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This paper describes a method of determining the temperature gra- 
dient in particles of dispersed material in the case of intense heat 
transfer in heterogeneous systems. 

One of the  m o s t  p r o m i s i n g  me thods  of in tens i fy ing  
t r a n s p o r t  p r o c e s s e s  in h e t e r o g e n e o u s  s y s t e m s  i s  d i s -  
p e r s i o n  of the  so l id  phase  and the o r g a n i z a t i o n  of e f -  
fec t ive  i n t e r a c t i o n  of the p h a s e s  in the  s y s t e m .  
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Fig .  1. N o m o g r a m  to d e t e r m i n e  the 
r e l a t i v e  t e m p e r a t u r e  d rop  in the  
pa r t i c l e :  F o r  Bi equal  to 1) 0.1; 

2) 0.2; 3) 0.5; 4) 1; 5) 2; 6) 4. 

The o r g a n i z a t i o n  of such p r o c e s s e s  r a i s e s  the  
ques t ion  of the  r e l a t i v e  i m p o r t a n c e  and i n t e r r e l a t i o n  of 
i n t e rna l  and e x t e r n a l  t r a n s p o r t  p r o c e s s e s .  This  is  
b e c a u s e  the  s i m p l e s t  h y d r o d y n a m i c  me thods  of in ten-  
s i f i ca t ion  can af fec t  only the  e x t e r n a l  s t a g e  of the  
t r a n s p o r t  p r o c e s s  (ex te rna l  p r o b l e m ) .  It is  much m o r e  
dif f icul t  to con t ro l  the  i n t e r n a l  t r a n s p o r t  p r o c e s s e s  
( in terna l  p rob l em) ,  which u s u a l l y  l i m i t  the  hea t  and 
m a s s  t r a n s f e r  be tween  the  p h a s e s  of a he t e roge ne ous  
s y s t e m  [3, 9]. 

A v e r y  wide range  of e f fec t s  which  t ake  p l ace  in 
he t e rogeneous  s y s t e m s  can be d e s c r i b e d  by  a s y s t e m  
of d i f f e r en t i a l  equa t ions  with b o u n d a r y  condi t ions  of the  
t h i rd  kind,  w h e r e  t r a n s p o r t  phenomena  a r e  e x p r e s s e d  
in t e r m s  of the l aws  of convec t ive  hea t  and m a s s  
t r a n s f e r  a t  the  phase  i n t e r f ace .  The t e m p e r a t u r e  
of the  m e d i u m  and the  va lue s  of the  t r a n s p o r t  coe f -  
f i c i en t s  a r e  a s s u m e d  to be cons tant .  

In the  g e n e r a l  c a s e  with no m a s s  t r a n s f e r  the  so lu-  
t ion to the  p r o b l e m  of hea t ing  of a s p h e r e  with bound-  
a r y  condi t ions  of the  t h i r d  kind h a s  the  fol lowing f o r m  
[ 1 ,  2]: 

o = t ( r '  T ) - - t  o _  
t~,-- to 

where  

1 ~ E A n  R s i n p ~ r / R  exp(__l~Fo),  (1) 
r ~n 

2Bi l / ' ~  + ( B i -  1) ~ 
A . =  ( - - 1 )  n+~ ( ~ t ~ +  B i 2 - -  Bi) 

An examina t ion  of the  so lu t ion  shows that  for  suf -  
f i c i en t ly  high va lue s  of Fo  the s e r i e s  r a p i d l y  conve rges  
and can  be  r e p r e s e n t e d  with a known d e g r e e  of a c -  
c u r a c y  by the f i r s t  t e r m  of the  s e r i e s .  As was  shown 
in [1], in the r e g i o n  of low Bi (< 0 .1)  the  r a t e  of h e a t -  
ing of the m a t e r i a l  is  d i r e c t l y  p r o p o r t i o n a l  to the  Biot  
number,  and the t i m e  c o u r s e  of hea t ing  is independent  
of the  t h e r m a l  i n e r t i a  of the  body and i s  a l m o s t  e n t i r e l y  
d e t e r m i n e d  by the condi t ions  of e x t e r n a l  hea t  t r a n s f e r  
(external  p r o b l e m ) .  Th i s  has  l ed  to the  pub l i shed  a s -  
sumpt ion  of g r a d i e n t - f r e e  he a t i ng  of p a r t i c l e s  in the  
ca se  of Bi < 0 .1  and r e l a t i v e l y  h igh  v a l u e s  of Fo.  

