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LITERATURE REVIEW AND THEORETICAL CONSIDERATION

C o n v e r s i o n  m e th o d s  o f  b u r n in g  c o a l  i n  t h e  fo r m  o f  lu m p s  
i s  b o t h  m e c h a n i c a l l y  d i f f i c u l t  a n d  t h e r m a l l y  i n e f f i c i e n c t . I f  
h o w e v e r ,  t h e  c o a l  i s  f i n e l y  p o w d e r e d , i t  t h e n  b e h a v e s  a s  a 
s e m i - f l u i d ,  w h ic h  c a n  b e  b o t h  t r a n s p o r t e d  a n d  b u r n t  f a r  m o re  
e a s i l y #  P o w d e r e d  o r  a s  i t  i s  m ore  co m m o n ly  c a l l e d  p u l v e r i z e d  
c o a l ,  o n  a c c o u n t  o f  b o t h  i g n i t i o n  a n d  s a f e t y  p r o b le m s .  H o w e v e r ,  
i f  t h e  p o w d e r e d  c o a l  i s  d i s p e r s e d  i n  a n  o i l  t h i s  s e r i o u s  
l i m i t a t i o n  t o  i t s  u s e  i s  e l i m i n a t e d .  T h e h u g e  h a n d l i n g  c o s t ,  o n e  
o f  t h e  m o s t  s i g n i f i c a n t  e l e m e n t s  i n  t h e  t r a n s p o r t a t i o n  o f  c o a l ,  
c a n  o n l y  b e  r e d u c e d  w h en  c o a l  i s  f i n e l y  p o w d e r e d  a n d  t r a n s p o r t e d  
a s  a  l i q u i d  o r  a s  a s e m i - l i q u i d  a t  o r d i n a r y  a t m o s p h e r i c  
t e m p e r a t u r e s .  C o a l - i n - o i l  f u e l s  ( d i s p e r s i o n  a n d  m i x t u r e s )  a l s o  
h a v e  t h e  sa m e a d v a n t a g e s  a s  l i q u i d  f u e l s ,  a n d  s a v i n g s  i n  o i l  
c o n s u m p t io n  o f  up  t o  7 0  % a r e  p o s s i b l e .

S l u r r y  f u e l s  a r e  s u s p e n s i o n s  o f  f i n e l y  g r o u n d  c o a l  i n  o n e  
o r  m o re  l i q u i d s  s u c h  a s  w a t e r ,  f u e l  o i l s  o r  m e t h a n o l .  C o a l  
c o n c e n t r a t i o n s  v a r y  b u t ,  t y p i c a l l y ,  a p p r o a c h  t h e o r e t i c a l  
s a t u r a t i o n  l i m i t s  d u e  t o  t h e  e c o n o m ic  n e e d  o f  m axim um  h e a t i n g  
v a l u e  c o n t r i b u t e d  b y  t h e  c o a l  i n  t h e  f u e l .  L i m i t i n g  f a c t o r s  t o  
c o a l  c o n c e n t r a t i o n  a r e  p a r t i c l e  p a c k in g  a n d  v i s c o s i t y  
c h a r a c t e r i s t i c s  o f  t h e  f u e l .

T he c o n c e p t  o f  a  c o a l  s l u r r y  i s  n o t  n ew ; p a t e n t s  f o r  
u t i l i z i n g  c o a l - o i l  f u e l s  w e r e  f i r s t  g r a n t e d  i n  1 8 7 9 .  H o w e v e r , t h e  
r e l a t i v e l y  lo w  p r i c e  o f  o i l  c o m p a r e d  t o  t h a t  o f  c o a l  c a u s e d  
l i t t l e  i n t e r e s t  i n  t h i s  f u e l s  o t h e r  t h a n  a t  t i m e s  o f  o i l  s u p p l y  
s h o r t a g e .  E x a m p le s  o f  s u c h  s h o r t a g e  o c c u r e d  d u r i n g  t h e  tw o  W orld  
W a r s . C o a l - o i l  f u e l s  w e r e  u s e d  i n  t h e  U n i t e d  S t a t e s  d u r i n g  t h e  
1 9 2 0 ' ร a n d  t h e r e  w a s som e l a t e r  u s a g e  i n  o t h e r  c o u n t r i e s  b e f o r e



c h e a p  o i l  r e d u c e d  t h e i r  a t t r a c t i v e n e s s .
H ig h e r  o i l  p r i c e s  i n  t h e  e a r l y  1 9 7 0 ' ร p r o m p te d  r e n e w e d  

i n t e r e s t  i n  c o a l - s l u r r y  f u e l s .  C o a l - o i l  f u e l s  w h ic h  p e r m i t  
p a r t i a l  r e p l a c e m e n t  o f  o i l  w i t h  c o a l  w e r e  t h e  m a in  s u b j e c t  o f  
i n t e r e s t .  C u r r e n t  p o t e n t i a l  a p p l i c a t i o n s  f o r  s u c h  c o a l - s l u r r y  
f u e l s  a s  o i l  r e p l a c e m e n t  a r e s  ( a )  i n d u s t r i a l  s t e a m  b o i l e r s ;  ( b )  
u t i l i t y  b o i l e r s ;  ( c )  b l a s t  f u r n a c e s  a n d  p r o c e s s  k i l n s  a n d  ( d )  
d i e s e l  e n g i n e s .

C o a l - s l u r r y  f u e l s  h a v e  a n  im m e d ia te  a t t r a c t i o n  c o m p a r e d  
w i t h  p u l v e r i z e d  c o a l  i n  t h a t  t h e y  c a n  b e  h a n d le d  i n  a s i m i l a r  
m an n er t o  h e a v y  f u e l  o i l .  T h ey  m ay, t h e r e f o r e ,  e n a b l e  t h e  
c o n t i n u e d  u s e  o f  e x i s t i n g  o i l - f i r e d  b o i l e r s  w i t h  a m inim um  o f  
r e t r o f i t t i n g ,  i . e .  m o d i f i c a t i o n  o r  r e p l a c e m e n t  o f  e q u ip m e n t ,  o r  
w h e r e  t h e r e  i s  n o  s p a c e  f o r  p u l v e r i z e d  c o a l - h a n d  1 i n g  e q u i p m e n t s .

Sem i c o m m e r c ia l  p l a n t s  t o  p r o d u c e  c o a l - s l u r r y  f u e l s  a r e  
a v a i l a b l e  i n  t h e  USA, C a n a d a , S w e d e n , J a p a n , I t a l y ,  C h in a  an d  
o t h e r  c o u n t r i e s .  T he e x a m p le s  o f  c o a l - o i l  m i x t u r e  c o m m e r c ia l  
a p p l i c a t i o n s  i n c l u d e :  ( a )  F l o r i d a  P o w er  C o r p o r a t i o n ' s  B a r to w  
p o w er  p l a n t ,  i n  o p e r a t i o n  s i n c e  1 9 8 2  ( b )  J a p a n  COM co m p a n y
o p e r a t e s  a 9 0 0 , 0 0 0  t o n n e s  p e r  y e a r  p l a n t  a n d  s u p p l i e s  tw o  2 6 5  MW 
u t i l i t y  b o i l e r s  o f  T o k y o  E l e c t r i c  P ow er e t c .

2 . 1  T y p e s  o f  c o a l - s l u r r y  f u e l s

S e v e r a l  c o a l - s l u r r y  f u e l s  (C S F ) m adé o f  c o m b i n a t i o n s  o f  
v a r i o u s  l i q u i d s  a n d  c o a l  a r e  d e s c r i b e d  i n  t h e  t e c h n i c a l  
l i t e r a t u r e .  T h e o n e s  r e f e r r e d  t o  a r e :

a )  C o a l - o i 1- m i x t u r e  f u e l s  (C O M )-a s u s p e n s i o n  o f  c o a l  i n  
f u e l  o i l  w h ic h  m ay c o n t a i n  up  t o  10 X b y  w e i g h t  o f  w a t e r ,  
s o m e t im e s  COM'S a r e  r e f e r r e d  t o  a s  c o a l - o i l  d i s p e r s i o n s  (C O D ).

b )  C o a l - o i 1- w a t e r  f u e l s  (COW) a n d  c o a l - w a t e r - o i 1 f u e l s  
(CWO)- s u s p e n s i o n s  o f  c o a l  i n  f u e l  o i l  a n d  10 X o r  m o re  w a t e r .  
O il  i s  t h e  m a in  l i q u i d  c o m p o n e n t  i n  COW'S an d  w a t e r  i n  CW O's.



c )  C o a l - w a t e r  f u e l s  (C W F )-a  s u s p e n s i o n  o f  c o a l  i n  
w a t e r ,  a l s o  r e f e r r e d  t o  a s  c o a l - w a t e r - m i x t u r e s  (CWM) o r  
c o a l - w a t e r - s l u r r i e s  (C W S).

d )  C o a l - m e t h a n o l - m i x t u r e  f u e l  (C M F )-a  s u s p e n s i o n  o f  c o a l  
i n  m e t h a n o l .

e )  C o a l - m e t h a n o l - w a t e r  f u e l  (CM W )-a s u s p e n s i o n  o f  c o a l  
i n  m e th a n o l  an d  w a t e r .

