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One of the important applications of the fluidized bed is as a cooling agent in heat exchangers. Two principal 
theoretical explanations are offered for the heat transfer mechanism. The first is based on the idea of multiple 

transport of heat froni the surface by the solid particles [1-3]; the second on the idea of "bunches" of particles that 

replace each other near the wall and are heated in the same way as a porous medium [4-9]. 

In paper we study heat transfer between a fluidized bed and a surface based on the kinetic model previously 
developed in [10-12]. 

1. F o r m u l a t i o n  of the p rob lem.  We a s s u m e  that  at t ime  t a p a r t i c l e  p a s s e s  out of d i r e c t  t he rm a l  contact  with a 

su r face  at a f ixed t e m p e r a t u r e  T w. M o r e o v e r ,  we denote by fl0 the coef f ic ien t  of heat  t r a n s f e r  between the p a r t i c l e  and 
the wall.  The amount  of heat  given up to the p a r t i c l e  by the wall  in t ime  dt is  

dQi ~-- mcidTi  = ~o (Tw - -  Ti)  t i t .  (1.1) 

Here ,  m is the m a s s  of the pa r t i c l e ,  c i is i ts  spec i f ic  heat,  and T i is i ts  v o l u m e - a v e r a g e d  t e m p e r a t u r e .  

If the p a r t i c l e  appeared  in the zone of d i r e c t  t h e r m a l  contact  with the cooled su r face  at t i m e  ~-< t, i t s  
t e m p e r a t u r e  at t ime  t is 

Ti(t)=rw--[T~--Tt(~)]exp [-- m--~i (t--'c)] �9 (1.2) 

We introduce a particle number distribution function r x, u, Ti) such that the average number of particles in a 

volume (x, x + dx) with velocities and temperatures in the intervals (u, u + du) and (Ti, T i + dTi) is equal to ~dxdudT i. 

The function ~ is  r e l a t ed  with the Bol tzmann d is t r ibu t ion  function in the usual  way: 

oo 

/ (t, x, u) = I ~F (t, x, u, Ti) dTi. 
o 

F o r  p a r t i c l e s  that en te red  the t h e r m a l  contact  zone at t ime  % the ave r age  t e m p e r a t u r e  r i s e  is  

Ti~ : Tw-- [Tw-- <Ti (~)> ] exp [-- ~c~ (t-- ~) ], 
co 

<T i (T)> = ~ Ii T~" (~, x, u, T 0 dT~ du . 
0 

(1.3) 

We denote by P(~) the probabi l i ty  that a p a r t i c l e  wil l  r e m a i n  in the t he rm a l  contact  zone for  a per iod  of t ime  ~. 
Then the mos t  p robab le  t e m p e r a t u r e  of the p a r t i c l e s  that l eave  the t he rm a l  contact  zone at t i m e  t is  

t 

f 0xp (1.4) 
- - c o  

The amount  of heat  r e m o v e d  by these  p a r t i c l e s  f r o m  the t h e r m a l  contact  zone at t i m e  t i s  equal  to 

t 

- - c o  ( u  > 0  

(1.5) 

where  n is  the no rma l  to the cooled su r f ace  d i r ec ted  into the bed. 
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The amount of heat carried by the particles from the interior of the bed into the thermal contact zone at the same 

moment of time t 

f, 
Qn~ ~-.--mci (Ti (t)> ~ (un)/du. (1o6) 

(un)<o 

Now considering that at an impermeable surface 

(un) s ~u + I (.n) i ~. = 0 
(un)>o (un)<o 

(1o7) 

fo r  the quant i ty  of heat  r e m o v e d  f r o m  the t h e r m a l  contact  zone at t ime  t we find 

t 

qn~mc~ITw--<Ti(t)>-- S [Tw--<Ti(T)>]P(t--v)exp [-- [f~ci~'~-~ ( t - - '~)]d~'}  X 

X S (un) ldu. 
(un)>O 

(1.8) 

The quantity qn must be equal to the flow of heat transported by the particles in the fluidized bed, so that in 
accordance with the results of [ii] we have 

t 

- 8 T z \ ~ ]  an = 

(un)>o 
t - -  ntl~ N 

Z-- t - - N  v ,n~N.  

(1.9) 

Here, (r is the particle diameter, 0 is the pseudo temperature [i0], v, is the volume per particle, assuming 
close packing, and n is the average number of particles per unit volume. 

