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The fundamental equations of the "packet" theory  are  t rans formed  and cr i t ica l ly  analyzed, 
whereupon the concepts per ta in ingto  the mechanism of external heat t r ans fe r  in a fluidization bed 
are  fur ther  refined on the basis  of new test  data. 

It is well known that the external  heat t ransfer  in a fluidization bed with a surface  immersed  in it 
r epresen t s  a complex p rocess  and, for this reason,  no explanation has been found yet to many of its 
aspects .  This applies especial ly  to the basic models of the mechanism and to the s t r u c t u r a l - h y d r o d y n a m i c  
cha rac t e r i s t i c s  of the boundary layer  which di rec t ly  determine the quantitative and the qualitative indi- 
ca tors  of that p rocess .  

In view of this,  the authors have made experimental  studies [1-4] aimed at refining the model of ex- 
ternal  heat t ransfer  and at determining the s t r u c t u r a l - h y d r o d y n a m i c  charac te r i s t i c s  of a flutdization bed 
with immersed  bodies of various shapes.  

These studies involved a plate, a sphere ,  a cylinder,  a wedge, and bodies of a r b i t r a r y  shapes and 
of various s izes ,  with the fluidization number  W varying f rom 1 to 10 in a bed of par t ic les  of the 0.32-2.20 
mm size range and 1050-2430 k g / m  3 density. The bed was fluidized with air at a tempera ture  of 15-20~ 

In order  to ensure  an adequate rel iabi l i ty of test  data, the bed poros i ty  was determined by three 
independent methods:  by illumination with a na r row beam of x - r a y s ,  by x - r a d i o g r a m  photometry,  and by 
high-speed photography. The a i r  veloci ty and the fluctuation frequency in the s t r e a m  were measured  with a 
s lo t - type  pneumometr ic  tube. 

Over 2500 tests  have established that the mean poros i ty  and the air  velocity in the boundary layer  of 
a fluidization bed a re ,  respec t ive ly ,  1.1-1.4 and 1.2-2.0 t imes higher than those mean over the entire bed 
section.  Fu r the rmore ,  the poros i ty  of the boundary layer  in a fluidization sys tem was found to be ~b 
~- 0.70-0.85 and the s t r u c t u r a l - h y d r o d y n a m i c  charac te r i s t i c s  to be nonuniform ac ross  the immersed  s u r -  
face. 

For a vertical plate 

t~ -t:' b =2.4W-~ -~176 (tj/l) ~176 (1) 
1~  ~o 

and 

U'b = 4.1 IF -~ Ar -~ io (9/l)-o.a . (2) 
wf 

These relat ions a re  valid within the range 1.2 -< W -< 8.0 and 2780 -<- Ar -< 406,000. 

These studies have shown that, along with packets and a i r  bubbles, thin gaseous in ter layers  of non-  
uniform thickness form along a surface  immersed  [n a fluidization bed. Their  thickness fluctuates from 
0 to 5d, the s tat is t ical  mean thickness being by one order  of magnitude l a rge r  than the effective gap width 
between the f i rs t  row of par t ic les  and the hea t - t r ans fe r  surface.  For  par t ic les  of the 0.32-2.20 mm size 
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this thickness was found to be 0.06-0.18 mm and could be accura te ly  enough approximated  by the relat ion 
6 m = (0.1 + ~fd) �9 10 -4 m (d m eas u red  in ram). It has a lso  been found that the boundary l aye r  exis ts  not in 
a two-phase  but in a t h r e e - p h a s e  s ta te :  as  a continuous phase,  a d i sc re t e  phase ,  and as a dilute phase;  
also that the dilute phase ,  which is formed during the periodic b reakup  of a i r  je ts  at the sur face  as well 
as in the hydrodynamic t r a i l s  behind a i r  bubbles,  s t rongly  affects the h e a t - t r a n s f e r  r a te .  

According to the t empe ra tu r e  and veloci ty  fluctuation s imul taneous ly  plotted on the osc i l l og ram 
and according  to the phase  a l ternat ions  a t t h e  su r face  of the t h e r m o a n e m o m e t e r  probe  (as shown on the 
h igh-speed  photograph f r ames ) ,  this effect  is manifes ted by a sudden drop in the foil t e m p e r a t u r e  eve ry  
t ime  the probe  finds i t se l f  in the t r aE  of an a i r  bubble or  in a l a r g e - s c a l e  vor tex  or  in a local  d i spe r se  
s t r e a m ,  the h e a t - t r a n s f e r  coefficient  being max imum (a = COma x = aconv)  exact ly  then and not during a 
contact  with packets  of  solid pa r t i c les  [5, 6]. 