2 . 2  P r e p a r a t i o n  o f  c o a l - s l u r r y  f u e l s  (C S F )

B a s i c  r e q u i r e m e n t s  f o r  t h e  p r e p a r a t i o n  o f  c o a l - s l u r r y  
f u e l s  i n v o l v e  c o a l  a n d  c a r r i e r  l i q u i d ( s )  s t o r a g e ,  c o a l  h a n d l i n g ,  
s i z e  r e d u c t i o n ,  a n  a d d i t i v e s  p a c k a g e ,  m i x i n g  a n d  s t o r a g e  o f  
c o a l - s l u r r y  f u e l .  P r e p a r a t i o n  t e c h n i q u e s  d i f f e r  i n  t h e  m e th o d  o f  
s i z e  r e d u c t i o n  o f  c o a l ,  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  t h e  
f u e l ,  t h e  u s e  a n d  t y p e  o f  c o a l  b é n é f i c i â t  i o n ,  t h e  o r d e r  o f  m ix in g  
o f  t h e  c o m p o n e n ts  a n d  t h e  u t i l i z a t i o n  a n d  t y p e ( s )  o f  a d d i t i v e s .

2 . 2 . 1  S i z e  r e d u c t i o n  o f  c o a l
C o a l - s l u r r y  f u e l s  t y p i c a l l y  r e q u i r e  a  p a r t i c l e  s i z e  

d i s t r i b u t i o n  (P S D ) w i t h  7 5 - 8 0  %, - 7 4  m ic r o n s  ( 2 0 0  m e s h ) ,  t h e  
s t a n d a r d  b o i l e r  f e e d  s i z e  o r  f i n e r .  T h e r h e o l o g i c a l  p r o p e r t i e s  
d e p e n d  o n  p a r t i c l e  s i z e  d i s t r i b u t i o n .  To m a x im iz e  t h e  
c o n c e n t r a t i o n  o f  c o a l  i n  t h e  s l u r r y ,  a b r o a d  s i z e  d i s t r i b u t i o n  i s  
d e s i r a b l e .  M u lt im o d a l  d i s t r i b u t i o n s  a r e  u s e d  t o  e n h a n c e  p a r t i c l e  
p a c k in g  e f f i c i e n c y .  T h is  p o i n t s  t o  t h e  im p o r t a n c e  o f  g r i n d i n g  
t e c h n o l o g y  i n  f u e l  p r e p a r a t i o n  f o r  t h e  a t t a i n m e n t  o f  d e s i r a b l e  
f u e l  p r o p e r t i e s .

G r in d in g  m i l l s  a r e  d i v i d e d  i n  tw o  m a in  c l a s s e s :  
m e c h a n ic a l  a n d  f l u i d  e n e r g y  m i l l s .  M e c h a n ic a l  m i l l s  e m p lo y  d i r e c t  
m e c h a n ic a l  a c t i o n  o n  i n d i v i d u a l  c o a l  p a r t i c l e s  o r  a s s e m b l i e s  o f  
p a r t i c l e s  a n d  o p e r a t e  o n  im p a c t ,  c r u s h i n g  o r  a t t r i t i o n  p r i n c i p l e  
s u c h  a s  h a m m e r m i1 l j _ s z e g o  m i l l  a n d  b a l l  m i l l  e t c .  F l u i d  e n e r g y
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m i l l s  e m p lo y  t h e  k i n e t i c  e n e r g y  o f  p a r b i c l e s  a c c e l e r a t e d  b y  
c o m p r e s s e d  a i r  o r  s u p e r h e a t e d  s t e a m  j e t s  t o  g r i n d  t h e  m a t e r i a l  b y  
im p a c t  a g a i n s t  o t h e r  p a r t i c l e s  o r  t a r g e t  p l a t e s  o n  t h e  ch a m b e r  
w a l l s .  F l u i d  e n e r g y  m i l l i n g  c o n s u m e s  l a r g e  a m o u n ts  o f  e n e r g y  a n d  
m ay n o t  b e  e c o n o m ic a l  f o r  CSF p r e p a r a t i o n .

T h e r e  a r e  tw o  b a s i c a l l y  d i f f e r e n t  w a y s  o f  p r e p a r i n g  c o a l -  
s l u r r y  f u e l s .  One i s  t o  s t i r  d r y - g r o u n d  c o a l  i n t o  l i q u i d ,  e . g .  
f u e l  o i l ,  t h e  d r y - g r i n d i n g  r o u t e ;  t h e  o t h e r  i s  t o  m ix  c o a r s e l y  
c r u s h e d  c o a l  w i t h  l i q u i d ,  e . g .  f u e l  o i l  a n d  g r i n d  t h e  m i x t u r e ,  
te r m e d  t h e  w e t - g r i n d i n g  r o u t e .  E a c h  m e th o d  h a s  i t s  a d v a n t a g e s  a n d  
d i s a d v a n t a g e s ;  t h e  d r y  r o u t e  o f f e r s  lo w e r  g r i n d i n g  e n e r g y  
r e q u ir e m e n t s  a t  t h e  e x p e n s e  o f  r e q u i r i n g  d r i e d  c o a l  a t  a d d i t i o n a l  
e n e r g y  c o s t  a n d  a n  e x t e n s i v e  d u s t  s e p a r a t i o n  p l a n t ;  t h e  w e t  r o u t e  
a v o i d s  d u s t  h a z a r d s  a n d  n u i s a n c e  a n d  p r o v i d e s  a  t h o r o u g h l y  
h o m o g e n iz e d  p r o d u c t  fr o m  a  r e l a t i v e l y  s i m p l e  p l a n t ,  b u t  m ay n e e d  
s e p a r a t e  e q u ip m e n t  t o  r e m o v e  o v e r s i z e  p r o d u c t  a n d  c o n t a m i n a n t s .

2 . 2 . 2  C o a l b é n é f i c i â t  i o n s
One o f  t h e  m a in  o b s t a c l e s  t o  b u r n i n g  c o a l  o r

c o a l - s l u r r y  f u e l s  in  b o i l e r s  d e s i g n e d  f o r  o i l  o r  g a s  i s  t h e  
i n t r o d u c t i o n  o f  m in e r a l  m a t t e r  a n d  s u l f u r  i n t o  t h e  b o i l e r .  A s h ,  
fo r m e d  d u r in g  t h e  c o m b u s t io n  p r o c e s s ,  m ay r e s u l t  i n  r a p i d  b o t to m  
a s h  a c c u m u l a t i o n ,  f u r n a c e  s l a g g i n g ,  c o n v e c t i o n  a n d  e c o n o m i z e r  
t u b e  f o u l i n g ,  e r o s i o n  a n d  e x c e s s i v e  p a r t i c u l a t e  e m i s s i o n .  W h ile  
e q u ip m e n t  c a n  n o r m a l l y  b e  a d d e d  t o  c o n t r o l  p a r t i c u l a t e  e m i s s i o n s ,  
a s h - r e l a t e d  p r o b le m s  i n s i d e  t h e  b o i l e r  c a n  o n l y  b e  a l l e v i a t e d  b y  
b o i l e r  m o d i f i c a t i o n .  Any r e d u c t i o n  i n  t h e  q u a n t i t y  o f  m i n e r a l  
m a t t e r  e n t e r i n g  a b o i l e r  w i t h  a  s l u r r y  f u e l  w i l l ,  c o r r e s p o n d i n g l y ,  
r e d u c e  t h e  n e e d  f o r  m o d i f i c a t i o n s .  C o m b in in g  b e n e f i c i a t i o n  o f  
c o a l s  w i t h  s l u r r y  f u e l  p r e p a r a t i o n  w i l l  a l l o w  s u c h  c o a l s  t o  b e  
u s e d  an d  w i l l  a l s o  r e s u l t  i n  h i g h e r  h e a t i n g  v a l u e  o f  f u e l .

