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The relat ionship be tween the contact  and c o n v e c t i v e - c o n d u c t i v e  
components  of the hea t  flux in the hea t ing  of par t ic les  in a f lu idized 
bed is examined .  

In the conduction of var ious  continuous p ro c e s se s  
in a f luidized bed the m a t e r i a l  fed into the bed is heated 
to the mean  t e m p e r a t u r e  of the bed. Each par t ic le  of 
m a t e r i a l  obtains  heat  by d i r ec t  contact  with other  p a r -  
t ic les ,  by the convect ive-conduct ive  t r a n s f e r  of heat  
through the gas in t e r l aye r ,  and by the rma l  radia t ion .  
In a number  of cases  where the bed t e m p e r a t u r e  is low 
rad ia t ive  heat  t r a n s f e r  can be neglected.  To elucidate  
the m e c h a n i s m  of heat  t r a n s f e r  to a pa r t i c le  contained 
in a f luidized bed we cons ider  the r e l a t ionsh ip  between 
the contact  and convect ive-conduct ive  components  of 
the heat  flux. This r e la t ionsh ip  d e t e r m i n e s  the heat ing 
of pa r t i c l e s  in the bed. 

We cons ide r  an ideal ized model  of a un i formly  
lu id ized  bed composed of smooth e las t ic  spher ica l  
pa r t i c les  of the same  rad ius .  We will a s sume  that each 
par t ic le  undergoes  co l l i s ion  with only one par t i c le  at 
one t ime.  Heat t r a n s f e r  in the ease  of b r i e f  contact  of 
two bodies  with cons tant  t e m p e r a t u r e  on the contact  
su r face  was examined in [1]. If the period of contact  
is suff icient ly b r i e f  the bodies  can be r ega rded  as 
inf ini te ly  produced in the d i rec t ion  of the heat  flux. 
In this ease the t empe ra tu r e  te on the contact  sur face  
dur ing  the t ime of contact  will  r e m a i n  cons tant  and on 
the sur face  of the two bodies  on the side opposite the i r  
contact  sur face  the t e m p e r a t u r e s  will r e m a i n  the same  
as the in i t ia l  t e m p e r a t u r e s  of each body (Fig. 1). 

O x 

Fig.  1. Diagram i l lu s t r a t ing  heat  
t r a n s f e r  dur ing  the b r i e f  contact  
of two bodies  (I and II) at r = 0. 

The dura t ion  of contact  for which the above con-  
di t ions  a re  fulf i l led can be de te rmined  on the a s s u m p -  
t ion that the max imum change of t e m p e r a t u r e  on the 
side opposite the contact  su r face  is 3%. In this case,  

as was shown in [1], the m a x i m u m  durat ion of contact  
is 

Xe . . . .  = 381.5 d2/a. (1) 

As the conducted ca lcula t ions  showed, % is a lmos t  

always << Tc. max. 

/ 
Y 

Fig.  2. Deformat ion of spher ica l  
pa r t i c l e s  on col l is ion.  

In the case  of a cen t ra l  co l l i s ion  of spher ica l  
pa r t i c l e s  the contact  sur face  is  a plane and the region 
of contact  is c i r c u l a r .  The condi t ions  of the p rob lem 
are  formula ted  thus: On the sur face  of a plane body 
with in i t ia l  t e m p e r a t u r e  to, the t e m p e r a t u r e  i n c r e a s e s  
ins tan taneous ly  to t c when r = 0. The amount  of heat 
t r a n s f e r r e d  dur ing  the t ime of contact  rc of the two 
bodies  has to be de te rmined .  The solut ion of the p rob -  
lem posed in [1] gives the following express ion  for 
the amount  of heat  t r a n s f e r r e d  by the b r i e f  contact  of 
two bodies:  

2 r - -  
Qe= [ ~ Y~-rnCmYm ]/~c(lc - to)" (2) 

