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©  Recirculating  fluid  bed  combustor  -  method  and  apparatus. 
A  fluidized  bed  combustor  (10)  for  burning  solid  fuel  or 

dirty  liquid  fuels  comprised  of  a  bubbling  fluid  bed  (15)  with 
heat  exchanger  tubes  (13)  in  the  bed,  a  hot  recycle  cyclone 
(21).  a  convective  heat  exchanger  (26)  and  a  particle  filter 
(27).  The  bubbling  fluid  bed  (B)  is  operated  at  low  superficial 
velocities  of  0.5  to  6  ft/second  (0.15  to  1.8  m/s)  and  is 
composed  of  fine  particulate  45  to  2000  microns  in  diameter 
with  up  to  40%  less  than  200  microns.  Fines  elutriated  from 
the  bed  are  isothermally  recycled  back  to  the  bed  resulting  in 
high  combustion  efficiency  and  good  sulphur  oxide  suppres- 
sion  from  sorbents  contained  in  the  bed.  The  material 
recycled  in  one  hour  is  equivalent  to  twice  the  weight  of  the 
bed.  Ammonia  (24)  injected  upstream  of  the  recycle  cyclone 
(21)  suppresses  nitrogen  oxides  with  high  efficiency  because 
of  the  excellent  mixing  in  the  cyclone  (21).  The  heat  transfer 
coefficient  on  the  tubes  in  the  bed  is  increased  at  least  2  to  4 
times  because  of  the  fine  particulate  nature  of  the  bed. 
Fluidization  occurs  over  a  10:1  range  in  superficial  velocities. 





F l u i d   bed  b o i l e r s   b u r n i n g   h i g h   s u l p h u r   c o a l   a r e  
w e l l   known  in   t h e   a r t .   These   b o i l e r s   u s e   c l a s s i c a l  

b u b b l i n g   bed  t e c h n o l o g y   w h e r e b y   t h e   f l u i d   bed  o p e r a t e s  
w i t h   s u p e r f i c i a l   v e l o c i t i e s   in  t h e   r a n g e   of  4  to   12  

f t / s e c   ( 1 . 2  -   3 . 7   m / s )   and  t he   bed  i s   c o m p o s e d   o f  

p a r t i c l e s   w i t h   an  a v e r a g e   d i a m e t e r   of  a p p r o x i m a t e l y  

1000  m i c r o n s .   C o a l   i s   b u r n e d   in  t h e   b u b b l i n g   bed  a n d  

l i m e s t o n e   or  d o l o m i t e   s o r b e n t   i s   a d d e d   to   s u p p r e s s   t h e  

s u l p h u r   o x i d e   e m i s s i o n s .   The  s o r b e n t   i s   a d d e d   i n  

p a r t i c l e   s i z e s   of  1000  to  3000  m i c r o n s   and  t h e   bed  i s  

c o m p o s e d   l a r g e l y   of  c o a l   a s h ,   s p e n t   s o r b e n t ,   p a r t i a l l y  

s p e n t   s o r b e n t   and  p a r t i a l l y   b u r n e d   f u e l   p a r t i c l e s .   T h e  

b u b b l i n g   bed  c o n t a i n s   t u b e s   w i t h i n   i t   t o   t r a n s f e r   h e a t  

to   t h e   s t e a m .   T u b e s   a r e   a l s o   m o u n t e d   a b o v e   t h e   bed  i n  

t h e   f r e e b o a r d   to   t r a n s f e r   h e a t   f rom  t h e   h o t   c o m b u s t i o n  

g a s e s ,   t h u s   c o o l i n g   t hem.   In  o p e r a t i o n ,   t h e   b e d  

e l u t r i a t e s   f i n e   p a r t i c u l a t e s   c o m p r i s e d   of   c h a r ,   ash   a n d  

p a r t i a l l y   s p e n t   s o r b e n t .   Many  of  t h e s e   p a r t i c l e s   a r e  

c a p t u r e d   by  a  r e c y c l e   c y c l o n e   l o c a t e d   d o w n s t r e a m   of  t h e  

c o n v e c t i v e   h e a t   e x c h a n g e r   and  t h e s e   p a r t i c l e s   a r e  

r e t u r n e d   to  t h e   bed  in  o r d e r   to  b u r n   t h e   f u e l   p a r t i c l e s  

and  a l l o w   u n u s e d   s o r b e n t   to  a b s o r b   more   s u l p h u r  

o x i d e s .   Very   f i n e   p a r t i c l e s   e s c a p e   t h e   r e c y c l e   c y c l o n e  

and  a r e   t r a p p e d   in   a  f i l t e r   s y s t e m .   The  f l o w   r a t e   i n  

t h e   r e c y c l e   l o o p   i s   a p p r o x i m a t e l y   e q u a l   to   t h e   t o t a l  

s o l i d s   f l o w   r a t e   of  t h e   f u e l   and  t h e   s o r b e n t   fed   i n t o  

t h e   c o m b u s t o r .  



C o n v e n t i o n a l   f l u i d   bed  b o i l e r s   h a v e   s e v e r a l  

d i s a d v a n t a g e s .   One  d i s a d v a n t a g e   i s   t h a t   t h e   c o m b u s t i o n  

e f f i c i e n c y   i s   l ow,   a p p r o x i m a t e l y   97%,  b e c a u s e   s m a l l  

p a r t i c l e s   of  u n b u r n e d   f u e l   e s c a p e   t h e   c o m b u s t i o n  

s y s t e m .   T h i s   p r o b l e m   w o u l d   be  v a s t l y   e x a c e r b a t e d   i f  

t h e   b o i l e r   were   to   a t t e m p t   to   b u r n   a  low  v o l a t i l e  

c o n t e n t   f u e l   s u c h   as  p e t r o l e u m   coke   w h i c h   has   90%  f i x e d  

c a r b o n   c o m p a r e d   to   42%  f i x e d   c a r b o n   f o r   c o a l .   T h e  

s e c o n d   d i s a d v a n t a g e   i s   low  s o r b e n t   u t i l i z a t i o n .   A 

c a l c i u m   to   s u l p h u r   m o l a r   r a t i o   of  a t   l e a s t   3 :1   mus t   b e  

m a i n t a i n e d   to   p r o d u c e   s u l p h u r   o x i d e   s u p p r e s s i o n   of  90% 

to   m e e t   t y p i c a l   a i r   p o l l u t i o n   r e q u i r e m e n t s .   The  r e a s o n  

f o r   t h i s   i s   t h a t   t h e   r e l a t i v e l y   l a r g e   p a r t i c l e s   o f  

s o r b e n t   o n l y   a b s o r b   s u l p h u r   o x i d e s   on  t h e i r   s u r f a c e ,  

l e a v i n g   t h e i r   i n t e r i o r   m a t e r i a l   l a r g e l y   u n u s e d .   A 

t h i r d   d i s a d v a n t a g e   i s   t h a t   t h e s e   b o i l e r s   e m i t   n i t r o g e n  

o x i d e s   as  a  p o l l u t a n t ;   t h e   n i t r o g e n   o x i d e s   a r e  

g e n e r a t e d   f rom  f u e l - b o u n d   n i t r o g e n .   In  many  p a r t s ,   t h e  

n i t r o g e n   o x i d e   e m i s s i o n s   do  no t   e x c e e d  l o c a l   l i m i t s   b u t  

in   some  a r e a s   t h e y   may  d o .  

To  i m p r o v e   c o m b u s t i o n   e f f i c i e n c y   of   c o n v e n t i o n a l  

f l u i d   bed  b o i l e r s ,   S t e w a r t   e t .   a l .   in  U . S .   P a t e n t  

Number   4 , 1 7 7 , 7 4 1   t e a c h e s   t h e   a g g l o m e r a t i o n   of  t h e  

r e c y c l e d   f i n e s   b e f o r e   r e i n t r o d u c i n g   t hem  i n t o   t h e  

b u b b l i n g   bed .   The  a g g l o m e r a t e d   f i n e s   a r e   t h u s  

p r e v e n t e d   f rom  b e i n g   b l o w n   ou t   of  t h e   bed  and  a r e   t h u s  

e n c o u r a g e d   to   b u r n   in   t h e   bed .   J o n e s ,   U . S .   P a t e n t  

N u m b e r   4 , 2 5 9 , 9 1 1 ' t e a c h e s   a g g l o m e r a t i o n   of  c o a l   f i n e s  



p l u s   r e c y c l e d   m a t e r i a l   b e f o r e   i n j e c t i o n   i n t o   t h e   b e d .  

To  i m p r o v e   t h e   u t i l i z a t i o n   of   s o r b e n t ,   J o n e s   U . S .  