F in e  c o a l  c l e a n i n g  c a n  b e  a c h i e v e d  e i t h e r  b y  p h y s i c a l  
o r  c h e m ic a l  m e t h o d s .  P h y s i c a l  m e th o d s  a r e  b a s e d  o n  d i f f e r e n c e s  i n



d e n s i t y  b e t w e e n  c o a l  c o n s t i t u e n t s  o r  p a r t i c l e  s u r f a c e  c h e m i s t r y .  
C h e m ic a l  m e th o d s  i n v o l v e  t h e  e x t r a c t i o n  o f  t h e  s u l f u r  a n d  t h e  
m in e r a l  m a t t e r  fr o m  t h e  c o a l  m a t r ix  b y  a s e r i e s  o f  l e a c h i n g  
s t e p s .  A l l  p h y s i c a l ,  f i n e - c o a l  c l e a n i n g  p r o c e s s e s  b e g i n  w i t h  
g r i n d i n g  t h e  c o a l  s u f f i c i e n t l y  f i n e l y  t o  l i b e r a t e  t h e  m i n e r a l  
m a t t e r .  L i b e r a t i o n  o f  s i z e  i s  d i f f e r e n t  f o r  e a c h  c o a l .  T h e f i n e r  
t h e  c o a l ,  t h e  b e t t e r  t h e  m i n e r a l  m a t t e r  i s  l i b e r a t e .  In  
p a r t i c u l a r ,  f r o t h  f l o a t a t i o n  a n d  s e l e c t i v e  o i l  a g g lo m é r a t  i o n  
m e th o d s  h a v e  b e e n  i n v e s t i g a t e d  w i t h ' r e s p e c t  t o  c o a l - s l u r r y  f u e l  
p r e p a r a t i o n .

F r o t h  f l o a t a t i o n  i s  t h e  o n l y  p r o c e s s  f o r  f i n e  c o a l  ( - 2 8  
m esh ) c l e a n i n g  i n  l a r g e - s c a l e  c o m m e r c ia l  o p e r a t i o n .  I t  i s  b a s e d  
o n  t h e  h y d r o p h o b ic  o r  h y d r o p h i l i c  p r o p e r t i e s  o f  c o a l  a n d  i t s  
a s s o c i a t e d  i m p u r i t i e s .  C o a l c l e a n i n g  i s  a c h i e v e d  b y  p a s s i n g  
s m a l l  a i r  b u b b le s  t h r o u g h  a  d i l u t e  c o a l - w a t e r  s u s p e n s i o n .  T h e  
h y d r o p h o b ic  c o a l  p a r t i c l e s ,  w h en  c o n t a c t e d  w i t h  a i r  b u b b l e s ,  a r e  
c a p t u r e d  a n d  f l o a t e d  t o  t h e  s u r f a c e  w h e r e  t h e y  a r e  r e m o v e d  a s  a  
c o n c e n t r a t e .  T a i l i n g s  a r e  p a s s e d  t o  a  t h i c k e n e r  f o r  m i n e r a l  
m a t t e r  r e m o v a l a n d  w a t e r  r e c y c l e .  C h e m ic a l  " c o l l e c t o r s  " a r e  
a d d e d  d u r in g  a  c o n d i t i o n i n g  s t a g e  t o  e s t a b l i s h  m o re  h y d r o p h o b ic  
s u r f a c e  o n  t h e  c o a l ,  t h u s  e n h a n c in g  t h e  s e p a r a t i o n ,  " F r o t h e r s  " 
a r e  a d d e d  t o  c h a n g e  t h e  s u r f a c e  t e n s i o n  o f  t h e  w a t e r  a n d  t o  
r e d u c e  b u b b le  c o a l e s c e n c e .

S e l e c t i v e  o i l  a g g l o m e r a t i o n  ( S p h e r i c a l  a g g l o m e r a t i o n )  t o  
t h e  p r o c e s s  w h ic h  a  s u s p e n s i o n  o f  f i n e l y  g r o u n d  c o a l  i n  w a t e r  i s  
c o n t a c t e d  w i t h  o i l  i n t o  f i n e  d r o p l e t s  a n d  a l l o w s  t h e  h y d r o p h o b ic  
c o a l  p a r t i c l e s  t o  c o l l e c t  o n t o  t h e s e  d r o p l e t s ,  l e a v i n g  t h e  
h y d r o p h i l i c  m in e r a l  m a t t e r  b e h in d  i n  w a t e r .  T he e c o n o m i c s  o f  
s e l e c t i v e  o i l  a g g l o m e r a t i o n  a s  a b é n é f i c i â t  i o n  s t e p  i n  f u e l  
p r e p a r a t i o n  i s  v i a b l e  b u t  i t s  a t t r a c t i v e n e s s  f o r  CWF p r e p a r a t i o n  
i s  l i m i t e d .  I t  i s  n o t  e c o n o m i c a l  t o  r e c o v e r  t h e  o i l  o r  s o l v e n t  
p r i o r  t o  CWF p r e p a r a t i o n .  T h u s , t h e  m eth o d  i s  r e a l l y  l i m i t e d  t o  
t h e  p r e p a r a t i o n  o f  f u e l s  c o n t a i n i n g  c o a l ,  w a t e r  a n d  o i l ,  e i t h e r
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2 . 3  S l u r r y  p r o p e r t i e s

F o l l o w i n g  p r e p a r a t i o n ,  t h e  s l u r r y  f u e l  h a s  t o  e x h i b i t  
p r o p e r t i e s  w h ic h  o n e  c o m p a t i b l e  w i t h  p u m p in g , o n - s i t e  s t o r a g e ,  
g r o u n d  o r  s e a  t r a n s p o r t a t i o n ,  s t o r a g e  o n  u s e r s '  p r e m i s e s ,  a n d  
a t o m i z a t i o n  f o r  c o m b u s t i o n .  P u m p in g  a n d  a t o m i z a t i o n  c h a r a c t e r i s t i c s  
a r e  g o v e r n e d ,  r e s p e c t i v e l y ,  b y  t h e  lo w  a n d  h i g h - s h e a r  r h e o l o g i c a l  
p r o p e r t i e s  o f  t h e  f u e l .  P r o p e r t i e s  im p o r t a n t  f o r  s t o r a g e  a n d  
t r a n s p o r a t i o n  a r e  r e l a t e d  t o  s t a b i l i t y  o f  t h e  s l u r r y .  F i n a l l y ,  
e r o s i v i t y  o f  t h e  s l u r r y  a n d , h e n c e ,  t h e  s e r v i c e  l i f e  o f  t h e  
s l u r r y  h a n d l i n g  e q u ip m e n t  a n d  b u r n e r  n o z z l e  i s  r e l a t e d  t o  a s h  
a n d  p a r t i c l e  s i z e  c h a r a c t e r i s t i c s  i n  t h e  f u e l .

2 . 3 . 1  R h e o l o g i c a l  p r o p e r t i e s
In  t h e  s p e c i f i c a t i o n  o f  CSF c h a r a c t e r i s t i c s  f o r  u s e  a s  

a  b o i l e r  f u e l ,  i t  i s  d e s i r a b l e  t o  h a v e  3 f u e l  w h ic h  i s  s t a b l e ,  
p u m p a b le , a n d  e a s i l y  a t o m iz e d  t o  a c h i e v e  h i g h  c o m b u s t io n  
e f f i c i e n c i e s .  T h e s e  r e q u i r e m e n t s  h a v e  m o t i v a t e d  t h e  i n v e s t i g a t i o n  
a n d  u n d e r s t a n d in g  o f  r h e o l o g i c a l  p r o p e r t i e s  o f  C SF . A t h e o r e t i c a l  
u n d e r s t a n d i n g  o f  t h e  f a c t o r s  i n f l u e n c i n g  c o a l  s l u r r y  r h e o l o g y  a r e  
t y p e  o f  c o a l ,  i t s  c o n c e n t r a t i o n ,  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  
p r o p e r t i e s  o f  t h e  c o n t i n u o u s  p h a s e ,  t h e  t e m p e r a t u r e  a n d  t h e  
a d d i t i v e s  p a c k a g e  u s e d  in  t h e  f o r m u l a t i o n  o f  t h e  s l u r r y .  I t  i s ,  
t h e r e f o r e ,  im p o r t a n t  t o  u n d e r s t a n d  t h e  v a r i o u s  p h en o m en a  i n v o l v e d  
i n  t h e  p r e p a r a t i o n  a n d  h a n d l i n g  o f  c o a l  s l u r r i e s  t o  a c h i e v e  t h e  
h i g h e s t  p o s s i b l e  c o a l  c o n c e n t r a t i o n  a t  a g i v e n  s l u r r y  v i s c o s i t y  
l e v e l  w h i l e  m a i n t a i n i n g  s l u r r y  s t a b i l i t y .

