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The s i l i c a t e  s p e c i e s  c o n s t i t u t e  t h e  b u l k  of t h e  minera l  
matter in most c o a l s ,  and the  format ion  of b o i l e r  d e p o s i t s  depends 
l a r g e l y  on t h e  p h y s i c a l  and pyrochemical changes of t h e  ash r e s i d u e  
c o n s t i t u e n t s .  In t h i s  work the  mode of occurence of c o a l  s i l i c a t e  
minera ls ,  and t h e  flame induced v i t r i f i c a t i o n  and sodium i n i t i a t e d  
s i n t e r i n g  mechanisms have been s t u d i e d .  The pulvers ized  c o a l  flame 
temperature is s u f f i c i e n t l y  h igh  t o  v i t r i f y  t h e  q u a r t z  p a r t i c l e s .  On 
cool ing  some d e v i t r i f i c a t i o n  occurs  and t h e  r a t e  of s i n t e r i n g  depends 
l a r g e l y  on t h e  r a t i o  of g l a s s y  phase t o  c r y s t a l l i n e  s p e c i e s  in the  
ash .  The flame v o l a t i l e  sodium captured  by  t h e  v i t r i f i e d  s i l i c a t e  
p a r t i c l e s  can i n i t i a t e  the  coalescence o f  depos i ted  a s h  by v i s c o u s  
f l o w  and the r a t e  of s i n t e r i n g  is markedly increased  by the a l k a l i -  
metal d i sso lved  in the  g l a s s y  phase. 

The flame impr in ted  c h a r a c t e r i s t i c s  of pu lver ized  c o a l  a s h  r e l e v a n t  t o  
b o i l e r  s lagging ,  c o r r o s i o n  and e r o s i o n  have been  d iscussed  previous ly  (1,2). The 
s i l i c a t e  minera ls  c o n s t i t u t e  between 60 and 90 per  c e n t  of a s h  in most c o a l s  and 
b o i l e r  d e p o s i t s  a r e  l a r g e l y  made up from the  s i l i c i o u s  impur i ty  c o n s t i t u e n t s .  
T h i s  work s e t s  out f i r s t  t o  examine t h e  mode of occurrence of the s i l i c a t e  
mineral  s p e c i e s  in c o a l  followed by a c h a r a c t e r i z a t i o n  assessment of the  flame 
v i t r i f i e d  and sodium enr iched  s i l i c a t e  a s h  p a r t i c l e s .  The a s h  s i n t e r i n g  s t u d i e s  
are l imi ted  t o  i n v e s t i g a t i o n s  of the r o l e  of sodium in i n i t i a t i n g  and s u s t a i n i n g  
t h e  bond forming r e a c t i o n s  lead ing  t o  the  format ion  of b o i l e r  d e p o s i t s .  

SILICA (QUARTZ) AND SILICATE MINERAL SPECIES IN COAL 

The q u a r t z  and a lumlno-s i l ica te  s p e c i e s  found in most c o a l s  c o n s t i t u t e  
t h e  bulk  of combustion a s h  r e s i d u e .  The a lumino-s i l ica tes  inc lude  muscovite and 
i l l i t e  which c o n t a i n  potassium, and k a o l i n i t e  s p e c i e s  (3.4,5,6). The s i l ica  
( S i 0 2 )  and alumina (A1203) as determined by chemical a n a l y s i s  a r e  present  in 
a lumino-s i l ica tes  on a n  average weight r a t i o  of 1.5 t o  1 a s  repor ted  by Dixon e t  
a l .  ( 6 ) .  
m a t t e r :  

The excess  of s i l i ca  r e p r e s e n t s  t h e  amount of q u a r t z  in c o a l  minera l  

( s i o z ) q  

Where ( S i 0 2 )  , (S i02) t  and (A1203)  denote r e s p e c t i v e l y  t h e  q u a r t z ,  t o t a l  
s i l i c a  and ajumina c o n t e n t s  of  ash .  

An approximate amount of potassium a lumino-s i l ica tes  i n  c o a l  m i n e r a l  
m a t t e r  can b e  obta ined  from t h e  potassium oxide (K20) conten t  of ash .  
of n o n - s i l i c a t e  potassium s p e c i e s  is smal l  in most c o a l s  and t h e  s i l i c a t e  
minera ls  conta in  on average  11 per  c e n t  K20 by  weight (6 ) .  
a lumino-s i l ica te  c o n t e n t  of coal minera l  mat te r  (KAL-sIL) by weight per  c e n t  is: 

The amount 

Thus t h e  potassium 

\ 

i 

j 
where K 2 0  denotes t h e  potassium oxide conten t  of ash .  
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The t o t a l  amount of s i l i c a t e  mine ra l s  equa l s  approximately the  sum of 
S i O 2 ,  A1203 and K 2 0  in a s h ,  and a n  e s t i m a t e  of k a o l i n i t e  s p e c i e s  is thus given 
by: 

Kao l in i t e  = (S i02  + A1203 + K 2 0 )  - (Quartz  + Potassium S i l i c a t e s )  

3) 

Table 1 g i v e s  the  S i 0 2 ,  A1203 and K 2 0  con ten t s  of some US and B r i t i s h  
bituminous coa l  ashes  (4,7) which were used t o  c a l c u l a t e  the approximate amounts 
of q u a r t z ,  potassium a lumino- s i l i ca t e  and k a o l i n i t e  s p e c i e s  i n  the mine ra l  
ma t t e r .  

