide.  The au tho r  has  observed a cyclone-  
f i r e d  u n i t  w i th  a mechanical  b u t  no e l e c t r o s t a t i c  p r e c i p i t a t o r .  
was b r i c k  r e d .  Had i t  been b l a c k  i t  would have been r a t e d  number 4 smoke. The 
f i n e l y  d iv ided  f e r r i c  ox ide  produces a d u s t  c o a t i n g  on tube s u r f a c e s .  A t  app ropr i -  
a t e  temperature  l e v e l s ,  o x i d a t i o n  of SO2 t o  SO3 w i t h i n  t h e  d u s t  l a y e r  and r e a c t i o n  
w i t h  adsorbed a l k a l i  metals  produces the  complex a l k a l i - i r o n  s u l f a t e s .  Depending 
upon temperatures  and temperature  g r a d i e n t s ,  t h e s e  s u l f a t e s  may a c t  as  cementing 
a g e n t s  o r  may accumulate as a seg rega ted  phase near  t h e  tube s u r f a c e .  Cyc l i c  
m e l t i n g  and f r e e z i n g  t h e n  causes  e j e c t i o n  o f  non-soluble  p a r t i c u l a t e s  and 
accumulat ion of t h e  seg rega ted  d e p o s i t .  

The 

The s t a c k  plume 

A sys t ema t i c  v a r i a t i o n  i n  a l k a l i  metal c o n t e n t  was no t  appa ren t  u n t i l  t he  da t a  
were a r r anged  i n  t h e  sequence o f  Tab le  111. Data f o r  t h e  s l a g  t ank  sample a r e  
l i s t e d  f i r s t .  Those f o r  t h e  p r e c i p i t a t o r  hopper sample and t h e  c o a l  ashes  a r e  
l i s t e d  l a s t .  I n t e r v e n i n g  d a t a  are i n  the s=:quence o f  i n c r e a s i n g  con ten t  of  f e r r i c  
i r o n  as i n f e r r e d  from c o l o r .  V a r i a t i o n  from t h e  sequence of p o s i t i o n s  along t h e  
flow pa th  i s  a r e s u l t  of s e g r e g a t i o n  of p a r t i c u l a t e  m a t t e r  and t h e  a c t i o n  o f  re-  
t r a c t a b l e  blowers used p e r i o d i c a l l y  t o  blow loose  d e p o s i t s  o f f  t ube  s u r f a c e s .  
h i g h e s t  c o n t e n t  of f e r r i c  i r o n  was found i n  t h e  ha rd  d e p o s i t  on t h e  r e h e a t  supe r -  
h e a t e r  tube.  

The 

Dusty d e p o s i t s  a r e  blown o f f  t h e  tubes  by t h e  r e t r a c t a b l e  blowers .  

I 
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Depending upon agglomerat ion,  t h e s e  tend t o  f a l l  ou t  i n  t h e  economizer hopper o r  
c a r r y  through t o  t h e  e l e c t r o s t a t i c  p r e c i p i t a t o r .  
appears  t o  be favored by t h e  f i n e l y  d iv ided  f e r r i c  oxide with some e f f e c t  of  
temperature on o p p o r t u n i t i e s  f o r  s u l f a t e  formation.  Temperatures are lowest i n  
the  p r e c i p i t a t o r .  
d e p o s i t s  on t h e  secondary supe rhea te r ,  l o c a t i o n  2 ,  and t h e  r e h e a t  s u p e r h e a t e r ,  
l o c a t i o n  3. 
t he  unknown times r equ i r ed  f o r  d e p o s i t  formation.  
d e p o s i t s  i s  n e g l i g i b l e  i n  comparison t o  t o t a l  f low ove r  t h e  t i m e  of  t h e i r  formation.  
R e l a t i v e l y  h igh  con ten t  i n  the  p r e c i p i t a t o r  sample i s  o f f s e t  by the  l a r g e r  p o r t i o n  
o f  t h e  t o t a l  ash c o l l e c t e d  i n  t h e  s l a g  tank.  Immeasurably lower c o n t e n t  i n  t h e  s l a g  
tank sample i s  s u f f i c i e n t  t o  provide m a t e r i a l  balance.  The d i s p r o p o r t i o n a t i o n  of 
MgO and SiOp, i n  t h e  d e p o s i t  a t  l o c a t i o n  N o .  3, t h e  r e h e a t  supe rhea te r  l ead  tube ,  
i s  exp la inab le  i n  terms of  t h e  r e s u l t s  of  i n t e r m i t t e n t  o p e r a t i o n  of  r e t r a c t a b l e  
blowers.  Acid formation and a l k a l i  adso rp t ion  extend through the i n t e r f a c e  be- 
tween t h e  cemented d e p o s i t  and t h e  dus ty  o u t e r  c o a t .  Basic  c o n s t i t u e n t s ,  a s  
a g a i n s t  t h e  a c i d i c  s i l i ca  p r e s e n t  i n  segregated p a r t i c l e s ,  are p r e f e r e n t i a l l y  
r e t a i n e d  when t h e  d u s t  c o a t i n g  i s  i n t e r m i t t e n t l y  removed by t h e  blower a c t i o n .  