At low va lues  of Fo  the  t e m p e r a t u r e  at  any poin t  
in the  body cannot  be  d e t e r m i n e d  s a t i s f a c t o r i l y  f rom 
only the  f i r s t  t e r m  of the  inf in i te  sum contained in Eq. 
(1). In view of the computa t iona l  d i f f i cu l t i e s  a r i s i n g  in 
th i s  c a s e  Luikov [1, 2] dev i sed  an a p p r o x i m a t e  method 
of so lv ing  the p r o b l e m .  The obta ined  ge ne ra l  solut ion 
has  the  fo l lowing f o r m :  

Bi R { erfc 1 ~ r/R exp [(Bi - -  1) 2 Fo -b 
0 = ( •  r ( B i - -  1) 2 VF--0- 

-t- (Bi--  1) 1 T- - -~  erfc ~ 2 - - ~ - ~  + (Bi - -  1) l/~o-o ,~. (2) 
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Fig .  2. Re l a t i onsh ip  6t/(t  m - t 0 )  = 
= f ( B i ,  Fo) .  Curve  of cons tan t  v a l -  
ues  of 5t/(t  m - to):  1) 0 .02 ;  2) 0.04.; 
3) 0 .06 ;  4) 0 .08 ;  5) 0 .1 ;  6) 0 .12 ;  
7) 0 .14 ;  8) 0 .16 ;  9) 0 .18 ;  10) 0 .2 ;  

11) 0 .25 ;  12) 0~ 13) 0 .4 .  
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The t e m p e r a t u r e  at the cen te r  of the sphere  can be 
calcula ted f rom the following express ion :  

O~ = 2Bi exp [(Bi - -  1) ~ Fo + (Bi - -  I)] X 

X erfc ( 1 F o  -~ + (Bi--  1 ) ] / ~ - )  . (3) 

Calcula t ions  f rom Eq. (3) show that in the reg ion  of 
low Fo (Fo < 0.05) and a f a i r l y  wide range  of va r i a t i on  
of Bi (0 < Bi < 10) the t e m p e r a t u r e  at the cen te r  of 
the sphere  is  p r ae t i c a l l y  cons tant  and is  equal to the 
ini t ia l  t e m p e r a t u r e  of the body, i . e . ,  

O = ( t r  t~--~t  o. 

Thus,  the t e m p e r a t u r e  g rad ien t  over  the c r o s s  sec t ion  
of the pa r t i c l e  in the ease of s h o r t - t e r m  uns teady  heat  
t r a n s f e r  (Fo < 0.05) with boundary  condit ions of the 
th i rd  kind can be evaluated f rom the change in  the s u r -  
face t e m p e r a t u r e  of the body in  the p roce s s  

O s =  t ~ - - t  o = t~--t_____~ = 5 ~ .  (4) 

fm-- tO tin-- to tin-- to 

F igure  1 shows curves  of va r i a t i on  of the d i m e n s i o n -  
l e s s  t e m p e r a t u r e  grad ien t  over  the c r o s s  sec t ion  of a 
sphere  for  d i f fe rent  va lues  of Bi and Fo, ca lcula ted  

for  the cons idered  range  of va lues  of Fo f rom fo rmula  
(2) with r / R  = 1. 

As the f igure  shows, in p r o c e s s e s  where  the heat  
is applied fo r  ve ry  short  pe r iods  (in the region  Fo < 
< 0.05) the r e l a t ive  t e m p e r a t u r e  drop in the body i n -  
c r ea se s  s teadi ly  with i n c r e a s e  in Fo. In o ther  words ,  
i n the  cons ide red  condit ions the value of 6t/(t m - to) de-  
pends not only on the ra te  of heat t r a n s f e r  f rom the 
su r round ing  med ium to the sur face  of the body ( i .e . ,  
on Bi), but a lso  on the dura t ion  of the p r o c e s s .  It i s  
c h a r a c t e r i s t i c  that  for  a p a r t i c u l a r  cons tant  value of 
the r e l a t ive  t e m p e r a t u r e  g rad ien t  over  the c ro s s  s ec -  
t ion of the body (the m a x i m u m  p e r m i s s i b l e  value of 
which is  p r e s c r i b e d  by the technology of the p roces s )  
a reduc t ion  of Fo leads  to a shift of the " l imi t ing"  
value of Bi towards  h igher  values .  This  is  c l ea r ly  
revea led  in Fig. 2, which shows the curves  of cons tant  
va lues  of the r e l a t ive  t e m p e r a t u r e  drop in the body 
plotted in re la t ion  to Bi and Fo. 