Table 1: S i l i c a t e  Species  i n  Mineral Matter of B r i t i s h  and 

US Bituminous Coals 

Ash Cons t i t uen t s ,  Mineral Species ,  Weight Per 
Weight Per Cent of Ash Cent of the  t h e  T o t a l  

Type of Coal 
Si02 A1203 K 2 0  Quartz Pot .  Alum. K a o l i n i t e  

S i l i c a t e s  

Low S i l i c a  B r i t i s h  31.1 18.1 1.2 3.9 10.9 26.2 
us 29.2 14.2 1.5 7.9 13.6 23.6 

Medium S i l i c a  B r i t i s h  46.5 22.8 2.8 12.3 25.5 34.3 
us 46.6 27.8 1.1 4.9 10.0 60.6 

High S i l i c a  B r i t i s h  55.5 30.0 2.7 10.5 24.5 53.2 
us 56.5 32.2 2.6 8.0 23.6 59.7 

Table 1 shows t h a t  the k a o l i n i t e  s p e c i e s  c o n s t i t u t e s  up t o  60 per  c e n t  
of the  coa l  mineral  ma t t e r .  The amount of potassium a lumino- s i l i ca t e s ,  c h i e f l y  
muscovite and i l l i t e  is between 10 and 25 per  c e n t ,  and the qua r t z  con ten t  is 
u s u a l l y  below 12 per cent .  The a lumino- s i l i ca t e  mine ra l s  con ta in  f r e q u e n t l y  
iron, calcium, magnesium and sodium a s  p a r t  replacement for  potassium and p a r t l y  
incorporated in the  k a o l i n i t e  s t r u c t u r e .  Also, the s i l i c a t e  mine ra l s  occur as 
hydrated spec ies  with the  inhe ren t  water con ten t  of between 2 t o  5 per c e n t ,  t h u s  
the  s i l i c i o u s  mine ra l  con ten t s  a r e  l i k e l y  t o  be about 5 per c e n t  h ighe r  than 
those given in Table 1. 

The s i l i c a  and alumina con ten t s  of the  f i r s t  two samples a r e  
excep t iona l ly  low f o r  bi tuminous c o a l  ashes .  
s i l i c a  is  35 t o  55 per cent  and t h a t  of alumina is 20 t o  30 per cent  thus the 
a lumino- s i l i ca t e  s p e c i e s  toge the r  w i th  q u a r t z  c o n s t i t u t e  between 60 t o  90 per 
cent  of the bi tuminus c o a l  mine ra l  ma t t e r .  

The usua l  concen t r a t ion  range of 

The s i l i c a t e  s p e c i e s  occur i n  c o a l  c h i e f l y  as sepa ra t e  strata and l a r g e  
p a r t i c l e  i nc lus ions ,  and t h i s  mode of occurrence is termed the  “ a d v e n t i t i o u s ”  
mineral  mat ter .  Fig.  l a  shows a t y p i c a l  sample of the  a d v e n t i t i o u s  s i l i c a t e  
mine ra l  p a r t i c l e s ,  d e n s i t y  sepa ra t ed  from pu lve r i zed  coa l .  The d e n s i t y  
sepa ra t ion  technique does no t  remove the small  s i l i c a t e  p a r t i c l e s ,  c h i e f l y  
a lumino- s i l i ca t e  s p e c i e s  d i spe r sed  i n  the c o a l  substance (Fig. lb). The average 
a s h  content  of bi tuminous c o a l s  u t i l i z e d  i n  e l e c t r i c i t y  gene ra t ing  power s t a t i o n s  
i s  usua l ly  between 12 and 20 per cent  (4,8) and about one q u a r t e r ,  3 t o  5 per 
cent  f r a c t i o n  i s  p resen t  a s  the  inhe ren t  a s h .  
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The mine ra l  e lements  can be he ld  in the  c o a l  substance as organo-metal  
s a l t s ,  and a l s o  a s  a r e s u l t  of molecular adso rp t ion  and co-valent  bonding. 
mineral  spec ies  d i s so lved  i n  coa l  pore water, c h i e f l y  c h l o r i d e s  can a l s o  be 
considered a s  a p a r t  of t h e  inhe ren t  mine ra l  ma t t e r .  The l i g n i t e s  and sub- 
bituminous c o a l s  c a n  have a high f r a c t i o n  of the  mineral  e lements ,  c h i e f l y  
sodium, calcium and a l s o  aluminium and i r o n  chemical ly  combined i n  the f u e l  
substance (9,lO). The chemical r e a c t i v i t y  and p o r o s i t y  of the f u e l  ma t r ix  
decreases  with t h e  i n c r e a s e  of c o a l  age from l i g n i t e  t o  bi tuminous rank.  The 
loss of carboxyl ,  hydroxyl and quinone bonding s i t e s  in the  f u e l  ma t r ix  r e s u l t s  
i n  a low "chemical" mineral  ma t t e r  con ten t  of bi tuminous c o a l s .  

CHLORIDE I N  COAL PORE AND SEAM WATER 

The 

Chloride mine ra l s  a r e  r a r e l y  found in c o a l  i n  t h e  form of s o l i d  spec ies  
because of high s o l u b i l i t y  of sodium, calcium and t r a c e  metal  c h l o r i d e s  i n  coa l  
s t r a t a  waters. The " inhe ren t "  water con ten t  of c o a l  i s  r e l a t e d  t o  i t s  poros i ty  
and thus the moi s tu re  con ten t  of l i g n i t e  d e p o s i t s  can exceed 40 per  cent  
decreasing to  below 5 per cent  in f u l l y  matured bi tuminous coa ls  (11). 
Ch lo r ides ,  c h i e f l y  a s s o c i a t e d  with sodium and calcium c o n s t i t u t e  the  bu lk  of 
water-soluble matter in B r i t i s h  bi tuminous c o a l s  (12) and Skipsay (13) has found 
t h a t  the  d i s t r i b u t i o n  of c h l o r i n e  c o a l s  w a s  c l o s e l y  r e l a t e d  t o  the  s a l i n i t y  of 
mine waters .  Hypersal ine b r i n e s  wi th  c o n c e n t r a t i o n s  of d i s so lved  s o l i d s  up t o  
200 kg m-3 occur i n  s e v e r a l  of the  B r i t i s h  c o a l f i e l d s .  