In  C SF, e a c h  s o l i d  p a r t i c l e  m o v e s  w i t h  t h e  a v e r a g e  
v e l o c i t y  o f  t h e  s u r r o u n d i n g  f l u i d s .  T h a t  i s ,  w e s h a l l  t r e a t  t h e  
s o l i d  p a r t i c l e s  a s  f l u i d  e l e m e n t s  w i t h  r e g a r d  t o  t h e i r

cwo o r COW fu e ls .  In  bo th cases, the  h e a tin g  va lue  o f  th e  o i l  is
recovered d u r in g  combustion.
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i n s t a n t a n e o u s  m o t i o n s ,  b u t  s h a l l  i n v e s t i g a t e  v e r y  c a r e f u l l y  t h e  
h y d r o d y n a m ic  i n t e r a c t i o n  am ong p a r t i c l e s  i n  r e l a t i v e  m o t io n  a n d  
i n  c l o s e  p r o x i m i t y  t o  o n e  a n o t h e r .  T he p r e s e n c e  o f  p a r t i c l e s  i n  a  
f l o w i n g  l i q u i d  r e s u l t s  i n  a  g r e a t e r  d i s s i p a t i o n  o f  e n e r g y  a n d  
i n c r e a s e d  v i s c o s i t y .  E i n s t e i n  c a l c u l a t e d  t h e  e n e r g y  l o s s  b y  
v i s c o u s  d i s s i p a t i o n  i n  a l i q u i d  d u e  t o  t h e  p r e s e n c e  o f  p a r t i c l e s  
a n d  d e r i v e d  t h e  e q u a t i o n

P r  = l i / y  0 = 1 +  2 . 5  (!) ( 1 )

w h e r e  y  0 i s  t h e  v i s c o s i t y  o f  t h e  c o n t i n u o u s  p h a s e ,  y r  i s  t h e  
r e l a t i v e  v i s c o s i t y ,  y  i s  t h e  a b s o l u t e  v i s c o s i t y  a n d  (jj i s  t h e  
v o lu m e  f r a c t i o n  o f  s o l i d s  i n  t h e  s u s p e n s i o n .  T h i s  e q u a t i o n  
a p p l i e s  o n l y  t o  v e r y  d i l u t e  s u s p e n s i o n  b e h a v e d  a s  a  N e w t o n ia n  
f l u i d .  C o a l s l u r r y  f u e l s ,  a t  lo w  c o a l  c o n c e n t r a t i o n s  (™ 10 JO 1 f o r  
e x a m p le ,  c o a l - o i l  m i x t u r e  f a l l s  i n t o  t h i s  c a t e g o r y .

F r a n k e l  a n d  A c r i v o s  ( 1 )  d e r i v e d  s u c h  e q u a t i o n s  f o r  
s p h e r i c a l  p a r t i c l e s  i n  h i g h l y  c o n c e n t r a t e d  s u s p e n s i o n s

y r 1 +  c ' พ * ! , ) 1J 3 ( 2 )

w h e r e  <!>^is t h e  maximum a t t a i n a b l e  s o l i d s  v o lu m e  f r a c t i o n  i n  t h e
p a r t i c u l a r  s u s p e n s i o n  a n d  c  i s  a c o n s t a n t  d e p e n d i n g  o n  t h e  a s s u m e d
g e o m e t r i c a l  a r r a n g e m e n t  o f  s p h e r e s .  E x p e r im e n t a l  d a t a  s u g g e s t  a
v a l u e  o f  c  = 9 / 8 .  T h e e q u a t i o n  i s  v a l i d  w h en  <(>/<j) — > 1 , i . e .  f o rM
h i g h l y  c o n c e n t r a t e  s l u r r i e s .  C o a l - s l u r r y  f u e l s ,  e s p e c i a l l y  
c o a l - w a t e r  s l u r r y  f u e l s ,  f a l l  i n t o  t h i s  c a t e g o r y .

1 +  0 .7 5
.1 -  < p / < p M

( 3 )

B o th  c o r r e l a t i o n s  i n d i c a t e  t h a t  t h e  r e l a t i v e  v i s c o s i t y  
o f  s u s p e n s i o n s  i s  o n l y  a  f u n c t i o n  o f  t h e  r e d u c e d  v o lu m e  
c o n c e n t r â t  i o n ,  T he r e l a t i v e  v i s c o s i t y  i s  l o w e r e d  w h en  t h i s
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r a t i o  i s  lo w e r e d  fay i n c r e a s i n g  <j>̂  . I n c r e a s i n g  t h e  <j>̂  t h r o u g h  a n  
o p tim u m  p a r t i c l e  s i z e  d i s t r i b u t i o n  i s  t h e  r o u t e  s u c c e s s f u l l y .  
T h e i r  a p p r o a c h e s  i n v o l v e  t h e  d e t e r m i n a t i o n  o f  t h e  m i x t u r e  o f  s i z e s  
w h ic h  g i v e s  t h e  maximum  p a c k in g  v o lu m e  f r a c t i o n ,  i . e .  m u l t im o d a l  
d i s t r i b u t i o n .

S t u d i e s  r e l a t e  t o  t h e  r h e o l o g i c a l  p r o p e r t i e s  o f  
c o a l - o i l  m i x t u r e  a p p e a r e d  i n  t h e  t e c h n i c a l  l i t e r a t u r e  d u r i n g  t h e  
S e c o n d  W orld  War a n d  a g a i n  i n  t h e  p o s t - 1 9 7 3  p e r i o d .  W ork d o n e  i n  
t h e  i n t e r v e n t i n g  p e r i o d  i s  r a r e  a n d  r e f e r s  m a i n l y  t o  p i p e l i n e  
t r a n s p o r t a t i o n  o f  C O M 's. A l l  i n v e s t i g a t o r s  a r e  a g r e e d  t h a t  a t  lo w  
c o n c e n t r â t i o n s (™ 10% ), COM's a r e  N e w to n ia n  f l u i d s ,  p r o v i d e d  t h a t  
t h e  b a s e  o i l  i s  N e w to n ia n  a n d  a t  h i g h  c o a l  c o n c e n t r a t i o n  t h e y  
o b s e r v e d  t h e  d e v e lo p m e n t  o f  y i e l d  s t r e s s  a n d  s u g g e s t e d  t h e  
B in gh a m  m o d e l f o r  r h e o l o g i c a l  b e h a v i o r  a n d  h a v e  e q u a t i o n

t  -  Ty = k y  ( 4 )

w h e r e  T i s  s h e a r  s t r e s s ,  T y i s  y i e l d  s t r e s s ,  k  i s  p l a s t i c  v i s c o s i t y  
a n d  Y i s  s h e a r  r a t e .

M unro e t  a l .  ( 2 )  s u g g e s t e d  N e w t o n ia n  b e h a v i o r  up  t o  
30% s o l i d s  a n d  B in g h a m  p l a s t i c  b e h a v i o r  b e y o n d .  T h e y  u s e  # 4  o i l  
a n d  a  s u b b itu r n in o u s  c o a l .  R h eo gra m  a s  w e l l  a s  v i s c o s i t y  a r e  g i v e n .

P a p a c h r i s t o d o u l o u  e t  a l .  ( 3 , 4 , 5 )  s t u d i e s  COM r h e o l o g y  
w i t h  f o u r  d i f f e r e n t  o i l s  a n d  o n e  b i t u m in o u s  c o a l .  N e w t o n ia n  
b e h a v i o r  w a s o b s e r v e d  u p  t o  3 0  % c o a l  a n d  B in g h a m  p l a s t i c  b e y o n d .  
D a ta ' f o r  o n e  COM a r e  i l l u s t r a t e d  i n  F i g u r e  2 . 1 .  A t h i g h e r  
c o n c e n t r a t i o n s ,  y i e l d  s t r e s s  up  t o  3 5 0  Pa w a s  m e a s u r e d .  T he  
p h y s i c a l  e x p l a n a t i o n  o f  B in gh a m  p l a s t i c  b e h a v i o r  i s  t h a t  a  
n e tw o r k  i s  fo r m e d  i n s i d e  t h e  f l u i d  a s  a  r e s u l t  o f  i n t e r p a r t i c l e  
f o r c e s ,  an d  a n  e x t e r n a l  s t r e s s  e q u i v a l e n t  t o  t h e  y i e l d  s t r e s s  h a s  
t o  b e  a p p l i e d  f o r  t h e  n e tw o r k  t o  b e  d e s t r o y e d  a n d  t h e  f l o w  t o  
o c c u r .  T he e f f e c t s  o f  c o a l  c o n c e n t r a t i o n ,  p a r t i c l e  s i z e  a n d  
t e m p e r a t u r e  w e r e  e s t a b l i s h e d .  T he v i s c o s i t y  i n c r e a s e s  w i t h  c o a l
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l o a d i n g  a n d  d e c r e a s i n g  t e m p e r a t u r e  i s  g i v e n  i n  F i g u r e  2 . 2 .  I t  i s  
i n t e r e s t i n g  t o  n o t e  t h a t  a  v e r y  im p o r t a n t  f a c t o r  i n  t h e  
v i s c o s i t y  b u i l d - u p  i s  t h e  v i s c o s i t y  o f  t h e  b a s e  o i l  ( c o n t i n u o u s  
p h a s e )  a t  t h e  sam e t e m p e r a t u r e  a n d  t h e  b e h a v i o r  t h e  o i l ,  t h e  
f a s t e r  t h e  v i s c o s i t y  i n c r e a s e s  w i t h  c o a l  c o n c e n t r a t i o n ,  
p a r t i c u l a r l y  s o  i n  h i g h l y  lo a d e d  s l u r r i e s ,  t h a t  s h o w e d  i n  F i g u r e
2 . 3  a n d  2 . 4  , F i g u r e  2 . 5  sh o w e d  t h a t  t h e  COM y i e l d  s t r e s s  
d e c r e a s e s  w i t h  i n c r e a s i n g  p a r t i c l e  s i z e .  M u lt im o d a l  d i s t r i b u t i o n s  
w e r e  sh o w n  i n  F i g u r e  2 . 6  t o  r e d u c e  b o t h  s l u r r y  v i s c o s i t y  a n d  
y i e l d  s t r e s s .

