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A method of over-all thermal calculation of a multi-sectional furnace 
with heating and cooling sections for fluidized endothermic calcina- 
tion of loose materials is described. 

Methods of ca lcu la t ion  of mul t i s t age  f lu id ized-bed  
heat exchangers  have been given in [1-3] .  In [4] a 
method of combined ca lcu la t ion  for  a mul t i s t age  heat  
exhanger  (heating zones)  and a ca lc ina t ion  zone was 
cons idered .  A h e a t - e n g i n e e r i n g  ana ly s i s  of an : a gg r e -  
gate containing heat ing,  ca lc ina t ion ,  and cooling s e c -  
t ions  was a t tempted in [5]. However,  an o v e r - a l l  m e -  
thod of t h e r m a l  ca lcu la t ion  of a mu l t i s ec t i ona l  fu rnace  
(with heat ing,  ca lc ina t ion ,  and cool ing sec t ions)  has  
not yet been devised.  

We cons ide r  a mu l t i s ec t i ona l  fu rnace  for f luidized 
endo the rmic  ca lc ina t ion  with n - 1 hea t ing  sec t ions ,  
a ca lc ina t ion  sec t ion ,  and m - 1 cool ing sec t ions  
(Fig. 1). 

We rega rd  each sec t ion  as a mix ing  heat  exchanger ,  
i. e . ,  we a s s u m e  that the t e m p e r a t u r e s  of the gases  
and sol id m a t e r i a l  on leaving  the l aye r  a re  the same .  
Then the heat  ba lance  equat ion of the n - th  sect ion is  

V I ( C g ( t n - l - - t n ) ] ] s n r = G C t ( ~ n - - t n + l ) ,  (1) 

whe re 

C ' = ~ ( I - -  ~'qen ) ( C 1 +  Y'------q-~q ) 
, 1 O0 t 1 - -  t o 

is the r educed  specif ic  heat  of the r aw m a t e r i a l  in the 
case  of total  heat  consumpt ion  on endo-  and exo thermie  
p r o c e s s e s  in the t e m p e r a t u r e  range  t o - t  1. In the case  
where  the t h e r m a l  p r o c e s s e s  a r e  comple ted  at t2 ( i .e . ,  
in the f i r s t  heat ing sec t ion  in the path of the gases)  Zq 
r e f e r s  to the d i f ference  t z - t 0. The e r r o r  due to such 
ave rag ing  is not too large  for  e n g i n e e r i n g  r e q u i r e -  
ments  if the heat  is suf f ic ien t ly  well  u t i l ized  (which, 
of course ,  is our  aim). 

The heat  ba lance  equation of the ca lc ina t ion  sec t ion  
is 

v (O - -  Kagtl + LCa t2o ) ~sur = G i t '  (t~ - -  t,) + q]. (2) 

The values  of C' and q are  subs t i tu ted  into Eq. (2) 
accord ing  to where  the heat consumpt ion  is c o n c e n -  
t ra ted  (or d i spe rsed) .  If the heat  is  consumed  in the 
t e m p e r a t u r e  range  (t0-tl) ,  C' is subs t i tu ted  f rom the 

fo rmula  given above and q is e l imina t ed  f rom Eq. (2). 
When q is consumed in the range  (to-t2) q is again 

e l imina ted  f rom (2) and 

The same  value of C' is subs t i tu ted  into (2) in the 
case  of i so the rmic  consumpt ion  of heat in the ca l c ina -  
t ion  sec t ion  at t 1 and q r e m a i n s  in (2). 
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Fig.  1. D iag ram of mu l t i s ec t i ona l  
f luosol ids  furnace:  a) n - i heat ing 
sec t ions ;  b) ca lc ina t ion ;  c) m - 1 

cool ing sec t ions .  