The mode of formation of hype r sa l ine  b r i n e s  has  been d i scussed  by 
Dunham (14) concluding t h a t  the connate  wa te r s  were of marine o r i g i n  formed by 
the osmotic f i l t r a t i o n  through c l a y  and s h a l e  d e p o s i t s .  The s a l i n i t y  of the  
b r i n e  ground w a t e r s  i n c r e a s e s  wi th  depth and when they a r e  i n  con tac t  w i th  f u e l  
bea r ing  s t r a t a ,  correspondingly more c h l o r i d e  i s  taken up by the f u e l .  However, 
according t o  Skipsey (13) the  high rank bi tuminous coa ls  because of t h e i r  low 
poros i ty  a r e  unable  t o  take  up l a r g e  amounts of the  ch lo r ide  and a s s o c i a t e d  
c a t i o n s ,  and t h e  c h l o r i n e  content  r a r e l y  exceeds 0.2 per cent .  The c h l o r i n e  
content  of low rank  bituminous c o a l s  can r each  one per cent  and correspondingly 
the  sodium f r a c t i o n  a s s o c i a t e d  wi th  c h l o r i n e  w i l l  amount up t o  0.4 per cent  of 
c o a l .  That is, t h e  ash from a h igh  c h l o r i n e  c o a l  can con ta in  up t o  3 per  cent  of 
flame v o l a t i l e  sodium. The c h l o r i n e  con ten t  of l i g n i t e s  and sub-bituminous coa ls  
is usua l ly  low, below 0.1 per c e n t ,  and sodium is held c h i e f l y  in the  f u e l  
substance in the  form of organo-metal components (9,lO). 

A l l  c o a l s  c o n t a i n  some sodium combined in the  a lumino- s i l i ca t e  spec ies  
which W i l l  remain l a r g e l y  i n v o l a t i l e  in the  flame. The r a t i o  of t h e  s i l i c a t e  
sodium t o  non- s i l i ca t e  sodium v a r i e s  over a wide range.  The a lka l i -me ta l  is 
presen t  c h i e f l y  in the  s i l i c a t e s  in low c h l o r i n e  bi tuminous c o a l s ,  b u t  in the  
high ch lo r ine  bi tuminous c o a l s  and in many l i g n i t e s  and sub-bituminous c o a l s  i t  
is presen t  mainly in a flame v o l a t i l e  form. 

FLAME VITRIFICATION OF SILICA MINERALS 

A c h a r a c t e r i s t i c  f e a t u r e  of flame heated a s h  is t h a t  t h e  p a r t i c l e s  a r e  
s p h e r i c a l  i n  shape a s  shown in Fig .  2 .  The t r ans fo rma t ion  of the  angular  
s i l i c a t e  m i n e r a l  p a r t i c l e s  i n  pu lve r i zed  c o a l  t o  s p h e r i c a l  p a r t i c l e  a sh  is a 
r e s u l t  of the s u r f a c e  t e n s i o n  force  a c t i n g  on the  v i t r i f i e d  s p e c i e s .  The s t r e s s  
( f )  on a non-spherical  su r f ace  s e c t i o n  of t h e  p a r t i c l e  is: 

f = 2 y I p  4 )  

where Y i s  the  s u r f a c e  t ens ion  of g l a s s y  s i l i c a t e  and p i s  the  r a d i u s  of 
cu rva tu re .  It is ev iden t  from equa t ion  ( 4 )  t h a t  t h e  s t r e s s  is i n v e r s e l y  
p ropor t iona l  t o  t h e  r a d i u s  of cu rva tu re  and thus  the  sma l l  sharp-edged p a r t i c l e s  
a r e  f i r s t  to  take  a s p h e r i c a l  form. 
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par  t i c l e  

where 

and r is 

Frenkel  (15) has  shown t h a t  time ( t )  r equ i r ed  t o  t ransform an  angu la r  
t o  sphere is given t o  f i r s t  approximation by: 

r = r.ge-t/z 5)  

z = 4ntlro/y 6) 

the  d i s t a n c e  of a point  on the  o r i g i n a l  su r f ace  from t h e  c e n t e r  of a 
sphere of equ iva len t  volume having r a d i u s  r,,, 1) is the  v i s c o s i t y  and y is the  
sur face  tens ion .  

Equation 5 can be used t o  c a l c u l a t e  the  approximate t i m e  r equ i r ed  f o r  a 
p a r t i c l e  t o  assume a s p h e r i c a l  shape when the  s u r f a c e  t ens ion ,  v i s c o s i t y ,  size 
and i n i t i a l  shape of p a r t i c l e  are known. 
v i s c o s i t y  f o r  the change t o  take p lace ,  can be made when the  r e s idence  time of 
p a r t i c l e s  a t  a given temperature  is known. Table 1 g ives  the  c a l c u l a t e d  v a l u e s  
of v i s c o s i t y  when the t i m e  f o r  the  change is one second. It was  assumed t h a t  t h e  
th i ckness  of moving sur face  l a y e r  was about ten  per cent  of t h e  r a d i u s ,  and t h e  
sur face  t ens ion  of fused a s h  was taken t o  be 0.32 N a s  measured p rev ious ly  
(16) .  

A l t e r n a t i v e l y ,  an e s t i m a t e  of the  

Table 2: Ca lcu la t ed  V i s c o s i t i e s  f o r  Sphe r id i za t ion  of D i f f e r e n t  S ize  

S i l i c a t e  P a r t i c l e s  

P a r t i c l e  
Radius, pm 0.01 0.1 1 10 100 

v i s c o s i t y ,  
N m-2 2.5 x lo7 2.5 x lo6 2.5 x lo5 2.5 x l o 4  2.3 x 103 

Table 2 shows t h a t  the  small  i r r e g u l a r l y  shaped p a r t i c l e s  t ransform t o  
sphe res  in a c o a l  flame when the  v i s c o s i t y  of t h e  m a t e r i a l  is s e v e r a l  o r d e r s  
higher  than t h a t  r equ i r ed  f o r  bu lk  flow under g r a v i t y ,  which is about  25 N s mb2.  
A l abo ra to ry  technique was used t o  determine the  minimum temperature  a t  which 
c o a l  mineral  s p e c i e s  a r e  transformed t o  s p h e r i c a l  shapes (17) .  P a r t i c l e s  of 10 
t o  200 p in diameter  were introduced i n t o  a gas  s t ream and then passed through a 
v e r t i c a l  furnace.  The temperature  of the  fu rnace  was v a r i e d  from 1175 t o  2025 K 
and was measured by a r a d i a t i o n  pyrometer and by thermocouples placed in the  
furnace.  The r e s idence  t i m e  of p a r t i c l e s  in the  furnace was between 0.2 and 0.5 
sec .  depending on the  p a r t i c l e  s i z e .  