Low a n d  B h a t t a c h a r y a  ( 6 , 7 )  a l s o  o b s e r v e d  a g e i n g  e f f e c t  
f o r  b ro w n  c o a l - o i l  s u s p e n s i o n s  a n d  t h a t  a g e i n g  w a s i n f l u e n c e d  b y  
t h e  m o i s t u r e  c o n t e n t  i n  t h e  c o a l .  T he d r y  b ro w n  c o a l -K C  2 2 0  o i l  
s u s p e n s i o n  sh o w e d  a lm o s t  n e g l i g i b l e  i n c r e a s e  i n  a p p a r e n t  
v i s c o s i t y ,  w h i l e  a  s u s p e n s i o n  o f  s i m i l a r  c o n c e n t r a t i o n ,  b u t  
c o n t a i n i n g  b ro w n  c o a l  w i t h  10 wb% m o i s t u r e  c o n t e n t  ( b a s e d  o n  d r y  
c o a l )  , sh o w e d  v e r y  s i g n i f i c a n t  i n c r e a s e  i n  a p p a r e n t  v i s c o s i t y .  
In  t h e  sam e p a p e r ,  t h e y  a l s o  sh o w e d  t h a t  w i t h  o t h e r  p a r a m e t e r s  
b e i n g  c o n s t a n t ,  t h e  a p p a r e n t  v i s c o s i t y  a n d  y i e l d  s t r e s s  o f  b ro w n  
c o a l-K C  2 2 0  o i l  s u s p e n s i o n  i n c r e a s e d  s h a r p l y  w h en  m o i s t u r e

i

c o n t e n t  e x c e e d  10 wt% ( F i g u r e  2 . 7 ) .  T h ey  e x p l a i n e d  t h a t  t h e  
i n c r e a s e s  i n  b o t h  t h e  a p p a r e n t  v i s c o s i t y  a n d  y i e l d  s t r e s s  w e r e  d u e  
t o  t h e  a g g r e g a t i o n  o f  c o a l  p a r t i c l e s  a n d  t h a t  t h i s  a g g r e g a t i o n  w a s  
e n h a n c e d  i n  t h e  p r e s e n c e  o f  w a t e r  d i f f u s e d  o u t  fr o m  t h e  c o a l  i n t o  
s u s p e n s i o n .

R e j e c t  a n d  F r a n k e  ( 8 )  m e a s u r e d  COM r h e o l o g y  b y  
p u m p in g  t e s t s  a n d  o b s e r v e d  t h a t  t h e  p o r e  v o lu m e s  i n  b r o w n  c o a l s  
w e r e  m uch h i g h e r  t h a n  t h a t  o f  b i t u m i n o u s  c o a l s  a n d  a n t h r a c i t e  
c o a l .  T h ey  sh o w e d  t h a t  a t  i d e n t i c a l  c o n c e n t r a t i o n  a n d  
t e m p e r a t u r e ,  h i g h e r  v i s c o s i t i e s  w e r e  o b t a i n e d  w i t h  b r o w n  c o a l  
s l u r r i e s  t h a n  w i t h  b i t u m in o u s  o r  a n t h r a c i t e  c o a l  s l u r r i e s .  T h e y  
e x p l a i n e d  t h a t  l i g n i t e - f i n e s  h a v e  a p o r o u s  s u r f a c e ,  a n d  a  p a r t  o f  
t h e  o i l  p e n e t r a t e s  i n t o  t h e  p o r e s ,  h e n c e ,  t h i s  b e c o m e s  a



F i g u r e  2 . 1  R h eo g ra m  o f  c o a l  i n  h e a v y  # 6  o i l ;  v a r i o u s  c o a l  
c o n c e n t r â t , i o n s ,  4 0  ๐c .  ( 4 )

F igu re  2 .2  V a r ia t io n  o f  v is c o s i ty  w ith  tem pera tu re  f o r  coa l
(d so '= 10 jum) in  l ig h t  grade 6 o i l ;  v a r io u s
c o n c e n t r a t i o n s .  ( 4 )
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"a

F i g u r e  2 . 3  V i s c o s i t y  ( N e w t o n ia n  o r  p l a s t i c )  a s  a  f u n c t i o n  o f
c o a l  c o n c e n t r a t i o n  f o r  # 4  o i l ;  v a r i o u s  t e m p e r a t u r e s . ( 4 )

F i g u r e  2 . 4  V i s c o s i t y  ( N e w t o n ia n  o r  p l a s t i c )  a s  a  f u n c t i o n  o f  
c o a l  c o n c e n t r a t i o n  f o r  h e a v y  # 6  o i l ;  v a r i o u s  
t e m p e r a t u r e s .  ( 4 )
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Figure 2 .5  V aria tion  o f y ie ld  s t r e s s  w ith  median p a r t ic le  s iz e :  
60 wt.% c o a l, l ig h t  grade 6 o i l .  (4)

Figure 2 .6  V aria tion  o f v i s c o s i t y  w ith  m ixing r a t io  o f  th e  37
and 14 urn median p a r t ic le  s i z e  s lu r r ie s ;  6 0  wt% c o a l ,  
8 0  ° c ,  l ig h t  grade 6  o i l .  (4)
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s ig n if ic a n t  fa c to r  because t h is  e f f e c t i v e l y  reduces th e  volume o f  
fr e e  o i l  in the su spen sion  which a c ts  as a lu b rica n t between co a l 
p a r t ic le s .  This a lso  e f f e c t i v e l y  in crea se s  th e  v o lu m etr ic  
co n cen tra tion  o f  s o l id s  in  th e  su sp en sio n . In a d d it io n , th e  
m oisture from th e coa l a ls o  promotes the form ation  o f  a g g reg a tes , 
as shown in  Figure E.8 and 2 .9 .  Bituminous c o a ls  show  ̂ on th e  
other hand  ̂ smooth su rface  so th a t s u f f i c ie n t  fu e l  o i l  rem ains to  
g iv e  a s l ip p e r  p lan e.

Figure 2 .7  E ffe c t  o f  m oisture con ten t on 35 wt% brown c o a l - o i l  
su sp en sion s. (7)

Anderson e t  a l .  (9) compare th e handling c h a r a c t e r is t ic s  
o f  COM’s w ith  th ose  o f  fu e l o i l .  They su ggested  th a t r h e o lo g ic a l  
c h a r a c te r iz a tio n  has shown COM co n ta in in g  upto c a . 50 wt% o f  coa l 
to  be non-Newtonian. A minimum handling tem perature o f  65 -  70 ๐c 
was found fo r  an experim ental 40 wt‘A  COM in  heavy fu e l  o i l  w ith  
a minimum storage  tem perature o f  40 ° c .  An experim ental COM
co n ta in in g  40 w t ' / ,  o f  coa l in heavy fu e l  o i l  was r e a d ily  handled  
by con ven tion al road tankers a t 70 ° c .

