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It is shown that near  bodies  i m m e r s e d  in a fluidized bed there  a r i s e  conditions that a re  not 
n e c e s s a r i l y  governed  by conductive heat  t r a n s f e r .  

It is well known that the coefficient of heat transfer between a fluidized bed and a surface immersed 

in it is smaller by an order of magnitude than under ordinary conditions. Mickley and Fairbanks [i] have 
proposed that such a rate of the process is a result of heat transfer by packets of particles that continuously 
replace one another at the heat-exchange surface. This contribution is e~rpressed numerically, taking into 
account the thermal resistance [2], in terms of a coefficient: 

1 - - & (1) 
~cond-- Rc-~- 0,hRm 

The contact resistance R c in this expression is a rather complicated function of many variables and is 
usually determined experimentally from the cooling rate by thermoanemometric measurements. 

The second term in the denominator of (i) represents the mean value of the thermal resistance of a 

packet over the time T m 

i f  ~(1- - fo)  (2) 
Rm= v %ksolCMPsol " 

It is evident f r o m  Eqs .  (1) and (2) that C~cond depends on the pulsat ion c h a r a c t e r i s t i c s  of the fluidized 
bed fo and q~t, on the t h e r m a l  conductivity ;~sol and the densi ty Psol of the solid phase ,  and on the specif ic 
heat CM of the m a t e r i a l .  

The f requency  of packet  r e p l a c e m e n t s  ~t and of bubble r ep l acemen t s  q)0, and the re la t ive  t ime  f0 of 
contact  between the sur face  and the d i sc re te  phase  (the bubbles) a re  de te rmined  exper imen ta l ly  with the 
aid of pho tomete r s  or  t h e r m o a n e m o m e t e r s .  

When a fluidized bed is examined photomet r ica l ly ,  the ins t ruments  r e co rd  only a change of phase  and 
do not "seen packets  replacing one another  without gaseous  i n t e r l a y e r s .  T h e r e f o r e ,  ideal pho tomete r s  
mus t  a lways r ead  ~ = q~0- 

T h e r m o a n e o m o m e t e r s  yield different  data.  They  r e c o r d  not only a change of phase  or a r ep lacemen t  
of whole packe t s ,  but a lso  sense  incomplete  packets  and pulsat ions of the gas s t r e a m  at a su r face .  Fo r  
this  r ea son ,  it may  happen that ~o t > ~o0, espec ia l ly  when the probe  dimensions  a r e  sma l l .  

However  it is not al l  of the packets  r eco rded  on the osc i l l og ram that c a r r y  heat f r o m  the fluidized 
bed to the su r face ,  but only those which, r a t he r  than sliding along a given i so the rma l  su r face ,  s epa ra t e  
f rom it and escape  into the fluidized bed.  If this  is neglected,  a l a rge  e r r o r  may  re su l t .  I naccu rac i e s  may  
also a r i s e  if the probe  d imens ions ,  the disposi t ion of p robes  in the fluidized bed, and other t es t  conditions 
a r e  not cons idered .  

It  is obvious, f u r t h e r m o r e ,  that va r i ab l e s  q)t and f0 in Eqs .  (1) and (2) a re  s t a t i s t i c a l - m e a n  c h a r a c -  
t e r i s t i c s  of a fluidized bed and, in o rde r  to make the p rob lem a de te rmina te  one, they should be e x p r e s s e d  
in t e r m s  of sys tem p a r a m e t e r s  and both hydrodynamic  and the rmophys ica l  constants ;  this is hard ly  feas ib le .  
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TABLE i ,  