Fig. 3a shows a surface-fused s i l i c a t e  p a r t i c l e  heated t o  a temperature  
some 25 K lower than t h a t  r equ i r ed  f o r  i t s  s p h e r i d i z a t i o n .  Fig.  3b shows a 
spheridized p a r t i c l e  heated in t h e  l a b o r a t o r y  furnace.  Fig.  4 shows t h e  
temperature range a t  which the shape change of d i f f e r e n r  coa l  mine ra l  p a r t i c l e s  
occurred.  The c h l o r i t e  mine ra l  con ta in  some q u a r t z  and the two s p e c i e s  
sphe r id i zed  a t  markedly d i f f e r e n t  temperatures  a s  shown by curves D1 and D2. 

The temperature  of mineral  p a r t i c l e s  in the  pu lve r i zed  c o a l  flame 
exceeds 1800 K (F ig .  51, and i t  is t h e r e f o r e  t o  be expected t h a t  a l l  p a r t i c l e s  
w i th  the except ion of l a r g e  s i z e  qua r t z  w i l l  v i t r i f y  and change t o  s p h e r i c a l  
shapes. Fig. 6a shows a surface-fused b u t  non-spherical  q u a r t z  p a r t i c l e  found in 
a sample of f l y  a sh  captured in the  e l e c t r i c a l  p r e c i p i t a t o r .  
e l l i p s o i d a l  p a r t i c l e s  of a lumino- s i l i ca t e s  (F ig .  6b) can be found in the  a sh  
i n d i c a t i n g  t h a t  t h e  high temperature  r e s idence  t i m e  was s l i g h t l y  t o o  s h o r t  f o r  
complete sphe r id i za t ion .  However, the  m a j o r i t y  of the a s h  p a r t i c l e s  appear  t o  b e  
s p h e r i c a l  a s  shown in Fig.  2 .  

Occasional ly  
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The s p h e r i c a l  s i l i c a t e  a sh  p a r t i c l e s ,  when viewed a t  close-up range 
appear t o  hos t  a l a r g e  number of sub-micron p a r t i c l e s  a t  t h e  s u r f a c e  (F ig .  6 c ) .  
The microids  could b e  s i l i c a t e  c r y s t a l l o i d s  p r e c i p i t a t e d  from t h e  v i t r i f i e d  phase 
o r  sulphate  fume p a r t i c l e s  formed from the  non- s i l i ca t e  c o a l  mine ra l s  (18) .  The 
l a t t e r  a r e  s o l u b l e  i n  a d i l u t e  ac id  (HC1) s o l u t i o n  and Fig.  6d shows the  a c i d  
etched p a r t i c l e s .  C l e a r l y ,  most of the microid p a r t i c l e s  were d i s so lved  and the 
leach s o l u t i o n  con ta ined  sodium and potassium s u l p h a t e s .  

Another d i a g n o s t i c  t e s t  f o r  s i l i c a t e  a sh  is t o  t r e a t  the  p a r t i c l e s  w i t h  
hydro f luo r i c  (HF) a c i d  s o l u t i o n  (18 ,19 ,20 ) .  The a c i d  w i l l  d i s s o l v e  the g l a s s y  
phase r evea l ing  s k e l e t o n s  of c r y s t a l l i n e  spec ies  which may be i n  the  form of 
m u l l i t e  need le s  ( F i g .  6e)  o r  quar tz  c r y s t a l l o i d s  (F ig .  6 f ) .  The r a t i o  of the  
g l a s sy  phase t o  c r y s t a l l i n e  spec ies  v a r i e s  from p a r t i c l e  t o  p a r t i c l e  depending on 
t h e  o r i g i n a l  composi t ion of the s i l i c a t e  mine ra l s ,  the  cap tu re  of v o l a t i l e  sodium 
and the r a t e  of coo l ing  of t h e  f l u e  gas borne ash .  

The flame imprinted c h a r a c t e r i s t i c s  of s i l i c a t e  mineral  s p e c i e s  from 
t h e  point of view of subsequent  s i n t e r i n g  a r e  summarized i n  Table 3. 

Table 3: Flame V i t r i f i c a t i o n  and R e c r y s t a l l i z a t i o n  of S i l i c a t e s  

Const i tuent  P a r t i c l e  V i t r i f i c a t i o n  R e c r y s t a l l i z a t i o n  Glass  
Species  Tendency Content 

Temperature Extent  
Range, K 

Quartz 1700 t o  1900 Medium LOW Medium 

Kao l in i t e  1600 t o  1700 High High Medium 

Potassium 1400 t o  1600 High Low High 
Alumino-si l icates  

The r e l a t i v e  amount of c o a l  mineral  q u a r t z  su rv iv ing  in the  pulver ized 
f u e l  flame depends on t h e  p a r t i c l e  s i z e  and temperature .  
combustion of cyclone f i r e d  b o i l e r s  the  flame temperature  exceeds 2000 K and the 
qua r t z  p a r t i c l e s  of a l l  s i z e s  w i l l  v i t r i f y .  
c r y s t a l l i n e  form w i l l  s u r v i v e  the  flame t r e a t a e n t  i n  pu lve r i zed  c o a l  f i r e d  
b o i l e r s  and t h e  a s h  may con ta in  25 per  c e n t  of the  o r i g i n a l  c o a l  qua r t z  i n  the  
c r y s a l l i n e  form (21) .  

I n  the  i n t e n s e  

Some q u a r t z  p a r t i c l e s  i n  the  

The k a o l i n i t e  mineral  s p e c i e s  i n  c o a l  c o n t a i n  some sodium, calcium and 
i r o n  i n  the  c r y s t a l l i n e  s t r u c t u r e  (6)  and the  presence of f l u x i n g  me ta l s  enhances 
v i t r i f i c a t i o n  of the f lame heated p a r t i c l e s .  The high temperature  c r y s t a l l i n e  
form of k a o l i n i t e  s p e c i e s  is m u l l i t e  and the c h a r a c t e r i s t i c  needle  shapes of 
m u l l i t e  (F ig .  6e)  a r e  f r e q u e n t l y  found i n  l a r g e ,  above 5 p diameter  p a r t i c l e s .  
The m u l l i t e  needle  c r y s t a l s  i n  a s h  a r e  always embedded i n  a g l a s s y  phase of the 
l a r g e  p a r t i c l e s  and i t  appea r s  t h a t  the smal l ,  below 5 p diameter  p a r t i c l e s  of 
the  flame heated k a o l i n i t e  s p e c i e s  a r e  not  e x t e n s i v e l y  r e c r y s t a l l i z e d  on cooling. 
The c r y s t a l l i n e  s p e c i e s  of i l l i t e  and muscovite a r e  not  found in the  flame heated 
a s h  and thus  i t  is l i k e l y  t h a t  the  potassium a lumino- s i l i ca t e s  remain on cool ing 
l a r g e l y  i n  the  form of g l a s s y  p a r t i c l e s .  

