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INTRODUCTION 

I n  sp i t e  of innumerable laboratory investigations and  the wealth of practical 
experience, there remains some enigmatic facets in the formation of sintered ash a n d  
slag deposit on heat exchange surfaces in coal-fired boilers.  
of massive build-up of ash deposits can take boiler design and operation engineers 
by surprise.  
incorrect information on the deposit-forming propensity of ash in d i f fe ren t  coals.  

high temperature boiler plants a r e  based on ash fusion t e s t s  as described in d i f fe ren t  
national standards f o r  coal analysis and tes t ing ,  e . g . ,  ASTM (1968), Brit ish Standard 
(1970), D I N  (1976) and Norme Francaise (1945). 
developed from refractory material technology, a n d  a re  based on observations o f  the 
change in shape a n d  s i ze  of an a s h  sample on heating. 
resu l t s  of ash fusion t e s t s  a re  frequently imprecise, a n d  can lead t o  a mistaken 
assessment of the l ikely severity of boiler fouling and  slagging. 

to  predict more accurately the r a t e  o f  deposit build-up with d i f fe ren t  coals as 
reviewed by Winegartner (1974). 
to  acidic oxide r a t i o ,  and sodium and sulphur contents o f  coal,  are based on the 
chemical analysis and have a l imitation t h a t  they apply to  par t icu lar  coals.  That i s ,  
there i s  no universal formula of predicting the severity of bo i le r  fouling based on 
a s h  fusion t e s t s  and chemical analysis with a l l  types of coal.  

I t  i s  therefore evident t h a t  further research i s  necessary on the mechanism of 
ash par t ic le - to-par t ic le  bonding a t  high temperatures. This work s e t s  o u t  t o  redefine 
a n  ash sintering model in terms of measurable parameters, surface tension, v i scos i ty ,  
e lec t r ica l  conductance, temperature, par t ic le  s ize  and time. 
novel methods of measuring the rates of ash s in te r ing  were applied,  in order t o  t e s t  
the va l id i ty  of the sintering model. 

T h a t  i s ,  occurrences 

This would suggest tha t  the engineers are receiving incomplete or 

Traditional methods of assessing the behavior of deposit-forming impurities in 

These ash  fusion t e s t s  have been 

I t  has been realized t h a t  the 

There has been a number of suggestions made for  ash fouling and slagging indices 

The empirical formulae, e . g . ,  s i l i c a  r a t i o ,  basic 

I n  the experimental work, 

SINTERING MODEL 

Frenkel (1945) has derived a n  equation relating the growth of the interface between 
two spherical par t ic les :  

where x i s  the radius of  the in te r face ,  r i s  the original radius of the spheres, Y i s  
the surface tension a n d  t i s  the time. 
i t  becomes: 

Rearranging the equation in terms of x/r and  t ,  

and i t  i s  applicable when < 0.3. 
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S i n t e r i n g  by v iscous f l o w  i s  t h e  p r i n c i p a l  mechanism f o r  t h e  fo rmat ion  o f  deposi ts 
i n  coal  f i r e d  b o i l e  s and t e r a t e  o f  s i n t e r i n g  o f  d i f f e r e n t  s i z e  p a r t i c l e s  f o r  a 

a g a i n s t  t ime on a l o g a r i t h m i c  s c a l e .  
be 0 .32  N rn-l as measured p r e v i o u s l y  by Raask (1966).  
r a t i o  o f  x / r  represents  t h e  degree o f  s i n t e r i n g  o f  5 vm r a d i u s  p a r t i c l e s  having d i f f e r e n t  
v i s c o s i t i e s .  Table 1 l i s t s  f o u r  a r b i t r a r y  stages o f  s i n t e r i n g  o f  ash d e p o s i t  on b o i l e r  
tubes from the  i n i t i a l  c o n t a c t  between t h e  ash p a r t i c l e s  t o  t h e  f o r m a t i o n  o f  fused s l a g  
where the shapes o f  i n i t i a l  c o n s t i t u e n t  p a r t i c l e s  a r e  no longer  d i s t i n g u i s h a b l e .  

g iven  v i s c o s i t y  (10  6 9  N s m- ) can be seen i n  F i g .  1 where t h e  r a t i o  o f  x / r  i s  p l o t t e d  
The s u r f a c e  t e n s i o n  o f  fused ash was taken t o  

F i g .  2 shows p l o t s  where the 

Tab le  1. Degree o f  S i n t e r i n g  Based on t h e  R a t i o  o f  Neck Bond 

Radius t o  P a r t i c l e  Radius (+) 

R a t i o  o f  x / r  Degress o f  S i n t e r i n g  Comment 

0.001 Onset o f  s i n t e r i n g  Depos i t  o f  t h i s  degree o f  s i n t e r i n g  on  
b o i l e r  tubes would n o t  have s i g n i f i c a n t  
cohesive s t r e n g t h  and would probably f a l l  
o f f  under the  a c t i o n  o f  g r a v i t y  and b o i l e r  
v i  b r a t i o n .  

0.0 

0.1 

A l . 3  

S l i g h t l y  s i n t e r e d  The d e p o s i t  on b o i l e r  tubes would probably 
m a t r i x  be removed by soot  b lowing .  