T akeshita e t  a l .  (10) measured o i l  a d so rp tio n , d efin ed

016042
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Figure 2 .9 20 พ๖% m oisture con ten t brown co a l in  KC 220 o i l .  (7)
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as a minimum q u a n tity  o f  heavy o i l  needed to  wet a 100 g o f  coa l 
powder and to  g iv e  a b r iq u e tte , and showed th a t i f  c o a l-ty p e  is  
th e  same, th e  o il-a d so r p t io n  in creases w ith  a d ecrease o f  
p a r t ic le  s iz e  as being expected from th e  in crea se  o f  th e  s p e c i f i c  
su rface  area and th e  r e s u lt s  show th a t th e  e f f e c t  o f  th e  
p ro p ertie s  o f  th e  c o a l-su r fa c e  on th e COM -viscosity was larger  
than th e p a r t i c le - s iz e .  T herefore, i t  can be persumed th a t th e  
coa l having large o i1 -a d sorp tio n  a t tr a c t  o i l  so  t ig h t ly  to  r e ta in  
or im m obilize th a t th e  o i l  co n tr ib u tin g  to  th e  f l u i d i t y  o f  COM 
consequently  d ecreases and th e  COM more v isco u s as a r e s u l t .

2 .3 .2  s t a b i 1ity
There have been many d e f in it io n s  o f  th e term s t a b i l i t y .  

In in d u str ia l p rocesses and techn ology  , th e  term is  freq u en tly  
used to  mean a tendency to  r e s i s t  sed im entation . On th e  other  
hand, in c o l lo id  sc ie n c e , th e  term is  u su a lly  used to  mean 
p reserva tio n  o f  th e  s ta te  o f  independent p a r t ic le s  and th e  
measurement is  u su a lly  d efin ed  in  terms o f  a very low ra te  o f  
aggregation  or coa g u la tio n .

S t a b i l i t y  o f  coal s lu rry  fu e ls  are performance a sp ects  
o f  concern in  con sid er in g  th e ir  use as an' o i l  s u b s t itu te  fo r  
in d u str ia l b o ile r s  , coal p a r t ic le s  suspended in l iq u id s  tend to  
s e t t l e  out under th e a c tio n  o f  g r a v ity . This is  h ig h ly  
u n d esirab le  in  coal slu rry  f u e ls ,  as i t  gen erates s p a t ia l  
d isp a r ity  in  coa l con cen tration  and leads to  th e  form ation o f  
compacted sedim ents which cannot be e a s i ly  resuspended. The 
s t a b i l i t y  o f  coa l suspensions depends on th e  fo llo w in g  fa c to r s :  
d e n s ity , s i z e ,  co n cen tra tion , su rface  p ro p er tie s  ( r e la t iv e  
h yd rop h ilic  n a tu re), su rface charge and morphology o f  c o a l,  
d en sity  and type o f liq u id .

For s lu r r ie s  in the d i lu t e  con cen tra tion  regim e, S la g le  
e t  a l .  (11) proposed the fo llo w in g  c o r r e la t io n  fo r  maximum 
s e t t  1ing r a t e .
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where Qo is  maximum seb b lin g  rabe, g is  lo ca l g ra v ibabional 
a cce lera b io n , 980 cm/s 2 , p g is  densiby o f  s o l id s ,  p ^ is  densiby  
o f liq u id , e .g .  o i l ,  is  v is c o s ib y  o f  o i l ,  (j)s is  volume
concenbrabion o f  s o lid s  and c^g i s  bhe rab io  o f  volume
concenbrabion o f  aggregabe bo volume concenbrabion o f  s o l id s  in  
aggregabes.

____ volume o f aggregabes______ (6)
volume o f  s o l id s  in  aggregabes

For sp h erica l p a r b ic le s , bhe sbokes seb b lin g  v e lo c ib y  
i s  g iven  by

VSA = 980(pร ~ Pd)(d A)2 (7)
18yi CAS

Therefore, equabion 5 can be rewribben as 

1 /4 .6 5  1 /4 .6 5
%  -  VSA « + C AS+S> (B>

Equabion 5 and 8 are w ell ap p lied  bo bhe seb b lin g  
behavior o f  c o a l - o i l  s lu r r ie s .  Ab very low concenbrabions, fr e e  
seb b lin g  occurs according bo Sboke's law. Wibh increased  coa l 
concenbrabion, seb b lin g  becomes a complex phenomenon as
in b erp arb icle  inberacbions bake p lace  and hinder se b b lin g .  
P a rb ic les  may a ls o  adhere bo each obher bo form c lu s b e r s ( f I o c s  or 
co a g u la ). Adam-Viola eb a l .  (12) c la s s i f i e d  COM inbo bhree bypes 
depending on bhe sbabe in which bhe p a r b ic le s  ex isb  in  bhe 
suspension  ร (a) bhe p a rb ic le s  have no bendency bo adhere bo each  
obher, hence bhe p a rb ic le s  are w ell d isp ersed  bhroughoub bhe
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liq u id  (Figure 2.10-A ) ; (fa) th e  p a r t ic le s  weakly in te r a c t  
( f lo c c u la te )  and form lo o se , porous c lu s t e r s ,  c a l le d  f lo e s  
(F igure 2 .10 -B ); or (c ) th e p a r t ic le s  stro n g ly  in te r a c t  (co a g u la te )  
and form compact, tigh tly -b ou n d  c lu s te r s  c a l le d  coagula (F igure  
2 .1 0 -C ). These th ree s ta te s  o f  aggregation  lead to  th ree  ty p es o f  
su sp en sion s, as d ep icted  sch em a tica lly  in  Figure 2 .1 1 .

( i )  A ggregatively  s ta b le  su spen sion s: P a r t ic le s  do not 
adhere to  each other due to  re p u ls iv e  fo r c e s  and s e t t l e  
in d iv id u a lly  in a g ra v ita t io n  f i e l d .  Hence th ey  s e t t l e  as a r a te  
dependent on s iz e .  This leads to  a h ig h ly  c la s s i f i e d  sedim ent 
w ith  th e coarse p a r t ic le s  a t th e  bottom and th e  f in e s t  ๐ท th e  
top . Coal slu rry  sedim ents o f  t h is  type would cause p a r t ic le s  to  
r o l l  over each other and form compact sed im ents.

( i i )  F loccu lated  su spen sion s: P a r t ic le s  in te r a c t  weakly 
( f lo c c u la te )  and form lo o se , porous c lu s te r  c a l le d  f l o e s .  They 
s e t t l e  r e la t iv e ly  slow ly  due to  a d d itio n  drag fo r ce s  which a r is e  
from th e open stru ctu re o f  th e  c lu s te r .  The sedim ent formed th e se  
f lo e s  i s  very loose,, occupying a large fr a c t io n  o f  th e  o r ig in a l  
slu rry  volume, and can be e a s i ly  brought back to  a uniform s o l id s  
con cen tration  by mechanical a g ita t io n .

( i i i )  Coagulated, su spen sion s: stro n g  in te r p a r t ic le
a t tr a c t iv e  fo rces promote form ation o f  compact and t ig h t ly  bound 
c lu s te r .  S e t t l in g  r a tes  are r e la t iv e ly  f a s t  and sedim ent might be 
compact and d i f f i c u l t  to  break.

S ta b i l i ty  o f  th e c o l lo id ,  con sidered  as i t s  r e s is ta n c e  
to  s e t t l in g  out o f  coal p a r t ic le s  and must be kept in  e ith e r  a 
suspended s t a te ,  or lo o se ly  packed network which i s  e a s i ly  
r e d is p e r s ib le . U sually , s t a b i l i t y  o f  th e  c o l lo id  can be promoted 
by some combination o f  th e fo llo w in g  t a c t ic s :  (a) f in e r  grin d in g  
o f the coa l; (b) s e le c t in g  o i l  th a t g iv e s  a s ta b le  su spen sion  
w ithout th e need o f  needing a s t a b i l i z e r  ; and (c ) u sin g  a d d it iv e  
or s t a b i l i z e r .  COM’s con ta in in g  f in e  c o a l ,70-80% -200  mesh (74
m icrons), s ta b il iz e d  by a d d it iv e s  and COM's con ta in in g  u lt r a f in e
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Figure 2 .1 0  S ta te s  o f  p a rb ic le  'aggregation . (12)