During a weak contact  between the probe  and par t i c le  packets  moving along the i m m e r s e d  sur face  
(behind the dilute phase) ,  the change in the foil t e m p e r a t u r e  is a l r eady  insignificant.  This co r re sponds  to 
an insignificant change in veloci ty during the t ime  that  packets  r emain  exposed at the probe  su r face .  An 
apprec iab le  heating of pa r t i c les  under such conditions is hardly possible  and, as during contact  between the 
i m m e r s e d  sur face  and the dilute phase ,  the heat  t r a n s f e r  during this per iod is de te rmined  by convection. 

The re la t ion  between t e m p e r a t u r e  fluctuations and veloci ty  var ia t ions  in a flowing boundary l aye r  
conf i rms  o u t e a r l i e r  conclusion [3] that  t h e r m o a n e m o m e t e r  p robe~in-a -~u id iza t ion  bed r eco rd  not only 
phase  a l te rnat ions  but a l so  veloci ty  fluctuations. All three  phenomena a re  he re ,  undoubtedly, in te r re la ted  
and r e p r e s e n t  the effects  of the s ame  cause:  the nonhomogeneity of a fluldization sy s t em.  

The resu l t s  obtained here  a r e  evidence that the actual  mechan i sm of external  heat  t r a n s f e r  in a 
fluidization s y s t e m  is r a t h e r  complex and nonuniform ac ro s s  the hea t - exchanger  su r f ace .  

Apparent ly ,  at  the lower  pa r t  of  the su r f ace ,  where  a i r  s t r e a m s  b reak  up and eddies fo rm mos t  often 
while the local  po ros i t y  approaches  unity, hea t  is t r ansmi t t ed  only eonvect ively  by a i r  and by loose p a r -  
t ic les  of f ine-gra in  m a t e r i a l .  F r o m  the upper pa r t  of  the sur face ,  on the other hand, heat  is t r ansmi t t ed  
mainly  by conduction through the l aye r  ascending along it. inasmuch as this occurs  he re  in a g r av i t y , f l o w -  
ing ae ra t ed  l aye r  without fluidization. The heat  t r a n s f e r  is mos t  complex a t  the middle of a ver t ica l  s u r -  
face.  Here  the po ros i ty  is always V b > 0.7 and the dominant role  in the p roce s s  is undoubtedly p layed by 
the convection of a i r  and pa r t i c l e s ,  but conduction is effective to some  extent. Such a high ra te  of heat  
t r a n s f e r  within this zone of a developed fluidization bed is explainable,  in the light of the au thor ' s  model 
[7], by an intrusion of fluidized ma te r i a l  into the l a m i n a r  a i r  l aye r ,  by a breakup of a i r  je ts  along the s u r -  
face,  and by dis tor t ions  of the t e m p e r a t u r e  field. 

The e x t r a o r d i n a r y  complexi ty  of the mechan i sm of ex te rna l  heat  t r a n s f e r  in a fluidization bed cas t s  
some  doubt on the conclusions drawn by the authors  of [5] and [8] concerning the adequacy of s impl i f i ed  
models  in the "packet"  theory ,  as weighed agains t  t e s t  data. Skept ic i sm is obviously just if ied here ,  if one 
examines  the analyt ical  solution in [8]: 

V . . . .  : - -  - 
1 f o  s  _~ - -  PS _ a~ =2  ~ ~ , (3) 

accord ing  to which the ave rage  over  the per iod (T c + T 0) h e a t - t r a n s f e r  coefficient  ~c  should s t rongly  de -  
pend on the t ime  of contact  between packets  and the sur face  (~c) and on what f ract ion ( l - f0 )  of its f luctua-  
tion per iod this contact  t i m e  const i tutes  [5, 9]. 