P a t e n t   Number  4 , 3 2 9 , 2 3 4   t e a c h e s   t h e   r e m o v a l   of   a  

p o r t i o n   of  t h e   f l u i d   bed  and  g r i n d i n g   t h e   s o r b e n t  

p a r t i c l e s   to   50  m i c r o n s   in   d i a m e t e r   to  f r a c t u r e   t h e m ,  

e x p o s i n g   new  s u r f a c e   f o r   a d d i t i o n a l   s o r p t i o n   of   s u l p h u r  

o x i d e s .   The  f r a c t u r e d   p a r t i c l e s   a r e   r e i n t r o d u c e d   i n t o  

bed  by  b e i n g   a g g l o m e r a t e d   w i t h   t h e   c o a l   ( f u e l ) .   A l l   o f  

t h e s e   a p p r o a c h e s   a r e   s i m p l e   m o d i f i c a t i o n s   of  t h e  

c l a s s i c   b u b b l i n g   bed  b o i l e r   d e s c r i b e d   e a r l i e r .  

Reh  e t .   a l .   in  German  P a t e n t   Number ,DE   3 , 0 2 3 , 4 8 0  

d e s c r i b e s   a  d i f f e r e n t   a p p r o a c h   to   o b t a i n   good   s o r b e n t  

u t i l i z a t i o n   in   s u p p r e s s i n g   s u l p h u r   o x i d e s   f r o m  

c o m b u s t i o n   g a s e s .   Reh  e t .   a l .   p a s s e s   c o m b u s t i o n   g a s  

t h r o u g h   a  f l u i d i z e d   bed  of  s o r b e n t   w i t h   p a r t i c l e   s i z e  

of  30  to   200  m i c r o n s   and  a  s u p e r f i c i a l   v e l o c i t y   of  3  t o  

30  f t / s e c o n d   ( 0 . 9  -   9 .1   m / s ) ,   p r o d u c i n g   an  e n t r a i n e d  

bed  w i t h   a  p a r t i c l e   d e n s i t y   0 .1   to   1 0 k g / m 3 .   T h e  

p a r t i c u l a t e   m a t e r i a l   e n t r a i n e d   by  t h e   h i g h   gas   v e l o c i t y  

i s   r e m o v e d   by  a  r e c y c l e   c y c l o n e   and  r e t u r n e d   to   t h e  

b e d ,   w h i c h   i s   b e t w e e n   1 3 0 0 ° F   (7040C)   and  2 0 0 0 ° F   ( 1 0 9 3 ° C )  

in  t e m p e r a t u r e .   The  h o u r l y   r e c y c l e   r a t e   i s  

a p p r o x i m a t e l y   f i v e   t i m e s   t h e   bed  w e i g h t .   T h i s   a p p r o a c h  

a c h i e v e s   good  s u l p h u r   o x i d e   s u p p r e s s i o n   by  t h e   u se   o f  

f i n e   p a r t i c u l a t e   w i t h   l a r g e   s u r f a c e   a r e a   and  v i g o r o u s  

m i x i n g .   Reh  h o w e v e r ,   d o e s   n o t   t e a c h   c o m b u s t i o n   in   t h e  

e n t r a i n e d   bed  or  h e a t   r e c o v e r y   w i t h   t u b e s   f r o m   t h e  

e n t r a i n e d   b e d .  



Reh  in  U.S .   P a t e n t   Number   4 , 1 1 1 , 1 5 8   d e s c r i b e s   a  

f l u i d   bed  c o m b u s t o r   b a s e d   upon   t h e   p r i n c i p l e   of  a n  
e n t r a i n e d   f l u i d   bed  w h i c h   o f f e r s   i m p r o v e m e n t s   i n  

c o m b u s t i o n   e f f i c i e n c y ,   s u l p h u r   o x i d e   s u p p r e s s i o n ,  

n i t r o g e n   o x i d e   c o n t r o l   and  t u r n - d o w n .   W h e r e a s   b u b b l i n g  

bed  c o m b u s t o r s   o p e r a t e   w i t h   s u p e r f i c i a l   v e l o c i t i e s   i n  

t he   r a n g e   of  4-12  f t / s e c o n d   ( 1 . 2  -   3 . 7  m / s )   and  h a v e   a  

c l e a r l y   d e f i n e d   u p p e r   s u r f a c e ,   e n t r a i n e d   bed  c o m b u s t o r s  

o p e r a t e   a t   s u p e r f i c i a l   v e l o c i t i e s   of  15  to   45  f t / s e c o n d  

( 4 . 6  -   1 3 . 7   m / s )   and  have   no  c l e a r l y   d e f i n e d   u p p e r  

s u r f a c e   b u t   r a t h e r   a  g r a d a t i o n   of  p a r t i c u l a t e   d e n s i t y  

f rom  t h e   b o t t o m   to  t h e   t o p   of   t h e   c o m b u s t o r .   T h e  

p a r t i c u l a t e   m a t e r i a l   i s   e n t r a i n e d   w i t h   t h e   gas   f l o w   i n  

t h e   r e a c t o r   and  s e p a r a t e d   f r o m   i t   by  a  r e c y c l e   c y c l o n e  

d o w n s t r e a m   of   t h e   r e a c t o r   w h e r e u p o n   t h e   p a r t i c u l a t e   i s  

r e i n t r o d u c e d   i n t o   t h e   b a s e   of   t h e   r e a c t o r .   P a r t i c l e  

s i z e   r a n g e s   f rom  30  to   250  m i c r o n s   and  t h e   p a r t i c l e  

d e n s i t y   i s   10  to   40  kg/m3  in   t h e   u p p e r   p o r t i o n   of  t h e  

r e a c t o r .   H e a t   i s   n o t   r e c o v e r e d   f rom  t h e   p a r t i c u l a t e  

m a t e r i a l   or   g a s e s   in  t h e   r e a c t o r   or  r e c y c l e   l o o p .  

Tubes   in   t h e   r e a c t o r   w o u l d   be  s u b j e c t   to  h i g h   e r o s i o n  

and  w o u l d   n o t   be  e f f e c t i v e   in   t r a n s f e r r i n g   h e a t   b e c a u s e  

of  t h e   low  p a r t i c l e   d e n s i t y   c o m p a r e d   to   t h a t   of  a  

b u b b l i n g   bed  (500  k g / m 3 ) .   H e a t   i s   r e c o v e r e d   b y  

d r a i n i n g   a  p o r t i o n   of  t h e   bed  f r o m   t h e   b a s e   of  t h e  

r e a c t o r   and  c o o l i n g   i t   in  a  s e p a r a t e   f l u i d   bed  h e a t  

e x c h a n g e r   o p t i m i z e d   f o r   t h a t   p r o c e s s .   High  c o m b u s t i o n  

e f f i c i e n c y   i s   o b t a i n e d   by  c o m p l e t e l y   b u r n i n g   s m a l l  



d i a m e t e r   f u e l   p a r t i c l e s   in  t h e   h i g h   t u r b u l e n t   r e a c t o r  

and  t h e   h o t   r e c y c l e   l o o p .   Good  s o r b e n t   u s a g e   i s   a l s o  
o b t a i n e d   by  u s i n g  f i n e   p a r t i c u l a t e   m a t e r i a l   a n d  

m a i n t a i n i n g   i t   a t   an  e f f e c t i v e   t e m p e r a t u r e   t h r o u g h o u t  

t h e   r e a c t o r   and  r e c y c l e   l o o p .   L i m i t e d   n i t r o g e n   o x i d e  

c o n t r o l   i s   o b t a i n e d   by  p r o g r e s s i v e l y   i n t r o d u c i n g  

c o m b u s t i o n   a i r   a l o n g   t h e   l e n g t h   of  t h e   r e a c t o r .   T h e  

d i s a d v a n t a g e   of  t h e   s y s t e m   i s   t h e   n e e d   f o r   t he   s e p a r a t e  

f l u i d i z e d   bed  h e a t   e x c h a n g e r   and  l a r g e   r e c y c l e   c y c l o n e s .  

Ammonia  i n j e c t i o n   to   s u p p r e s s   n i t r o g e n   o x i d e s  

w i t h o u t   a  c a t a l y s t   i s   t a u g h t   by  Lyon  in  U.S .   P a t e n t  

Number  3 , 9 0 0 , 5 5 4 .   Lyon  d e s c r i b e s   t h e   b a s i c   gas   p h a s e  

r e a c t i o n   w h e r e b y   ammonia   s e l e c t i v e l y   r e d u c e s   n i t r o g e n  

o x i d e   in  t h e   p r e s e n c e   of  o x y g e n   a t   1 7 4 2 0 F   to  1 8 3 2 0 F  

( 9 5 0  -   1 0 0 0 ° C )   and  p r e d i c t s   a  s u p p r e s s i o n   of  20%  a t   a n  

a m m o n i a / n i t r o g e n   o x i d e   m o l a r   r a t i o   of  2.  Lyon  d o e s   n o t  

t e a c h   t h e   b e n e f i t s   of  good  m i x i n g ,   as  in   t h e   r e c y c l e  

c y c l o n e ,   w h i c h   p r o d u c e d   n i t r o g e n   o x i d e   i o n s   of  95%  a t  

t h e   same  m o l a r   r a t i o   of  2 .  

