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Resuks are given of an investigation of heat transfer in a fluidized 
bed to a cylindrical surface over the range of pressures from atmos- 
pheric to 1,23 N/m ~. Equations for determining CCma x are presented. 

The drying of h e a t - s e n s i t i v e  m a t e r i a l s  in a f lu id-  
ized bed at low p r e s s u r e  is of i n t e r e s t  p rov ided  that 
it is poss ib le  to a t ta in  high coef f ic ien ts  of heat  t r a n s -  

f e r  to s u r f a c e s  i m m e r s e d  in the bed. 
As f a r  as we know, the l i t e r a t u r e  contains  only one 

study [6] in which the coef f ic ien t s  of heat  t r a n s f e r  
be tween  a f lu id ized  bed (sand, d = 0 . 2 6 - 0 . 1 5  ram) and 
a su r f ace  w e r e  d e t e r m i n e d  at Iow p r e s s u r e .  Bhat and 
Whitehead c a r r i e d  out t e s t s  in the p r e s s u r e  range  
frora  13.3 x 103 N/m 2 to a t m o s p h e r i c  and a r r i v e d  at 
the conc lus ion  that  at cons tant  ve loc i t y  the heat  t r a n s -  

f e r  coe f f i c i en t s  do not depend on p r e s s u r e .  No f lu id-  
ized bed inves t iga t ions  have been  c a r r i e d  out at p r e s -  
s u r e s  below 13.3 x 103 N/m 2. Our  work  cons t i tu tes  
an e x p e r i m e n t a l  a t tempt  to study the e f fec t  of p r e s -  
su re  on hea t  exchange be tween  a f lu id ized  bed and a 

su r f ace  i m m e r s e d  in it. 
The t e s t s  w e r e  conducted us ing a c y l i n d r i c a l  tube 

48 m m  in d i a m e t e r .  The appara tus  was d e s c r i b e d  in 
[3]. The t e s t  m a t e r i a l s  employed  w e r e  g l a s s  pe l l e t s  
(d=  0 .772 ,  0 .273 ,  and 0.1 ram) and sand (d=  0.2 

and 0. 126 ram). The  bed was shal low (h 0 = 10-40  m m )  
so that  the p r e s s u r e  drop a c r o s s  the bed did not ex -  
eeed  the absolute  p r e s s u r e  above the bed,  which 

v a r i e d  be tween  a t m o s p h e r i c  and 133 N/m 2. 
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Fig. 1. Dependence of heat 
transfer coefficient ~ (W/m 2. 

�9 deg C) on the fluid velocity 

W (m/see) for sand, d = 0.2 

ram, at pressures of: I) at- 
mospheric; 2) 266 x 102; 

3) 133 • 102; 4) 9.31 x i02; 

5) 4.0 x 102; 6) 2.66 • 102 

N/mL 

It did not seem worthwhile to carry out tests at 

pressures above the bed of less than 133 N/m 2, since 
even in a very shallow bed of sand (h 0 = I0 ram) the 
pressure drop exceeded this value. There is no ob- 
vious practical requirement for fluidized beds shal- 
lower than this. 
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Fig. 2. Relationship for deter- 
mining the maximum heat trans- 

fer coefficient at low pressure: 
1,2,3) for glass pellets, d = 

= 0.273, 0.773, and 0. ! mm. 

The heating elements were made of copper wire 
(d = 0.05 ram) tightly wound on a paper cylinder ( D = 

= 6.8 and 3.4 ram). The heater was arranged ver- 
tically in the bed, along the axis. Antonishin's prin- 
ciple [5] was used to determine c~. The heat transfer 

coefficient was calculated from the electrical power 
produced by the heater, the difference in temperature 

between the bed and the wall of the heater, and the 
heater surface (S h = i. 665 x 10-4; I. 515 x 10 -4 m2). 

The Kn number was computed from the equivalent 

diameters of the "channels" between particles deq = 
= 2md/3(1--m), the molecular mean free path being 

taken as 7 x 10-8/Pro, m. All the air parameters 
were taken at a mean pressure Pm equal to the arith- 
metic mean of the pressures above and below the bed. 