As may  be seen f r o m  (1.9) the ins tantaneous  heat  flow f r o m  the cooled sur face  at t ime  t depends on the en t i r e  
p r e h i s t o r y  of the p r o c e s s .  Only in the s teady s ta te ,  when (Ti) does not depend on t ime ,  do we have 

3rnc i f 0 UhO<Ti> h T 
8~z~,~) T =  ( ~ - ~ "  

0o  

o (un)>O 
(1.10) 

2. S t eady - s t a t e  cool ing  of a v e r t i c a l  surface~ We wil l  now examine  the c h a r a c t e r i s t i c s  of the s t eady - s t a t e  
p r o c e s s  of heat  t r a n s f e r  be tween  a v e r t i c a l  su r f ace  and a f lu id ized bed. 

For simplicity, we assume that the longitudinal extent of the bed is large compared with its thickness, that 
there are no macroscopic particle flows in the bed, and that the average velocity of the pseudogas is equal to zero. 

The equat ions of heat  t r a n s f e r  in the bed [12] have  the fol lowing form:  

}qh <Ti> + Li \'~'jo \--~'--Y --  T , ]  + mncir (<TI> -- <TD) = O, 

02 <Tt> 0 <T#> 
~S ~ - -  P! csQ a ~ -  - -  mnc~ (<Tp --  <TD) =0.  (2, i )  

The coordinate system has been selected so that the x-axis is directed normal to the cooled wall and lies in the 
plane of the distributor supporting the bed, while the y-axis is directed vertically upwards. 

The effective thermal conductivities X i and Xf were obtained in [ii]; the dependence of the function q~ on the flow 
velocity through the bed, the bed voidage and the thermal conductivities of the particles and the gas is discussed in 
[12]. 
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Since the  t h e r m a l  r e g i m e  of the bed is  a s s u m e d  s teady,  a l l  the hea t  r e m o v e d  f r o m  the wal l  by the p a r t i c l e s  i s  
r e m o v e d  f r o m  the bed by the gas  flow. F r o m  the second equation of (2.1) in the ge ne ra l  c a se  

PlQc.f 
L ~Plci (P' (2.2) 

w h e r e  Pi is  the dens i ty  of the p a r t i c l e  m a t e r i a l  and L the c h a r a c t e r i s t i c  s c a l e  of f l o w - p a r t i c l e  t e m p e r a t u r e  
equal iza t ion .  

Taking  into account  the dependenc e of q~ on the above -men t ioned  flow p a r a m e t e r s  [12] and denot ing by l the 
t h i cknes s  of the bed ,  we have 

L v? (~2t~ Q z 
~ 7 - ~  • l H T ( n ' B ' k / k i ) '  R vj (2.3) 

whe re  ~f is  the k inema t i c  v i s c o s i t y  of the gas ,  n f  is  i t s  t h e r m a l  d i f fus iv i ty ,  k f  and k i a r e  the t h e r m a l  conduc t iv i t i e s  
of the gas  and the p a r t i c l e s ,  a i s  the p a r t i c l e  d i a m e t e r ,  and H T i s  a quant i ty  p r o p o r t i o n a l  to the N u s s e l t  n u m b e r s  for  
p a r t i c l e - f l o w  hea t  t r a n s f e r .  

In the g e n e r a l  c a se  L ~ Z, but fo r  s lowly  hea ted  p a r t i c l e s  L >> I .  

Turn ing  now to the f i r s t  equat ion of (2.1), f r o m  the hea t  ba lance  condi t ion we find 

~--L ~ p~Qc! 8, (2.4) 

whe re  5 is  the c h a r a c t e r i s t i c  t h i ckness  of the l a y e r  of hea ted  p a r t i c l e s  in the v i c in i ty  of the cooled  wall .  

F r o m  (2.2) and (2.4) we obta in  

6 ~ Q z 
-El ~ ~L-- -L-- .~  I. (2.5) 

fo rm:  

Since L(aq~/0q) 0 ~ 1, r e t a in ing  in (2.1) the t e r m s  with the g r e a t e s t  o r d e r  of magni tude ,  we have 

%i ~ -I- mnciv (< T; > -- <T~>) • 0, 

08 <Tf> 0 <TI> 
k I ~ -- ptQc I ~ -- mncr (<Tt> -- <Tr ----- 0. (2. 6) 

The boundary conditions for (2.6) are conditions (L 10) and 

<TI> ]y=0 = Ts. (2. 7) 

S y s t e m  (2.6) can e a s i l y  be so lved  if L ~ l. We then r e p r e s e n t  <Ti> and <Tf> in the  expanded fo rm:  

<Ti> = 8~ ~ + @) + . . . .  <Tf> = T + @> + e} 2) + . . . .  (2. S) 

Subs t i tu t ing  (2.8) into (2.6), for  the s u c c e s s i v e  a p p r o x i m a t i o n s  we obtain 

0~0(. ~ 02@) 
~ ~ + mnc~ (0p-- ep)  = 0, 0~ 0) = T,, X~ ~ + mnh~ (eC1) 0(" t - -  i ] ~ 0 ,  