The heat  ba lance  equat ion of the m - t h  cool ing s e c -  
t ion is 

Y L C a ( t ~  - -  t,~+l) = 6Cpr (tm-~ - -  tin) ~sur- (3) 

We wr i te  the reduced equat ions  in the fo rm 
been  de te rmined)  

I V )  C' t~ ' - - tn+ ~ 
�9 KCg~]sur In--1 - -  t n " 

(V/G)I = [C' (t 1 - -  t2) 4- q]/(Q - -  KCgt  1 -k  LCat2C ) ~lsur (4a) 

(_~_) _ Cprmur t m _ , - - t ~  
(4b) 

,~ LCa tm - -  tin+ 1 

A s s u m i n g  C ' / K C g ~ s u r  -- cons t  and (V/G)n = const ,  
for  a given n we can wr i te  f rom (4) 

t 2 - -  t~  t3  - -  t 4  t ~  - -  t o 1 

t 1 - -  te = tz - -  t----~ . . . . .  in--1 - -  tn X n  (5) 

F r o m  this  e x p r e s s i o n  with a known t 1 (de termined 
by the p a r t i c u l a r  technologica l  p rocess )  and a p r e -  
s c r ibed  t 2 we d e t e r m i n e  the t e m p e r a t u r e  X n for any n. 

Mul t ip ly ing al l  of r e l a t i ons  (5), of which the re  will 
obviously  be n - 1, we obtain 

c '  = ~ (1 - -  ~ e ~ / 1 0 0 )  Q .  1 / X  "-~ = ( t .  - -  to)/(t~ - -  t~). 
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F ig .  2. N o m o g r a m  of a p p r o x i m a t e  s o l u t i o n  of e q u a t i o n  Cx n - 
- (C + 1)x n - l +  1 = 0. T h e  f i g u r e s  on t h e  c u r v e s  a r e  t h e  v a l u e s  

of n. 

t2C 

V 
6 

' . In i t  0 t 2 t~nit  t2e t ~  t2 c 
t 2 

F i g .  3. N o m o g r a m  f o r  c a l c u l a t i o n  of a m u l t i s e c -  

t i o n a l  f l u o s o l i d s  f u r n a c e :  1) f r o m  (4a) w i t h  t z c  = :  

= 0, 2) f r o m  (4a) w i th  t 2 = 0; 3) f r o m  (4')  f o r  a 

g i v e n  a;  4) f r o m  (4b ' )  f o r  a g i v e n  m .  
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On mul t ip l ica t ion ,  beginning  with the second s i m -  
plex, we find 

1 / X  n-2 = (in - -  to)/(t~ - -  t3). (6) 

A s i m i l a r  exp res s ion  can be obtained for the s u b -  
sequent  sec t ions  and, f inal ly ,  beginning  f rom the n - t h  

1 / X ' - ' ~ =  1. (6,) 

Addition of the r e c ip roca l s  of the found va lues ,  beg in -  
ning with second,  gives 

X "-2 + X ~ - "  + . . .  + 1 = (t~ -- to) / ( t ,  -- to). (7) 

Substituting the values of t n - to from (6) and putting 

C = ( t~ - -  t # ( q  - t~) ,  

we obtain 

C X  ~-~ - -  (X "-~ + X "-3 + . ,  �9 + 1) = 0. (8) 

The e x p r e s s i o n  in the b r acke t s  is the sum of the 
t e r m s  of a geomet r i c  p rog res s ion .  Af ter  t r a n s f o r m a -  
t ions  we obtain 

C X  ~ - - ( C  + 1)X n-~ + i = 0. (9)  

This equation was analyzed in [4]. F i g u r e  2 gives 
the n o m o g r a m  for  i ts  solut ion.  Using the n o m o g r a m  
with a known t 1 and a p r e s c r i b e d  t 2 (after C has been  
de te rmined)  we find for  any n the value of X n and then 
f rom (4) we d e t e r m i n e  the specif ic  gas flow 

n= Kqnsu  
A s i m i l a r  so lut ion is poss ib le  for  the cooling s e c -  

t ions.  A s s u m i n g  

Cpr ~sur /LC a = const, (V/O)~ = const 

f o r  a given m, we can wri te  f rom (4b) 

t ~ - - t ~ =  to .~ t .~  - = . . .  _ t ~ _ ~ - - t ~ - - X ~ .  (i0) 
l~ - -  t 3 t3 - -  t~ t ~  - -  t o 