S t r o n g l y  s i n t e r e d  The d e p o s i t  on b o i l e r  tubes would be 
d e p o s i t  d i f f i c u l t  t o  remove by s o o t  b lowing .  

S lagg ing  The ash p a r t i c l e s  l o s e  t h e i r  o r i g i n a l  
i d e n t i t y  and t h e  d e p o s i t  on b o i l e r  tubes 
cannot be removed by s o o t  blowing. 

Rapid f o r m a t i o n  o f  s i n t e r e d  b o i l e r  depos i ts  and s l a g s  i s  u s u a l l y  exp la ined by the 

f u r n a c e  s l a g ) ,  a l i q u i d  phase i s  considered t o  have a 
presence o f  a l i q u i d  phase o r  m o l t e n  s u r f a c e  l a y e r  on ash p a r t i c l e s .  
g lass  and s l a g  techno logy  ( b l a s  

i t  i s  n o t  necessary t o  evoke t h e  presence o f  a l i q u i d  phase f o r  a r a p i d  s i n t e r i n g .  
example, p a r t i c l e s  0.1 m i n  d iameter  would r e q u i r e  about 10 m i l l i  econds o form a 

same v i s c o s i t y  10 pm p a r t i c l e s  would r e q u i r e  about 10 seconds t o  achieve the  same degree 
o f  bonding. 

The two parameters which govern t h e  r a t e  o f  s i n t e r i n g ,  namely the  s u r f a c e  tens ion  
and t h e  v i s c o s i t y ,  b o t h  decrease w i t h  temperature as shown i n  F i g .  3. The temperature 
c o e f f i c i e n t  o f  s u r f a c e  t e n s i o n  i s  smal l  (Curve A) and i t  i s  approx imate ly  p r o p o r t i o n a l  
t o  t h e  i n v e r s e  o f  square r o o t  o f  temperature as discussed by Boni and Derge (1956) 
whereas t h e  v i s c o s i t y  changes e x p o n e n t i a l l y  w i t h  temperature as shown by Curve B .  
i s  t h e r e f o r e  e v i d e n t  t h a t  t h e  r a t e  o f  s i n t e r i n g  w i l l  show an i n v e r s e  r e l a t i o n s h i p  w i t h  
t h e  v i s c o s i t y  and w i l l  i nc rease e x p o n e n t i a l l y  w i t h  temperature.  

I n  h i g h  temperature 

v i s c o s i t y  va lue  below 10 N s m- 5 . The p l o t s  i n  F i g .  1 and 2 show t h a t  w i t h  smal l  p a r t i c l e s  

s u b s t a n t i a l  s i n t e r  bond, when t h e  v i s c o s i t y  has a h i g h  va lue  o f  10 3 N s m-'. With the  

For 

I t  

PARTICLE-TO-PARTICLE NECK GROWTH MEASUREMENTS 

The model f o r  coa l  ash s i n t e r i n g  discussed i n  t h e  prev ious  s e c t i o n  i s  based on the 
v iscous  de format ion  and f l o w  a t  the  c o n t a c t  p o i n t s  between s p h e r i c a l  p a r t i c l e s .  
would, t h e r e f o r e ,  be l o g i c a l  t o  c o n s i d e r  de termin ing  t h e  r a t e  o f  s i n t e r i n g  by a technique 
where the  measurements a r e  based d i r e c t l y  on Frenkel  ' s  equat ion .  

It 

Kuczynski (1949) has 
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c a r r i e d  o u t  such s i n t e r i n g  measurements by p l a c i n g  s p h e r i c a l  p a r t i c l e s  on t h e  sur face 
O f  a g lass  s l a b  o f  t h e  same composi t ion.  Raask (1973) has r e p o r t e d  some r e s u l t s  o f  
s i n t e r i n g  r a t e  measurements w i t h  coa l  ash s l a g  p a r t i c l e s  based on a s i m i l a r  technique.  
The method requ i res  s p h e r i c a l  p a r t i c l e s  o f  ash and these can he prepared by  pass ing 
ground coal  minera ls  o r  s l a g  through a v e r t i c a l  f u rnace  as desc r ibed  by Raask (1969). 
Subsequently the  p a r t i c l e s  were p laced i n  a narrow groove on a p la t i num f o i l  as shown 
i n  F i g .  4a. 
a cons tan t  temperature i n  a i r ,  o r  i n  a gas m i x t u r e  f o r  a p e r i o d  o f  f i v e  minutes t o  
severa l  hours.  The r a d i u s  o f  t he  s i n t e r  neck between the  p a r t i c l e s  ( F i g .  4b)  was 
measured m i c r o s c o p i c a l l y  a t  t h e  ambient temperature.  