I t   i s   an  o b j e c t   of  t h e   p r e s e n t   i n v e n t i o n   t o  

a c h i e v e   t h e   b e n e f i t s   of  h i g h   c o m b u s t i o n   e f f i c i e n c y   a n d  

good  s o r b e n t   u t i l i z a t i o n   w i t h o u t   u s i n g   a  s e p a r a t e  
f l u i d i z e d   bed  h e a t   e x c h a n g e r   w i t h   a  l a r g e   r e c y c l e  

c y c l o n e .  

A c c o r d i n g   to   t h e   i n v e n t i o n ,   t h e r e   i s   p r o v i d e d   a  

m e t h o d   of  b u r n i n g   a  s o l i d   f u e l   or  a  d i r t y   l i q u i d   f u e l  

in  an  a t m o s p h e r i c   f l u i d   bed  c o m b u s t o r   in  o r d e r   t o  

r e c o v e r   u s e f u l   e n e r g y ,   wh ich   c o m p r i s e s :   m a i n t a i n i n g  



a  f l u i d i z e d   bed  (B)  of  i n e r t   p a r t i c l e s ,   a s h ,   a n d  

p a r t i a l l y   b u r n e d   f u e l   p a r t i c l e s   by  p a s s i n g   a  g a s  
u p w a r d s   t h r o u g h   t h e   bed ;   c a p t u r i n g   s u b s t a n t i a l l y   a l l  

e l u t r i a t e d   t i m e   m a t e r i a l   in   t h e   e x h a u s t   gas   f rom  t h e  

bed  in   a  r e c y c l e   c y c l o n e   and  r e t u r n i n g   i t   to   t h e   b e d ;  

and  r e c o v e r i n g   h e a t   f rom  t h e   bed  and  f r o m   t h e   e x h a u s t  

g a s ;   c h a r a c t e r i s e d   in   t h a t   t h e   a v e r a g e   p a r t i c l e   s i z e   i s  

in   t h e   r a n g e   of  100  to   800  m i c r o n s ;   t h e   bed  i s   o p e r a t e d  

a t   a  s u p e r f i c i a l   v e l o c i t y   of  0 .5   to   7  f t / s e c o n d s   ( 1 . 5  

to   2 .2   m/s )   t h e r e b y   c a u s i n g   s i g n i f i c a n t   b u t   c o n t r o l l e d  

e l u t r i a t i o n   of  f i n e s   f rom  t h e   b e d ;   t h e   r e t u r n   f l o w  

t h r o u g h   t h e   r e c y c l e   c y c l o n e   in  one  h o u r   b e i n g  

e q u i v a l e n t   to   1  to   5  t i m e s   t h e   w e i g h t   of  m a t e r i a l   i n  

t h e   bed ;   and  in   t h a t   t h e   h e a t   f r o m   t h e   e x h a u s t   gas   i s  

r e c o v e r e d   d o w n s t r e a m   of  t h e   r e c y c l e   c y c l o n e .  

P r e f e r a b l y ,   t h e   m e t h o d   i n c l u d e s   t h e   a d d i t i o n   of  a  

s u l p h u r   o x i d e   s o r b e n t   i n t o   t h e   a t m o s p h e r i c   f l u i d   b e d  

c o m b u s t o r   in   o r d e r   to   s u p p r e s s   s u l p h u r   o x i d e  

e m i s s i o n s .   The  m e t h o d   may  a l s o   i n c l u d e   t h e  

i n t r o d u c t i o n   of  ammonia   i n t o   t h e   h o t   c o m b u s t i o n   g a s  
s t r e a m   i m m e d i a t e l y   u p s t r e a m   of  t h e   r e c y c l e   c y c l o n e ,   i n  

o r d e r   to   s u p p r e s s   n i t r o g e n   o x i d e   e m i s s i o n .   P r e f e r a b l y ,  

t h e   f l u i d   bed  c o m b u s t o r   i s   o p e r a t e d   a t   1 4 0 0  -   1 5 0 0 O F  

( 7 6 0  -   816°C)   to   e n c o u r a g e   minimum  n i t r o g e n   o x i d e  

f o r m a t i o n   f rom  c o m b u s t i o n   of  t h e   f u e l ,   and  to   e n c o u r a g e  
c h a r   p r o d u c t i o n   w i t h   t h e   a t t e n d a n t   s u p p r e s s i o n   o f  

n i t r o g e n   o x i d e   by  h o t   c h a r   in  t h e   bed   and  in   t h e  

r e c y c l e   l o o p .  



A c c o r d i n g  t o   a n o t h e r   a s p e c t   of  t h e   i n v e n t i o n ,  

t h e r e   i s   p r o v i d e d   f l u i d   bed  c o m b u s t i o n   a p p a r a t u s  
c o m p r i s i n g   in  c o m b i n a t i o n :   an  a t m o s p h e r i c   f l u i d   b e d  

c o m b u s t o r ,   means   f o r   f e e d i n g   s o l i d   or  d i r t y   l i q u i d   f u e l  

i n t o   t h e   c o m b u s t o r ;   means   f o r   r e c o v e r i n g   h e a t   f rom  t h e  

bed  and  f rom  t h e   e x h a u s t   gas  s t r e a m ;   and  means   f o r  

c o l l e c t i n g   d u s t   f r o m   t h e   c o o l e d   e x h a u s t   gas   s t r e a m ;  

c h a r a c t e r i s e d   by:   m e a n s   f o r   m a i n t a i n i n g   i n e r t  

p a r t i c l e s ,   ash   and  p a r t i a l l y   b u r n e d   f u e l   p a r t i c l e s   w i t h  

an  a v e r a g e   p a r t i c l e   s i z e   in  t h e   r a n g e   of  100  m i c r o n s   t o  

800  m i c r o n s ,   as  a  f l u i d i z e d   bed ;   means   f o r   p r o v i d i n g   i n  

t h e   f l u i d   bed  a  c o m b u s t o r   a  s u p e r f i c i a l   v e l o c i t y   in  t h e  

r a n g e   of  0 .5   to   7  f t / s e c o n d   ( 1 . 5   to  2 .2   m / s )   to  c a u s e  

s i g n i f i c a n t   b u t   c o n t r o l l e d   e l u t r i a t i o n   of  f i n e s   f r o m  

t h e   f l u i d   bed ;   and  means   f o r   c a p t u r i n g   s u b s t a n t i a l l y  

a l l   of  t h e   e l u t r i a t e d   m a t e r i a l   e s c a p i n g   in   t h e   e x h a u s t  

f r o m   t h e   f l u i d   bed  c o m b u s t o r   and  r e t u r n i n g   t h e   c a p t u r e d  

m a t e r i a l   to  t h e   f l u i d   bed  s u c h   t h a t   t h e   r e t u r n   f l o w   i n  

one  h o u r   i s   e q u i v a l e n t   to   2  to   5  t i m e s   t h e   w e i g h t   o f  

t h e   f l u i d   b e d .  

P r e f e r a b l y ,   t h e   means   f o r   r e c o v e r i n g   t h e   h e a t  

f rom  t h e   e x h a u s t   gas   s t r e a m   i s   l o c a t e d   d o w n s t r e a m   o f  

t h e   means   f o r   c a p t u r i n g   and  r e t u r n i n g   t h e   e l u t r i a t e d  

m a t e r i a l .  

In  a  p r e f e r r e d   e m b o d i m e n t ,   t h e r e f o r e ,   t h e   p r e s e n t  

i n v e n t i o n   u t i l i z e s   a  b u b b l i n g   f l u i d   bed  c o m b u s t o r   w i t h  

t u b e s   in  t he   bed  f o r   h e a t   t r a n s f e r   b u t   w i t h   b e d  

p a r t i c l e s   whose   a v e r a g e   d i a m e t e r   i s   in  t h e   r a n g e   of  1 0 0  



to   800  m i c r o n s   w h e r e i n   20%  to  40%  of  t h e   p a r t i c l e s ,  

r e s p e c t i v e l y ,   a r e   l e s s   t h a n   200  m i c r o n s   i n  d i a m e t e r .  
The  s u p e r f i c i a l   v e l o c i t y   of  t h e   bed  i s   p r e f e r a b l y   3  t o  

7  f t / s e c o n d   ( 0 . 9 1   to   2 . 1 3   m / s ) ,   w e l l   b e l o w   t h e   15  t o   45  

f t / s e c o n d   ( 4 . 6   to   1 3 . 7   m / s )   of  t h e   e n t r a i n e d   b e d .   T h e  

r e s u l t   of  t h e   r e l a t i v e l y   low  s u p e r f i c i a l   v e l o c i t y  

c o m b i n e d   w i t h   a  bed  of  s m a l l   d i a m e t e r   p a r t i c u l a t e  

m a t e r i a l   i s   to   p r o d u c e   a  b u b b l i n g   bed  b u t   w i t h   a  h i g h  

r a t e   of  e l u t r i a t i o n   of  t h e   f i n e s   c o m p o n e n t   of  t h e   b e d .  