Equating the r e c i p r o c a l s  

t~ - -  t3 t.~ - -  t~ t,~ -- t o 1 
tl - -  to to- - -  t3 t ~ - i  ~ tm X~ (I I) 

we reduce the p rob lem to the p reced ing  one and obtain 
the same equation 

C X m - - ( C +  1)Xm-~ ,-1 - t = O. (9') 

Using the same  n o m o g r a m  in Fig.  2 with known t 1 
and p r e s c r i b e d  t2c (after C has  been de t e rmined)  we 
find for  any m the value of X m and then f rom (4b) we 
d e t e r m i n e  the specif ic  gas flow 

(4b') 

Thus,  for  p r e s c r i b e d  va lues  of t 2 and t2c we can 
d e t e r m i n e  the specif ic  gas flows for  the hea t ing  and 
cooling sec t ions :  

(V /G) .  = [~ (t2), . (12) 

(V/5) ,~ = f ~  (t~o ). (~3) 

S i m i l a r l y ,  for the f i r s t  (calcination) sect ion we can 
wr i te  

(V/G), = fx (to-, hc)" (14) 

F o r  a given fu rnace  with fixed n and m we obviously 
have the equa l i ty  

( V / ~ ) ,  = (V/O h = (V/6)m. 

Then (12), (13), and (14) can be regarded  as a sys tem 
of three  equat ions  with three  unknowns,  V/G, t2, and 

t2c. 
We solve this  equat ion graphica l ly ,  s ince  r e l a t ions  

02)  and (13) have a l ready  been obtained graphica l ly  
by m e a n s  of a n o m o g r a m  (Fig. 2) by the method of 
succes s ive  approx imat ions .  F o r  this  purpose  we unite 
the two quadran t s  with axes V/G and t2, and V/G and 
tzc ,  a long V/G, as shown in Fig.  3. In the r ight  quad- 
r a n t  we draw the curve  f rom Eq. (4a) with t2e = 0 
and in  the  left quadran t  we draw the curve  f rom the 
same  equat ion with t 2 = 0. The two curves  mus t  ob-  
v ious ly  o r ig ina te  f r o m  point a ,  where  t~ = tzc = 0. In 
the r ight  quadran t  we then draw the curve  f rom Eq. 
(4b) c o r r e s p o n d i n g  to i ts  own m. This  comple tes  the 
cons t ruc t i on  of the ca lcu la t ion  nomogr a m.  

On ana lyz ing  the n o m o g r a m  we note that in the r ight  
quadran t  the point  b of i n t e r s e c t i o n  of (4) and (4a) for  
tzc = 0 gives the va lues  tiz nit  and (V/G)in nit  in the ab -  

sence  of cooling sec t ions .  S imi l a r ly ,  the point c of 
i n t e r s e c t i o n  of the cu rves  (4b) and (4a) for  t 2 = 0 

ini t  . ini t  g ives  the va lues  t2c and (V/G)m in the absence  of 
h e a t i n g  sec t ions .  In the case of the p r e s e n c e  of both 
hea t ing  and cool ing sec t ions  the i r  mutua l  effect mus t  
obviously  be taken into account .  

We f i r s t  cons ide r  the left  quadrant .  The point c 
, ~ . in i t  gives the vame  m t2c �9 We in t roduce  a c o r r e c t i o n  for  

t ~  t in Eq. (4a) for  the r ight  quadrant .  This  " lowers"  
the l ine  a -d  and it occupies  the pos i t ion  a ' -d .  The 
point a' can be found g raph ica l ly  by producing the l ine 
ca '  p a r a l l e l  to the x axis  un t i l  i t  cuts  the y axis .  

The new posi t ion  of the l ine a ' - d  on in t e r sec t ion  
with the curve  (4') g ives  the new posi t ion of the point 
b ' .  This  reduces  the flow of gas (ordinate of point b ')  
and, accord ing ly ,  of a i r ;  this  a l t e r s  the condi t ions  in 
the cooling sec t ion  and at the same  V/G point h ap -  
pe a r s  on the curve  (4b). The new value of t2c c o r -  
r e sponds  on the cu rve  (4a) at t 2 = 0 to point c ' .  I n t r o -  
ducing the c o r r e c t i o n  in c o r r e s p o n d e n c e  with this point 
in  Eq. (4a) we obtain the point a",  we produce the l ine 
a" -d ,  we obta in  the new posi t ion of the point  b",  then 
h, c" ,  and so on. 