5 
’ The p a r t i c l e s  were then  in t roduced  i n t o  a preheated fu rnace  and kept  a t  

; 

F ig .  5 shows t h e  r a t e  o f  neck growth between s p h e r i c a l  p a r t i c l e s  o f  s lag ,  60 urn 
i n  rad ius ,  when heated i n  a i r .  The s p h e r i c a l  p a r t i c l e s  were prepared f rom b o i l e r  s l a g  
of a t y p i c a l  B r i t i s h  b i tuminous coa l  ash which has caused some b o i l e r  f o u l i n g .  The t ime  
f o r  a f i r m  degree o f  s i n t e r i n g ,  ( x / r  = 0.1, Table 1 )  was 135 seconds and 70 seconds a t  
1375 K and 1425 K, r e s p e c t i v e l y .  
degree of s i n t e r i n g  can be c a l c u l a t e d  f o r  t h e  ash p a r t i c l e s  o f  d i f f e r e n t  s i z e s .  For 
example, t he  ash deposi ted on b o i l e r  tubes i n  p u l v e r i z e d  coa l  f i r e d  b o i l e r s  con ta ins  
a l a r g e r  number o f  p a r t i c l e s  o f  0.5 t o  1 .0  ,,m i n  d iameter ,  and these p a r t i c l e s  r e q u i r e  
on l y  a few seconds t o  form a s t r o n g l y  s i n t e r e d  d e p o s i t  i n  t h e  same temperature range. 

MEASUREMENTS OF ASH SINTERING RATES BY SIMULTANEOUS DILATOMETRIC 

~ 

From these measurements t h e  t ime r e q u i r e d  f o r  a g i ven  

AND ELECTRICAL CONDUCTANCE TECHNIQUES 

P a r t i c l e - t o - p a r t i c l e  s i n t e r  bonding u s u a l l y  r e s u l t s  i n  a shr inkage o f  t he  e x t e r n a l  
dimensions o f  a powder compact, and the  d i l a t o m e t r i c  shr inkage measurements have been 
e x t e n s i v e l y  used t o  determine t h e  r a t e  o f  s i n t e r i n g  o f  g lass  and r e f r a c t o r y  m a t e r i a l s .  
Smith (1956) has used a d i l a t o m e t r i c  shr inkage technique t o  s tudy  t h e  s i n t e r i n g  
c h a r a c t e r i s t i c s  o f  p u l v e r i z e d  f u e l  ash and an i n t e r c e p t  o f  t h e  shr inkage curve on t h e  
temperature a x i s  was taken t o  d e f i n e  t h e  s i n t e r  p o i n t .  The measurements can g i v e  u s e f u l  
i n f o r m a t i o n  and the r e s u l t s  can he r e l a t e d  t o  d i f f e r e n t  degrees o f  s i n t e r i n g  as o u t l i n e d  
i n  Table 1. With some coa l  ashes, however, anomalous r e s u l t s  can be ob ta ined  where t h e  
shr inkage measurements show no change a l though  a s i g n i f i c a n t  degree o f  s i n t e r i n g  has 
taken p lace.  This  d e v i a t i o n  i n  the  s i n t e r i n g  behaviour  f rom the  Frenkel  model makes i t  
necessary t o  mon i to r  another  parameter which r e l a t e s  t o  t h e  process o f  p a r t i c u l a t e  ash 
coalescence. 

V i s c o s i t y  measurement by the  r o d  p e n e t r a t i o n  method has been a p p l i e d  by  Boow (1972), 
Raask (1973) and Gibb (1981) t o  assess t h e  s i n t e r i n g  c h a r a c t e r i s t i c s  o f  d i f f e r e n t  coa l  
ashes. However, the r a t e  o f  i n i t i a l  s i n t e r i n g  cannot be measured by  t h i s  technique,  and 
Raask (1979) the re fo re  considered t h e  use o f  a method o f  e l e c t r i c a l  conductance measure- 
ments f o r  mon i to r i ng  the  r a t e  o f  s i n t e r i n g  o f  coal  ashes. 
Chaklader (1975) had used t h e  same technique t o  s tudy  s i n t e r i n g  o f  g lass  sphere and 
n i c k e l  powder compacts. 

The essen t ia l  premise o f  t h i s  method i s  t h a t  t h e  p a r t i c u l a t e s  a r e  o f  an e l e c t r i c a l l y  
conduc t i ve  m a t e r i a l ,  e.g., n i c k e l ,  o r  t h a t  t he  g lassy  and ceramic m a t e r i a l s  c o n t a i n  some 
ca t i ons ,  e.g., a l k a l i - m e t a l s  which c o n s t i t u t e  an i o n i c  conductance pa th  when an 
e l e c t r i c a l  p o t e n t i a l  i s  app l i ed .  The method i s ,  t he re fo re ,  n o t  a p p l i c a b l e  t o  measure 
the  r a t e  o f  s i n t e r i n g  o f  nonconductive powders, e .g. ,  alumina. Th is  i s  n o t  a l i m i t a t i o n  
w i t h  coa l  ashes as a l l  ashes c o n t a i n  s u f f i c i e n t  amounts o f  c a t i o n i c  species; 0.1 p e r  cen t  
by we igh t  q u a n t i t y  of sodium, potassium o r  ca l c ium i s  l i k e l y  t o  be adequate f o r  t h e  
purpose of  p r o v i d i n g  a conductance path. 

t o - p a r t i c l e  con tac ts .  
conductance i s  increased accord ing t o  t h e  equat ion:  