The inhe ren t  s i l i c a t e  ash (Fig. l b )  w i l l  coa l e sce  on combustion f i r s t  
t o  a s i n t e r e d  ma t r ix  i n s i d e  the burning c o a l  p a r t i c l e  and a l s o  t o  small  s l a g  
g lobu les  a t  the  s u r f a c e  of coke r e s i d u e .  Fig.  7a shows the  s l a g  g lobu les  on a 
coke p a r t i c l e  s e p a r a t e d  from pulver ized c o a l  a sh  and Fig.  7b shows a l a c e  
ske le ton  of s i n t e r e d  a s h  i n  another  coke p a r t i c l e  r evea led  a f t e r  combustion a t  
900 K. 
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During combustion of t he  mine ra l  r i c h  c o a l  p a r t i c l e s  in t he  pu lve r i zed  
f u e l  flame ash  envelopes may b e  c r e a t e d  which can take  the form of cenospheres  as 
shown in Fig .  7c  and d.  The gas  bubble  evo lu t ion  l ead ing  t o  cenosphere formation 
has  been discussed previously (16,22) and the  f l y  a sh  usua l ly  con ta ins  between 
0.1 and 2 per cen t  by weight o f  t he  l i gh twe igh t  ash .  
p a r t i c l e s  may l eave  t h e  combustion a s h  r e s idue  a l s o  in the  form of p l e rosphe re  
(spheres-inside-sphere) a s  shown i n  F ig .  7e.  

The mine ra l  r i c h  c o a l  

The above examples show t h a t  the  inhe ren t  s i l i ca  ash p a r t i c l e s  
undergo ex tens ive  coalescence by s i n t e r i n g  and s l agg ing  du r ing  combustion of t h e  
hos t  c o a l  p a r t i c l e s .  However, the  a d v e n t i t i o u s  a s h  r e t a i n  the  p a r t i c l e  i d e n t i t y  
in the  flame and the  processes  of s i n t e r i n g  and s l agg ing  t ake  p lace  a f t e r  
depos i t i on  on b o i l e r  tubes .  

TRANSFER OF FLAME VOLATILE SODIUM TO SILICATES. 

The c o a l  sodium o r i g i n a l l y  p re sen t  a s  ch lo r ide  o r  organo-metal 
compounds is r a p i d l y  v o l a t i l i z e d  in t h e  pulver ized c o a l  flame (23) .  Subsequently 
the  v o l a t i l e  s p e c i e s  are p a r t l y  d i s so lved  i n  the  su r face  l a y e r  of f lame heated 
s i l i ca t e  p a r t i c l e s  and p a r t l y  sulphated i n  the  f l u e  g a s  (8 ) .  The formation of 
sodium su lpha te  can proceed v i a  two r o u t e s :  

Route 1 - In  t h e  F lue  Gas 

1 [ Z N a  + H20 + SO2 + 7 021+2HC1 + Na2S04 + Na2S04 
Fume 
P a r t i c l e s  gx + Vapour phase r e a c t i o n s  2NaX 

Route 2 - A t  t h e  Surface of Ash P a r t i c l e s  

[ Z N a  + H20]+2HCL + Na20 + Na20 + SO2 + + Na2SOk 2 2Nit + Vapour phase r e a c t i o n s  React ions a t  ash  s u r f a c e  

Route 1 f o r  genes i s  of sodium su lpha te  fume can b e  descr ibed as the  non-captive 
formation and rou te  2 a s  t he  cap t ive  formation.  

Some potassium su lpha te  can a l s o  be  formed v i a  t h e  two r o u t e s .  
Potassium is presen t  in c o a l  c h i e f l y  in t he  form of potassium a lumino- s i l i ca t e s  
(Table 1 )  and a l a r g e  p a r t  of the a lka l i -me ta l  w i l l  remain i n v o l a t i l e  in the  
flame heated s i l i c a t e  p a r t i c l e s .  Some 5 t o  20 per cen t  o f  t he  potassium is 
r e l eased  f o r  su lpha t ion  (24) which t a k e s  p l ace  p a r t l y  a t  t h e  s u r f a c e  of t he  
parent  p a r t i c l e s  (25) and p a r t l y  v i a  the  v o l a t i l i z a t i o n  r o u t e s  a s  desc r ibed  
above. However, sodium su lpha te  con ten t  of f l y  a s h  and chimney con ten t  of f l y  
a sh  and chimney s o l i d s  i s  always h ighe r  than  t h a t  of potassium su lpha te .  

The d i s t r i b u t i o n  of the flame v o l a t i l e  sodium between the  a sh  s i l i c a t e  
and su lpha te  phases is markedly in f luenced  by the  temperature and r e s idence  time 
of the  ash  p a r t i c l e s  i n  the  flame. The high temperature of l a r g e  b o i l e r  flame 
reduces the  v i s c o s i t y  of v i t r i f i e d  s i l i c a t e  p a r t i c l e s  and a s  a r e s u l t  a l a r g e  
f r a c t i o n  of t h e  v o l a t i l e  sodium i s  d i s so lved  in t he  s i l icate  phase.  On average 
60 per cent  of the  sodium is d i s so lved  i n  the  s i l i c a t e  a s h  p a r t i c l e s  (6)  t he  
remainder befng p resen t  a s  suphate  fume p a r t i c l e s  in the  f l u e  gas  (20) .  