Immersed  Plate 

Layer of 
thickness 

Id 

2d 

3d 

5d 
Over the 
entire sea- 
tion 

Test  Values for the Poros i ty  of a Fluidized Bed with an 
o 

Layer char- Chamotte 
a ::: 0 ,32  m m  d = 0 ,70  m m  

acteristic ~o ~ 0,52 eo = o,51 
J 

W I 1 I 2 3 2 3 

0,743 0,770 

0,71O 0,745 
0,700 0,730 
0,700 0,720 

0,640 0,680 

:hamotte 

% 
~p 
% 

8 a v  

layer 
charac- i 

0,748 
0,710 
0,700 
0,700 

0,560 

0,785 
0,770 
0,760 
0,750 

0,660 

0,810 
0,790 
0,780 
0,770 

0,645 
0,638 
0,630 
0,630 

0,550 0,710 

Layer of d = 0,70 mm d =2,20 mm 
eo ~ 0 ,40  ~o = 0 ,40  

thickness 
1,2 2 3 5 8 1 2 

0,680 
0,662 
0.650 
0,650 

0,550 

0,725 0,750 
0,730 0,750 
0,720 0,740 
0,710 0,730 

0,625 0,680 

0,800 
0,790 
0,~80 
0,780 

0,755 

0,627 0,755 
0,643 0,740 
0,654 0,730 
0,643 0,720 

0,500 0,620 

ld 
2d 
3d 
5d 

Over the 
entire 
section 

8 a v  

0,577 
0,562 
0,570 
0,580 

0,490 

The problem of determining the density and the thermal  conductivity of the continuous nonhomoge- 
neous fluidized phase is even more  difficult and, for this reason,  they must be hypothetically assumed equal 
to those of a solid layer  where its packing is loosest  [2]. Such a solution of the problem is open to objec-  

tion, however.  

The role of conductive heat t ransfer  in a fluidized bed is also difficult to a s sess  on the basis of ex-  
per imental  studies in this field. The overal l  indication is ,  however,  that under cer ta in  conditions the p a r -  
t icle packets play a l e s se r  role in car ry ing  the heat than the authors of the two-phase theory seem tobel ieve 

[1]. 
This follows, for example,  f rom the test  data on drying in a fluidized bed of  inert  mater ia l  [3] and on 

sublimation of naphthalene at the surface of plates and rods in a fluidized corundum bed [4, 5]. In those 
tes t s  with indust r ia l -s ize  par t ic les  (d = 0.5-4.0 ram), 50-95% of the heat t r ans fe r  was by convection, which, 
evidently, could be explained by local  turbulence of the s t r eam near  surfaces  i m m e r s e d  in the fluidized bed 

[6]. 

In studying the p rocess  of external  heat t r ans fe r  in a moist  fluidized bed [7], resul ts  have been ob- 
tained which indicate a high rate  of convective heat t r ans fe r  in a fluidized bed. Those tes ts  were  per formed 
with moist  par t ic les  60-680/z in s ize ,  and they have shown that the overal l  hea t - t r ans fe r  coefficient does 
not increase  much (by 10-25%) when~the mois ture  content is 0.5-13%. The explanation offered in [7] is that 
the physical  proper t ies  of moist  a i r  a re  not much different f rom those of dry a i r .  According to the p r o -  
posed mechanism of heat t r ans fe r ,  however,  the dominant role in the p rocess  is played not by the fluidized 
medium but by the medium filling the inters t i t ia l  space between par t ic les  in a packet.  In tes ts  with a moist  
fluidized bed such a medium may have been water ,  not a ir  [8, 9], and the p resence  of mois ture  at the contact 
between par t ic les  and the i m m e r s e d  surface must have reduced the the rmal  conductance of the packets .  To 
be sure ,  the agglomerat ion of par t ic les  observed in [7] may have lowered the value of acond,  but it is ha rd -  
ly co r r ec t  to assume that the opposing effects of X~ "5 and d.~ on the conductive component of heat t r ans fe r  
are  almost  equal in magnitude.  Rather ,  it should be considered that acond increased  without affecting the 
total heat t r ans fe r ,  since it was not the conductive but ra ther  the unchanged convective component of the 

heat t r ans fe r  that was predominant .  

The question of the role  of par t ic le  "packets" in external  heat t r ans fe r  could be answered by s t ra ight -  

forward  exper iments .  Unfortunately, our at tempts in this direct ion [10] have not yet yielded the desi red 

re su l t s .  