P r e v i o u s l y  Ramanan and 

A powder compact before s i n t e r i n g  has a low conductance because o f  l a c k  of p a r t i c l e -  
As t h e  c ross -sec t i ona l  area o f  s i n t e r  bonds grows on h e a t i n g  t h e  
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where A i s  t he  conductance, D and D a re  the  d e n s i t i e s  o f  sample be fo re  and a f t e r  
s i n t e r i n g ,  E i s  t h e  energy o f O a c t i v a t i o n  o f  s i n t e r i n g ,  R i s  t h e  thermodynamic (gas)  
constant ,  T i s  t he  temperature and A i s  a cons tan t .  When the  degree o f  s i n t e r i n g  does 
n o t  change, e.g., o n  c o o l i n g  a f t e r  t h e  process o f  p a r t i c l e  coalescence has reached the  
s tage  o f  d e n s i t y  D, t he  equa t ion  ( 3 )  reduces t o :  

E 
1 RT A = A exp (l) ( 4 )  

Rask (1975) has desc r ibed  a fu rnace  assembly sketched i n  F ig .  6 f o r  simultaneous 
measurements o f  t h e  e l e c t r i c a l  conductance and t h e  d i l a t o m e t r i c  shr inkage measurements. 
F ig .  7a shows t h e  fu rnace  i n  i t s  down p o s i t i o n  f o r  exposure o f  t he  saniple w e l l ;  sample 
c r u c i b l e  and th ree  p e l l e t s  o f  s i n t e r e d  ash  from p rev ious  runs a re  shown a t  t h e  w e l l .  
F i g .  7b s ows the  fu rnace  i n  the  o p e r a t i o n  p o s i t i o n .  The hea t ing  r a t e  o f  0 .1  K s 
( 6  K min-?) was t h e  same as t h a t  used i n  t h e  ASTM (1968) ash f u s i o n  t e s t s  and t h e  s i n t e r  
t e s t s  can be c a r r i e d  i n  a i r  o r  i n  s imu la ted  f l u e  gas. 
when t h e  ash sample has decreased 30 p e r  c e n t  i n  h e i g h t  t o  avo id  s lagg ing ;  once s l a g  
i s  formed i t  i s  d i f f i c u l t  t o  remove t h e  f r o z e n  m a t e r i a l  f rom the  c r u c i b l e .  

, 

Care i s  needed t o  s t o p  hea t ing  

I n i t i a l  experiments were made w i t h  a soda g lass ,  ground below 100 pm i n  p a r t i c l e  

This  was done t o  e s t a b l i s h  t h e  v a l i d i t y  o f  t h e  simultaneous d i l a t o m e t r i c  and 
s i z e ,  o f  known v i s c o s i t y / t e m p e r a t u r e  c h a r a c t e r i s t i c s  pub l i shed  by Napol i tano and Hawkins 
(1974) .  
conductance measurements f o r  de te rm in ing  t h e  r a t e  o f  s i n t e r i n g  o f  powder compacts. 
r e s u l t s  are shown i n  F ig .  8 where L i n e  A dep ic t s  thermal expansion o f  t h e  alumina 
suppor t  tubes and t h e  sample, and Curve A shows t h e  l i n e a r  shr inkage o f  10  mm h i g h  
sample o f  powdered g lass .  The i n t e r c e p t  o f  Curve A on t h e  temperature a x i s ,  875 K can 
be de f i ned  as t h e  s i n t e r p o i n t  temperature.  

The 

The conductance p l o t  (Curve B g i ves  t h e  same s i n t e r p o i n t  temperature and t h e  
r e s u l t s  i nc rease  e x p o n e n t i a l l y  w i t h  temperature.  On c o o l i n g  Curve C shows a l a r g e  
h y s t e r e s i s  e f f e c t ,  t h a t  i s ,  these a r e  s i g n i f i c a n t l y  h i g h e r  than t h e  corresponding r e s u l t s  
on hea t ing .  On rehea t ing ,  however, t h e  conductance measurements f i t  c l o s e l y  t o  Curve C .  
T h i s  behavior  i s  i n  accord w i t h  t h e  s i n t e r i n g  model and t h e  measurements on f i r s t  heat ing 
when s i n t e r  bonds a r e  formed, f i t  e q u a t i o n  ( 3 ) .  S ince on subsequent c o o l i n g  and reheat ing,  
t h e  process o f  p a r t i c l e  coalescence i s  " f rozen,"  t h e  conductance change i s  governed by 
t h e  exponent ia l  temperature as d e f i n e d  by  equa t ion  ( 4 ) .  

F ig .  9 shows t h a t  t h e r e  was i n  i n v e r s e  r e l a t i o n s h i p  between t h e  v i s c o s i t y  and the 
e l e c t r i c a l  conductance w i t h  respec t  t o  teniperature. The conductance i s  dependent on the 
m o b i l i t y ,  i .e . ,  on the  r a t e  o f  d i f f u s i o n  o f  sodium and ca l c ium ions  i n  t h e  g lass  ma t r i x ,  
and thus an i nve rse  r e l a t i o n s h i p  between v i s c o s i t y  and s e l f - d i f f u s i o n  i s  e s t a b l i s h e d  
as s t i p u l a t e d  by F r e n k e l ' s  s i n t e r i n g  model. The e s u l t s  f condu tance measurements 

suggested p r e v i o u s l y  by Raask (1973) t h a t  t h i s  i s  a r e l e v a n t  v i s c o s i t y  range f o r  t h e  
f o r m a t i o n  o f  s i n t e r e d  d e p o s i t s  i n  coa l  f i r e d  b o i l e r s .  
can form i n  t h i s  v i s c o s i t y  range w i t h i n  a few minutes o r  seve ra l  days depending on the 
p a r t i c l e  s i z e  ( F i g s .  1 and 2 ) .  