A  p a r t i c l e   d e n s i t y   l o a d i n g   of  0 .5   kg/m3  i s   a c h i e v e d   a t  

t h e   t o p   of  t h e   b e d .   T h i s   c o m p a r e s   to   t h e   1 0 - 4 0   k g / m 3  

t y p i c a l   of  an  e n t r a i n e d   bed .   H e n c e ,   t h e   p r e s e n t  
i n v e n t i o n   u s e s   p a r t i c u l a t e   s i z e s   t y p i c a l   of  e n t r a i n e d  

b e d s   b u t   as  much  l o w e r   s u p e r f i c i a l   v e l o c i t y   and  h e n c e  

p r o d u c e s   a  b u b b l i n g   bed  w i t h   s u b s t a n t i a l l y   r e d u c e d  

t r a n s p o r t   of  bed  m a t e r i a l .  

Compared   to   a  c o n v e n t i o n a l   b u b b l i n g   b e d  

c o m b u s t o r ,   i t   u s e s   a  much  s m a l l e r   a v e r a g e   p a r t i c l e   s i z e  

(500  m i c r o n s   v e r s u s   1000  m i c r o n s )   and  has   a  

c o n s i d e r a b l y   h i g h   bed  t r a n s p o r t .   The  r e c y c l e   r a t e   of  a  
c o n v e n t i o n a l   b u b b l i n g   f l u i d   bed  b o i l e r   i s   a p p r o x i m a t e l y  

e q u a l   to   t h e   c o m b i n e d   s o l i d s   f e e d   r a t e s   w h e r e a s   t h e  

r e c y c l e   r a t e   of  t h e   p r e s e n t   i n v e n t i o n   i s   p r e f e r a b l y   20  

t i m e s   t h a t   v a l u e ,   e q u i v a l e n t   to   c h a n g i n g   t h e   bed  e v e r y  
40  m i n u t e s .  

U n l i k e   t h e   b u b b l i n g   bed  c o m b u s t o r s   b u t   s i m i l a r   t o  

t h e   e n t r a i n e d   bed  c o m b u s t o r s ,   t h e   p r e s e n t   i n v e n t i o n   h a s  

no  h e a t   t r a n s f e r   s u r f a c e s   b e t w e e n   t h e   bed  and  t h e  



r e c y c l e   c y c l o n e   to   c o o l   t h e   gas   and  t h e   p a r t i c u l a t e  

m a t e r i a l   and  h e n c e   c o n t a i n s   an  i s o t h e r m a l   r e c y c l e   l o o p  

o p e r a t i n g   a t   t h e   i d e a l   t e m p e r a t u r e   f o r   c o m b u s t i o n   o r  

s u l p h u r   s o r p t i o n .   U n l i k e   e i t h e r   t h e   b u b b l i n g   b e d  

c o m b u s t o r   or  t h e   e n t r a i n e d   c o m b u s t o r   t h e   p r e s e n t  

i n v e n t i o n   u s e s   ammonia   i n j e c t i o n   a t   t h e   i n l e t   of  t h e  

r e c y c l e   c y c l o n e   f o r   c o n t r o l   of  n i t r o g e n   o x i d e   e m i s s i o n s .  

O t h e r   b e n e f i t s   a r e   a  100%  to  300%  i n c r e a s e   i n  

h e a t   t r a n s f e r   c o e f f i c i e n t   on  t h e   t u b e s   in  t h e   b e d ,  

b e c a u s e   of  t h e   s m a l l   p a r t i c l e   s i z e   in  t h e   b e d ,   and  a  

r e d u c t i o n   in  t h e   e r o s i o n   ( c o m p a r e d   to   c o n v e n t i o n a l  

b u b b l i n g   b e d s )   b e c a u s e   of  t h e   low  s u p e r f i c i a l  

v e l o c i t i e s .   (Tube  e r o s i o n   i n c r e a s e s   e x p o n e n t i a l l y   w i t h  

s u p e r f i c i a l   v e l o c i t y ) .   A n o t h e r   a t t r a c t i v e   f e a t u r e   i s   a  

1 0 : 1   r a n g e   of  f l u i d i z a t i o n   v e l o c i t i e s   w h i c h   a l l o w s   f o r  

a  f u l l   f l u i d i z e d   s t a r t   up  a t   low  s y s t e m   t h r o u g h p u t s .  

The  p r e s e n t   i n v e n t i o n   has   d e m o n s t r a t e d   an  86% 

r e d u c t i o n   in  n i t r o g e n   o x i d e s   ( w i t h o u t   t h e   u se   o f  

a m m o n i a )   by  o p e r a t i n g   a t   a  low  c o m b u s t i o n   t e m p e r a t u r e  

of  1 4 5 0 ° F   ( 7 8 8 ° C )   w h i c h   r e d u c e s   t h e   e v o l u t i o n   o f  

n i t r o g e n   o x i d e s   f rom  f u e l   bound   n i t r o g e n .   In  a d d i t i o n ,  

i t   i s   a l s o   w e l l   known  t h a t   c h a r   a t   1 4 5 0 ° F   ( 7 8 8 0 C )   w i l l  

r e d u c e   n i t r o g e n   o x i d e s   in   t h e   p r e s e n c e   of  o x y g e n .   A t  

1 4 5 0 ° F   (7880C)   l a r g e   q u a n t i t i e s   of  c h a r   a r e   e l u t r i a t e d  

f rom  t h e   bed  and  c i r c u l a t e   in  t h e   r e c y c l e   l o o p .   A 

p o r t i o n   of  t h e   ion   of  t h e   86%  n i t r o g e n   o x i d e s   i s  

c o n t r i b u t e d   by  i t s   r e a c t i o n   w i t h   h o t   c h a r   b u t   t h e  

d e g r e e   of  c o n t r i b u t i o n   i s   u n k o w n .  



T h u s ,   t h e   f l u i d   b e d  

c o m b u s t i o n   m e t h o d   and  a p p a r a t u s   of  t h e   p r e s e n t  
i n v e n t i o n   may  r e s u l t   in   s u p e r i o r   p e r f o r m a n c e   a n d  

e f f i c i e n c y .  

The  i n v e n t i o n   may  be  c a r r i e d   i n t o   p r a c t i c e   i n  

v a r i o u s   ways  and  one  e m b o d i m e n t   w i l l   now  be  d e s c r i b e d  

by  way  of  e x a m p l e   w i t h   r e f e r e n c e   to   t h e   a c c o m p a n y i n g  

d r a w i n g   in   w h i c h   t h e   s i n g l e   f i g u r e   i s   a  s c h e m a t i c  

e l e v a t i o n a l   s e c t i o n a l   v i e w   of  a  c o m p l e t e   s y s t e m   i n  

w h i c h   t h e   p r e s e n t   i n v e n t i o n   i s   e m b o d i e d .  

The  s y s t e m   c o m p r i s e s   a  f l u i d   bed  c o n t a i n i n g   a  
f l u i d   p a r t i c l e   bed  B  s u p p o r t e d   on  a  d i s t r i b u t i o n   p l a t e  
12.  The  c o m b u s t o r   10  i n c l u d e s   c o o l i n g   t u b e s   13  in   t h e  

f l u i d   bed  B  as  w e l l   as  a  f u e l   f e e d   14,   s o r b e n t   f e e d   1 5  

and  bed  d r a i n   16.  F l u i d i z i n g   a i r   i s   i n t r o d u c e d   in   t h e  

b o t t o m   of  t h e   c o m b u s t o r   10  a t   17.   The  h o t   gas   a n d  

e l u t r i a t e d   p a r t i c u l a t e   m a t e r i a l   l e a v i n g   t h e   s u r f a c e   o f  

t h e   bed  B  p a s s   t h r o u g h   t h e   f r e e b o a r d   18  and  a r e  
d i r e c t e d   v i a   a  c o n d u i t   19  to  a  r e c y c l e   c y c l o n e   21  

m o u n t e d   a b o v e   t h e   bed  to   p r o v i d e   a  s t r a i g h t   d i p   l e g   22  

w i t h   a d e q u a t e   head   in  t h e   d i p   l e g   22  to   p r o v i d e   a  f r e e  

f l o w i n g   r e t u r n   of  f i n e   p a r t i c u l a t e   to   t h e   b e d .   The  c u t  

p o i n t   of  t h e   r e c y c l e   c y c l o n e   21  i s   a p p r o x i m a t e l y   12  

m i c r o n s .  