To compare  the heat  flux t r a n s f e r r e d  by contact  and 
the convec t ive-conduc t ive  heat  flux through the gas 
i n t e r l aye r  we will r e l a t e  the amount  of heat  to the s u r -  
face of the par t ic le  Fp = 7rd z and the t ime rf  between 
two col l is ions:  

qc = 2f I )~mCmYm X 

X ] ~ c ( / c - - l o ) . / I  ~-Fp~f. (3) 

If the bed is un i formly  fluidized we can a s sume  that the 
mean  d is tance  between the cen te r s  of the par t i c les  (in 
the ease  of cubic packing of the spheres)  is [2] 

l = 0.807d/(1 - -  s)'.~ = d (z + 1). (4) 

Then the t ime beiaveen co l l i s ions  is expressed  by: 

xf = ( l - - d ) ~ , p =  dz'~:,p. (5) 
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T a b l e  1 

V a t u e s  of  m = q c / q g  f o r  P a r t i c l e s  of D i f f e r e n t  M a t e r i a [  and S i z e  

Porosity ~of bed 

Particle Particle I 
Particle diameter velocity, 0,5 0.6 0.7 
material d, mm m/see 

Values of m 

0.8 

Glass 

Steel 

Lead 

0.5 

1,0 

2.0 

1.0 

1.0 

10-~ 
10 J 
10--1 
10 o 

10--3 
10-2 
10-1 
10 o 

10-2 
10-1 
10 o 

lO--S 
10-2 
10-1 
i0 o 

10--3 
10-2 
10-1 
lO o 

0.10t5.10 ~ 
0.51.10 -1  
0.256.10~ 
0.128.103 

0,11.10 - a  
0 ,534.10-2 
0.27.100 
0.134.102 

0.286.10 -4  
0.1295.10 -2  
0.648~10 -1 
0.323.101 

0.778.10 -3  
0.359.10 -1  
0.18.101 
0.91.102 

0.194.10 -2  
0,95.10 -1  
0,477.101 
0,238.103 

0,828.10--4 
0,41.10 -2  
0,206. t00 
0.103.102 

0.151.10-4 
0,815.10-2 
0.357.10 -1 
0,1795.101 

0.397.10-5 
0.16.10 - a  
0,921.10 -2  
0.462.10 o 

0.105.10 - s  
0.5.10 -2 
0.231-100 
0.126.103 

0,297.10 - a  
0.132.10 -1  
0..652-100 
0.327.10 ~ 

0,193.10 - 4  
0.891.10-2 
0.46.10 -1  
0,237.101 

0.565.10 - a  
0 .264.10-4 
0.12.10-1 
0.604.100 

0.16-10--5 
0,703.10--4 
0,324.10 -2  
0,162.100 

0,401-10-4 
0,178.10 -2  
0.887.10 -1  
0,444.101 

0,129.10 -3  
0.472.10 - 2  
0,229.10 o 
0.114.102 

0.611.10 -5 
0.246.10 - a  
O. 123.10 - !  
O. 614.100 

0.276.10 -5  
0.97-10 -6  
0,456-10 -2  
0,23.10 ~ 

0.825.10 -8  
O. 262.10 --4 
O. 122.10 - 2  
0.61.10 -1 

O. 184- 10 - 4  
0.694- 10 - s  
0.337. lO -1 
O. 169.101 

O. 788- 1 0-4  
O. 188.10 -2  
O. 863.10 - I  
0.432- I01 
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In the genera l  case the t e m p e r a t u r e  on the contact  
sur face  can be de t e rmined  f rom the express ion  [3] 

(t b -  tc)!(t c -  to) = V ~  c~ 7, ) 1 : ~  '/2, (6) 

where  the subsc r ip t s  1 and 2 r e f e r  to the two con tac t -  
ing bodies .  In this  case the m a t e r i a l  of the two bodies  
is the same  and, hence,  we can wr i te  f rom (6) 

t o ---- (tb+/o)/2. (7) 

To de t e rmine  the sur face  of contact  f and the du r a -  
t ion  of the co l l i s ion  T c we use He r t z ' s  theory  of 
e las t ic  col l i s ions  of spher icaI  bodies,  which is ex -  
pounded in [4]. The bas i c  assumpt ions  of this  theory- -  
the e las t ic  na tu re  of the co l l i s ions  and the ident ical  
na tu re  of the s ta t ic  and dynamic  in te rac t ion  of the 
bodies - -have  been  conf i rmed exper imenta l ly .  For  
the col l i s ion of two spheres  of the same  rad ius  and of 
the s ame  m a t e r i a l  the t ime of contact  is 