Figure 2 .11  Type o f  coarse su sp en sio n s. (12)
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c o a l, t y p ic a l ly  w ith  a median s iz e  o f  15 m icrons, s t a b i l iz e d  by no 
a d d it iv e s . Advantages o f  u ltr a f in e  s lu rry  include reduced 
a b ra siv en ess, improved combustion c h a r a c te r is t ic s  and no expense 
fo r  a d d it iv e s , but grin d ing  c o s ts  are h igh er. B ienstock  e t  a l . (13) 
showed th e. in flu en ce  o f  th e  base o i l  v i s c o s i t y  on th e  s t a b i l i t y  
o f COM th at th e  m ixtures prepared w ith th e h ig h e r -v is c o s ity  o i l s  
are r e la t iv e ly  more s ta b le  than th o se  prepared w ith  lo w e r -v is c o s ity  
o i l s .  Lord e t  a l .  (14) summarized th e promoting s t a b i l i z a t io n  by 
search in g  fo r  a d d it iv e s  to  crea te  th e  g e l - l i k e  s tr u c tu r e . The 
va lu es o f  y ie ld  s t r e s s  in  th e  g e l are required  to  prevent s e t t l i n g  
o f sp h er ica l coa l p a r t ic le s .  A f i r s t  order approxim ation o f  th e  
required y ie ld  s t r e s s  in  th e  g e l shows th e  d ir e c t  dependence on 
p a r t ic le  s iz e  as

r  = อ X g (p -  p ) / 3 gy p ^1' '  s c (9)

where Ty i s  required  y ie ld  s t r e s s ,  Dp i s  p a r t ic le  d iam eter, g i s
g ra v ity  a c c e le r a t io n , is  g r a v ita t io n a l co n sta n t, P s is  d en sity
o f  s o l id  p a r t ic le s  and p i s  d en s ity  o f  liq u id  c a r r ie r . Thed
a d d itio n  o f  a d d it iv e s  c r ea te  th e  g e l s tru c tu re  which led  to  be 
sm all c lu s te r s  o f  p a r t ic le s ,  c a l le d  f l o e s .  The f lo e s  tend to  group 
in to  c lu s te r s  o f  f l o e s ,  c a l le d  aggregates or f lo c c u la t e .  The 
form ation o f  aggrega tes, led  to  a network form ation , in  Figure 2 .1 2  
and 2 .1 3 , so th a t a s ta b le  COM is  r e a l ly  a lo o s e ly  d isp ersed
flo c c u la te d  network o f  coa l in o i l  th a t p o sse sse s  a c e r ta in  
r e a c t iv e  s t a b i l i t y .

In summary, th e a d d it io n  o f  chem ical s t a b i l i z e r s  govern  
th e  ra te  o f  network form ation, th e  ex ten t o f  network form ation  
and th e fo r ce s  o f  aggregation  between components o f  th e  network 
th a t con tro l th e  rheology or flow  p ro p er tie s  o f  th e m ixture.

Rowell e t  a l .  (1 5 ,1 6 ,1 7 ) showed th a t s t a b i l i t y  in  
h ig h ly  concentrated  s lu r r ie s ,  as in s lu rry  f u e ls ,  is  ach ieved  by 
promoting form ation o f  networks through weak in te r p a r t ic le

ฬ อ ส ม แ ก ล า ไ  t i  11 ไ ม U i r i t i t i î โ ท ร  

จ ล า ล ง ก ร  Ü ร ม ห ใ ว ท ย ไ ล ย
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Figure 2 .12 Formation o f  s t a b i l iz e d  network s tru c tu r e
(F lo c c u la te s ) .  (22)
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Figure 2 .1 3  F loc-a g grega te  s tru c tu r a l model. (26)
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in te r a c t io n s  which lead to  y ie ld  s t r e s s  in  th e  s lu rry  and 
prevent s e t t l i n g .  They a ls o  have been used sed im entation  columns 
in  screen in g  th e  e f f e c t iv e n e s s  o f  a d d it iv e s . The sed im entation  
r a t io  a f te r  24 h. s e t t l i n g ,  SR is

SR = bottom-sampled wt% coal in tr e a te d  s lu rry  (10) 
bottom-sampled wt% coal in untreated  slu rry

It was found to  be an e f f e c t iv e  screen in g  parameter 
fo r  th e  e f f e c t iv e  a d d it iv e s  on COM s t a b i l i t y .  The most e f f e c t iv e  

s t a b i l i z e r s  were t e r t ia r y  amine c a t io n ic  su r fa c ta n ts  which 
include th e  group >N-CH -CH '-0 - , t h is  group can be part o f  a 
s tr a ig h t  ch a in . The t e r t ia r y  amines u sefu l in  th e  present in ven tion  
are represen ted  by th e  form ulaะ

.(CH2CH20 ) nH
RiN< ^

\ c H 2๓ 30 )111H
wherein Rt is  a lk y l . co n ta in in g  from 12 to  22 carbon atoms. The 
p o lyeth y len e  oxid e groups should be r e la t iv e ly  long so th a t m+n 
t o t a l s  between 5 and 20, p erferab ly  between 5 and 10.

P a rticu la ry  s u ita b le  s t a b i l i z e r s  used in th e  p resen t 
in ven tio n  include th e compound o f  th e  formula:

> CaH*0 ) . H

wherein m+n i s  10 a v a ila b le  under th e  trade mark Ethomeen C-20 
and th e  compound o f  th e formula:

<(C2H40 )TnH
'

XC2HA0 ) nH
wherein m+n is  5 and is  a v a ila b le  under the trademark EthomeenC-15
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2 .4  Combustion o f c o a l-O il m ixture d ro p le ts

The a n tic ip a ted  d ep le tio n  o f  th e  w orld 's o i l  supply has 
given  r i s e  to  greater use o f  c o a l, which is  estim ated  to  be more 
abundant than o i l .  However, coa l has some d i f f i c u l t i e s  in i t s  u se , 
such as tra n sp o rta tio n , sto ra g e , p o llu ta n ts  and a sh . One o f  th e  
e f f e c t iv e  methods to  avoid th e se  weak p o in ts  i s  to  mix coal 
p a r t ic le s  w ith  o i l ,  th a t i s ,  th e  adoption o f  c o a l - o i l  m ixtures 
(COM). The COM can be used in  o i l  fu rn aces, w ith  minor 
m o d ifica tio n s, and may be tran sp orted  over long p ip e l in e s .  
T herefore, many in v e s tig a tio n s  o f  COM combustion have been 
completed in th e past decade as w ell as s tu d ie s  concerning i t s  
blend ing, tra n sp o rta tio n , s t a b i l i t y ,  e t c .

The combustion o f  variou s c o a l - o i l  d isp e rs io n  i s  complex 
p rocess, and tak es p lace in  two sta g e s; ( i )  r e le a s e  and combustion  
o f  v o l a t i l e  m atter, c a lle d  gas-phase combustion and ( i i )  combustion  
o f  th e  res id u a l char,- c a lle d  so lid -p h a se  com bustion. A labaf(18) 
proposed th e  combustion phenomena o f  COM as shown in  F igure 2 .1 4  
and 2 .1 5 .

( i ) Combustion o f  v o l a t i l e  m atter
In th e  f i r s t  s ta g e , c o a l - o i l  d isp e rs io n  fu e l atom izes  

through th e burner n o zz le . As th e  fu e l en ter s  th e  fu rn ace, i t  i s  
heated by con vection  from th e  surrounding gas and r a d ia tio n  from 
th e  flam e and furnace w a lls  and begins to  v o l a t i l i z e .  Both 
p h ysica l and chemical changes occur.

Coal p a r t ic le s  in  th e  d isp e rs io n  become p la s t i c ,  and as 
p la s t ic ,  and th e fu e l evaporates th e coa l p a r t ic le s  c o a le s c e . The 
coa l v o l a t i l e s  produce sw e llin g  as a r e s u lt  o f  bubble form ation . 
Some o f  th ese  burst a t th e outer su rfa ce , and some in te r n a lly  to  
produce a hollow  sphere. The r e le a s e  o f  gases in te r n a lly , which 
cannot escape fa s t  enough through th e  pores o f  th e  ou ter s h e l l ,  
ev en tu a lly  burst out o f  th e  sphere and produce a large h o le . By
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Figure 2 .1 4  Proposed burning d ro p le t fo r  C o a l-in  o i l  fu e ls
( c o a l - o i l  d isp e rs io n s  and c o a l - o i l  m ix tu r e s). (18)

1 atcr.Uitian 5 ash

Figure 2 .1 5  Proposed com bustion pathways fo r  C o a l- in -o i l  f u e ls  
(d isp e r s io n s  and th e  m ix tu res). (18)
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t h is  tim e the s h e l l  i s  s u f f i c ie n t ly  firm  to  prevent c o l la p s e , and 
any rem aining v o l a t i l e s  are re lea sed  more e a s i ly .

As a r e s u lt  o f  th e  v o la t i l i z a t io n ,  a flam e fro n t is  
in i t ia t e d  and th e combustion o f  th e  v o l a t i l e  s h e l l  surrounding  
each fu e l d ro p let s t a r t s  (F igure 2 .1 4 ) .  The v o l a t i l e  s h e l l  c o n s is t s  
o f a m ixture o f  com bustib le g a se s , carbon d io x id e , and water 
vapour. Apart from carbon monoxide and hydrogen, th e  com bustib le  
o f  gases are mainly hydrocarbons and hence burn r a p id ly . A fter  
th e combustion o f  th e  v o l a t i l e  m atter in  th e  d isp e rs io n  is  
com plete, a carbon char is  l e f t .