Ammonia  i s   i n j e c t e d   i n t o   t h e   h o t   gas   s t r e a m   i n  

t h e   c o n d u i t   19  i m m e d i a t e l y   u p s t r e a m   of  t h e   r e c y c l e  

c y c l o n e   by  an  ammonia   i n j e c t o r   23  to   s u p p r e s s   n i t r o g e n  

o x i d e s   when  b u r n i n g   f u e l   w i t h   f u e l - b o u n d   n i t r o g e n .  



Ammonia  i s   s u p p l i e d   f rom  a  s u p p l y   t a n k   2 4 .  

Hot  gas   l e a v i n g   t h e   r e c y c l e   c y c l o n e   21  v i a   a  
c o n d u i t   25  p a s s e s   t h r o u g h   a  c o n v e c t i o n   h e a t e r   26  w h e r e  

t h e   r e m a i n i n g   h e a t   i s   r e m o v e d   f rom  t h e   h o t   g a s .  
D o w n s t r e a m   of  t h e   c o n v e c t i o n   h e a t e r   26  t h e   gas  p a s s e s  

t h r o u g h   a  f i l t e r   s y s t e m   27,  s u c h   as  a  b a g h o u s e   f i l t e r ,  

to   r e m o v e   d u s t   b e f o r e   b e i n g   e x h a u s t e d   to   t h e   a t m o s p h e r e  

t h r o u g h   t h e   s t a c k   2 8 .  

In  t h i s   s y s t e m ,   t h e   f l u i d   bed  c o m p r i s e s   a  

b u b b l i n g   f l u i d   bed  c o m b u s t o r   w i t h   a  s u p e r f i c i a l  

v e l o c i t y   in   t h e   r a n g e   of  0 .5   f t / s e c o n d   to   7  f t / s e c o n d  

( 0 . 1 5   to   2 . 1 3   m / s )   b u t   w i t h   bed  m a t e r i a l   in  t he   s i z e  

r a n g e   of  45  m i c r o n s   to   2000  m i c r o n s   in  d i a m e t e r   w h e r e b y  

40%  to  20%  of  t h e   bed  m a t e r i a l ,   r e s p e c t i v e l y ,   i s   l e s s  

t h a n   200  m i c r o n s   i s   d i a m e t e r .   The  l a r g e   f r a c t i o n   i s  

a s s o c i a t e d   w i t h   d o l o m i t e   f e e d s t o c k   s i z e   when  d o l o m i t e  

i s   u s e d .   The  b u b b l i n g   bed  c o n t a i n s   t u b e s   to  t r a n s f e r  

h e a t   f rom  t h e   h o t   f l u i d   bed ;   t h e   h e a t   t r a n s f e r  

c o e f f i c i e n t   on  t h e   o u t s i d e   of  t h o s e   t u b e s   i s   in  t h e  

r a n g e   of  100  to   200  B T U / F T 2 / H R / F   ( 5 6 7 . 8  -   1 1 3 5 . 7   W/m2  K) 

b e c a u s e   of  t h e   f i n e   p a r t i c u l a t e   m a t e r i a l   in  t h e   b e d .  

S o l i d   f u e l   or  l i q u i d   f u e l   i s   f ed   d i r e c t l y   i n t o   t h e   b e d  

w i t h   t he   s o l i d   f u e l .   I f   a  s u l p h u r   s o r b e n t   such  a s  
l i m e s t o n e   or  d o l o m i t e   i s   u s e d ,   i t   i s   f ed   d i r e c t l y   i n t o  

t h e   bed  as  w e l l .  

The  f l u i d   bed  c o m b u s t o r   10  has   a  ho t   f r e e b o a r d   18  

w i t h   no  h e a t   t r a n s f e r   s u r f a c e s .   A  l a r g e   number   o f  

f i n e s   a r e   e l u t r i a t e d   f rom  t h e   f l u i d   bed  B  i n t o   t he   h o t  



f r e e b o a r d   18  in   w h i c h   e x c e l l e n t   m i x i n g   c o n d i t i o n s   e x i s t  

b e t w e e n   t h e   p a r t i c l e s   and  t h e   g a s ,   and  a d e q u a t e  
r e s i d e n c e   t i m e   i s   a v a i l a b l e   f o r   c h e m i c a l   r e a c t i o n s .  

Most   of  t h e   p a r t i c u l a t e   m a t e r i a l   e l u t r i a t e d   f r o m   t h e  

bed  B  i n t o   t h e   f r e e b o a r d   18  f a l l s   b a c k   i n t o   t h e   bed   b u t  

a  s i g n i f i c a n t   a m o u n t   i s   t r a n s p o r t e d   by  t h e   gas   f l o w  

i n t o   t h e   r e c y c l e   c y c l o n e   21  w h e r e   i t   i s   s e p a r a t e d   f r o m  

t h e   gas   and  r e t u r n e d   to   t h e   b e d ,   a l l   a t   s u b s t a n t i a l l y  

t h e   same  t e m p e r a t u r e   as  t h a t   of  t h e   f l u i d   b e d .  

P a r t i c l e   l o a d i n g   of  t h e   gas   e n t e r i n g   t h e   c y c l o n e   21  i s  

a p p r o x i m a t e l y   0 .5   k g / m 3 .   The  e x t e n d e d   r e s i d e n c e   t i m e  

and  t h e   e x c e l l e n t   m i x i n g   b e t w e e n   t h e   f i n e   p a r t i c u l a t e  

c h a r   and  t h e   o x y g e n   r i c h   c o m b u s t i o n   gas  in  b o t h   t h e  

f r e e b o a r d   18  and  t h e   r e c y c l e   c y c l o n e   21  c a u s e   t h e   c h a r  

p a r t i c l e s   to   b u r n   to   c o m p l e t i o n   b e f o r e   t h e y   can   l e a v e  

t h e   r e c y c l e   c y c l o n e .   A  b e n e f i t   of  t h e   r e c y c l e   c h a r   i s  

b e l i e v e d   to   be  t h e   e x h a n c e m e n t   of  h i g h l y   e f f i c i e n t  

n i t r o g e n   o x i d e   s u p p r e s s i o n   a t   t e m p e r a t u r e s   down  t o  

1 4 0 0 ° F   ( 7 6 0 ° C ) .   S i m i l a r l y ,   t h e   e x t e n d e d   r e s i d e n c e   t i m e  

and  t h e   e x c e l l e n t   m i x i n g   b e t w e e n   t h e   f i n e   s o r b e n t  

p a r t i c l e s   and  t h e   s u l p h u r   o x i d e s   in   t h e   c o m b u s t i o n   g a s  
in  t h e   h o t   f r e e b o a r d   18  and  t h e   r e c y c l e   c y c l o n e   2 1  

p r o m o t e   good  s u l p h u r   o x i d e   c a p t u r e   by  t h e   s o r b e n t .   T h e  

f i n e   p a r t i c u l a t e   m a t e r i a l   s p e n d s   a p p r o x i m a t e l y   1  s e c o n d  

in  t h e   bed  and  3  s e c o n d s   in   t h e   f r e e b o a r d   and  r e c y c l e  

c y c l o n e .   The  r e c y c l e   c y c l o n e   i s   d e s i g n e d   w i t h   a  c u t  

p o i n t   of  5  m i c r o n s   and  w i t h   a  h i g h l y   e f f i c i e n t   d i p   l e g  

to   r e c y c l e   e a s i l y   mos t   of  t h e   p a r t i c l e s   s u b s t a n t i a l l y  



l a r g e r   t h a n   5  m i c r o n s ,   p r e v e n t i n g   t h e i r   e s c a p e   to   t h e  

f i l t e r   s y s t e m   27.  The  f l o w   r a t e   of  t h e   c a p t u r e d  
p a r t i c u l a t e   m a t e r i a l   a r o u n d   t h e   r e c y c l e   l o o p   19  i s  

a p p r o x i m a t e l y   t w e n t y   t i m e s   t h e   c o m b i n e d   f l o w   of  f u e l  

and  s o r b e n t   i n t o   t h e   f l u i d   b e d .   I t s   h o u r l y   f l o w   r a t e  

i s   t w i c e   t h e   w e i g h t   of  t h e   f l u i d   bed  i t s e l f .  

I f   t h e   f u e l   c o n t a i n s   f u e l - b o u n d   n i t r o g e n   a n d  

n i t r o g e n   o x i d e   s u p p r e s s i o n   i s   r e q u i r e d ,   ammonia   i s  

s p r a y e d   i n t o   t h e   h o t   c o m b u s t i o n   gas   s t r e a m   i m m e d i a t e l y  

u p s t r e a m   23  of  t h e   i n l e t   to   t h e   r e c y c l e   c y c l o n e   2 1 .  