These  graphs  can be used as  n o m o g r a m s  to eval -  
uate the r e l a t i ve  t e m p e r a t u r e  g rad ien t  over the c r o s s  
sect ion of the m a t e r i a l  (for given va lues  of Bi and Fo) 
in the case of s h o r t - t e r m  uns teady  heat  t r a n s f e r .  In 
pa r t i cu l a r ,  the obtained graphs  can be used to obtain 
a reasonably accurate estimate of the error due to the 

commonly adopted assumption of gradient-free heating 

of particles in intense unsteady processes where the 
heat is applied for very short periods as, for instance, 

in fluidized- and spouting-bed apparatuses, in counter- 

flow systems, and so on. As an illustration we will 

carry out a specific calculation of the interphase heat 

transfer in a fluidized bed of dispersed material. Heat 

transfer between the material and the heat-carrying 

gas in homogeneous f!uidized systems takes place 

almost entirely in an active heat-transfer zone situated 

directly above the gas-distributing screen of the ap- 

paratus. The mode of heating of the material in the 

f luidized bed can be r e p r e s e n t e d  as follows: Owing to 
the v igorous  mix ing  of the solid phase  each pa r t i c l e  
pe r iod ica l ly  lands  in the "act ive" h e a t - t r a n s f e r  zone, 
where  i t  r e ce ive s  a ce r t a in  amount  of heat,  and is 
then c a r r i e d  into the "bal las t"  zone,  where  par t  of its 
accumula ted  heat  is t r a n s f e r r e d  to adjacent  cooler  pa r -  
t ic les ,  and part is "assimilated" by the particle itself. 

Thus, heating of a material in a fluidized bed consists 

of repeated application of heat for very short periods 

to each separate particle. 

If we assume in a first approximation that the 

temperature of the medium in the "active" heat-trans- 

fer zone is constant, the initial temperature distri- 

bution in the body on entry into the "active" zone is 

uniform, and the coefficient of interphase heat trans- 

fer is constant, then the problem of microperiodic 

heating of a particle in a fluidized bed reduces to the 

previously considered problem of short-term heating 

of a sphere with boundary conditions of the third kind. 

As a specific example we will evaluate the relative 

temperature drop in glass spheres (d e = 0. 003 m, Pm = 
= 2500 kg/m 3, X m = 0. 742 W/re. ~ a = 0. 0016 m2/hr) 

heated in a fluidized bed. We take the temperature of 

the heat-transfer medium as t m = i00 ~ C. 

The dimensional velocity of the gas corresponding 

to complete fluidization can be determined [rom the 

following formula [4]: 

Re' n = 0.036 Fe I aa. 

Hence, for the considered conditions 

v" n = 1.98m/see.  

The actual  coeff ic ient  of heat  t r a n s f e r  between the a i r  
and p a r t i c l e s  in a f luidized bed can be calcula ted f rom 
the following equat ion [5]: 

Nu = 0.316 Re ~ 

whence 

aact = 269 W/m 2" C. 

We determine the height of the "active" heat-transfer 

zone from the formula proposed by Syromyatnikov 

and Vasanova [5]: 

H~.z.= 0.36 10 ~ v pgCgR 
a (1 --~) 

For  the adopted condi t ions  

Ha.~= 0.023 m. 

The mean absolu te  veloci ty  of the p a r t i c l e s  in the f lu id-  
ized bed can be ca lcula ted  f rom the following emp i r i c a l  

fo rmula  [61: 

Fr7 ~176  -~ Ar H o ( D ~,0s 
Re < k H o l  ' 

whe re 
- - 2  

Ar gd2e (p~ - -  pg) u~ 
Re = VVpg ; Fry = gd e 

Taking H 0 = 110 mm, H0/D = 1, we obtain 

u~, = 0 . 6 6 m / s e e .  
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Hence, the mean  t i m e  spent  by a pa r t i c l e  in the act ive 
h e a t - t r a n s f e r  zone (in o ther  words,  the dura t ion  of one 
cycle of heat ing of the pa r t i c l e  in  the case of repeated  
mic rope r iod i c  appl icat ion of heat  in a f luidized bed) 
can be calcula ted approx imate ly  as 

"~ = 2 Ha.z/U~ = 2 .0 .023 /0 .66  = 0.07 sec.  

