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It is shown that c r o s s c u r r e n t  design is an eff ic ient  way of o rgan iz ing  heat  exchange in the p r e -  
hea t ing  and cool ing zones  of mul t i zone  f lu id i zed -bed  f u r n a c e s .  

We shal l  cons ide r  a mul t i zone  fu rnace  with f lu id ized bed and evalua te  the poss ib i l i t i e s  fo r  ut i l izat ion 
of the heat  of ga se s  and f in i shed  p roduc t ;  we a s s u m e  that a f te r  t r a v e r s i n g  a zone,  the gas and the m a t e r i a l  
a re  at the s a m e  t e m p e r a t u r e ,  i .e . ,  each fu rnace  zone ac ts  as a mixing  heat  exchange r  [1-6].  

Then fol lowing the n- th  zone,  the t e m p e r a t u r e  of the m a t e r i a l  is 

tn mat =t,~+i 1 - } - ~  + t"-I I 1 + ~  " (1) 

We now a s s u m e  that we use a baff le  to s e p a r a t e  the given zone into two sec t ions .  

Fol lowing  the f i r s t  t e m p e r a t u r e ,  the m a t e r i a l  is at the t e m p e r a t u r e  

t, n 1 t [1 1 ,v  l ,  mat =tn+,-f----~-'~- n-i [ ~_- (2) 

L l 

while following the second section (i.e., following the zone that has been divided into two sections) when 
T 

in+ t = tnmat, 

tnmat=tn+, ( 1 +  ~_)~.+t~_t  I ( 1 + _ ~ )  ~ . (3) 

S imi l a r ly ,  fo r  d iv is ion into th ree  s ec t i ons ,  

,., 1 [ 
tn mat= t~+' (1_}_ __~_)3 -}-tn-I 1 

while fo r  i s ec t ions  we have 

tnmat.~/n+ ' 1 i -~t,,_,[l l ( { )  [ ( 

(4) 

(5) 

In the l imit ,  when i - -  ~ ,  

tn mat = tn+i e - ~  -~- t,_t (1 - -  e-~/). (6) 

The exponent ia l  r e l a t ionsh ip  (6) r e s e m b l e s  that obta ined e a r l i e r  f o r  de t e rmina t i on  of t e m p e r a t u r e s  in 
a pneumat i c  c o n v e y e r ,  which is c lose  to i d e a l - d i s p l a c e m e n t  equipment  [7, 8] and e ro s s f l ow  f lu id ized-bed  
equipment  in the absence  of p a r t i c l e  mixing  [7], i .e . ,  when the n u m b e r  of sec t ions  goes to infinity we a p -  
p r o a c h  an i d e a l - d i s p l a c e m e n t  device ,  as we might  expect .  
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F i g .  1. A u x i l i a r y  n o m o g r a m  fo r  f o u r - z o n e  f u r n a c e  
wi th  d i r e c t - c o n t a c t  and c r o s s f t o w - c o u n t e r f l o w  h e a t -  
exchange  s y s t e m s .  

F r o m  (6), we can d e t e r m i n e  the t e m p e r a t u r e  of the m a t e r i a l  fo l lowing  the f l u i d i z e d - b e d  zone fo r  idea l  
d i s p l a c e m e n t  of the m a t e r i a l ;  f r o m  the t h e r m a l  v iewpoin t ,  this  c o r r e s p o n d s  to c r o s s f l o w  hea t  exchange .  

C o m p a r i n g  (1) and (6), we s e e  that  a c r o s s f t o w  h e a t  e x c h a n g e r  is  m o r e  e f f ec t i ve  than a d i r e c t - c o n t a c t  
d e s i g n .  The  e f f i c i ency  is h i g h e r  the  l a r g e r  the r a t i o  of the w a t e r  e q u i v a l e n t s  of the gas  and the m a t e r i a l .  