A l t h o u g h   ammonia   s e l e c t i v e l y   and  m o s t   e f f i c i e n t l y  

r e d u c e s   n i t r o g e n   o x i d e s   w i t h o u t   a  c a t a l y s t   in   t h e   r a n g e  
of  1 7 4 3 ° F   to   1 8 3 2 ° F   ( 9 5 0  -   1 0 0 0 0 C ) ,   e f f i c i e n t   r e d u c t i o n  

i s   n o r m a l l y   a c h i e v e d   in  t h e   p r e s e n t   i n v e n t i o n   b y  

o p e r a t i n g   t h e   f l u i d   bed  a t   1 4 5 0 ° F  -   1 6 5 0 ° F   ( 7 8 8  -   9 0 0 ° C )  

and  a c h i e v i n g   0  to   150°F   (0  to   83K)  of  a f t e r   b u r n i n g  

a b o v e   t h e   bed  B.  I n j e c t i o n   of  ammonia   i n  

a m m o n i a / n i t r o g e n   o x i d e   m o l a r   r a t i o s   of  1 .5   to   2 

p r o v i d e s   n i t r o g e n   o x i d e   s u p p r e s s i o n   of  80%  to   95% 

b e c a u s e   of  t h e   e x c e l l e n t   m i x i n g   o c c u r i n g   in  t h e   r e c y c l e  

c y c l o n e   21.  Under   c e r t a i n   c o n d i t i o n s   n i t r o g e n   o x i d e s  

a r e   s u p p r e s s e d   w i t h o u t   t h e   use   of  ammonia   i n j e c t i o n .  

When  o p e r a t i n g   a t   low  c o m b u s t i o n   t e m p e r a t u r e s   of  1 4 5 0 ° F  

( 7 8 8 ° C )   w i t h   f u e l   h a v i n g   a  h i g h   p e r c e n t a g e   of  f i x e d  

c a r b o n ,   a  s u b s t a n t i a l   p a r t   of  t h e   r e c y c l e d   p a r t i c u l a t e  

m a t e r i a l   i s   c h a r .   T h i s   h o t   f i n e   p a r t i c u l a t e   c h a r  

r e d u c e s   n i t r o g e n   o x i d e s   s u c h   t h a t   a  n i t r o g e n  

s u p p r e s s i o n   of  86%  has   been   a c h i e v e d   by  t h e   p r e s e n t  



i n v e n t i o n .  

The  h o t   c o m b u s t i o n   gas  and  d u s t   e s c a p i n g   t h e  

r e c y c l e   c y c l o n e   21  p a s s   t h r o u g h   t h e   c o n v e c t i v e   h e a t  

e x c h a n g e r   26  w h e r e   t h e   g a s e s   a r e   c o o l e d   to   t h e i r   e x i t  

t e m p e r a t u r e .   F i n a l l y ,   t he   f i l t e r   s y s t e m   27  r e m o v e s   t h e  

d u s t   b e f o r e   d i s c h a r g i n g   t he   c o m b u s t i o n   gas   to   t h e  

a t m o s p h e r e .  

The  p r e s e n t   i n v e n t i o n   t h u s   p r o v i d e s   t h e  

c a p a b i l i t y   to   b u r n   c l e a n l y   a  w i d e   v a r i e t y   of  s o l i d   a n d  

l i q u i d   f u e l s ,   some  of  w h i c h   may  be  v e r y   d i f f i c u l t   t o  

b u r n   ( s u c h   p e t r o l e u m   coke  w i t h   90%  f i x e d   c a r b o n ,   i . e . ,  

low  v o l a t i l e s )   or   f u e l s   w h i c h   may  c o n t a i n   s u l p h u r   o r  

n i t r o g e n   or  t h e   c o m b i n a t i o n   of  s u l p h u r   and  n i t r o g e n ,  

a l l   of  w h i c h   c a u s e   a i r   p o l l u t i o n .   The  p r e s e n t  

i n v e n t i o n   b u r n s   t h e s e   f u e l s   by  u s i n g   a  c o n v e n t i o n a l  

b u b b l i n g   bed  w i t h   a  f i n e   p a r t i c u l a t e   c o m p o s i t i o n   a n d  

by  r e c y c l i n g   a  l a r g e   p o r t i o n   of  t h o s e   f i n e s   t h r o u g h   a  

ho t   r e c y c l e   l o o p   a b o v e   t he   b u b b l i n g   b e d .   A  c o m b u s t i o n  

e f f i c i e n c y   of  99.4%  can  be  o b t a i n e d   w i t h   p e t r o l e u m   c o k e  

w i t h   90%  f i x e d   c a r b o n ,   and  98%  s u p p r e s s i o n   of  s u l p h u r  

o x i d e s   can  be  a c h i e v e d   w i t h   a  c l a c i u m   s u l p h u r   m o l a r  

r a t i o   of  1 . 8 .   A  95%  s u p p r e s s i o n   of  n i t r o g e n   o x i d e s   c a n  
be  o b t a i n e d   w i t h   an  a m m o n i a / n i t r o g e n   o x i d e   m o l a r   r a t i o  

of  2.  A l l   t h i s   o c c u r s   w i t h i n   t h e   f r a m e w o r k   of  t h e  

f l u i d   bed  r e c y c l e   s y s t e m   and  o c c u r s   s i m u l t a n e o u s l y .  

A  f u r t h e r   b e n e f i t   of  t h e   p r e s e n t   i n v e n t i o n   i s   a  

l a r g e   f l u i d i z a t i o n   r a n g e   of  up  to   1 5 : 1 .   B e c a u s e   t h e  

b u b b l i n g   f l u i d   bed  i s   c o m p o s e d   of  f i n e   p a r t i c u l a t e  



m a t e r i a l ,   i t s   m in imum  f l u i d i z a t i o n   v e l o c i t y   may  be  a s  

low  as  0 .5   f t / s e c o n d   ( 1 . 5   m / s ) .   The  i n v e n t i o n   w i l l   n o w  
be  f u r t h e r   i l l u s t r a t e d   in  t h e   f o l l o w i n g   n o n - l i m i t i n g  

E x a m p l e .  

EXAMPLE  I  -   PETROLEUM  COKE 

P e t r o l e u m   coke   was  b u r n e d   w i t h   a i r   in  a  f l u i d i z e d  

bed  c o m b u s t o r   w i t h   a  c o n f i g u r a t i o n   as  d e s c r i b e d   i n  

F i g u r e   1.  The  f l u i d   bed  c o m b u s t o r   was  3 f t   ( 0 .9m)   i n  

d i a m e t e r   and  1 2 f t   ( 3 . 7 m )   t a l l   w i t h   t h e   r e c y c l e   c y c l o n e  

m o u n t e d   a b o v e   i t .   The  c o m b u s t o r   was  r e f r a c t o r y   l i n e d .  

The  b u b b l i n g   bed  was  o p e r a t e d   3 - 1 / 2   to   4 f t   ( 1 . 1   t o  

1 .2m)  deep   and  c o n t a i n e d   a i r   t u b e s   to   t r a n s f e r   h e a t   o u t  

of  t h e   b e d .  

The  p e t r o l e u m   coke   u s e d   in   t h e   t e s t   had  t h e  

f o l l o w i n g   c o m p o s i t i o n   and  h e a t i n g   v a l u e :  

T h i s   f u e l   i s   d i f f i c u l t   to   b u r n   b e c a u s e   of  t h e  

h i g h   f i x e d   c a r b o n   w i t h   few  v o l a t i l e s .   I t   a l s o   c o n t a i n s  

t h e   e l e m e n t s   of  n i t r o g e n   and  s u l p h u r   w h i c h   p r o d u c e  

n i t r o g e n   o x i d e s   and  s u l p h u r   o x i d e s   as  a i r   p o l l u t a n t s .  



The  f u e l   was  i n t r o d u c e d   to   t h e   f l u i d   bed  t h r o u g h   a  f u e l  

f e e d ,   t h e   m a j o r i t y   of   t h e   f u e l   b e i n g   b e t w e e n   50  and  4 0 0  
m i c r o n s   in   d i a m e t e r .   D o l o m i t e ,   a  s u l p h u r   s o r b e n t ,   w a s  

i n t r o d u c e d   i n t o   t h e   bed  t h r o u g h   t h e   s o r b e n t   f e e d .   I t s  

c o m p o s i t i o n   w a s :  

I t s   s i z e   was  b e t w e e n   4700  m i c r o n s   and  1 2 0 0  

m i c r o n s .   T h i s   p a r t i c u l a t e   d o l o m i t e   d e c r e p i t a t e d   in   t h e  

bed   t o   f i n e   p a r t i c l e s .  

The  f l u i d   bed  was  i n i t i a l l y   c o m p o s e d   of  c r u s h e d  

d o l o m i t e   w i t h   an  a v e r a g e   s i z e   of  800  m i c r o n s .  