080} 1) 00~ i) 
X] ~ - -  plot]  ~ - y  - -  ~ c i (  ~ (0~ 1) ~- 0} 0) - -  0~0)) = 0. ( 2 . 9 )  

The so lu t ion  of the f i r s t  equat ion of (2.9) s a t i s fy ing  boundary  condi t ion  (1.10) at  x = 0 is  a s  fol lows:  

�9 +~(Tw--Ts) e -~x, =\----~r ] �9 (2.10) 

The equation for the first approximation of the temperature field of the suspending flow is then written in the 

080 (1) 0O~ D h 
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and the  c o r r e s p o n d i n g  s o l u t i o n  of (2.11) w i th  a c c o u n t  f o r  cond i t i on  (2.7) i s  

h 
0sr _-- ~ (T  w ,  - -  Ts )  e -7~x (i --  e -su) 

l ,/ 
s = ~ff~ { [ (plQcl)~ + 4~,lmnciT] ~ - -  PIQcl}  . 

The  e q u a t i o n  f o r  the  f i r s t  a p p r o x i m a t i o n  of the  t e m p e r a t u r e  f i e ld  of the  p seudo  gas  i s  as  fo l lows :  

3~0~ 1) h e_l; x 
~'i ~ - -  mnciTO~ 1) = - -  mnci  ~ h - - ~ - ~ k  (Tw - -  Ts) (t --  e-St'). 

By s o l v i n g  it we can  ob ta in  the  d i s t r i b u t i o n  of the  t e m p e r a t u r e  f i e ld  of  the p s e u d o g a s .  A f t e r  s i m p l e  

t r a n s f o r m a t i o n s  we ob ta in  

(2.12) 

(2.13) 

h 
< T i >  = T s ~ -  ~ ( T  w - -  T s )  ( i  - -  e -sv) e - l ' x  -~ . . . .  

h ~ ,  -~<x-- l l~kh  
<Ti> = T s -t- ~ (T w - -  j s )  e ~-h_r_ ~ k  (T  w - -  Ts) (t --  e -sy) xe - l 'x  "-1- 

1/2 %ikh 
-}- ~ ( T  w - -  Ts) ( l  - -  e - s y )  e -7 'x  q-,-- . 

(2.14) 

We no te  tha t  i f  h > k i k = (mnci~Xi) l /2 ,  t he  m a x i m u m  r a t e  of h e a t  t r a n s f e r  b e t w e e n  c o m p o n e n t s  is  r e a c h e d  at 

i h--~,ik 
x ~ . - ~  h q_ k i  k �9 (2.15) 

i s  

3. H e a t  t r a n s f e r  c o e f f i c i e n t .  By d e f i n i t i o n  the l o c a l  c o e f f i c i e n t  of h e a t  t r a n s f e r  b e t w e e n  the bed and the s u r f a c e  

[Tw - -  <T~>] k)~i Fkkl ,2. iI~ h I/~ h (3,1) 

We note that its value falls with increase in the distance from the distributor. This result is confirmed by 

experiment. 

W i t h i n  the  l i m i t s  of a c c u r a c y  of the  a p p r o x i m a t i o n  

h k~'i 
~max = hTk~, i '  

k~ + V~ h ( 3 . 2 )  
amin  ~ ~max k~ i ~- h " 

D e n o t i n g  by d the  l e n g t h  of the  s u r f a c e  c o o l e d  by the  bed ,  f o r  the  a v e r a g e  v a l u e  of the h e a t  t r a n s f e r  c o e f f i c i e n t  

c~ 0 we  ob ta in  

d 

ao : --~ I a (y) dy -~- Z.ma x 
o 

[k~  i ~- 112 h 2- 1/2 h ( |  - -  e-sd) l (3.3) 

I t  f o l l o w s  f r o m  (2.12) and (2.3) tha t  s ~ 1 / L .  F o r  s u f f i c i e n t l y  s l o w l y  h e a t e d  p a r t i c l e s  d << L,  so  that  in th is  c a s e  

% ~ ama~: . ( 3 . 4 )  

As  has  b e e n  po in t ed  out ( s e e  [13, 14]), f o r  a l u m i n u m  p a r t i c l e s  L ~ 2 - 4  c m .  F o r  sand p a r t i c l e s ,  in v i ew of 
t h e i r  m u c h  l o w e r  t h e r m a l  c o n d u c t i v i t y ,  the  v a l u e s  of L wi l l  be  s e v e r a l  t i m e s  g r e a t e r .  

