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An approx imate  fo rmula  is  der ived for  the heat ing t ime  of p a r t i c l e s  in a fluidized po lyd i spe r -  
sion bed.  

Knowing the t ime  in which p a r t i c l e s  will heat  up to a given t e m p e r a t u r e  is  impor tan t  in many  c h e m -  
ical  engineer ing p r o c e s s e s ,  in drying,  and in heat  t r e a t m e n t  in in te rmi t ten t ly  opera t ing  fluidization beds .  
While this p rob l em  can be solved eas i ly  in the case  of a monod i spe r sed  m a t e r i a l ,  and has  been a l ready 
solved with va r ious  d e g r e e s  of approximat ion  [1-4], i t  i s  difficult to solve when the solid phase  of a f luid-  
ized bed contains a po lyd ispersed  m a t e r i a l  and the heat  t r a n s f e r  p a r t i c l e s  of different  s i zes  and at d i f -  
fe ren t  t e m p e r a t u r e s  mus t  be taken into account .  The p rob lem is  solved,  to the f i r s t  approximat ion ,  by 
reducing it to the p rob l em  of heat ing a monodispers ion  bed whose p a r t i c l e s  a r e  of an equivalent d i a m e t e r  
[1, 2], Many ef fec ts  re la ted  to po lyd i spe rs iv i ty  and often of c ruc ia l  impor tance  r ema in  then neglected [5, 
6]. 

We cons ider  a homogeneous  i s o t h e r m a l  fluidized po lyd ispers ion  bed in a r e a c t o r  of un i form c r o s s  
sect ion and with a given s ize  dis t r ibut ion ~ (R) of spher ica l  p a r t i c l e s  for  which the following normal iza t ion  
appli e s: 

R, 

I qJ (R) dR = N (1) 
R~ 

Let  the heat  t r a n s f e r  between p a r t i c l e s  and the med ium begin a f t e r  a hot fluidizing agent or  a f r e sh  
charge  of cold m a t e r i a l  has  been added.  We will then a s s u m e  that the t e m p e r a t u r e  of the medium r ema in s  
at this  t ime  constant  and equal to the ent rance  t e m p e r a t u r e .  The conditions under  which this  p r e m i s e  is  
valid follow d i rec t ly  f rom an ana lys i s  of the equations [1-3]: 

CGpGvG(tG-- to~ = a14~r t~hN (t s - -  t G ), (2) 
4 

eGPGVG(/G- t.~ d'~ ----- cSP s --~ ~R~hNdts . 

Indeed, if  ~147rR2hN/CGPGVG ~ 0 or  CSPS47rR3hN/3CGPGVG ,~ O, then t G ~t0G.  , 

In subsequent  calcula t ions  this  condition will be assumed  sa t i s f ied .  In the course  of heat ing up, 
p a r t i c l e s  with rad ius  R will r e ce i ve  heat  not only f r o m  the fluidizing agent  but a lso  f r o m  other  p a r t i c l e s  
at h igher  t e m p e r a t u r e s ,  while they will t r a n s m i t  heat  to p a r t i c l e s  at lower  t e m p e r a t u r e s  through the i r  
contact  with them.  

We will a s s u m e  fu r the r  that  p a r t i c l e s  in a fluidized bed a r e  heated by the following mechan i sm,  which 
was f i r s t  ment ioned in [3]. The packet  of pa r t i c l e s  heated to a r e f e r e n c e  t e m p e r a t u r e  ~ n e a r  the t e m p e r a -  
tu re  of the med ium c o m p r i s e s  with it a homogeneous  diluted bed containing a lso  pa r t i c l e s  outside that  
packet  at a lower  t e m p e r a t u r e .  In the cou r se  of heating,  obviously,  the number  of e l emen t s  in the f luid-  
ized packe t  of p a r t i c l e s  will i n c r e a s e .  

Noting that  Bi --*0 fo r  the p a r t i c l e s  and that  pa r t i c l e s  with s m a l l e r  d i a m e t e r s  heat  up f a s t e r ,  we 
wri te  the equat ion of heat  t r a n s f e r  between pa r t i c l e s  with radius  R and the fluidized bed- 
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Fig.  1. Graph of I = f(z).  
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Fig.  2. Resu l t s  of ca lcu la -  
t ions by fo rmula  (18) (solid 
curves)  and by fo rmula  (24) 
(dashed cu rves ) .  Time T 
(sec), radius  R (m). 