Two, three, and sometimes four repetitions of this 
"circuit" enable us to determine sufficiently accurately 
the final position of the points b and h, corresponding 

to the required values of t2, t2c , and V / G .  

From these data from the heat balance of the n heat- 
ing sections 

( V )  C ' t 2 - - I  o 

Y n = Kcsns~r t , -  t~ 

we d e t e r m i n e  the t e m p e r a t u r e  of the las t ,  n - th  sec t ion  
(i. e . ,  the e m e r g e n t  gases )  
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C' t2 - -  to Q ~ t~ 
KCg~qsur V i a  

or  any preced ing  sec t ion  

C' t 2 - -  t n 
tn_ 1 ~ t 1 - -  , 

KCg~lsur VIG 

C'  l~ - -  in--1 
tn--2 ~ tr  

K Cg,'qsur V IG 

It is worthwhile to pe r fo rm  such a ca lcu la t ion  as 
a check f rom the las t  sect ion tn to t 2. D i s a g r e e m e n t  
between the obtained value of t 2 and that found g r a ph i -  
ca l ly  f rom the n o m o g r a m  in Fig.  3 ind ica tes  an e r r o r  
in the cons t ruc t ions  or ca lcu la t ions .  

If there  a re  no e r r o r s  the re  will  be complete  coin-  
c idence and the c o r r e c t n e s s  of the ca lcula t ions  and 
cons t ruc t ions  will  be ver i f ied .  

F r o m  the heat ba lance  equat ion of the m cooling 
sect ions  

- G -  m LCa t2 - -  to 

we d e t e r m i n e  

G 

and then to t 2 c 

tin_ ~ = t~ 

V LCa 
- -  ( t 2  - -  t o )  
Cprqsur 

V LCa ( t ~ - - t m ) ,  
G Cpr~lsur 

t~n-~ = t, V LCa (t 2 ~ tin_l). 
G Cpr~lsur 

We c o n s i d e r  the solut ion for p r e s c r i b e d  n and m. 
Fo r  a choice of opt imum furnace  p a r a m e t e r s  the 

pos i t ion  for  d i f fe ren t  n and m mus t  be analyzed.  To 
pe r fo rm  such an ana lys i s  we have drawn the fami ly  of 
cu rves  (4) for  n in the r ight  quadran t  of the n o m o g r a m  
in Fig.  3 and the fami ly  of cu rves  (4b) for  m in the 
left  quadrant .  Fo r  any n and m the solut ions  a re  iden t -  
ical  to that desc r ibed .  

Such a solut ion for  d i f fe rent  n and m enab les  us to 
find the re l a t ion  

V/G= f ( n ,  m), (15) 

whose value al lows an approach  to the a s s e s s m e n t  of 
the energy  consumpt ion  of the aggregate  and a choice 
of the op t imum n u m b e r  of sec t ions  in the furnace .  The 
graph ica l ly  found r e l a t ion  (15) d e t e r m i n e s  the fuel 
(heat) consumpt ion  for  the p rocess .  With i n c r e a s e  in n 
and m the specif ic  heat  consumpt ion  will  d e c r e a s e  but  
in this  case  the consumpt ion  of e l e c t r i c a l  power on 
c o m p r e s s i o n  of the b l a s t  wil l  i n c r ea se .  Hence,  with 
i n c r e a s e  in the n u m b e r  of sec t ions  the re  wil l  be  an 
ene rgy  op t imum at which fu r the r  i n c r e a s e  in n and m 
will lead to an i n c r e a s e  in the tota l  power consumpt ion  
(fuel plus e lec t r i c i ty ) .  

We define the specif ic  e l ec t r i c  power consumpt ion  
per  unit product ion  as 

E= Y (n, m) L ~ ,  (16) 
G 103Vlb 

where 

EH = H  o + H ~  + - H n ( n - -  1) + H , ~ ( r n - -  1). 

The total  power consumpt ion  will  then be 

V E l .  (17) zq  = y Q ~ +  
Ms 

Since re la t ion  (15) is found graphica l ly ,  the r e su l t s  
of the ca lcu la t ions  f rom (16) and (17) can bes t  be r e p -  
r e sen ted  on a graph,  which gives a c l e a r  p ic ture  of the 
posi t ion of the power opt imum. 