The values of p a r a m e t e r s  ~-c and f0 in Eq. (3) a r e  usually found exper imenta l ly  on the bas i s  of t h e r -  
m o a n e m o m e t e r  readings .  In [6, 9] these values we re  r ep resen ted  in t e r m s  of cor re la t ions  

z~ -: 0.44Fr --~ '~ (tr/--A)-O-~ ( d / D )  ~.'-'~ (4) 

and 

fo =0"33Fr~ (W-- A) ~ , 

appl icable to pa r t i c les  of the 0.12-0.65 m m  s ize  at  a fluidization number  W f rom 1 to 5. It follows f rom 
(4) and (5) that  T e and f0 a r e  r e l a t ed  as follows: 

�9 ~ = 0.145 1 (dlD)O" 2'.':, , 

1o 

(5) 

(6) 
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so that the cr i t ical  group becomes 

1-- [. = 2.63 (1-- fo) I" f,~-(d/D) -~ (7) 

The value of fG in this group usually var ies ,  for a fluidization bed, within the range from 0.2 to 0.5, 
hence ( 1 - f 0 ) ( f  0 = 0.37 ~ 0.01. Then (3) with (7)yields,  finally, 

~c = 1.95 - -  . (8) 

It is quite evident that pa r ame te r s  7 c and f0, on which a c  should basical ly  depend, have been com-  
pletely eliminated f rom the fundamental equation of this theory.  In Eq. (8) is also missing the filtration 
velocity and the par t ic le  size appears  to a small  power only (-0.112).  

This ~nconsistency between the fundamental equation of the "packet" theory  and the model on the 
basis of which it has been derived becomes apparent  also when Eq. (9) is examined in t e rms  of numerical  
values of the said pa r ame te r s  given in [5, 10] (there (1-f0)/g-7 c - -1 ) .  

This inconsistency is not removed even by the modification of the equation accord ing  to [5]: 

~c~ ~Q~ @0.5 l//" z~% ' (9) 

~S C~s 

since it is based on (3) and the empir ica l  cor rec t ion  factor  R K does not compensate for the missing p a r a m -  
e ters  7 c. 

However,  since the hea t - t r ans fe r  coefficient in ~3) and (9) for a developed fluidization bed has turned 
out to be independent of T c and f0, an experimental  verification of this equation with respec t  to these 
pa rame te r s  [5, 9, 10] is r idiculous.  This can be i l lustrated on the following example. In [10] a t he rmo-  
anemomete r  probe in a bed of 0.12-ram corundum par t ic les  with wf = 0.14 m / s e c  read:  T o = 0.115 sec ,  
T c = 0.13 sec,  and RK = 0.0006 m 2 .deg/W,  According to these data, Eq. (9) would yield acond = 409W 
/ m  2 .deg. Let us assume that 7 c had been determined with a 400% e r r o r  (T c = 0.65 sec). Then f0 = TC 
/(~-C + 76) = 0.15 and acond  = 433 W / m  2 �9 deg; thus, a 400% e r r o r  in T c resul ts  in only a 6% difference in 
the value of acond  , which is well within the accu racy  of measurements .  

The preceding analysis  as well as the test  resul ts  indicate that any simplification of the complex 
mechanism of external hea t  t r ans fe r ,  if c a r r i ed  to exaggerat ion,  will not be successful ;  fur ther  p rogress  
in the theory  of external  heat t r ans fe r  in fluidization sys tems  will depend on more r igorous models de-  
scr ib ing the mechanism of this p rocess ,  and must  be based on rel iable test  data pertaining to local s t ruc-  
t u r a l - h y d r o d y n a m i c  cha rac te r i s t i c s  of a fluidization bed around immersed  bodies of specific shapes.  

d 

CM 

rJS 
AS 
% 

a b 
Wb 
wf 
6m 
l 

Y 
D 
T 0 
O~, (IC, 
W 

Ar 

~conv,  ~cond 

N O T A T I O N  

ts the d iameter  of par t ic les ;  
Ls the specific heat of par t ic les ;  
~s the density of the continuous phase; 
ts the thermal  conductivity of the continuous phase; 
ts the poros i ty  of the bed bulk; 
Ls the poros i ty  of the boundary layer;  
Ls the velocity at  the immersed  plate surface;  
is the filtration velocity; 
~s the effective thickness of a gaseous inter layer;  
Is the plate length; 
ts the distance f rom the lower  plate edge; 
ts the d iameter  of the ca lor imete r ;  
,s the t ime of contact  between air  bubbles and the plate surface;  
a re  the hea t - t r ans fe r  coefficients;  
is the fluidization number;  
is the Archimedes  number ;  
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Fr  is the Froude number;  
Zc is the time of contact  with packets;  
R K is the thermal  res i s t ance  of contacts;  
A is a cor rec t ion  factor;  
f0 is the re la t ive  t ime of contact between a i r  bubbles and the plate surface .  
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