0% 

o r  

dos (R, ~) 3a(R,, R) Os(R, ~). (3) 
dT esPsR 

An analogous equation has  been derived in [5, 6] for  a throughfeed 
flow, but for  a fluidized bed it s impl i f ies ,  because  the mean  veloci t ies  
of the var ious  f rac t ions  mus t  all be considered equal to ze ro .  

Equation (3) will now be rewr i t t en  as 

d In O s ~'R, '0 _ 3~ (R,~, R) 

d~ ~9sR  
(4) 

Since R T is  a function of t ime ,  we may  wri te  a (R v, R) = a (7, R) 
and the solution to (4) will be 

7;  

In O s (R, "0 -- 3 f' a (~', R) d~' + In O s (R, O .  (5) 
CsPsR , 

7;1 

Here  @s(R, -r0 is  the t e m p e r a t u r e  of p a r t i c l e s  with the radius  R at the 
ins tant  of t ime  vt,  when the pa r t i c l e s  with radius  Rt have reached t e m -  
p e r a t u r e  ~. T e m p e r a t u r e  Os(R, T1) can be found analogously to (4), if 
a ( R ,  R) is replaced by the coeff icient  of heat  t r a n s f e r  between these  

p a r t i c l e s  and a pure  fluidizing agent - this  coefficient  being assumed  
independent of t ime:  

Then, with 

diln Os'(R, "0 = _ :3al (R) 
(6) 

d'r csPsR 

O s (R, 0) = 1, Os (R1, ~ )  = 

taken into account,  we have 

(7) 

and 

In 0 s (R, Tz) = 3cq (R) xl (8) 
CsPs~ 

~I = ~-CSPSR' In 1 . (9) 
3~1 (Ri) 

Lett ing Os(R , I-) = ff in (5), we find the t ime  in which pa r t i c l e s  with radius  R heat  up to t e m p e r a t u r e  
Since the heat ing t ime  r will in this  case  depend on the radius  R, one may  wri te  

[~(R), R] =-~(R); d~ = d2 dR. (10) 
dR 

Then (8), (9), and (10) yield 

lno 

R 

3-- S ~(~') d-L dR'-- ~ (n) �9 R_~ t~ . 1  
CsPsR dR '  ~i (Ri) R a 

R~ 

J 

(ii) 

R 

.~ dR'  3 fs ~xl ( R O 
R~ 

Different ia t ing (12) with r e s pec t  to R, we obtain 

a(R)  d'~dR CsOsln 1 1 1 - - 3  a a~Ra(R~) da,(R) ] . d R  

(12) 

(13) 
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F r o m  h e r e  

R 

3 ~ . ~, (RI) dR" =(R') 
R, 

(14) 

The e m p i r i c a l l y  found re l a t ion  between the hea t  t r a n s f e r  coef f ic ien t  and the p a r t i c l e  
often app rox ima ted  by a power  law:  

% (R) = arm; ~ (Requ,) - :  bR ~ 
equ' 

If  the s ize  d i s t r ibu t ion  of  p a r t i c l e s  i s  taken to follow the R o s i n e - R a m m l e r  re la t ion  [7] 

R P 

with the  p o l y d i s p e r s i v i t y  index p = 1 and R o >>Ri, Ro >>R2, then 

V Requ= 1" 2-R.1R in R/R1 

dimensions is 

(15) 

(16) 

(17) 

With the  aid of (15) and (17), (14) y i e ld s  

whe re  

csi-~sRx In 1 { 1 (1/2R1)-~ I ( z ) } ,  (18) 
"~(R)= 3 7 a - - ~  -~ " b ' 

z = R/R~; 

(19) 
:(z) = ; O-m~'-b \~-I/('~'~1n~t ~ d~. 