A f t e r   t e s t i n g   f o r   a p p r o x i m a t e l y   500  h o u r s   t h e   b e d  

was  c o m p r i s e d   of  a s h ,   s p e n t   s o r b e n t   and  p a r t i a l l y   s p e n t  

s o r b e n t ;   a v e r a g e   p a r t i c l e   s i z e   had  s t a b i l i z e d   a t  

a p p r o x i m a t e l y   300  m i c r o n s .   The  f l u i d   bed  o p e r a t e d   a t  

an  a v e r a g e   s u p e r f i c i a l   v e l o c i t y   of  4  f t / s e c o n d   ( 1 . 2  

m / s ) .   I t   was  n e c e s s a r y   to   d r a i n   t h e   bed  p e r i o d i c a l l y  

t o   m a i n t a i n   a  c o n s t a n t   l e v e l .  

The  r e c y c l e   c y c l o n e   was  d e s i g n e d   to   h o l d   t h e  

m a j o r i t y   of  p a r t i c l e s   g r e a t e r   t h a n   5  m i c r o n s   w i t h i n   t h e  

f l u i d   bed  c o m b u s t o r   and  was  d e s i g n e d   w i t h   a  f r e e  

f l o w i n g   d i p   l eg   to   p r o v i d e   l i t t l e   r e s i s t a n c e   in   t h e  

p a r t i c u l a t e   r e t u r n   p a t h .   As  a  r e s u l t ,   h i g h   r e c y c l e  

f l o w   r a t e s   of  f i n e s   w e r e   a c h i e v e d   w h e r e b y   t h e  

r e c i r c u l a t i o n   pe r   h o u r   was  a p p r o x i m a t e l y   t w i c e   t h e  



w e i g h t   of  t h e   bed  and  t w e n t y   t i m e s   t h e   c o m b i n e d   s o l i d s  

f e e d   r a t e .   The  f u e l   and  s o r b e n t   p a r t i c u l a t e   m a t e r i a l s ,  
u n a b l e   to   l e a v e   t h e   f l u i d   bed  w i t h   t h e   gas   s t r e a m   u n t i l  

t h e y   had  r e a c h e d   a  v e r y   s m a l l   s i z e ,   w e r e   c o n t a i n e d   i n  

t h e   bed  and  c o m m i n u t e d   by  t h e   a c t i o n  o f   t h e   b e d .   F u e l  

p a r t i c l e s ,   r e s t r a i n e d   f rom  l e a v i n g   t h e   f l u i d   b e d  

c o m b u s t o r ,   b u r n e d   to   c o m p l e t i o n   p r o v i d i n g   h i g h  

c o m b u s t i o n   e f f i c i e n c y   even   w i t h   t h i s   d i f f i c u l t   f u e l  

c o n t a i n i n g   a p p r o x i m a t e l y   90%  f i x e d   c a r b o n .   C o m b u s t i o n  

e f f i c i e n c y   was  f u r t h e r   e n h a n c e d   by  t h e   i s o t h e r m a l  

n a t u r e   of  t h e   r e c y c l e   p a t h .   The  f u e l   p a r t i c l e s   w e r e  

h e a t e d   to   f u l l   c o m b u s t i o n   t e m p e r a t u r e   in   t h e   bed  a n d  

c o o l e d   n e i t h e r   in   t h e   f r e e b o a r d   nor   in   t h e   r e c y c l e  

c y c l o n e .   O p e r a t i n g   a t   a  bed  t e m p e r a t u r e   of  1 6 0 0 ° F  

( 8 6 1 ° C )   w i t h   20%  to   30%  e x c e s s   a i r ,   c o m b u s t i o n  

e f f i c i e n c i e s   of  99.4%  were   a c h i e v e d .   A f t e r b u r n i n g  

a b o v e   t h e   bed  was  in   t h e   r a n g e   of  50°F  to   1 0 0 ° F   (28  t o  

5 6 K ) .  

C o m m u n i c a t i o n   and  r e t e n t i o n   of  t h e   s o r b e n t  

p a r t i c l e s   p r o v i d e d   a  l a r g e   s u r f a c e   a r e a   of  t h e   s o r b e n t  

to   a b s o r b   s u l p h u r   f rom  g a s e s   in  t h e   f l u i d   b e d  

c o m b u s t o r .   N i n e t y - e i g h t   p e r c e n t   s u l p h u r   o x i d e  

s u p p r e s s i o n   was  a c h i e v e d   a t   a  c a l c i u m   to   s u l p h u r   m o l a r  

r a t i o   of  1 . 8 .   A  f u r t h e r   b e n e f i t   of  t h e   f i n e   p a r t i c l e  

s i z e   in  t h e   c o m b u s t o r   was  t he   i n c r e a s e   in  h e a t   t r a n s f e r  

c o e f f i c i e n t   on  t h e   s u r f a c e   of  t h e   t u b e s   i m m e r s e d   in   t h e  

b e d .   Hea t   t r a n s f e r   c o e f f i c i e n t s   on  t h e   o u t s i d e   of  t h e  

t u b e s   r a n g i n g   f rom  100  to   200  B T U / H R / F T 2 - F   ( 5 6 7 . 8   t o  

1 1 3 5 . 7   W/m3K)  were   o b s e r v e d   c o m p a r e d   to   4 0 - 6 0  



B T U / H R - F T 2 - F   (227  t o   341  W/m3K)  f o r   a  c o n v e n t i o n a l  

f l u i d   bed  b o i l e r .  
To  s u p p r e s s   n i t r o g e n   o x i d e s   to   m e e t   l o c a l  

p o l l u t i o n   c o n t r o l   c o d e s   as  m i g h t   be  d e m a n d e d   f o r  

e x a m p l e   in   S o u t h e r n   C a l i f o r n i a ,   U . S . A . ,   a m m o n i a   w a s  

i n j e c t e d   u p s t r e a m   of   t h e   c y c l o n e   to   mix  w i t h   t h e  

c o m b u s t i o n   gas  and  to   r e d u c e   s e l e c t i v e l y   n i t r o g e n   o x i d e  

to   n i t r o g e n   and  w a t e r   a c c o r d i n g   to   t h e   w e l l - k n o w n  

r e a c t i o n s .   At  an  N H 3 - t o - N O   m o l a r   r a t i o   of  2 ,  

a p p r o x i m a t e l y   95%  of   t h e   NO  was  s u p p r e s s e d .  

EXAMPLE  I I  -   UTAH  COAL 

Utah   c o a l   was  b u r n e d   in  t h e   same  f l u i d   b e d  

c o m b u s t o r   as  p r e v i o u s l y   d e s c r i b e d   in   E x a m p l e   I .   t h e  

c o m p o s i t i o n   of  t h e   c o a l   and  i t s   h e a t i n g   v a l u e   w e r e   a s  

f o l l o w s :  

The  Utah  c o a l   had  s u b s t a n t i a l l y   l e s s   f i x e d   c a r b o n  

and  s u b s t a n t i a l l y   g r e a t e r   v o l a t i l e s   and  h e n c e   w a s  

e a s i e r   to   b u r n   t h a n   p e t r o l e u m   c o k e .   The  s i z e   of  t h e  

c o a l   was  m i n u s   1  5 /8   i n c h e s   ( < 4 1 . 3 m m ) .   The  s u l p h u r  



s o r b e n t   was  t h e   s a m p l e   d o l o m i t e  a s   u s e d   in  E x a m p l e   I .  

I t s   c o m p o s i t i o n   was  as  f o l l o w s :  

I t s   s i z e   was  b e t w e e n   1 , 2 0 0   m i c r o n s   and  4 , 7 0 0  

m i c r o n s   bu t   i t   d e c r e p i t a t e d   i n t o   f i n e   p a r t i c l e s   in  t h e  

b e d .  

C o m b u s t i o n   e f f i c i e n c y   w i t h   c o a l   was  99.8%  w i t h  

20%  e x c e s s   a i r   a t   a  bed  t e m p e r a t u r e   of  1 6 0 0 ° F   ( 8 7 1 ° C ) .  

For   c o a l ,   t h e   c o m b u s t o r   c o u l d   be  o p e r a t e d   as  c o o l   a s  
1 4 0 0 ° F   ( 7 6 0 ° C )   w i t h   o n l y   20%  e x c e s s   a i r   and  y e t  
m a i n t a i n   good  c o m b u s t i o n   c h a r a c t e r i s t i c s .   W i t h  

p e t r o l e u m   c o k e ,   a c c e p t a b l e   c o m b u s t i o n   c h a r a c t e r i s t i c s  

c o u l d   o n l y   be  m a i n t a i n e d   a t   1 4 5 0 ° F   ( 7 8 8 0 C )   b y  

i n c r e a s i n g   t h e   e x c e s s   a i r   to  60%.  For   c o a l   a t   1 6 0 0 ° F  

( 8 7 1 ° C ) ,   a f t e r   b u r n i n g   above   t h e   bed  was  r e d u c e d   t o  

1 0 - 2 0 ° F   ( 5 . 6  -   1 1 . 1 K ) .   S u p p r e s s i o n   of  s u l p h u r   o x i d e s  

and  n i t r o g e n   o x i d e s   was  s i m i l a r   to   t h a t   w i t h   p e t r o l e u m  

c o k e .  