Zabrodskii, in his study [i] of heat exchange be- 

tween a surface and a fluidized bed at atmospheric 

pressure, established that heat exchange is limited 
by the thickness of the gas layers between the surface 

and the nearest row of particles. The fluid velocity 

affects C~ma x only indirectly, through changes in the 
porosity of the bed and particle velocity. The thermal 

conductivity of the gas k~. has a positive effect on 

C~ma X . This factor should be taken h]to account at 
reduced pressures in the region corresponding to 

slip flow, when Xg becomes dependent on pressure. 

If the gas layer is of negligible thickness the de- 

pendence of Ig on pressure is discernible even at 

pressures close to atmospheric. The reduction in kg 
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at low p r e s s u r e s  is explained by the fact that even at 
va lues  of Kn of the o r d e r  of 0.01 the effects of t e m -  
p e r a t u r e  r i s e  and fall  a re  not iceable .  

It has been  es tab l i shed  f rom inves t iga t ions  on 
f lu idized beds at a tmospher ic  p r e s s u r e  that a d i m i n -  
i shes  as the poros i ty  i n c r e a s e s .  With reduc t ion  in 
the average  p r e s s u r e  in the bed this dependence be -  
comes  weaker .  This  is  because  the poros i ty  of the 
bed m and the t h e r m a l  conductivi ty of the a i r  Ag have 
opposite effects on a .  When In i n c r e a s e s ,  a should 
fal l ,  but at the same  t ime  the Xg of the gas l ay e r  in -  
c r e a s e s  and this  t ends  to i n c r e a s e  ~. At a c e r t a i n  
p r e s s u r e  these  effects ba lance  out. Then  the heat  
t r a n s f e r  coeff ic ient ,  once it has a t ta ined the ma x i -  
m u m ,  wil l  not depend on the l i n e a r  f luid ve loc i ty ,  up 
to the e n t r a i n m e n t  veloci ty.  At even lower  p r e s s u r e s  
(in our  t e s t s  at Pm = 133 N/m 2) the effect of Xg on 
wil l  beg in  to p redomina te  over  that  of m.  A sl ight  
i n c r e a s e  in a is obse rved  unti l  the e n t r a i n m e n t  ve lo-  
c i ty  is r eached  (Fig. 1). 

The m a x i m u m  heat  t r a n s f e r  coeff ic ient  i n c r e a s e s  
with i n c r e a s e  f rom low p r e s s u r e  to a tmospher i c .  
S tar t ing  at a p r e s s u r e  of 4000 NAn 2 and up to a t m o s -  
phe r i c  the heat  t r a n s f e r  coeff ic ient  r e m a i n s  p r a c -  
t i ca l ly  constant .  

The tes t  r e su l t s  at low p r e s s u r e  a re  well  de sc r ibed  
by the exp res s ion  

_ _  calc [(n)0.45. a .... -- ama.~ /(1 + 10 ~ (1) 

cale  
Here  Gmax is the m a x i m u m  heat  t r a n s f e r  coeff i-  

c ient  at a tmosphe r i c  p r e s s u r e ,  computed f rom the 
equation 

amaxCalc ---- 2 ,o~ D-~ d o,4 . (2) 

It can  be s een  f rom Fig.  2 that  the s c a t t e r  of the 
expe r imen ta l  points  does not exceed 14%. 

Equat ion (1) can be used to calcula te  the m a x i m u m  
heat  t r a n s f e r  coeff icients  for  the range of p r e s s u r e s  
f rom a tmospher ic  to 133 NAn 2. 

NOTATION 

D-heating element diameter; d-particle diameter; deq- 
2md/3 x (1 - m)-hydraulic diameter of "channel" between parti- 
cles; h--depth of fluidized bed; h0-depth of settled bed; Kn- 
Knudsen number; m-porosity of bed; P-pressure; W-linear fluid 
velocity; Sh-surface of heating element; c~-heat transfer coefficient; 
Xg-thermaI conductivity of gas; p-density of material. Subscripts: 
g-gas; m-material; max-maximum values; eq-equivalent. 
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