In view of this,  the author and V. N. Kovalev have in a special  study analyzed the s t r u c t u r a l - h y d r o -  
dynamic proper t ies  of a fluidized bed near  bodies of various shapes and sizes i m m e r s e d  in it, to explore 
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Fig. i. Schematic diagram of the stream pattern 
around a ball (a) and a plate (b) immersed in a fluid- 

ized bed. 

what determines the basic laws governing external heat transfer and thus to establish more precisely the 

mechanism of this process as well as the role of its various components on the overall effect. 

In our structural analysis of a fluidized bed the time-average local porosities at various distances 
from the immersed surface was determined by layerwise x-radioscopy with a beam of width 0.i mm and 

height i0 ram. 

The tests were performed with 0.72, 0.82, 1.20, 1.70, 2~ mm polystyrene particles and 0.32, 0.48, 
0.70, 0.85, 1.20 chamotte particles, The fluidizing agent was air at room temperature. From the measured 
local porosities and by the conventional method we calculated the mean porosity over the entire bed section 
and also for boundary zones of width d, 2d, 3d, and 5d. Without dwelling very long on the procedure and all 
the results of this experiment, we will discuss only those results which are relevant to an evaluation of any 
possible errors in assessing the role of conductive heat transfer. Such data pertaining to a 70 x 80 • i0 

mm plate are given in Table i. 

It is evident from Table 1 that the value averaged over time of the local porosity of a fluldized bed 
within a boundary zone (l-5)d thick is 1.1-1.4 times higher than the mean porosity over the entire bed sec- 
tion. 

It has also been established that near an immersed plate the air velocity in the fluidized bed is 1.3- 
1.8 times higher than at some distance from it. 

These results indicate that throughout the entire range of fluidization numbers W = 1-8 there arise 
structural and hydrodynamic conditions at the plate (~p = 0.7 and Wp > Way ) under which the fluidized bed 
transforms from a two-phase state to a diluted phase (pneumatic transport), i.e., to a state in which the 
mechanism of the process according to the packet theory must be considered dubious [2]. 

This conclusion was confirmed also by visual observations and by x-radiographs of the flow around 
plates (5, i0, 20, 50 mm thick), balls (20, 30 mm in diameter), and a cylinder (30 mm in diameter) immersed 
in fluidized beds of various materials~ It became apparent that the air stream issuing from under the lower 
edge of a body immersed in a fluidized bed splits almost immediately into two. One of them, as shown in 
Fig. i, deflects from the body surface at an angle of 20-30 ~ and carries the fines downward. The other 
rushes along the surface confined within a very thin layer and carries the particles of the material (pneu- 
matic transport). In the wedge region between both streams bubbles rise up and packets replace one an- 
other continuously. Their replacement frequency is much higher in this region than in the remaining bulk 
of the fluidized bed, but very few of them make contact with the washed surface~ 

The stream of catalyst rushing along the surface at a high velocity pulsates and its thickness changes 
continuously o 
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The apparen t  causes  of such thin boundary s t r e a m s  a re  the s m a l l e r  hydrodynamic  drag he re  than in 
the bulk volume of a fluidized bed and the high longitudinal p r e s s u r e  g rad ien t s .  

Observa t ions  and spec ia l  m e a s u r e m e n t s  have a lso  shown that the boundary s t r e a m  of a i r  "pushes  
out" the packe ts  which approach  the i m m e r s e d  su r f ace .  At the same  t ime,  there  appea r  local  dust vor t i ces  
and the solid phase  is t r anspo r t ed  along the i m m e r s e d  body su r face .  The pa r t i c l e  concentra t ion is not uni-  
fo rm along this  s u r f ace .  The shape of the body and i ts  d isposi t ion in the fluidized bed influence the hydro -  
dynamic conditions in the boundary  zone, but genera l ly  the pa t t e rns  according  to Fig .  l a ,  b a r e  the s a m e .  
In both ca se s  the lower  pa r t  of the plate  or  the bal l  is washed by an a i r  s t r e a m  containing a lmos t  no p a r -  
t i c l e s .  This  a i r  s t r e a m  r e m a i n s  a lmos t  undeflected by the a i r  f i l ter ing through the bed, which is an indica-  
t ion of a high s t r e a m  veloci ty at the bow end of i m m e r s e d  bodies .  