A number o f  B r i t i s h  and US b i tum inous  coa l  ashes have a l s o  been i n v e s t i g a t e d  f o r  
t h e i r  s i n t e r i n g  c h a r a c t e r i s t i c s  by t h e  s in iu l  taneous sh r inkage  and conductance measure- 
ments. F ig .  10 shows t y p i c a l  sh r inkage  cu rve  and t h e  conductance p l o t s  on hea t ing  and 
on c o o l i n g  which were ob ta ined  w i t h  an I l l i n o i s  coa l  ash. It was ev iden t  t h a t  w i t h  

p l o t t e d  i n  F ig .  9 cove r  t h e  v i s c o s i t y  range o f  10 6 t o  10 l8  N s m-5, and i t  has been 

That  i s ,  s t rong  s i n t e r  bonds 



t h i s  ash and o t h e r  bi tuminous coal  ashes tes ted ,  s i n t e r i n g  proceeded accord ing  t o  
equat ion  ( 3 ) .  The conductance data can be examined i n  more d e t a i l  on t h e  l o g  n a g a i n s t  
1/T p l o t  as dep ic ted  on F i g .  11. The conductance p l o t  on h e a t i n g  i s  n o n l i n e a r  as 
expected from equat ion  ( 3 ) ,  whereas on c o o l i n g  t h e  p l o t  was l i n e a r  i n  accord w i t h  
equat ion  ( 4 ) .  

The conductance p l o t  on h e a t i n g  can be d i v i d e d  i n t o  t h r e e  s e c t i o n s  where t h e  
l o g a r i t h m i c  conductance values i n  S (micro-Siemen) a r e  as f o l l o w s :  1 t o  10, 10 t o  100 
and 100 t o  1000 u n i t s .  F i g .  12 shows schemat ica l l y  t h e  conductance pa th  and shr inkage 
i n  t h r e e  d i f f e r e n t  degrees of s i n t e r i n g .  The s t r e n g t h  o f  t h e  s i n t e r e d  p e l l e t  t o  
c rush ing  was determined a t  room temperature a t  t h e  end o f  t h e  s i n t e r  r u n .  
p r e s e n t a t i o n  shows t h a t  an inc rease o f  155 K f rom t h e  i n i t i a l  s i n t e r  p o i n t  temperature 
Of 1125 K t o  1180 K r e s u l t e d  i n  a h i g h  degree o f  s i n t e r i n g  where t h e  conductance 
read ings  were above 100 pS.  

degree o f  d ivergence from the  p a r t i c l e  coalescence model as d e f i n e d  by equat ion  ( 3 ) .  
F i g .  13 shows t h a t  t h e  nonbituminous c o a l  ash, Le igh  Creek, A u s t r a l i a ,  commenced t o  
s i n t e r  a t  1100 K accord ing  t o  t h e  conductance measurements (Curve B). 
however, no shr inkage o f  t h e  ash p e l l e t  be fore  temperature reached 1350 K (Curve A) .  
That i s ,  t h e r e  was a gap o f  250 K between t h e  ash s i n t e r p o i n t  temperature i n d i c a t e d  
by the  conductance measurements and t h a t  deduced from t h e  shr inkage measurements. 
reason f o r  t h i s  nonconformis t  behav io r  must be t h a t  t h e r e  was a s i g n i f i c a n t  degree o f  
p a r t i c l e - t o - p a r t i c l e  bonding o f  t h e  i n f u s i b l e  m a t e r i a l ,  e.g., q u a r t z  by a low v i s c o s i t y  
phase a t  temperatures o f  1100 t o  1350 K .  This  may be a n  e x p l a n a t i o n  f o r  severe b o i l e r  
f o u l i n g  w i t h  h i g h  sodium coa l  ashes as discussed by Boow (1972) which i s  i n c o n s i s t e n t  
w i t h  t h e  r e s u l t s  o f  convent iona l  ash f u s i o n  t e s t s .  Le igh  Creek ash had another unusual 
s i n t e r i n g  f e a t u r e ;  a f t e r  an i n i t i a l  r i s e  i n  conductance w i t h  temperature t h e r e  was a 
decrease w i t h  an i n f l e c t i o n  p o i n t  a t  1325 K ( F i g .  12) .  
h i g h  amount o f  sodium i n  ash, 6.3 per c e n t  o f  Na 0 by we igh t ,  r e s u l t e d  i n  c r y s t a l l i z a t i o n  
o f  sodium a l u m i n o - s i l i c a t e  o r  a luminate  i n  t h e  tgmperature range o f  1275 and 1325 K 
thus reduc ing  the  c o n c e n t r a t i o n  o f  sodium i o n  i n  t h e  g lassy  m a t r i x .  