~c=2.9432125~2 (1--~)~ ]'/~ d 
8 (1--21~) 2 2w}/`v, / ,  . (8) 

The veloci ty v of propagat ion of a compres s ion  wave 
in a m a t e r i a l  is equai to the veloci ty  of sound in the 
m a t e r i a l  and can be de te rmined  f rom the express ion  

v =] / rE  (1 - -  ~)/,~m(1 +ix)(1--2~) .  (9) 

The max imum deformat ion  of the pa r t i c l e s  (half of 
the m a x i m u m  l inea r  approach of the par t i c le  cen te rs )  
is 

s .... : r~ Wp/2.9432. (10) 

The a rea  of contact  va r i e s  dur ing  the approach of the 
pa r t i c l e s  f rom 0 t o f  and cor responds  at each ins tan t  
to the deformat ion  s of the pa r t i c l e s  (Fig. 2). The 
ins tan taneous  d i ame te r  of the a rea  of contact  is de -  
t e r m i n e d  from geomet r i ca l  cons idera t ions :  

a.,. - 2 ]/-~ - -  s 2 . (11) 

Hence, the ins tan taneous  a r ea  of contact  is 

f~ = ~a~/4 = n (sd - -  s-~). (12) 

The mean area  of contact  dur ing  the t ime of co l l i s ion  
re  of two par t i c les  is 

S[II~tX 

t f __ 1 f ,  d x =  a X 
Sln[I x {~)' 

x ( ds,,,,,~ _ s9__2 - . (13) 
\ 2 3 , 

Since the deformation Smax of the particles is extreme- 
ly small, the second term in the right side of expres- 
sion (13) can be neglected, and then 

f ~  - f f  d s  ....... (13a) 

We put 

Then 

"r c = kBd/w'~ ~ , (8a) 

[ = ~d2Bw'~o,,2. (13b) 

Subst i tut ing the values  of tc, re, a n d f  f rom Eqs. (7), 
(8a), and (13b) in Eq. (3), we obtain 

B'/~'wPr l / k  ZmCmYrn to). (14) 
% =  2 1 / U d z  (lb-- 

Thus, the contact  heat  flux i n c r e a s e s  with reduc t ion  in 
Youngrs modulus  E and par t i c le  d i a m e t e r  d, and with 
i n c r e a s e  in pa r t i c le  veloci ty Wp and the coeff ic ient  of 
t he r ma l  act ivi ty  (kmemYm) t/2. 

We cons ide r  the t r a n s f e r  of heat  to the par t ic le  
through the gas i n t e r l a y e r  due to convect ion and mo-  
l e c u l a r  heat  conduction of the gas. The equation of the 
heat ba lance  of the pa r t i c l e  can be wr i t t en  as 

~d  3 
- -  d t  = a n d  2 ( t  b -  t) d~. (15) CmYm' 6 

We separa te  the va r i ab l e s  and in tegra te  both s ides  of 
the equation 

; CmYm d dt  
-- I ~ d'c (16) 

6a t b -  t d 
to 0 

Hence 

where  

t b -  t = (tb--- to) exp (-- b~), (17) 

b = 6a/CmYmd. 

The mean  heat  flux dur ing  the per iod r f  is 

~f 
1 j' 

-- a (t b -  l) d~. (18) 
qg xf 

0 

Subst i tut ing (t b - t) f rom Eq. (17) in Eq. (18) and 
in tegrat ing,  we obtain 

CmYmd [ 1 - - e x p ( - - b x f ) ] ( l b - - t , , ) .  (19) 
qg -- 6 ~f 

Put t ing  p = 6a/emYmWp we de t e r mi ne  the ra t io  of the 
contact  and convec t ive-conduct ive  heat  fluxes by us ing 
express ions  (14) and (]9), 

0 7  m = qc/qg = A wp/[ 1 - -  exp (-- pz)}, (20) 

where  

A : :  3B V akB,d  . 