1 

F o r  ca l cu la t ions  we u se  e m p i r i c a l  r e l a t i ons  fo r  the coef f ic ien t  of hea t  t r a n s f e r  be tween p a r t i c l e s  and 
p u r e  gas  [3] 

Nu = 0,12Re 1.03 pr 0,54 (20) 

o r  between a f luidized bed and an i m m e r s e d  su r f ace  [2] 

--29 5.0.2 ~0.6 p-0.a6 a - -  ' ~S "~ . . . .  (21) 

F o r  a i r  at a 100~ t e m p e r a t u r e  and f lowing at a r a t e  v G = 0.2 m / s e c  as  the f lu idiz ing agent ,  and for  
c o r u n d u m  p a r t i c l e s  as  the sol id p h a s e ,  we find (using s y s t e m  S1) 

a = 24 ,3 ,  b=18,5 ,  re=O,03, n = - - 0 , 3 6 .  (22) 

With the aid of a " P r o m i n "  c o m p u t e r ,  the in teg ra l  (13) has  been tabula ted  fo r  chosen  va lues  of m and 
n with z r ang ing  f r o m  1 to 1000. 

The g raph  I = f(z) is shown in F ig .  1.  Th i s  funct ion can be approx ima ted  by the po lynomia l  

lg I(z) = --0,02 lg s z + 0,07 lg 4 z +0,30 lg a z - -  1,68 lg ~ z 
+ 3 , 5 5  lgz --1,18 (23) 

at z va lues  not v e r y  c l o s e  to un i ty .  

The g r a p h s  in F ig .  2 a r e  based  on f o r m u l a  (18) and on the  app rox ima te  fo rmu la  

1--rn ] 
x ~p,~Requ In - -  , (24) 

3a o 

r e s p e c t i v e l y ,  whe re  Req u has  been d e t e r m i n e d  f r o m  (17). H e r e  ~ = 10 -z .  

t t  i s  evident  f r o m  the g r a p h s  that  f o r m u l a s  (18) and (24) m a y  d i f fer  e i t he r  way and the d i f f e rence  ma y  
be cons ide r ab l e  e spec i a l l y  f o r  high va lues  of the ra t io  R2/R 1 . 

When p a r t i c l e s  a r e  d i s t r ibu ted  in d i s c r e t e  s i z e s ,  then the in tegra t ion  in (14) should be r e p l a c e d  by 
a summat ion  and 
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�9 (RM)= csPsR1 In 1~ [ 1 
3 o ! al (R1) 

M 

If a fluidized bed comprises a mixture of part icles of two sizes (M = 2), then 

I § ~ - - :  
�9 (R~)= CsPsR13 In l~ a1(R~) R, a~(R,) a(R,) t 

(25) 

(26) 

An analogous calculation according to this formula yields results  which differ considerably (by up 
to 100%) from those obtained by the approximate formula (24). 

R1, R 2 is the 
N is the 
CG, c S is the 
PG, PS is the 
T is the 
R~. is the 
~i(R) is the 

.~ 
~ - ,  R) 

tG 
ts 
t0s 
| = (ts-t0G)/(t0s--t0G) 
Requ 
a, b, c 

v G 
h 

XG 
Nu 
Re 
P r  

N O T A T I O N  

minimum and maximum radius of part icles respectively,  m; 
concentration of part icles ,  m-3; 
specific heat of the medium and of the part icles respectively,  J /kg �9 ~ 
density of the medium and of the particle material  respectively, kg/m3; 
time, see; 
maximum radius of part icles heated up to the reference temperature ~, m; 
coefficient of heat t ransfer  between part icles and fluidizing agent, W/m 2 

is the coefficient of heat t ransfer  between fluidized bed and immersed surface, 
W/m 2 �9 ~ 

is the temperature of the medium, ~ 
is the initial temperature,  ~ 
is the initial temperature  of part icles,  ~ 
is the relative temperature  of particles; 
is the equivalent radius of a particle packet in the fluidized bed, m; 
are  the dimensional constants; 
is the velocity of medium, m/sec ;  
is the height of bed, m; 
is the thermal conductivity of medium, W/m �9 ~ 
is the Nusselt number; 
is the Reynolds number; 
is the Prandtl number; 

1 ,  

2. 

3. 

4. 

5. 

6. 

7. 
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