s imultaneous measurements o f  shr inkage and the  e l e c t r i c a l  conductance on s i n t e r i n g  
o f  an ash compact. 
model as d e f i n e d  by equat ion  ( 3 )  and p a r t i c l e - t o - p a r t i c l e  bonding i s  accompanied by 
the  e x t e r n a l  shr inkage and a change i n  shape o f  an ash sample i n  e a r l y  stages o f  
s i n t e r i n g .  
u s u a l l y  g i v e  meaningful  r e s u l t s .  There are,  however, some c o a l  ashes r i c h  i n  sodium 
which can g i v e  anomalous r e s u l t s  when s i n t e r  t e s t e d  as e x e m p l i f i e d  by t h e  conductance 
and shr inkage curves i n  F i g .  12. That i s ,  t h e r e  can be a h i g h  degree o f  the i n t e r n a l  
p a r t i c l e - t o - p a r t i c l e  adhesion r e s u l t i n g  i n  the  f o r m a t i o n  o f  ash compact o r  d e p o s i t  o f  
h i g h  s t r e n g t h  w i t h o u t  t h e  corresponding e x t e r n a l  shr inkage and these ashes should be 
t e s t e d  by the e l e c t r i c a l  conductance technique t o  g i v e  meaningful  r e s u l t s  i n  t h e  e a r l y  
stages o f  s i n t e r i n g .  

The 

There are some c o a l  ashes which e x h i b i t  i n  t h e i r  s i n t e r i n g  behav io r  a remarkable 

There was, 

The 

This was probab ly  because t h e  

Laboratory prepared ashes can be ca tegor ized  accord ing  t o  t h e  r e s u l t s  o f  

The m a j o r i t y  o f  ash compact coalesce and s h r i n k  accord ing  t o  t h e  

With these ashes t h e  convent iona l  ash f u s i o n  t e s t s ,  e.g. ,  ASTM-Method (1968) 

NEE0 FOR AUGMENTING CONVENTIONAL ASH FUSION TESTS BY SINTERING RATE MEASUREMENTS 

Ash fus ion  t e s t s  a r e  based on the  e x t e r n a l  change i n  shape, deformat ion,  shr inkage, 
and f low of  a pyramid ic  o r  c y l i n d r i c a l  p e l l e t  o f  ash when heated i n  a l a b o r a t o r y  
furnace. 
the  p o i n t e d  t i p  o f  the  specimen than t h a t  of t h e  edge o f  a c y l i n d r i c a l  p e l l e t .  The 
methods are  e m p i r i c a l ,  and s t r i c t  observance o f  t h e  t e s t  c o n d i t i o n s  i s  necessary t o  
o b t a i n  r e p r o d u c i b l e  r e s u l t s  and these a r e  l a i d  down i n  the  US ASTM (1968) ,  B r i t i s h  
Standard (1970), German ( D I N  1976) and French (Norme Francaise,  1945) procedures.  

A pyramid ic  shape i s  o f t e n  used because i t  i s  e a s i e r  t o  observe rounding o f  

I 
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It has been recogn ized by many researchers  t h a t  a l though ash f u s i o n  t e s t s  can 
g i v e n  usefu l  i n f o r m a t i o n  r e g a r d i n g  t h e  f o u l i n g  and s l a g g i n g  p r o p e n s i t i e s  o f  coa l  ashes, 
t h e r e  a r e  ser ious  shortcomings. F i r s t ,  t h e  t e s t s  a re  based on s u b j e c t i v e  observa t ions  
and n o t  p rec ise  s c i e n t i f i c  measurements, and t h e y  have a l a r g e  margin o f  e r r o r .  For 
example, the ASTM-method which i s  w i d e l y  used i n  many c o u n t r i e s  a l lows f o r  a 55 K 
margin o f  r e p r o d u c i b i l i t y  i n  t h e  i n i t i a l  deformat ion,  s o f t e n i n g  hemisphere temperatures 
i n  an o x i d i z i n g  atmosphere, and a 70 K marg in  o f  u n c e r t a i n t y  i n  de termin ing  t h e  i n i t i a l  
de format ion  temperature i n  a reduc ing  atmosphere. 
can change by an o r d e r  o f  magnitude and consequent ly t h e  r a t e  o f  ash s i n t e r i n g  w i l l  
change by the same f a c t o r .  

W i t h i n  t h a t  70 K margin the  v i s c o s i t y  

Another, more s e r i o u s ,  shortcoming w i t h  t h e  ash f u s i o n  method i s  t h a t  when t e s t i n g  
some c o a l  ashes t h e r e  occurs an e x t e n s i v e  degree o f  p a r t i c l e - t o - p a r t i c l e  bonding w i thout  
any v i s i b l e  s i g n  o f  de format ion  i n  t h e  shape o f  an ash p e l l e t .  I t  i s ,  t h e r e f o r e ,  ev ident  
t h a t  an a d d i t i o n a l  method i s  needed t o  assess t h e  s i n t e r i n g  c h a r a c t e r i s t i c s  o f  coa l  
ashes. A choice o f  s i n t e r  measur ing techniques i s  g i v e n  i n  Table 2. 