F r o m  formula  (20) we ca lcula ted  the values  of m 
for glass  (d= 0 . 5 , 1 . 0 , 2 . 0  mm),  s teel  (d= 1.0 mm), 
and lead (d = 1.0 mm) spher ica l  pa r t i c l e s  for d i f -  
fe rent  values of poros i ty  of the bed and par t ic le  ve -  
loci ty Wp. For  each m a t e r i a l  and s ize of pa r t i c l e  we 
de te rmined  the Re n u m b e r  co r re spond ing  to the given 
poros i ty  f rom the in terpola t ion  fo rmula  [5]: 

Re = Ar e4.Ts/( 18 + 0.6 V'Ar e '7~) . (21) 

B = [- 25a~ (1 - -  p)' ] '  ~ l k : ,  2.9432. 
L 8 ( 1 --2p)~j 2v' 

To calculate  the coeff icient  of heat t r a n s f e r  between 
the pa r t i c l e s  and gas for g lass  spheres  of d i ame te r  
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0.5 m m  we used  the f o r m u l a  ob ta ined  in [6] and su i t ab l e  
for  the r eg ion  5 < Re < 70: 

Nu = 0.021 Re l~. (22) 

In the r e m a i n i n g  e a s e s  the hea t  t r a n s f e r  coe f f i -  
e ien t  u was  c a l c u l a t e d  f rom the f o r m u l a  r e c o m m e n d e d  
by  Vasanova  and Syromyalmikov [7] fo r  the  r e g i o n  40 < 
< Re < 500: 

Nu = 0.316 Re ~ (23) 

The r e s u l t s  of c a l c u l a t i o n  for  Wp = 10 -3, 10 -2, 10 - t ,  
and 100 m / s e e  a r e  given in Table  1. 

The t ab le  shows tha t  the va lue  of m = q c / q g  for  the 
s a m e  p o r o s i t y  i n c r e a s e s  f r o m  a va lue  of the  o r d e r  10 -5 
to 101 with i n c r e a s e  in p a r t i c l e  ve loc i t y .  Hence,  whi le  
the con tac t  hea t  flux for  a p a r t i c l e  ve loc i t y  of 1 r a m / s e e  
is  an i n s ign i f i can t  f r ac t i on  of the c o n v e c t i v e - c o n d u c t i v e  
flux, for  a p a r t i c l e  ve loc i t y  of 1 m / s e c  the con tac t  
hea t  flux can in s o m e  c a s e s  be  t ens  of t i m e s  g r e a t e r  
than qg. Thus,  the t r a n s f e r  of hea t  to p a r t i c l e s  with 
d i f f e r e n t  v e l o c i t i e s  is  effe c ted by  d i f f e r e n t  m e c h a n i s m s .  
It is  conven ien t  to d e t e r m i n e  s o m e  mean  ve loc i t y  of  
the p a r t i c l e s  in the bed  for  a given gas  v e l o c i t y  Wg 
in o r d e r  to e s t a b l i s h  the m a i n  m e c h a n i s m  of hea t  
t r a n s f e r  in p a r t i c u l a r  cond i t ions .  

With r educ t ion  in p a r t i c l e  s i ze ,  a s  Table  1 shows,  
the va lue  of m i n c r e a s e s .  Hence,  s m a l l  p a r t i c l e s  a r e  
a p p a r e n t l y  hea ted  m a i n l y  by  con tac t  with o the r  p a r -  
t i c l e s .  With i n c r e a s e  in p o r o s i t y  f o r  a g iven m a t e r i a l  
(i. e . ,  with i n c r e a s e  in the  gas  ve loc i ty )  the value  of 
m d e c r e a s e s  r a p i d l y .  F o r  m a t e r i a l s  of low e l a s t i c i t y  
(lead, for  ins tance)  the  f r a c t i o n  of  hea t  t r a n s f e r r e d  
by con tac t  is  much  h ighe r  than in the c a s e  of h igh ly  
e l a s t i c  m a t e r i a l s  (s tee l ) .  