The F o u r i e r  n u m b e r  is 

�9 Fo = a'~/d ~ = 0.0016. 0.07/(0.003) ~.3600 = 0.0035. 

The Blot n u m b e r  is  

Bi = a d/k~, = 269.0.003/0.742 = 1.09. 

According to Fig.  2, for  the cons ide red  case  the r e l a -  
t ive t e m p e r a t u r e  g rad ien t  over  the c ro s s  sec t ion  of the 
pa r t i c l e  is  

8 t / ( t - -  to) ~ 0.07.  

Thus,  owing to the specif ic  fea tu res  of i n t e rphase  
heat  t r a n s f e r  the r e l a t ive  t e m p e r a t u r e  drop in  the p a r -  
t i e les  in the case of heat ing of a d i s p e r s e d  m a t e r i a l  in  
a f luidized bed is  ve ry  low even at r e l a t i ve ly  high Bi 
(Bi >> 0.1).  It should a lso  be noted that as the m a t e r i a l  
heats  up the re  is  a gradual  reduc t ion  of the absolu te  
t e m p e r a t u r e  grad ien t  over  the c ro s s  sec t ion  of the 
pa r t i c l es ,  s ince  each subsequent  cycle of heat  t r a n s f e r  
between the cons idered  pa r t i c l e  and the gas in  the act ive 
zone of the f lu idized bed is  a s soc ia ted  with a cont inu-  
ously dec rea s ing  value of the a s sumed  t e m p e r a t u r e  dif-  
f e rence  (tm - to), which at the l imi t  tends  to 0. 

Final ly ,  s ince  the t ime  spent by the pa r t i c l e  in the 
"bal las t"  zone g rea t ly  exceeds the t ime  of act ive  heat  
uptake, we can a s s u m e  that dur ing  each of the per iods  
spent in the ba l l a s t  zone the t e m p e r a t u r e  d i s t r ibu t ion  
over  the c ro s s  sect ion of the pa r t i c l e  will  even out. 

S imi lar  condit ions occur  in  other  in tense ,  r ap id -  
flow p roces se s ,  as  in counterf low appa ra tu se s  in  which 
d i spe r sed  m a t e r i a l s  a re  subjected to repea ted  hea t ing  
and cooling. As ca lcu la t ions  showed, the r e l a t ive  
t e m p e r a t u r e  drop in the pa r t i c l e s ,  despi te  the high 
va lues  of the heat t r a n s f e r  coeff icient  (and, hence,  of 
B i ) d o e s n o t  exceed 5t/(tm y to) < 0.1 owing to the sma l l  
values  of Fo in  each of the mic rope r iod i c  cycles  of 
heat ing and cooling. 

The above method can be used to ca lcula te  the 
k ine t ics  of heat ing of a d i spe r sed  m a t e r i a l  in in tense  
uns teady  heat ing p r o c e s s e s  involving repea ted  m i c r o -  
per iodic  appl ica t ion of heat  to the m a t e r i a l .  It can also 
be used to choose the opt imum p roces s  p a r a m e t e r s  on 

the bas i s  of the m a x i m u m  p e r m i s s i b l e  (from p roces s  
considera t ions} t e m p e r a t u r e  drop in the pa r t i c l e s  of 
the m a t e r i a l  being p rocessed .  

NOTATION 

t, t m are  the t e m p e r a t u r e s  of ma te r i a l  and medium,  
respec t ive ly ;  R is the pa r t i c l e  radius ;  v is  the f i l t r a -  
t ion veloci ty;  ~ is the voidage of f luidized bed; a is the 
heat  t r a n s f e r  coefficient;  k is  the t he rma l  conductivi ty;  
a is  the t h e r m a l  diffusivi ty '  c_, pg are  the specific , 

heat  and densi ty,  respec t ive ly ,  of suspending medium;  
T is t ime ;  d is the equivalent  pa r t i c l e  d iamete r ;  P ~  
is  the densi t~ of ma t e r i a l ;  ~ is  the k inemat ic  viscosi ' ty 
of medium" u is the mean  absolute  veloci ty of p a r t i -  ' p 

cles  in f luidized bed; H 0 is  the height of bed at res t ;  D 
is  the d i ame te r  of working chamber :  Fo, Bi, Ar, Fe, 
Re, Nu, F r  a re  the Four i e r ,  Biot ,  Arch imedes ,  Fe -  

P 
dorov, Reynolds,  Nusselt ,  and modified Froude  num-  
be r s .  
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