TABLE 2. R E V I E W  OF ASH SINTERING TECHNIQUES 

Measuring Technique Equipment 
~ 

Comments 

Neck-growth measurements between A fu rnace and a 
s p h e r i c a l  p a r t i c l e s  (Kuczynski ,  microscope 
1949),  Raask, 1973) 

Simultaneous shr inkage and 
e l e c t r i c a l  conductance 
measurements (Raask, 1979) 

Needs a p u r p o s e - b u i l t  
f u r n a c e  assembly f o r  
more accurate measure- 
ments.  A s i m p l e r  
v e r s i o n  uses p l a t i n u m  
w i r e  e lec t rodes  as 
descr ibed by Raask 
(1979)  and by Cumming 
(1980)  

Crushing s t r e n g t h  measure- 
ments o f  s i n t e r e d  ash 
p e l l e t s  ( A t t i n g  and measuring dev ice  
Barnhard, 1963; Gibb, 1981) 

A fu rnace and a 
c r u s h i n g  s t r e n g t h  

Ash agglomerat ion by 
s i e v i n g  t e s t  (S ta l lman 
and Neavel (1980) 

Ash p l u g  f low method 

A fu rnace and a 
s i e v i n g  machine 

A t u b u l a r  fu rnace tube 
w i t h  p e r f o r a t e d  p l a t e  
t o  support  an ash p l u g  

Th is  i s  s u i t a b l e  f o r  
homogeneous m a t e r i a l  when 
a v a i l a b l e  i n  the fo rm o f  
s p h e r i c a l  p a r t i c l e s .  I t i s  
n o t  s u i t a b l e  f o r  r o u t i n e  
s i n t e r  t e s t i n g  o f  coa l  ashes. 

Each ash c o u l d  be prov ided w i t h  
s i n t e r i n g  r a t e  curves. The 
method needs t o  be t e s t e d  and 
assessed by d i f f e r e n t  
researchers ,  

The method has been used by 
severa l  researchers  b u t  there  
i s  no agreed procedure 

Th is  i s  one o f  the  s imp les t  
methods o f  t e s t i n g  f o r  
i n i t i a l  s i n t e r i n g ,  and i t  
war ran ts  more sys temat ic  
t e s t s  

So f a r  no exper imental  r e s u l t s  
have been found i n  
1 i t e r a t u r e  

The b r i e f  rev iew i n  Table 2 shows t h a t  t h e r e  are  several  l a b o r a t o r y  methods o f  
s i n t e r  t e s t i n g  coa l  ashes, wh ich  can g i v e  some u s e f u l  i n f o r m a t i o n  regard ing  t h e i r  depos i t  
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forming p r o p e n s i t y .  
methods, and a coord ina ted  t e s t  program i n v o l v i n g  s p e c i a l i s t  researchers  i n  d i f f e r e n t  
l a b o r a t o r i e s  would be r e q u i r e d  t o  assess t h e i r  general  a p p l i c a b i l i t y .  

However, none o f  these techniques c o u l d  be w r i t t e n  as recommended 

CONCLUSIONS 

1. F r e n k e l ' s  s i n t e r i n g  model i s  a u s e f u l  i n t r o d u c t i o n  t o  unders tand ing  o f  the  
mechanism of fo rmat ion  o f  b o i l e r  d e p o s i t s  i n  the  c r u c i a l  e a r l y  stages o f  p a r t i c l e - t o - p a r t i c l e  
bonding. 
namely s u r f a c e  t e n s i o n  ( t h e  d r i v i n g  f o r c e  f o r  p a r t i c l e  coalescence) v i s c o s i t y  ( t h e  
temperature s e n s i t i v e  parameter) and p a r t i c l e  s i z e .  

demonstrate the  v a l i d i t y  o f  t h e  s i n t e r i n g  model, b u t  t h e  techn ique i s  n o t  s u i t a b l e  f o r  
r o u t i n e  assessment t e s t s  o f  t h e  s i n t e r i n g  c h a r a c t e r i s t i c s  o f  d i f f e r e n t  coa l  ashes. 

A method o f  s imultaneous measurements o f  d i l a t o m e t r i c  shr inkage and e l e c t r i c a l  
conductance has been developed f o r  assessing t h e  d e p o s i t  fo rming  p r o p e n s i t y  o f  coal  
ashes. 
o f  p a r t i c l e - t o - p a r t i c l e  bonding leads t o  enhanced conductance and increased d e n s i t y  o f  
ash t e s t  samples and b o i l e r  depos i ts .  

from s i n t e r i n g  models. 
e l e c t r i c a l  conductance measurements can be over  250 K lower  than t h a t  i n d i c a t e d  by t h e  
r e s u l t s  o f  convent iona l  ash f u s i o n  t e s t s .  

The model s e t s  o u t  u n e q u i v o c a l l y  t h e  r a t e  c o n t r o l l i n g  parameters i n  s i n t e r i n g ,  

2. Measurements o f  the  r a t e  o f  neck-growth between the s p h e r i c a l  p a r t i c l e s  

3 .  

The measurements a re  based on a s i n t e r i n g  model which s t i p u l a t e s  t h a t  t h e  f o r m a t i o n  

4. There a r e  some coa l  ashes, r i c h  i n  sodium which do n o t  behave as p r e d i c t e d  
With these ashes t h e  s i n t e r p o i n t  temperature d e f i n e d  by t h e  

ACKNOWLEDGEMENT 

The work was c a r r i e d  o u t  a t  the  Cent ra l  E l e c t r i c i t y  Research L a b o r a t o r i e s  and t h e  
paper i s  pub l i shed by permiss ion  o f  t h e  C e n t r a l  E l e c t r i c i t y  Genera t ing  Board. 

REFERENCES 

1. 