It  should  be  noted  tha t  the  ob ta ined  r e s u l t s  d i f f e r  
f r o m  the r e s u l t s  of  e x p e r i m e n t a l  i n v e s t i g a t i o n s  of  
the  hea t  condi t ion  of d i s p e r s e d  m a t e r i a l s  in vacuum 
and a t  a t m o s p h e r i c  p r e s s u r e  [8 -11] .  In t h e s e  i n -  
v e s t i g a t i o n s  the e x p e r i m e n t a l  da t a  showed tha t  c o n -  
t a c t  hea t  t r a n s f e r  in s t a t i o n a r y  heaps  is  neg l i g ib ly  
s m a l l  in c o m p a r i s o n  with o t h e r  me thods  of h e a t  
t r a n s f e r .  However ,  in the c a s e  of a f lu id ized  bed  the 
d i s t r i b u t i o n  of  the  d i f f e r en t  k inds  of  hea t  f luxes  is  
a l t e r e d .  F i r s t  of al l ,  in the  c a s e  of su f f i c i en t ly  high 
p a r t i c l e  v e l o c i t i e s  the  a r e a  of  the con tac t  r e g i o n  is  
d i f f e r en t  f rom tha t  in a s t a t i o n a r y  heap .  The r a t i o s  
fifo of t h e s e  a r e a s  a r e  given in Tab le  2. The v a l u e  of 
f0 was  c a l c u l a t e d  f r o m  the f o r m u l a  ob ta ined  in [10]. 

The t ab le  shows t ha t  the a r e a  of the con tac t  r e g i o n  
is  a f lu id ized  bed  m a y  be t ens  of t i m e s  g r e a t e r  than  
the c o r r e s p o n d i n g  a r e a  in a s t a t i o n a r y  heap .  In a d -  
di t ion,  h e a t  t r a n s f e r  du r ing  the b r i e f  con tac t  of 
s p h e r i c a l  p a r t i c l e s  i s  of  qui te  a d i f f e r e n t  n a t u r e  f r o m  
that  in the  c a s e  of a s t e a d y - s t a t e  hea t  flux. This  is  
ev iden t  f r o m  the n a t u r e  of the change  of t e m p e r a t u r e  
in the con tac t  r e g i o n  for  t h e s e  two c a s e s  (Fig.  1). The 
t e m p e r a t u r e  g r a d i e n t  a t  the poin t  of con tac t  in a f l u -  
i d i zed  bed  i s  ev iden t ly  much  g r e a t e r .  

We c a l c u l a t e d  the r a t i o s  of  the  amount s  of  hea t  
t r a n s f e r r e d  in the  s a m e  i n t e r v a l  r c  in the c a s e  of b r i e f  
con tac t  (Qc) and in the c a s e  of con tac t  in a s t a t i o n a r y  
heap  Qc0 (Table  2). It is obvious  tha t  a t  high p a r t i c l e  

v e l o c i t i e s  ( e s p e c i a l l y  for  m a t e r i a l  of low conduct iv i ty)  
th is  r a t i o  is  much  g r e a t e r  than 1. It should  be noted 
that  the data  ob ta ined  for  l e ad  a t  high p a r t i c l e  v e l o c i t i e s  
and low p o r o s i t i e s  a r e  l e s s  r e l i a b l e ,  s i nce  the t i m e  of 
con tac t  is  c o m p a r a b l e  with the p e r i o d  be tween  two c o l -  
l i s i o n s  (Table  2). This  wi l l  p r e s u m a b l y  r e d u c e  the 
v a l i d i t y  of the a s s u m p t i o n  of cons t an t  t e m p e r a t u r e  in 
the  p e r i o d  T c fo r  th is  c a s e .  In the  m a j o r i t y  of c a s e s  
T c is  a few p e r  cent  of 7f and, hence,  the a s s i g n m e n t  
of the  hea t  flux to the p e r i o d  be tween  the c o l l i s i o n s  and 
the a s s u m p t i o n  of cons tan t  t e m p e r a t u r e  in the p e r i o d  
Tc a r e  qui te  p e r m i s s i b l e .  In p r a c t i c e  7c i s  a c o m p o -  
nent  part of the period Tf, since the mean particle 