THE MECHANISM AND MEASUREMENTS OF SODIUM ENHANCED SINTERING 

The format ion  of s i n t e r e d  a s h  d e p o s i t s  on b o i l e r  t u b e s  r e q u i r e s  f i r s t  a 
c l o s e ,  molecular d i s t a n c e  c o n t a c t  between t h e  p a r t i c l e s  followed by a growth of 
p a r t i c l e - t o - p a r t i c l e  b r i d g e s  c h i e f l y  by v iscous  flow. Sodium s u l p h a t e  phase 
toge ther  wi th  some potassium su lpha te  may p lay  a s i g n i f i c a n t  r o l e  i n  t h e  i n i t i a l  
s t a g e  of s i n t e r i n g  by b r i n g i n g  t h e  s i l i c a t e  p a r t i c l e s  t o g e t h e r  as a r e s u l t  o f  
s u r f a c e  tens ion .  Sodium s u l p h a t e  mel t s  a t  1157 K b u t  mixed a l k a l i - m e t a l  
s u l p h a t e s  can form a molten phase a t  lower tempera tures  (26). 

Once t h e  c l o s e  contac t  between the  s i l i c a t e  p a r t i c l e s  has  b e e n  
e s t a b l i s h e d  a v iscous  flow of  t h e  p a r t i c l e  s u r f a c e  laver can commence and t h e  
s i n t e r  bonds are e s t a b l i s h e d  according t o  Equation 7 is discussed  by Frenkel 
(15) :  

where x is t h e  r a d i u s  o f  neck growth between t h e  s p h e r i c a l  p a r t i c l e s  of r a d i u s  r ,  
y is t h e  s u r f a c e  t e n s i o n ,  q is t h e  v i s c o s i t y  of fused a s h ,  and t is t h e  t ime. 
The ( x / r ) 2  r a t i o  can b e  taken  a s  a c r i t e r i o n  of t h e  degree  of s i n t e r i n g ,  i . e .  t h e  
s t r e n g t h  of b o i l e r  d e p o s i t  (6) developed i n  t i m e  t ,  t h a t  is: 

8) 

and the  r a t e  of  d e p o s i t  s t r e n g t h  development is: 

d s  a 
d t  2qr  
- =  

where k is a c o n s t a n t .  

Equation 9 shows t h a t  t h e  r a t e  of a s h  s i n t e r i n g ,  i.e. t h e  development 
of  cohesive s t r e n g t h  of  a d e p o s i t  mat r ix  is p r o p o r t i o n a l  t o  t h e  s u r f a c e  t e n s i o n  
and i n v e r s e l y  p r o p o r t i o n a l  t o  the  v i s c o s i t y .  The s u r f a c e  t e n s i o n  and p a r t i c l e  
s i z e  a r e  not  markedly changed by d i s s o l u t i o n  of sodium, i r o n  o r  calcium oxides  in 
t h e  g l a s s y  phase of s i l i c a t e  ash .  However, t h e  v i s c o s i t y  is markedly changed by 
t h e  oxides.  I n  p a r t i c u l a r ,  a n  enrichment of sodium i n  t h e  s u r f a c e  l a y e r  of t h e  
s i l i c a t e  ash  p a r t i c l e s  can l e a d  t o  a h igh  r a t e  of s i n t e r i n g .  

Some of the  flame v o l a t i l e  sodium is d i s s o l v e d  i n  t h e  v i t r i f i e d  
s i l i c a t e  a s h  p a r t i c l e s  b e f o r e  depos i t ion  and a n  a d d i t i o n a l  amount of sodium is 
t r a n s f e r r e d  from the  s u l p h a t e  t o  s i l i c a t e  phases dur ing  s i n t e r i n g .  
between sodium s u l p h a t e  and s i l i c a t e s  a t  a s h  s i n t e r i n g  tempera tures  has  been 
monitored by thermo-gravimetric measurements. 
Table 4 .  

The r e a c t i o n  

Some of t h e  r e s u l t s  are g iven  i n  

Table 4 :  Weight Loss of Sulphates and S u l p h a t e / S i l i c a t e  Mixtures 

Sample 
Na2S04 Na2S04 CaSO, C+O, 

Na2S04 Kaolin Ash K Z I G  -iGli- 

Loss I n i t i a t i o n  1425 1085 1175 >1525 1275 1275 
Temperature, K 

Anhydrous s u l p h a t e  samples and the  s u p h a t e / s i l i c a t e  mixtures  (50 per c e n t  by 
weight su lpha te)  were hea ted  i n  a i r  a t  the  r a t e  of 6 K per  minute. 
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The r e s u l t s  i n  Table 4 show t h a t  t h e  r e a c t i o n  between sodium s u l p h a t e  
and k a o l i n  commenced a t  1085 K wi th  t h e  r e l e a s e  of SO2 and SO3 

A1203 + xNa2SOq + xNa20.A1203.2Si02 + x(S02, SO3) 10) 

A t y p i c a l  bituminous c o a l  a s h  requi red  a h igher  temperature of 1175 K f o r  t h e  
su lpha te  decomposition r e a c t i o n .  

The t r a n s f e r  of sodium from t h e  s u l p h a t e  of s i l i c a t e  phase w i l l  r educe  
t h e  v i s c o s i t y  of the  g l a s s y  m a t e r i a l  r e s u l t i n g  i n  an  enhanced r a t e  of  s i n t e r i n g .  
A t  higher tempera tures ,  above 1275 K ,  calcium s u l p h a t e  s ta r t s  t o  d i s s o c i a t e  i n  
t h e  preence of k a o l i n  and thus  calcium oxide w i l l  b e  a v a i l a b l e  f o r  t h e  s i n t e r i n g  
r e a c t i o n s .  The s p e c i f i c  r o l e s  of c o a l  calcium and a l s o  t h e  i r o n  minera l  s p e c i e s  
in ash  s i n t e r i n g  and s l a g  formation have been d iscussed  previous ly  ( 2 ) .  

The s i n t e r i n g  r a t e s  of b i tuminous ,  sub-bituminous and l i g n i t e  c o a l  
ashes  of d i f f e r e n t  sodium c o n t e n t s  can b e  determined by t h e  e l e c t r i c a l  
conductance measurements. 
is measured and i t  is an  i n d i c a t i o n  of the  degree of s i n t e r i n g  (27) .  The sodium 
ions  i n  the  low v i s c o s i t y  g l a s s  and molten s u l p h a t e  a r e  the  conductive s p e c i e s  
and the  conductance c o n t i n u i t y  is provided by t h e  s i n t e r  b r i d g e s  between t h e  
p a r t i c l e s .  