1.  A  m e t h o d   of  b u r n i n g   a  s o l i d   f u e l   or  a  d i r t y  

l i q u i d   f u e l   in   an  a t m o s p h e r i c   f l u i d   bed  c o m b u s t o r   ( 1 0 )  
in  o r d e r   to   r e c o v e r   u s e f u l   e n e r g y ,   w h i c h   c o m p r i s e s :  

m a i n t a i n i n g   a  f l u i d i z e d   bed  (B)  of   i n e r t   p a r t i c l e s ,  

a sh   and  p a r t i a l l y   b u r n e d   f u e l   p a r t i c l e s   by  p a s s i n g   a  

gas   u p w a r d s   t h r o u g h   t h e   bed ;   c a p t u r i n g   s u b s t a n t i a l l y  

a l l   e l u t r i a t e d   t i m e   m a t e r i a l   in   t h e   e x h a u s t   gas   f r o m  

t h e   bed  in   a  r e c y c l e   c y c l o n e   (21)   and  r e t u r n i n g   i t   t o  

t h e   bed ;   and  r e c o v e r i n g   h e a t   f r o m   t h e   bed  (13)   and  f r o m  

t h e   e x h a u s t   gas   ( 2 6 ) ;   c h a r a c t e r i s e d   in   t h a t   t h e   a v e r a g e  

p a r t i c l e   s i z e   i s   in  t h e   r a n g e   of   100  to   800  m i c r o n s ;  

t h e   bed  i s   o p e r a t e d   a t   a  s u p e r f i c i a l   v e l o c i t y   of  0 .5   t o  

7  f t / s e c o n d   ( 1 . 5   to   2 .2   m/s )   t h e r e b y   c a u s i n g  

s i g n i f i c a n t   b u t   c o n t r o l l e d   e l u t r i a t i o n   of  f i n e s   f r o m  

t h e   b e d ;   t h e   r e t u r n   f l o w   t h r o u g h   t h e   r e c y c l e   c y c l o n e  

(21)   in   one  h o u r   b e i n g   e q u i v a l e n t   to   1  to   5  t i m e s   t h e  

w e i g h t   of  m a t e r i a l   in   t h e   bed ;   and  in   t h a t   t h e   h e a t  

f rom  t h e   e x h a u s t   gas   i s   r e c o v e r e d   d o w n s t r e a m   of  t h e  

r e c y c l e   c y c l o n e   ( 2 1 ) .  

2.  A  m e t h o d   as  c l a i m e d   in   C l a i m   1  c h a r a c t e r i s e d  

by  t h e   a d d i t i o n   of  a  s u l p h u r   o x i d e   s o r b e n t   (15)  i n t o  

t h e   a t m o s p h e r i c   f l u i d   bed  c o m b u s t o r   (10)   in   o r d e r   t o  

s u p p r e s s   s u l p h u r   o x i d e   e m i s s i o n s .  

3.  A  m e t h o d   as  c l a i m e d   in   C l a i m   1  or   C l a i m   2 

c h a r a c t e r i s e d   by  t h e   i n t r o d u c t i o n   of   ammonia   i n t o   t h e  

h o t   c o m b u s t i o n   gas   s t r e a m   i m m e d i a t e l y   u p s t r e a m   (23)  o f  

t h e   r e c y c l e   c y c l o n e ,   in  o r d e r   to   s u p p r e s s   n i t r o g e n  

o x i d e   e m i s s i o n s .  



4.  A  m e t h o d   as  c l a i m e d   in   any  p r e c e d i n g   c l a i m  

c h a r a c t e r i s e d   by  o p e r a t i n g   t h e   f l u i d   bed  c o m b u s t o r   a t  
1 4 0 0  -   1 5 0 0 ° F   ( 7 6 0  -   816°C)   to   e n c o u r a g e   m i n i m u m  

n i t r o g e n   o x i d e   f o r m a t i o n   f rom  c o m b u s t i o n   of  t h e   f u e l ,  

and  to   e n c o u r a g e   c h a r   p r o d u c t i o n   w i t h   t h e   a t t e n d a n t  

s u p p r e s s i o n   o f   n i t r o g e n   o x i d e   by  h o t   c h a r   in   t h e   b e d  

and  in   t h e   r e c y c l e   l o o p .  

5.  F l u i d   bed  c o m b u s t i o n   a p p a r a t u s   c o m p r i s i n g   i n  

c o m b i n a t i o n :   an  a t m o s p h e r i c   f l u i d   bed  c o m b u s t o r   ( 1 0 ) ;  

means   f o r   f e e d i n g   s o l i d   or  d i r t y   l i q u i d   f u e l   i n t o   t h e  

c o m b u s t o r ;   m e a n s   f o r   r e c o v e r i n g   h e a t   f rom  t h e   bed  ( 1 3 )  

and  f rom  t h e   e x h a u s t   gas  s t r e a m   ( 2 6 ) ;   and  means   f o r  

c o l l e c t i n g   d u s t   (27)   f rom  t h e   c o o l e d   e x h a u s t   g a s  

s t r e a m ;   c h a r a c t e r i s e d   by:  means   (17)   f o r   m a i n t a i n i n g  

i n e r t   p a r t i c l e s ,   a sh   and  p a r t i a l l y   b u r n e d   f u e l  

p a r t i c l e s   w i t h   an  a v e r a g e   p a r t i c l e   s i z e   in  t h e   r a n g e   o f  

100  m i c r o n s   to   800  m i c r o n s   as  a  f l u i d i z e d   bed  ( 1 8 ) ;  

means   f o r   p r o v i d i n g   in   t he   f l u i d   bed  c o m b u s t o r   (10)   a  

s u p e r f i c i a l   v e l o c i t y   in  t h e   r a n g e   of  0 .5   to   7  f t / s e c o n d  

( 1 . 5   to  2 .2   m / s )   to  c a u s e   s i g n i f i c a n t   b u t   c o n t r o l l e d  

e l u t r i a t i o n   of  f i n e s   f rom  t h e   f l u i d   b e d ;   and  means   ( 2 1 )  

f o r   c a p t u r i n g   s u b s t a n t i a l l y   a l l   of   t h e   e l u t r i a t e d  

m a t e r i a l   e s c a p i n g   in  t h e   e x h a u s t   f r o m   t h e   f l u i d   b e d  

c o m b u s t o r   (10)   and  r e t u r n i n g   t h e   c a p t u r e d   m a t e r i a l   t o  

t h e   f l u i d   bed   (B)  such   t h a t   t h e   r e t u r n   f l o w   in  o n e  

h o u r   i s   e q u i v a l e n t   to   2  to  5  t i m e s   t h e   w e i g h t   of  t h e  

f l u i d   b e d .  



6.  A p p a r a t u s   as  c l a i m e d   in  C l a i m   5 

c h a r a c t e r i s e d   by  means   (15)   f o r   f e e d i n g   a  s u l p h u r   o x i d e  
s o r b e n t   i n t o   t h e   a t m o s p h e r i c   f l u i d   bed  c o m b u s t o r   ( 1 0 )  

c o n c u r r e n t   w i t h   t h e   f u e l .  

7.  A p p a r a t u s   as  c l a i m e d   in   C l a i m   5  or   C l a i m   6 

c h a r a c t e r i s e d   by  means   (23)   f o r   i n t r o d u c i n g   a m m o n i a  

i n t o   t h e   h o t   c o m b u s t i o n   gas   s t r e a m   i m m e d i a t e l y   u p s t r e a m  
of  t h e   r e c y c l e   c y c l o n e   ( 2 1 ) .  

8.  A p p a r a t u s   as  c l a i m e d   in   any  of  C l a i m s   5  to   7 

c h a r a c t e r i s e d   by  means   f o r   o p e r a t i n g   t h e   f l u i d   b e d  

c o m b u s t o r   (10)  a t   1 4 0 0  -   1 5 0 0 ° F   ( 7 6 0  -   816°C)   t o  

e n c o u r a g e   minimum  n i t r o g e n   o x i d e   f o r m a t i o n   f r o m   t h e  

f u e l   c o m b u s t i o n   and  to   e n c o u r a g e   c h a r   p r o d u c t i o n   w i t h  

t h e   a t t e n d a n t   s u p p r e s s i o n   of  n i t r o g e n   o x i d e   by  h o t   c h a r  

in  t h e   bed  and  in  t h e   r e c y c l e   l o o p .  

9.  A p p a r a t u s   as  c l a i m e d   in   any  of  C l a i m s   5  to   8 

c h a r a c t e r i s e d   in  t h a t   t h e   means   (26)   f o r   r e c o v e r i n g  
h e a t   f r o m   t h e   e x h a u s t   gas   s t r e a m   i s   l o c a t e d   d o w n s t r e a m  

of  t h e   means   (21)  f o r   c a p t u r i n g   and  r e t u r n i n g   t h e  

e l u t r i a t e d   m a t e r i a l .  
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