It should be noted that the technica l  and economic  
opt imum will  have a s l ight ly s m a l l e r  n u m b e r  of s e c -  
t ions than the power opt imum,  s ince the provis ion  of 
ex t ra  sec t ions  will  make the cons t ruc t ion  more  ex -  
pensive  and compl ica te  the opera t ion of the furnace .  
Moreover ,  the choice of the n u m b e r  of sec t ions  may 
be affected by s e ve r a l  addit ional  f ac to rs ,  the r equ i red  
smoke t e m p e r a t u r e  before gas c leaning,  the p o s s i b i l -  
ity or ne c e s s i t y  of d i scha rg ing  the hot product ,  and so 
on. All these  addi t ional  fac tors  can be adequately 
a s s e s s e d  only in specif ic  plant condi t ions.  Yet the 
power opt imum is s t i l l  the dominant  factor .  As an i l -  
l u s t r a t i on  of this  we will cons ider  a specif ic  case.  

Example of ca lcula t ion .  We have to de t e rmine  the 
opt imum n u m b e r  of sec t ions  of a mul t i sec t iona l  f l ue -  
sol ids  furnace  for  the ca lc ina t ion  of cement  c l inke r  
with the following in i t ia l  data: 

~ 1.6; ~]en= 6%, ~kur = 0.95, Tlb=75%, 

71 s=24 .6%,  t 1 =  1450 ~ t 0 = 0 ,  C l = C p r =  

= 0.96 kJ /kg"  deg, Cg= 1.46 k J / k g ,  deg, 

Ca = 1.25 k J / k g ,  deg, 

QF=35500 k J / n m  3, q-~ 1750 kJ /kg ,  Ka=i l  = 11.56, 

L , = H  = 10.56, I F =  13%, 

H 0 = 4900 N / m 2, H 1 = 14700 N/m 2, H, = H~ = 6850 N/m 2. 

In the ca lcu la t ion  of c l inke r  the ma in  heat  c o n s u m p -  
t ion occurs  in the t e m p e r a t u r e  range t0 - t  1 and, hence,  
we will  in t roduce q into the effect ive specif ic  heat.  

The ca lcu la t ion  n o m o g r a m  cons t ruc ted  f rom r e l a -  
t ionships  (4), (4a), and (4b) by means  of the nomo-  
g r a m  in Fig.  2 and for  p r e s c r i b e d  t 2 and t2c is  shown 
in Fig.  4. The va lues  of V/G found f rom it for  va lues  
of n and m f rom 1 to 10 a re  shown in the fo rm or r e -  
la t ionship  (15) on the graph in Fig.  5. On the same 
graph we have plotted the va lues  of the specif ic  e lec t r i c  
power consumpt ion  found f rom f o r mu l a  (16) and also 
the curves  of the total  power consumpt ion  f rom r e l a -  
t ionship  (17). 

As the graph in Fig.  5 r evea l s ,  the m i n i m u m  power 
consumpt ion  for  our case is a t ta ined when n = 4 and 
m = 5 (a 4 - 1 - 4  scheme,  i . e .  , four  hea t ing  sec t ions ,  
one ca lc ina t ion  sec t ion ,  and four  cooling sect ions) .  But 
the technica l  and economic op t imum,  as ment ioned 
above,  mus t  l ie a l i t t le  "to the left" (i. e . ,  the n u m b e r  
of sec t ions  mus t  be fewer).  In addit ion,  the t e m p e r a -  
tu re  of the e m e r g e n t  gases  in a 4 -1 -4  scheme is 60 ~ C, 
which will  c rea te  difficult  condi t ions  for gas c lean ing  
(adhesion to dust  due to the "shift" of the dew point 
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Fig.  4. N o m o g r a m  for  ca lcu la t ion  of a m u l t i s e c t i o n a l  f luoso l ids  c l i n k e r -  
ing fu rnace .  The f i g u r e s  on the r ight  of the c u r v e s  a r e  the va lues  of n 

and those  on the lef t  a r e  the va lues  of m. 
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Fig .  5. Consumpt ion  of hea t  Q, k J / k g  and e l e c t r i c  power  E, 
k J / k g  by a f luoso l ids  c l i nke r ing  fu rnace  (working point m = 