Thus ,  fo r  e x a m p l e ,  when m a t e r i a l  at in+ 1 = 1000~ is coo l ed  by  co ld  a i r  at  q = 20~ with W = 1 and 2, 
when the zone is a c t e d  in d i r e c t - c o n t a c t  m o d e ,  we ob ta in  510~ and 347~ r e s p e c t i v e l y ;  when the zone is 
s w i t c h e d  to c r o s s f l o w  o p e r a t i o n ,  the f ina l  t e m p e r a t u r e  of the m a t e r i a l  is  390~ and 152~ 

It shou ld  be  no ted  that  the s o - c a l l e d  c o u n t e r f l o w  m u l t i z o n e  f t u i d i z e d - b e d  hea t  e x c h a n g e r s  d e s c r i b e d  
p r e v i o u s l y  [1-5] a r e  e s s e n t i a l l y  d i r e c t - c o n t a c t - c o u n t e r f l o w  d e v i c e s ,  s i n c e  a s i n g l e  e l e m e n t  in such  a s y s -  
t e m ,  which  is  of the c o u n t e r f l o w  type  as  a who le ,  o p e r a t e s  as  a d i r e c t - c o n t a c t  hea t  e x c h a n g e r .  

Below we s h a l l  c o n s i d e r  a c r o s s f l o w - c o u n t e r f i o w  h e a t  e x c h a n g e r ,  i . e . ,  we s h a l l  look at  the c a s e  in 
which  a s i n g l e  e l e m e n t  o p e r a t e s  as  a c r o s s f l o w  d e v i c e  wi th in  an o v e r a l l  c o u n t e r f l o w  s y s t e m .  

We c o n s i d e r  a m u i t i z o n e  f u r n a c e ;  the p r e h e a t i n g  and coo l ing  zones  a r e  s e p a r a t e d  into  i s e c t i o n s  by 
b a f f l e s .  T h e r e  a r e  no ba f f l e s  in the fuel  f i r i n g  zone .  

We e m p l o y  the m e t h o d s  of [6] fo r  the c a l c u l a t i o n s .  We r e c a l l  that  on the r i g h t - h a n d  q u a d r a n t  of the 
d e s i g n  n o m o g r a m  we c o n s t r u c t  the r e l a t i o n s h i p  

w h e r e  

We w r i t e  (5) in a s i m i l a r  f o r m :  

s i n c e  W = V K c g ~ a m / G C '  

rn Kcg I1 am X .  " 

I t n - -  t~_ i 
- -  = (8)  
X~ t~_, - -  t .  

t n - - t . + ~  _ ( I + _ ~ W / ) i  1 (9) 
t . _  i - -  t ,  

, we can s o l v e  (9) fo r  V / G ,  
1 

Z cr - -  Kegna'm i ~ + I  - - I  - (10) 

We can r e d u c e  (10) to the f o r m  (7), 

cr KCg TI am Xn  ' 
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T A B L E  1. C o m p a r i s o n  of C h a r a c t e r i s t i c s  f o r  F o u r -  and S i x - Z o n e  
L i m e s t o n e  F u r n a c e s  with F l u i d i z e d  Bed  

Number of 
zones 

Four 
Four 
Six 

He at -exchange system 

Direct-contact- counterflow 
Crossflow--counterflow 
Direct-contact - counterflow 

149 
137 
136 

Temperatur~~ 

exit gases material 
removed 

453 335 
341 282 
362 180 

w h e r e  

o r ,  in the l i m i t ,  when i -~ oo, 

! 

A = i [  ,X~ 
1 ' ( 1 2 )  

X~ 

A ----- 1 (13) 

X ,  

S i m i l a r l y ,  we can show that  fo r  the coo l ing  zone the s p e c i f i c  gas  f low r a t e  u n d e r  c r o s s c u r r e n t  cond i t ions  
can  be  r e p r e s e n t e d  as  

( ~ )  = c'~lamxm l-- , (14) 
cr Lca A 

w h e r e  A is the s a m e  c o r r e c t i o n  f a c t o r ,  found f r o m  (12) o r  (13). In the g iven  c a s e ,  the c o r r e c t i o n  f a c t o r  A 
is s h i f t e d  to the d e n o m i n a t o r ,  s i n c e  the d i r e c t i o n  of h e a t  exchange  is  r e v e r s e d ,  and the gas  and m a t e r i a l  
t e m p e r a t u r e  a r e  i n t e r c h a n g e d .  

In th is  m a n n e r ,  we can  d e s i g n  a m u l t i z o n e  f u r n a c e  with s e c t i o n a l i z e d  f l u i d i z e d  b e d s  in the p r e h e a t i n g  
and coo l ing  zones  [6] wi th  a c o r r e c t i o n  fo r  s e c t i o n a l i z a t i o n  in the fo rm of the coe f f i c i en t  A. 