2. 

3 .  

4. 

5. 

6 .  

7. 

8. 

ASTM, F u s i b i l i t y  o f  Coal and Coke Ash, D1857-68 (1968).  

R. C. A t t i g  and D. H. Barnhardt ,  " A  Labora tory  Method o f  E v a l u a t i n g  Fac tors  A f f e c t i n g  
Tube Bank F o u l i n g  i n  Coa l -F i red  B o i l e r s , "  Proceed. I n t .  Conf. ,  Mechanism o f  Cor ros ion  
by Fuel I m p u r i t i e s ,  Marchwood, England, 1968, B u t t e r w o r t h s  Publ .  p. 183. 

R. E. Boni and G. Derge, "Surface S t r u c t u r e  of Non-Oxidiz ing Slags Conta in ing  Sulphur," 
Trans. A I M E ,  Journ.  Meta ls ,  p. 59 (1956).  

J. Boow, "Sodium and Ash React ions i n  t h e  Format ion of  F i r e s i d e  Deposi ts i n  Pu lver ized  
Fuel F i r e d  B o i l e r s , "  Fuel ,  51, 170 (1972).  

B r i t i s h  Standard, "The A n a l y s i s  and T e s t i n g  of Coal and Coke, BS Method 1016, P a r t  15 - 
F u s i b i l i t y  o f  Coal and Coke Ash," B r i t .  Stand. I n s t . ,  London (1970).  

J .  w. Cumming: "Communication: 
Temperatures, 

DIN, "Determinat ion  o f  Ash Fusion Behavior,"  German Standard, D I N  51730 (1976).  

J .  J. Frenke l ,  "Viscous Flow o f  C r y s t a l l i n e  Bodies Under t h e  A c t i o n  o f  Surface Tension," 
Journ. Phys. (MOSCOW) 2, 385 (1945) .  

The E l e c t r i c a l  Resistance o f  Coal Ash a t  E leva ted  
Journ.  I n s t .  Energy, 53, 153 (1980) .  

151 



9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

W .  H. Gibb, "The Slagging and F o u l i n g  C h a r a c t e r i s t i c s  o f  Coals - 1.  Ash V i s c o s i t y  
Measurements f o r  t h e  De te rm ina t ion  o f  S lagging P ropens i t y , "  Power Ind.  Research, 
- 1, 29 (1981) .  

G. C .  Kuczynski,  "Study o f  t h e  S i n t e r i n g  o f  Glass," Journ.  Appl .  Phys. 0, 1160 (1949). 

A. Napo l i t ano  and G. E .  Hawkins, " V i s c o s i t y  o f  a Standard Soda-Lime-Sil ica Glass," 
Journ. Res. US Nat. Bur .  Stan. Sec. A.,  68, 439 (1964). 

F. Norme, "Determinat ion o f  Ash F u s i b i l i t y  Curves," NF M03-012 (1945). 

E. Raask, " Slag/Coal I n t e r f a c e  Phenomena, "Trans. ASME f o r  Power, Jan. p.  40, (1965a). 

E .  Raask, "Fus ion o f  S i l i c a t e  P a r t i c l e s  i n  Coal Flames," Fuel ,  9, 366 (1969). 

E. Raask, " B o i l e r  F o u l i n g  - The Mechanism o f  S lagg ing  and Preven t i ve  Measures," 
VGB K ra f twerks techn ik ,  53, 248 (1973) .  

E. Raask, " S i n t e r i n g  C h a r a c t e r i s t i c s  o f  Coal Ashes by Simultaneous D i l a tomet ry  - 
E l e c t r i c a l  Conductance Measurements," Journ.  Therm. Anal.,  16, 91 (1979). 

T. Ramanan and A.C.D. Chaklader, " E l e c t r i c a l  R e s i s t i v i t y  o f  Hot-Pressed Compacts," 
Journ. Am. Ceram. SOC.,  9, 476 (1975) .  

E .  J .  D. Smith, "The S i n t e r i n g  o f  F l y  Ash," Journ. I n s t .  Fuel ,  9, 1 (1956). 

J .  J .  S ta l lman  and R .  C. Neavel, "Technique t o  Measure t h e  Temperature o f  Agglomeration 
o f  Coal Ash," Fuel, 59, 584 (1980). 

-5 0 3 

LOGlo TIME I 

FIG. I LOG-LOG PLOT OF DEGREE OF SINTERING ( x ' f l  AGAINST 

TIME VISCOSITY - 108N sm-' 
__ 

PARTICLE RADIUS. A - 0.05 pm 0 - 0.5 p m  

C - S . D p m  D - 5 O U m  

1 5 2  



t 

I 

153 



ccnnit E i E c i n i c i n  RESEARCH LABORATORIES REF. RO/L/  

n 
W x 
a m 

E 
W I- 

5 
u) 

9 - 

LI) 4 -I ul 

I 
ul 4 

-I 
4 
0 0 

L 0 

W -I 
v) 

0 
L 

PLEASE RETURN THIS ORIGINAL T O  DRAWING OFFICE 

154 



CENTRAL ELECTRICIN RESEARCH LABORATORIES R E I .  RD/L/ 

(a) DOWN POSITION FOR SAMPLE CHANGE 

(b) OPERATION POSITION 
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