= 4, n = 4; 3 - 1 - 3  s c h e m e ;  n - 1 is the number  of hea t ing  

s ec t i ons ;  m - 1 is the n u m b e r  of cool ing  sec t ions ) :  I) for  E; 

[I) for  Q; III) EE + Q; the f i g u r e s  on the c u r v e s  a r e  the va lues  
o f m .  
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f o r  gas  c leaning) .  Hence,  it  wi l l  p r e s u m a b l y  be b e t t e r  
to have a 3 - 1 - 3  s cheme .  The t e m p e r a t u r e  of the e m e r -  
gent  g a s e s  will  be 125 ~ C and of the e m e r g e n t  m a t e r i a l  
wil l  be 168 ~ C. 

The spec i f i c  power  consumpt ion  in the work  of a 
s e v e n - s e c t i o n  3 -1 -3  fu rnace  is 3770 k J / k g  of hea t  and 
8 6 . 4 k J / k g  of e l e c t r i c  power .  The to ta l  power  con -  
sumpt ion  f r o m  r e l a t i o n s h i p  (17) with due a l lowance  
fo r  the e f f i c i ency  of the e l e c t r i c  power  s ta t ion  is 4120 
k J / k g .  

The points  c o r r e s p o n d i n g  to th i s  pos i t ion  (n = 4 and 
m = 4) ace  m a r k e d  on the g raph  in F i g s .  4 and 5. 

NOTATION 

V, G is  the  hou r ly  f low of gas  (fuel) and f inal  p r o d -  
uc t ,  nm~/hr ,  k g / h r ;  K, L a r e  the  y i e ld  of combus t ion  
p roduc t s  and a i r  f low p e r  n m  3 of gas  (fuel) ,  m i~/nm~; 
Ca,  Cg,  C1, Cpr  is  the  spec i f i c  hea t s  of a i r ,  g a s e s ,  
r a w  m a t e r i a l ,  and f ina l  p r o d u c t ,  k J / n m  ~ �9 deg ,  k J /  
/ k g  �9 deg;  q i s  the  hea t  consumpt ion  on t h e r m a l  p r o c -  
e s s  p e r  kg of f inal  p roduc t ,  k J / k g ;  ~ is  the  r a w  m a t e -  
r i a l  consumpt ion  coef f i c ien t ;  ~?en i s  the  p e r c e n t a g e  en -  

t r a i n m e n t  f r o m  top sec t ion ;  ~su r  i s  the coef f i c ien t  of 
hea t  l o s s  to s u r r o u n d i n g s ;  rib, 77s is  the  e f f i c i enc i e s  of 
b lower  and e l e c t r i c  power  s ta t ion ;  Q F is  the  c a l o r i f i c  
va lue  of the gas  (fuel,  kJ /nm~;  t i ,  tz, tn ,  tzc,  t m  a r e  
the  t e m p e r a t u r e s  of f i r s t ,  s econd ,  n - t h ,  second  c o o t -  
Lug, and m - t h  s e c t i o n s ,  deg;  E i s  the  spec i f i c  e l e c t r i c  
power  consumpt ion ,  k J / k g ;  H0, Hi,  Hn, Hm a r e  the  
head l o s s e s  on supply  l i n e s ,  on f i r s t  s ec t i on ,  on h e a t -  
ing s e c t i o n s ,  and on cool ing  s e c t i o n s ,  N / m  '~. 

REFERENCES 

i. R. Rose and G. Winterstein, Chemische Technik, 
13, no. ii, 1961. 

2. A. P. Baskakov, IFZh, 6, no. i, 1963. 
3. A. I. Tamarin, IFZh, 7, no. 4, 1964. 

4. V. M. Dement'ev, IFZh, 2, no. 12, 1959. 
5. I. G. El'perin and V. A. Minkov, IFZh, 6, no. 

II, 1963. 

14 June 1966 Ins t i tu te  of F e r r o u s  Me ta l lu rgy ,  
Donetsk  