F r o m  (3~ and (1.10) we ob ta in  an e x p r e s s i o n  f o r  a 0 

uo ~ m n c i w n A  k~  i ..~ mnCiWn A , 
eo I (~176 
o 

w h e r e  0 i s  the  p s e u d o  t e m p e r a t u r e  [10]. 

(3.5) 
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Using the expression for k from (2.10) and for Xi from [Ii], we can show that with an accuracy sufficient for 
practical purposes 

k~.i ..~ mnCiWn A ,.~ I .  (3.6) 

Therefore, finally, 

03 
( 0 v / : r  

o 

In f i r s t  approximat ion  the p a r a m e t e r s  fi0 and P(~) in (3.7) can be de te rmined  as follows. A s s u m i n g  that the heat  
t r a n s f e r  between a pa r t i c l e  and the wall is r ea l i zed  through an in t e rmed ia te  layer  of gas of a ce r t a in  average  th ickness  
6o, we obtain 

k f  ~ 2  

~ 0 = W -  ~-  �9 ( 3 . 8 )  

We also a s s u m e  that the t ime  spent by a par t ic le  in the zone of d i r ec t  t he rma l  contact  with the wall coincides  
with twice i ts  mean f ree  t ime (the average  in t e rva l  between the col l is ion that p rope ls  the pa r t i c le  towards  the wall and 
the next col l is ion af ter  it s t r i kes  the wall). Then 

/ i ',% 

Subst i tut ing (3.8) and (3.9) into (3. 7), we f inal ly  obtain 

I 0 \ ' l~f" 

An express ion  for  (~ was obtained in [10]: 

(3.10) 

m D  2f  1 t 0In(I)]2 N ~ ( I - - N ) ~ Q ~  

0 = - ~ -  ~ ~ i - - ~  + W - ~ f f - ~  (1 - +N)~ (l - 1,/~ lv'~ + W,o N ~ - -  N) ' 
e) ~ g~3]6V , , 

(3.11) 

Here,  �9 is  the Stokes drag coefficient  of the pa r t i c l e  calculated for unit  mass ,  and Q is  the veloci ty  of the 
suspending gas flow in the f ree  c ros s  sect ion of the apparatus.  

In the steady state  a ce r t a in  re la t ionsh ip  exis ts  between Q and N [15]. If we use in the ca lcu la t ions  the re la t ion  
for  (~ proposed in [16], then 

vI Ar (1 --c0N) 4"7~ g~3 ?~ 
Q - -  a 18~,,O.6[Ar(l_o)N)a.' ,SlV2 ' A r = ~ - ~ f  " (3.12) 

The graphs  in the f igure  give the r e su l t s  of ca lcula t ing %,  as a funct ion of Q f rom fo rmu la s  (3.10)-(3.12) for  
exper imen t s  with quar tz  sand [17], in which the condit ions of val idi ty  of the r e l a t ions  obtained were  sa t is f ied with 
suff icient  accuracy.  In c a r r y i n g  out the ca lcula t ions  it was a s sumed  that r = 0.6, D = 10 -2, 50 = 0.85. The curves  
cor respond  to the theore t ica l  r e la t ions ,  while the exper imenta l  points cor respond  to the data of [17, 18]. An ana lys i s  
of the r e su l t s  obtained indica tes  that the theore t ica l  r e su l t s  not only lead to good qual i ta t ive  ag reemen t  with exper iment  
but also give sa t i s fac to ry  quant i ta t ive  agreement .  

At l a rge  gas ve loci t ies  the behavior  of the graph of c% (kca l /m 2 �9 hr  �9 deg) v e r s u s  Q (m/sec)  is  also in good 
qual i ta t ive  ag reemen t  (see figure) with the known exper imen ta l  data [18]. In this case the expe r imen t s  were  pe r fo rmed  
on g lass  spheres ,  whose the rmophys ica l  p rope r t i e s  differ f rom the cor respond ing  p rope r t i e s  of quar tz  sand, although 
the d i f ference  is not ve ry  cons iderable .  The exper imen ta l  points co r respond ing  to this case for  pa r t i c l e s  whose 
d i ame te r s  a re  c lose  to those used in [17] have been plotted in Fig. 1 in accordance  with the data of [18]. The lower  
posi t ion of the exper imenta l  points  f rom [18] in Fig. 1 for pa r t i c l e s  with s i m i l a r  d i a m e t e r s  is assoc ia ted  with the 
much g rea t e r  nonuni formi ty  of the pa r t i c le  d i s t r ibu t ion  over  the height of the bed as compared  with [17]. The m a x i m u m  
of s 0 i n c r e a s e s  with d e c r e a s e  in pa r t i c l e  d iameter ;  the curves  in the f igure co r re spond  to pa r t i c l e s  with d i a m e t e r s  of 
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Fig. 1 
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