As an i l l u s t r a t i o n ,  l e t  us look at  c a l c u l a t i o n s  fo r  a f o u r - z o n e  l i m e s t o n e  r o a s t i n g  f u r n a c e  us ing  a s e c -  
t i o n a l i z e d  f l u i d i z e d  b e d  with  two p r e h e a t i n g  zones  and one coo l ing  zone .  

The  i n i t i a l  d a t a  a r e  

i - -  4; ~ = 1,7; t,_ t = 950 ~ t~+ t = 10 ~ t o air = 50 ~ 

L~=I,! = 10,5Nma/NmS; Kc~=l,l = 11,5 Nm3/NmS; 

c i = 0 . 9 6  kJ/kg, degC; c r =  1,46 kJ/kg, degC; C B =  kJ/kg, degC; 

q = 1670 kJ/kg; Q / =  35500 kJ/Nm ~. 

We use  the r e s u l t s  to c o n s t r u c t  an a u x i l i a r y  n o m o g r a m  (see  F i g .  1). In the r i g h t - h a n d  q u a d r a n t ,  the 
t e m p e r a t u r e  of the m a t e r i a l  is  p l o t t e d  a long the ax i s  of a b s c i s s a s ,  wh i l e  the a i r  p r e h e a t i n g  t e m p e r a t u r e  is  
p lo t t ed  in the l e f t - h a n d  q u a d r a n t .  

As we s e e ,  s e c t i o n a l i z a t i o n  of the p r e h e a t i n g  and coo l ing  zones  is p r o v i d e d  fo r  in the g r a p h  by  sh i f t ing  
the c u r v e s  in a c c o r d a n c e  with A. 

T a b l e  1 shows  the r e s u l t s  o b t a i n e d  f r o m  this  n o m o g r a m  f o r  a f o u r - z o n e  f u r n a c e  in d i r e c t - c o n t a c t  
- c o u n t e r f l o w  o p e r a t i o n  (with no s e c t i o n a l i z a t i o n  of the p r e h e a t i n g  and coo l ing  zones )  and fo r  c r o s s f l o w  
- c o u n t e r f l o w  o p e r a t i o n  (with s e c t i o n a l i z a t i o n ) .  F o r  c o m p a r i s o n ,  we have  a l so  shown c a l c u l a t e d  r e s u l t s  
fo r  a s i x - z o n e  f u r n a c e  ( th ree  p r e h e a t i n g  zones  and two coo l ing  zones ) ,  with d i r e c t - c o n t a c t - c o u n t e r f i o w  
o p e r a t i o n .  

As T a b l e  1 s h o w s ,  the use  of c r o s s c u r r e n t  hea t  exchange  in the p r e h e a t i n g  and coo l ing  zones  m a k e s  
it p o s s i b l e  e i t h e r  to i m p r o v e  the f u r n a c e  t h e r m a l  c h a r a c t e r i s t i c s  o r ,  whi le  p r e s e r v i n g  the p r e v i o u s  c h a r a c -  
t e r i s t i c s ,  to r e d u c e  the to ta l  n u m b e r  of f u r n a c e  zones  ( f rom s ix  to fou r  in our  c a s e ) .  
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NOTATION 

W 
V , G  
K, L 

Ca, Cg, C T, C 1 

q 

nam 

tn+1 
tn-1 
tn 
to a i r  

i 

is the ra t io  of the wa te r  equivalents  of gas and ma te r i a l ;  
a re  the p e r - h o u r  flow ra tes  of gas (fuel) and f inished product ,  Nm3/h, kg/h;  
a re  the output of combust ion products  and the a i r  consumption pe r  Nm 3 of gas (fuel), 
Nm3/Nm3; 
a re  the heat  capac i t ies  of the a i r ,  gas ,  raw m a t e r i a l ,  and finished product ,  k J / N m ~ ' d e g ,  
k J / k g  �9 deg; 
is the 
is the 

is the 

is the 
is the 
is the 
is the 
is the 
is the 

fuel flow ra te  for  the the rma l  p roce s s  pe r  k i logram of finished product ,  k J /kg ;  
coefficient  for  the heat  lost to the ambient;  

ca lo r i f i c  value of the gas (fuel), k J /Nm3;  

initial t e m p e r a t u r e  of the ma t e r i a l  supplied to the n-th zone of the fluidized bed, deg; 
s a m e ,  for  gas;  
t e m p e r a t u r e  in the n-th zone, deg; 
initial t e m p e r a t u r e  of the a i r ,  deg; 
ma te r i a l  f l ow- ra t e  coefficient;  
number  of sec t ions .  
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