At the s t e r n  end of an i m m e r s e d  body the pa t t e rn  is  comple te ly  d i f ferent .  Here  the re  f o r m s  a "cap" 
the poros i ty  of which is c lose  to that of a fixed bed. The lower  edge of this "cap" is constant ly washed by 
a i r  s t r e a m s  rushing along i ts  s u r f ace .  

When analyzing the m e c h a n i s m  of ex te rna l  heat t r a n s f e r  in a f lnidized bed, it is n e c e s s a r y  a lso  to 
cons ider  the method of tes t ing and some r e su l t s  of expe r imen t s  obtained so f a r  [1, 2, 7, 12]. The i r  c o m -  
mon  shor tcoming  is  that the m e a s u r e m e n t s  of bed c h a r a c t e r i s t i c s  did not include the poros i ty  dis tr ibut ion 
nea r  i m m e r s e d  p robes  and a - c a l o r i m e t e r s ,  without which it is difficult to a s s e s s  the mechan i sm of e x t e r -  
nal heat t r a n s f e r .  This  def ic iency c a ,  be eas i ly  o v e r c o m e ,  however ,  by using the re la t ion  

ep ---- f0 ~- (1 --/0) esol. 

In the pape r s  analyzed the p a r a m e t e r  f0 var ied  over  a wide range  and in some tes t s  f0 > 0.4. A s s u m -  
ing eso 1 = ~0, f rom Eq.  (3) with f0 = 0.4 we get ~p = 0.7-0.85, which co r r e sponds  to our data and conf i rms  
the i r  re l iab i l i ty .  

On the other hand, the poros i t i e s  in the boundary zone were  0.7-0.85 when calcula ted by the p roposed  
method,  indicating that in these  pape r s  the two-phase  theory  of heat t r a n s f e r  was t es ted  under  conditions 
where  gas bubbles were  merg ing  into a single s t r e a m  nea r  p robes  i m m e r s e d  in a f luidized bed and where  
the "packet"  m e c h a n i s m  would a l r eady  be cons idered  unre l iab le  [2, p .  108]. 

The r e su l t s  which have been p re sen t ed  he re  and the c r i t i ca l  rev iew of e a r l i e r  studies concerning ex-  
t e rna l  heat t r a n s f e r  in a f luidized bed indicate that ,  under  ce r t a in  condit ions,  the role  of conductive heat 
t r a n s f e r  in f lnidized media  must  be s m a l l e r  than was or iginal ly  bel ieved [1, 2]. In o rde r  to es tab l i sh  i ts  
ro le  p r e c i s e l y  and to der ive  re l iab le  fo rmu la s  for  the convect ive  and the conductive component ,  however ,  
it will be n e c e s s a r y  to engage in spec ia l  s tudies  the p rocedure  of which has not yet  been c l ea r ly  defined. 

NOTATION 

d 

c M 
P0 
Psol 
)~sol 
~o 
% 
~sol 
W 

f0 

et  

acond  

is 
is  
1s 
is  
is 
is 
is 
is 
is 
is  
is 
is 
is 

the par t i c le  d i ame te r ;  
the specif ic  heat of the solid phase;  
the densi ty of the f luidized bed; 
the densi ty  of the solid phase ;  
the t h e r m a l  conductivi ty of the solid phase;  
the po ros i ty  of the f luidized bed; 
the po ros i ty  of the f luidized bed in the boundary zone; 
the po ros i t y  of the solid phase;  
the f luidization number ;  
the re la t ive  t ime  of contact  between the i m m e r s e d  su r face  and the gas  bubbles;  
the f requency of r ep l acemen t  of the packets ;  
the f requency  of r ep l acemen t  of the bubbles;  
the conductive component  of the h e a t - t r a n s f e r  coeff ic ients .  

1o 
2. 
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