( i i ) Combustion o f  carbon char
The second sta g e  o f  combustion in v o lv es th e burning o f  

t h is  carbon char. The burning out o f  carbon p a r t ic le s  in  th e  
d isp e rs io n  i s  th e  primary reason  fo r  s ig n if ic a n t  d if fe r e n c e s  o f  
flame len gth , e m is s iv ity , heat r e le a s e  and flame tem perature 
between f u e l s .  The combustion o f  th e  carbon char o f  medium and 
high v o l a t i l e  c o a l - o i l  d isp e rs io n s  tak es p lace  a t th e  su rfa ce  o f  
th e o i l  d ro p let s iz e , fused  cenosph eres. V o la t i le  com bustion in  th e  
e a r l ie r  s ta g es  o f  combustion cau ses pores to  be formed in  th e  
su rface  o f  char p a r t id e s , and combustion tak es p lace  on both th e  
in tern a l and ex tern a l su rface  o f  th e  char, w ith oxygen d if fu s in g  
through th e  p ores. The combustion o f  th e se  chars i s  slow , due to  
th e ir  r e la t iv e ly  low ex tern a l su rface  area to  volume r a t io ,  g iv in g  
r is e  to  longer flam es than fo r  th e  c o n stitu e n t fu e l  o i l  which 
burns to  sm aller p a r t ic le s .

In th e  case  o f  th e  low v o l a t i l e  c o a l - o i l  d isp e r s io n s ,  
th e  low r e a c t iv i t y  o f  th e  a n th ra c ite  in h ib it s  th e  form ation  o f  
fused  d rop let s i z e  cenosph eres, and th e  coa l p a r t ic le s  remain 
lo o se ly  bonded by any re s id u a l ta r  or o i l  ash a t th e  end o f  th e  
v o l a t i l e  combustion s ta g e . These sp h er ica l agglom erates break up 
in to  sm all char p a r t ic le s ,  g iv in g  a r e la t iv e ly  h igh  ex tern a l 
su rface  area to  volume r a t io  in  t o t a l .  This more rapid combustion  
g iv es  a sh orter flam e than w ith  other d isp e r s io n s . The increased
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t o t a l  su rface  area a ls o  g iv e s  r i s e  to  h igher com bustion a t th e  
end o f  th e flam e.

Mizomoto e t  a l . (19) s tu d ie s  a c o a l - o i l  m ixture d ro p le t  
on hot su rfa ce . In th e  stud y, ig n it io n , gas-ph ase com bustion, and 
su rface  combustion o f  s in g le  d ro p le t on a hot su rfa ce  are  
in v e stig a te d  and compared w ith  th o se  o f  pure f u e l s .  The burning  
p rocesses o f  COM and a f u e l o i l  d ro p le t show in  Figure 2 .1 6 .

C O M C F uel Oil
Initial Contact with a Hot Surioc*

Evaporation
1 f  \ / H .

G as'P h ast Ign ition

Gas-Phas«
Combustion

Ftam« /  Flam# \ 1

Extinction of Gas-Phas« Combustion

Sdid-Surtaa
Combustion m
Extinction of Sotid-Surfoce Combustion

R ts id u *
r 7" )*rrnf7Jjn*

Figure 2 .16  Burning p ro cesses o f  a COM and a c fu e l  o i l  d r o p le t . (19)

where is  ig n i t io n  d e lay  t im e s , T^g is  g a s -p h a se  com bustion
tim es , and Tg is  s u r fa c e  com bustion  tim e .

The t o t a l  combustion tim es; Tc Ti+ Tbg+ T-e- (11)

Tt -  Tl +Tbg - ' ( 12)

Equation 11 can be app lied  fo r  th e  ca se  o f COM and equ ation  12 
can be app lied  fo r  th e case  o f  fu e l o i l .

In general ca se , th e d ro p le t o f  i n i t i a l  tem perature t  , 
is  suddenly introduced to  th e  o x id iz in g  surroundings a t a h igh
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tem p eratu res t  . The d r o p le t  tem p eratu re  r i s e s  u n t i l  th e  o i l  i s
ig n it e d .  D uring t h i s  com b u stion , th e  o i l  i s  a t  b o i l i n g  p o in t ,  t  .
When th e  o i l  la y e r  i s  c o m p le te ly  burnt th e  p a r t i c l e  s u r fa c e  a t  a
tem p eratu re fc i s  exp osed . S u b seq u en tly  th e  p a r t i c l e  tem p era tu re
in c r e a s e s  u n t i l  th e  su r fa c e  a t t a in s  th e  ig n i t io n  tem p era tu re  t i
when com bustion o f  th e  p a r t i c l e  o c c u r s . The d e v o l a t i l i z a t i o n  o f
th e  c o a l p a r t i c l e  i s  n e g le c te d .  The o v e r a l l  t im e s  Tq o f  d r o p le t
com bustion  c o n s i s t s  o f  th e  tim e  fo r  p r e h e a t in g  th e  l iq u id
from tem perature 1 1 up to  1 th e  tim e T2 ° f  l iq u id  b u rn in g , th e
tim e fo r  p r e h e a tin g  th e  p a r t i c l e  from tem p eratu re  up t o  1 1
and th e  tim e T, o f  p a r t i c l e  burning  4

T_ o

Petera (20) proposed equation (13) for the general case 
in which the temperature of the surrounding is  high so that 
t_x > t 1 > t m .

In th e  d e s ig n  o f  in d u s tr ia l  c o a l - f i r e d  b o i l e r  fu r n a c e s ,  
i t  i s  o f  im portance to  have an a ssessm en t o f  th e  r e a c t i v i t y  o f  th e  
in tended  f u e l .  A lt e r n a t iv e ly ,  i f  i t  i s  proposed  t o  change th e  f u e l  
su p p ly  fo r  an e x i s t i n g  i n s t a l l a t i o n ,  i t  i s  ad van tageou s t o  have a 
t e s t  w hich a llo w s  th e  b urn in g c h a r a c t e r i s t i c s  o f  th e  c a n d id a te  
f u e l s  t o  be compared w ith  th e  o r ig in a l  in  term s o f  b u rn in g  r a t e .  
E arly  work in  t h i s  d ir e c t io n  was done by th e  American company, who 
e s ta b l is h e d  a  t e s t  in  w hich th e  r a te  o f  w e ig h t lo s s  o f  c o a l  
sam ple burning in  a ir  was p lo t t e d  a g a in s t  tem p era tu re . T h is th e y  
named th e  " burning p r o f i l e  " t e s t  and th e  p lo t  o b ta in e d  t y p i c a l l y  
ta k e s  th e  form o f  a cu rve w ith  two or more maxima a s shown in  
F igu re -2.17 co rresp o n d in g  t o  m o istu re  lo s s  fo llo w e d  by p r o g r e s s iv e  
com bustion . The tem perature a t  w hich th e  maximum com b u stion  r a te  
o ccu rs i s  tak en  a s  a measure o f  c o m b u s t ib i l i t y  w ith  low er  
tem perature in d ic a t in g  more e a s i l y  burned c o a l s .  B urning p r o f i l e  
a ls o  t e s t  fo r  a s s e s s in g  c o a l r e a c t i v i t y .  A p r o f i l e  i s  produced ,

T1 + T2 + t 3 + t4 ( 13)



29

c h a r a c te r iz e d  by s e v e r a l  f e a t u r e s ,  th e  most s i g n i f i c a n t  o f  w hich  
i s  th e  peak tem p era tu re , or tem p eratu re  a t  w hich th e  sam ple i s  
lo s in g  w e ig h t a t  th e  maximum r a t e .  T h is h e ig h t  o f  th e  peak i s  
r e la t e d  t o  a c o a l ' s  r e a c t i v i t y  f o r  th e  k in e t i c  r e a so n  b ased  on 
th e  f o l lo w in g  e q u a t io n : •

R = (dw /dt)m ax (14) 
Win

where: R i s  r e a c t i v i t y ;  Win i s  i n i t i a l  w eig h t o f  c o a l  (mg) ; and 
(dw /dt)m ax i s  maximum r a te  o f  w e ig h t l o s s  (m g /m in ). T h e r e fo r e , i f  
th e  w e ig h ts  o f  th e  c o a l a re  e q u a l, th e  DTG peak h e ig h t  w i l l  
in d ic a te  th e  r e l a t i v e s  o f  th e  c o a l s .

F ig u re  2 .1 7  B urning p r o f i l e  o f  two b itu m in ou s c o a l s .  (2 3 )
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