I n  t h i s  method t h e  conductance a c r o s s  an  a s h  compact 

Fig. 8 (curve B) shows t h a t  sub-bituminous c o a l  a s h  of h igh  (6.3 per  
c e n t )  sodium oxide c o n t e n t  commenced s i n t e r i n g  a t  1100 K a s  determined by t h e  
conductance measurements. The r e s u l t s  (27) suggest t h a t  the  amount of sodium i n  
some ashes  a r e  s u f f i c i e n t l y  high b o t h  t o  i n i t i a t e  and s u s t a i n  a r a p i d  rate of 
s i n t e r i n g  below 1200 K. I n  c o n t r a s t ,  wi th  low sodium c o a l s  t h e  rate of ash  
s i n t e r i n g  and t h e  format ion  of b o i l e r  d e p o s i t s  a r e  r e l a t e d  t o  t h e  calcium and 
i r o n  c o n t e n t s  of c o a l  minera l  mat te r .  Severa l  e m p i r i c a l  formulae have been 
proposed f o r  p r e d i c t i n g  t h e  depos i t  forming propens i ty  of t h e  l i g n i t i c  and 
bituminous c o a l  type ashes  based on t h e  sodiu  c o n t e n t  (28) .  These formulae 
i n d i c a t e  t h a t  a r a p i d  build-up of b o i l e r  d e p o s i t  is t o  b e  expected when sodium 
(Na20) conten t  of bituminous c o a l  exceeds 2.5 per  c e n t ,  and t h a t  of l i g n i t e  and 
sub-bituminous c o a l  a s h e s  is above 4 per  c e n t .  

The l i g n i t e  type ashes  have comparatively low f o u l i n g  propens i ty  when 
t h e  sodium content  is below 4 per  c e n t  because of t h e  l i m i t e d  amount of c l a y  
minera ls  a v a i l a b l e  f o r  s i n t e r i n g  r e a c t i o n .  That is, i n  some l i g n i t e  and sub- 
bituminous c o a l s  t h e r e  is an  excess  of sodium and calcium a v a i l a b l e  f o r  the  h igh  
temperature r e a c t i o n s ,  and the  rate of d e p o s i t  formation depends on t h e  s i l i c a t e  
conten t  of a s h  (2 ,9 ,30) .  The bituminous c o a l  type a s h  has  a n  excess  of  
s i l i c a t e s ,  i . e .  the  ash  is pyrochemically a c i d i c  and t h e  r a t e  of s i n t e r i n g  
depends on the  a v a i l a b i l i t y  of sodium, calcium and i r o n  s p e c i e s  i n  t h e  flame 
heated d e p o s i t  m a t e r i a l .  

The formation of s i n t e r e d  a s h  d e p o s i t s  is governed c h i e f l y  b y  v i s c o u s  
flow, and t h e  r a t e  of s i n t e r i n g  (S,) can  b e  expressed  i n  terms of t h e  r a t i o  of 
g l a s s y  m a t e r i a l  t o  c r y s t a l l i n e  s p e c i e s  of s i l i c a t e  a s h  (R g/c) and t h e  v i s c o s i t y  
of the  g l a s s y  phase (q): 

where K is a cons tan t .  The c h a r a c t e r i s t i c s  of flame heated s i l i c a t e  p a r t i c l e s ,  
(Fig.  4 and Table 3 i n  Sec t .  4 )  sugges t  t h a t  t h e  v i t r i f i e d  potassium alumino- 
s i l i c a t e  p a r t i c l e s  and the  below 5 p diameter k a o l i n i t e  p a r t i c l e s  are f i r s t  t o  
s i n t e r  a f t e r  d e p o s i t s .  The p a r t i c l e s  w i l l  have a h igh  g l a s s  c o n t e n t  and t h e  
small s i z e  enhances s i n t e r i n g  as e v i d e n t  from e q u a t i o n  (10) .  It is t h e r e f o r e  t o  
b e  expected t h a t  t h e  presence of f l o o r  material (6)  should enhance s i n t e r i n g  and 
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l a r g e  p a r t i c l e  q u a r t z  p a r t i c l e s  would r e t a r d  the depos i t  formation.  This  a p p l i e s  
i n  the  absence of l a r g e  concen t r a t ions  of t h e  flame v o l a t i l e  sodium, and non- 
s i l i c a t e  calcium and i r o n  compounds. The f l u x  m a t e r i a l  oxides  w i l l  b o t h  i n c r e a s e  
the  ash g l a s s  con ten t  and reduce the  v i s c o s i t y  f o r  s i n t e r i n g ,  Equation 11, and 
the composition of o r i g i n a l  s i l i c a t e  s p e c i e s  i s  l e s s  important .  

CONCLUSIONS 

S i l i c a t e  Minerals  i n  Coal 

The s i l i c a t e  m i n e r a l s ,  k a o l i n i t e  and potassium a lumino- s i l i ca t e  s p e c i e s  
toge the r  w i th  quar tz  c o n s t i t u t e  the bu lk  of mine ra l  matter i n  most c o a l s .  The 
approximate amounts of d i f f e r e n t  s i l i c a t e  s p e c i e s  of the  bi tuminous c o a l  mine ra l  
ma t t e r  can b e  e s t ima ted  from a s h  a n a l y s i s .  

Flame V o l a t i l e  and S i l i c a t e  Sodium i n  Coal 

Sodium is r a p i d l y  v o l a t i l i z e d  i n  t h e  flame when i t  occurs  in a non- 
s i l i c a t e  compound form, c h i e f l y  a s soc ia t ed  wi th  c h l o r i n e  i n  bi tuminous c o a l s  and 
combined wi th  o rgan ic  compounds i n  the  l i g n i t e  and sub-bi tuminous f u e l s .  The 
f r a c t i o n  of sodium combined wi th  coal  s i l i c a t e s  remains l a r g e l y  i n v o l a t i l e  i n  the 
pulver ized f u e l  flame. 