velocity is obtained by averaging not only over all the 
particles, but over the time too, i.e., the time of 

contact is included. 
Thus, we can expect a different kind of heat transfer 

in a fluidized bed from that in a stationary heap--the 
role of contact heat transfer will be greater. This idea 

has already been expressed in [2]. The considerable 
effect of contact heat transfer is important in the con- 

sideration of the mechanism of heating of particles 
entering a fluidized bed and the mechanism of heat ex- 

change of particles with surfaces. 

NOTATION 

to, t a r e  i n i t i a l  a n d  i n s t a n t a n e o u s  t e m p e r a t u r e  of  p a r -  
t i c l e ,  i n t roduc e d  into bed ;  t b i s  the  m e a n  t e m p e r a t u r e  
bed ;  tc i s  the  t e m p e r a t u r e  on con tac t  s u r f a c e ;  d i s  the  
d i a m e t e r  of p a r t i c l e s ;  �9 i s  t i m e ;  rc  i s  the  t i m e  of  con -  
t ac t ;  Tc .ma x is  the m a x i m u m  t i m e  of con tac t ;  Tf is  
the t ime  be tween  two c o l l i s i o n s  of p a r t i c l e s ;  Fp  is  the 
a r e a  of s u r f a c e  of p a r t i c l e ;  c m ,  Tin, k in ,  a a r e  the  hea t  
capac i ty ,  dens i ty ,  t h e r m a l  conduct iv i ty ,  and t h e r m a l d i f -  
f u s iv i t y  of p a r t i c l e  m a t e r i a l ; f  x, f a r e  the  i n s t an t aneous  
and m e a n  a r e a  of r e g i o n  of contact ,  r e s p e c t i v e l y ;  l is  
the d i s t a n c e  be tween  c e n t e r s  of p a r t i c l e s ;  z = 0 .807 /  
/(1 - e) 1 / 3 -  1 i s  p o r o s i t y  funct ion  d e t e r m i n i n g  the  d i s -  
t ance  be tw e e n  p a r t i c l e s ;  Wp is  the ve loc i ty  of p a r t i c l e s  
inbed ;  qc, qg a r e  the  con tac t  and c o n v e c t i v e - c o n d u c t i v e  
componen t s  of hea t  flux, r e s p e c t i v e l y ;  E is  the modulus  
of e l a s t i c i t y  of f i r s t  k ind;  # i s  the  P o i s s o n ' s  r a t i o ;  v 
i s  the v e l o c i t y  of p r o p a g a t i o n  of c o m p r e s s i o n  wave in 
m a t e r i a l ;  s, S m a  x a r e  the  i n s t a n t a ne ous  and m a x i m u m  
d e f o r m a t i o n  of co l l id ing  p a r t i c l e s ;  a x  i s  the  i n s t a n -  
t aneous  d i a m e t e r  of a r e a  of contac t ;  ~ is  the c o e f -  
f i c i en t  of hea t  t r a n s f e r  f r o m  p a r t i c l e s  to gas ;  e i s  
p o r o s i t y  of bed;  Re  = Wgd/V i s  the  Reyno lds  n u m b e r ;  

Ar- ~d3 ~,'m i s  the  A r c h i m i d e s  n u m b e r ;  Nu = a d / X g  
,,2 ~g 

i s  the  N u s s e l t  n u m b e r ;  v, hg, Tg a r e  the  k i n e m a t i c  v i s -  
cos i ty ,  t h e r m a l  conduct iv i ty ,  and d e n s i t y  of gas ;  Wg 
is  the  gas  ve loc i ty ;  fo is  the a r e a  of r eg ion  of con tac t  
in s t a t i o n a r y  heap;  Qc, Qe 0 a r e  the  amoun t s  of hea t  
t r a n s f e r r e d  in b r i e f  con tac t  in f lu id i zed  bed  and in a 
s t a t i o n a r y  heap .  
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