Reconrmendations f o r  F u t u r e  Study 

Absorpt ion of t h e  a l k a l i  metals 

Condit ions are most f avorab le  f o r  r e a c t i o n  with SO3 w i t h i n  

Material ba l ances  are obscured by d i f f e r e n c e s  between t h e  c o a l s  and 
High SO3 c o n t e n t  i n  segregated 

Data p resen ted  h e r e  are f o r  samples taken from a cyclone-combust ion-f i red-uni t .  
It has  o f t e n  been observed t h a t  t hese  u n i t s  produce r edd i sh  f l y  ash r a t h e r  t han  t h e  
t y p i c a l  g ray  f l y  a sh  from pu lve r i zed -coa l - f i r ed  systems,  i n d i c a t i n g  t h e  presence of 
f i n e l y  d iv ided  f e r r i c  oxide.  Neve r the l e s s ,  t h e  d a t a  i n d i c a t e  t h e  p o s s i b i l i t i e s  f o r  
b e t t e r  understanding of  t h e  r e a c t i o n s  involved i n  d e p o s i t  formation.  Supplemental  
d a t a  on temperatures ,  gas  compositions,  and p a r t i c u l a t e  samples taken from the gas 
stream a t  va r ious  p o i n t s  a long  t h e  gas flow pa th  would be  h e l p f u l .  P r e p a r a t i o n  f o r  
t ak ing  samples from less a c c e s s i b l e  p o s i t i o n s  would a l s o  be h e l p f u l .  

Laboratory s t u d i e s  of  r e a c t i o n s  between gases  and mineral  matter components 
become meaningful only when i n t e r p r e t e d  i n  r e l a t i o n  t o  t h e  c o n d i t i o n s  and m a t e r i a l s  
t h a t  e x i s t  w i t h i n  a c t u a l  steam gene ra to r  systems. Laboratory s t u d i e s  should be en-  
couraged, b u t  they must be coordinated wi th  a c t u a l  cond i t ions  i n  l a r g e  steam 
gene ra to r s .  

Conc l u s  ions 

1) Samples of f l y  ash and d e p o s i t s  were obtained from v a r i o u s  l o c a t i o n s  i n  a 
l a r g e ,  cyc lone - f i r ed  steam gene ra to r .  

2) Wide v a r i a t i o n s  i n  c o l o r  were due t o  v a r i a t i o n s  in f e r r i c  ox ide  con ten t .  

3) V a r i a t i o n s  i n  a l k a l i  metal con ten t  were r e l a t e d  q u a l i t a t i v e l y  t o  v a r i a t i o n s  
i n  f e r r i c  oxide con ten t  and temperatures .  

4) Typical  segregated d e p o s i t s  of complex a lka l i - i ron -a lumina  s u l f a t e s  were 
visual1.y i d e n t i f i e d  wi th in  the  secondary supe rhea te r .  

5) A hard d e p o s i t  on t h e  r e h e a t e r  supe rhea te r  probably w a s  formed by t h e  
cementing a c t i o n  of s u l f a t e s  formed wi th in  the  po res  of  an  ove r ly ing  d u s t y  d e p o s i t  
and incremental  bui ldup of  cemented m a t e r i a l  l e f t  a f t e r  each c y c l e  o f  r e t r a c t a b l e  
blower ope ra t ion .  
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Secondary superheater 

Figure 1 . -  Sampling loca t ions  i n  the cyclone f i r e d  steam generator.  
Location 7 ,  the prec ip i ta tor  hopper i s  not  shown. 
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