Flame V i t r i f i c a t i o n  and Sphe r id i za t ion  of S i l i c a t e  P a r t i c l e s  

The a lumino- s i l i ca t e  p a r t i c l e s  v i t r i f y  and take  a s p h e r i c a l  shape i n  
t h e  flame and a r e  p a r t i a l l y  r e c r y s t a l l i z e d  on cool ing.  Micro-needles of m u l l i t e  
up t o  10 p long and c r y s t a l l o i d s  of qua r t z  a r e  t h e  p r i n c i p a l  d e v i t r i f i c a t i o n  
products enveloped in a g l a s s y  m a t e r i a l  ma t r ix .  Large qua r t z  p a r t i c l e s  
o r i g i n a l l y  p re sen t  in c o a l  a r e  only sur face  v i t r i f i e d  and do not  sphe r id i ze  i n  
t h e  flame. The coa le scence  by s i n t e r i n g  and fus ion  of the  sma l l  a lumino- s i l i ca t e  
p a r t i c l e s  d i spe r sed  i n  t h e  f u e l  substance occurs  when the hos t  c o a l  p a r t i c l e s  
bu rn  i n  the  flame. The p roduc t s  a r e  s i n t e r e d  a sh  s k e l e t o n s ,  censopheres  and 
plerospheres  up t o  250 pm i n  diameter .  

Sodium Trans fe r  t o  S i l i c a t e  and Sulphate  Phases 

The flame v o l a t i l e  sodium i s  p a r t l y  d i s so lved  i n  t h e  su r face  l a y e r  of 
v i t r i f i e d  s i l i c a t e  a s h  p a r t i c l e s  and p a r t l y  sulphated.  The s u l p h a t e  p a r t i c l e s ,  
0.1 t o  2 p i n  diameter  can  form on the  s u r f a c e  of a sh  p a r t i c l e s  or i n  t h  f l u e  
gas  v i a  vapour phase r e a c t i o n s  followed by sub l ima t ion  on coo l ing .  Some 
potassium su lpha te  i s  a l s o  formed from a f r a c t i o n  of the  a l k a l i - m e t a l  r e l e a s e d  on 
v i t r i f i c a t i o n  of potassium a l u m i n o - s i l i c a t e s  i n  the  flame. 

I n i t i a l  Stage i n  Ash S i n t e r i n g  

The su lpha te  phase can  i n i t i a t e  ash s i n t e r i n g  by b r i n g i n g  the s i l i c a t e  
p a r t i c l e s  t o  c l o s e  c o n t a c t  as a r e s u l t  of t h e  su r face  t e n s i o n  force .  Subsequent 
s i n t e r i n g  proceeds by v i scous  f low and the  r a t e  of s i n t e r  bond growth i s  
p ropor t iona l  t o  t h e  s u r f a c e  t ens ion  of s i l i c a t e  g l a s s y  phase and i n v e r s e l y  
p ropor t iona l  t o  the  p a r t i c l e  s i z e  and the  v i s c o s i t y .  The l a t t e r  changes 
exponen t i a l ly  with temperature  and thus the  v i s c o s i t y  of s i l i c a t e  a s h  p a r t i c l e s  
governs the  r a t e  of s i n t e r i n g  a t  d i f f e r e n t  temperatures .  

Decomposition of Su lpha te  OII S i l i c a t e  Ash S i n t e r i n g  

Sodium s u l p h a t e s  in t h e  i n i t i a l  m a t e r i a l  depos i t ed  on b o i l e r  tubes w i l l  
be  decomposed by the  pyrochemical ly  a c i d i c  s i l i c a t e s  i n  a sh  when the  depos i t  
temperature exceeds 1085 K.  The t r a n s f e r  of sodium from the su lpha te  t o  s i l i c a t e  
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phaw reduces t h e  v i s c o s i t y  of t h e  g l a s s y  m a t e r i a l  of s i l i c a t e  a s h  t h u s  
increas ing  the  r a t e  of s i n t e r i n g .  

S i n t e r i n g  of High Sodium Coal Ashes 

Some l i g n i t e  and sub-bituminous c o a l  a s h  c o n t a i n  s u f f i c i e n t l y  h igh  
q u a n t i t i e s  of the  flame v o l a t i l e  sodium t o  i n i t i a t e  and subsequently t o  s u s t a i n  a 
h igh  r a t e  of a s h  s i n t e r i n g  leading  t o  a r a p i d  build-up of b o i l e r  d e p o s i t .  
most bituminous c o a l  ashes  t h e  v o l a t i l e  sodium plays  a r o l e  in i n i t i a t i n g  
s i n t e r i n g  b u t  t h e  subsequent d e p o s i t  and s l a g  format ion  depends l a r g e l y  on t h e  
presence of calcium and i r o n  f l u x  oxides .  In g e n e r a l  terms, t h e  rate of a s h  
s i n t e r i n g  is governed by the  r a t i o  of  g l a s s y  m a t e r i a l  t o  c r y s t a l l i n e  s p e c i e s  and 
t h e  v i s c o s i t y  of t h e  g l a s s y  phase. 
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28 pm 10 pm 

(a) ADVENTITIOUS (b) INHERENT-WHITE PARTICLES 

FIG. 1 MINERAL MATTER IN COAL 

20 urn 

FIG'.2 PULVERIZED COAL ASH 

20 pn (b) 20 yrn 
FIG. 3 SURFACE FUSED (a) AND SPHERBDIZED (b) SILICATE PARTICLES 
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25 ym 

(a) UNFUSED QUARTZ PARTICLE (b) ELONGATED SILICATE PARTICLES 

1.5 pm 1.5 pn 

(c) MICROIDS ON ASH (d) ACID CLEANED ASH 

2 urn 

(e) MULLITE NEEDLES IN ASH (f) QUARTZ CRYSTALLOIDS 

FIG. 6 DIAGNOSTIC FEATURES OF FLAME HEATED ASH 
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(a) ASH PARTICLES ON COKE (b) ASH SKELETON IN COKE 

(c) CENOSPHERES (d) FRACTURED CENOSPHERE 

(e) PLEROSPHERE 25 urn 

FIG. 7 COALESCENCE PRODUCTS OF INHERENT ASH I N  FLAME 
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Temperature, K 

FIG.8 SIMULTANEOUS SHRINKAGE AND CONDUCTANCE MEASUREMENTS 
LEIGH CREEK (AUSTRALIA) COAL ASH 

A - SHRINKAGE 

B - CONDUCTANCE 
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