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Results  a re  shown of an experimental  study concerning the heat t r ans f e r  in a fluidization 
bed (2-13 ram) of par t ic les ,  with a cyl indrical  thermoprobe  used for measurements .  A 
predominance of the convective component in the hea t - t r ans fe r  coefficient has been con-  
f i rmed in the case of coarse  par t ic les .  A c r i t e r i a l f o r m u l a  is proposed for calculating 
the coefficient of external  heat  t r ans fe r  in a fluidization bed with the Archimedes  number  
Ar = 1.4.  105-3.0 �9 108. 

There  are  only ve ry  few published data available on the heat t r ans fe r  in a fluidization bed of p a r -  
t icles l a r g e r  than 2 mm [1, 2]. Meanwhile, a study of such a bed would be quite valuable not only theo-  
re t i ca l ly  but also in many pract ical  applications [3]. 

The authors have made such a study, using as the apparatus a cyl indrical  channel of ac ry l ic  glass  
with an inside d iameter  of 123 mm and a height of 1000 ram. The gas d is t r ibutor  was a per fora ted  mesh 
with 1.5 mm ~diameter) holes and a 29.2% active c ross  section. The fluidization beds were made up of steel 
balls 2.0, 3.97, 5.96, 7.94, or  9.53 mm in d iameter ,  lead shot 2.0, 4.0, or 5.9 mm in d iameter ,  and 
altmdum balls 2.7, 5.0, 6.7, 10.0, or 12.92 mm in d iameter .  The beds were  poured to a 160 mm height in 
all tes ts .  

The s teady-s ta te  method was used for meas uring the heat t r ans fe r  f rom the cylindrical  sur face  of 
a copper  probe, 40 mm in outside d iameter  and 100 mm in active length, with Hetinax def lectors  at the 
ends for reducing the heat losses .  P r io r  to the experiment ,  the probe was placed coaxially inside the 
apparatus with the aid of a special  device. The misal ignment  between thermoprobe  axis and apparatus 
axis was not more  than 1-2 mm. The tempera ture  difference between the thermoprobe  sur face  and the 
fluidization bed was measured  with two C h r o m e l - A l u m e l  differential thermocouples  made of t h e r m o -  
couple-grade  microwire  1.5 mm in diameter .  The thermoprobe  was a cylindrical  tube, inside d iameter  
25 mm, containing a Nichrome heater  coil with a maximum power of 270 W. Two grooves  1.5 mm deep 
were  milled at opposite locations on the probe surface,  50 and 75 mm long, respect ively ,  f rom the top 
end down. The thermocouple  conductors with the hot junctions were then buried in these grooves  under 
a l ayer  of solder  each and t r immed  flush with the surface,  while the cold junctions were  installed inside 
the core  of the fluidization bed. The thermocouple  emfs were  measured with a model PP-63  class  0.05 
potent iometer  and the heater  power was measured  with a model D-522 class  1.0 wat tmeter .  The beginning 
of s teady state was checked by the readings of a model ]~PP-09M class 0.5 recording  potentiometer .  The 
heater  power was regulated so as to maintain a t empera tu re  difference of not more  than 45-50~ between 
the cyl inder  sur face  and the bed core .  The mean hea t - t r ans fe r  coefficient was calculated without account-  
hag for  the heat losses  through the probe ends and with the pa rame te r s  of the fluidizing agent for the bed 
were adjusted according to the bed tempera tu re  and the p r e s s u r e  above the d is t r ibutor  grid.  The t he rmo-  
probe was assumed to cover  a negligibly small  portion of the total channel section. 

The hea t - t r ans fe r  coefficient is shown in Fig. 1 as a function of the dimensionless  veloci ty of the 
fluidizing agent. Along the absc i ssas  axis has been plotted the dimensionless  velocity in t e rms  of the 
Reynolds number ,  inasmuch as a change in the gas flow ra te  causes also a change in the gas t empera tu re  
and p r e s s u r e  above the dis t r ibutor  grid,  due to an increased drag in the bed and in the channel behind it. 
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Fig. 1. H e a t - t r a n s f e r  coeff icient  a ( W / m  2 �9 deg) in a fluidization bed of s t ee l  pa r t i c l e s ,  as  
a function of the Reynolds number :  1) d S = 2.0 ram; 2) 3,97; 3) 5.96; 4) 7.94; 5) 9.53. 

Fig. 2. Maximum coeff ic ient  of heat  t r a n s f e r  a m a x  ( w / m 2  .deg) as a function of the p a r -  
t ic le  s ize :  1) accord ing  to data  in [5] for  BAV ca ta lys t  pa r t i c l e s  D c = 49 ram; 2) 73; 3) 
a l u m i n u m - n i c k e l  ca ta lys t  pa r t i c l e s  Dc = 49 ram; 4) accord ing  to data obtained by  N. F. 
Fi l ippovski i  for  corundum pa r t i c l e s  in an appara tus  with a ver t ica l  c a l o r i m e t e r  [6]; 5) 
according  to data by these  au thors  for  lead pa r t i c l e s ;  6) s tee l  pa r t i c les ;  7) alundum p a r -  
t i c les .  P a r t i c l e  d i a m e t e r  d S (mm). 

As in a fluidizatien bed of smal l  p a r t i c l e s ,  the h e a t - t r a n s f e r  coeff icient  i nc reases  until the gas ve loc i ty  
r e a c h e s  a c r i t i ca l  value.  At gas ve loc i t ies  higher  than that ,  the h e a t - t r a n s f e r  coeff icient  changes l i t t le  
and r e m a i n s  a lmos t  constant  up to a f luidization number  W = 1.5-2.  It is to be noted that  in a bed of c o a r s e  
p a r t i c l e s  opera t ion becom es  more  difficult  at h igher  fluidization n u m b e r s ,  as  has been mentioned in [1] 
a l r eady ,  because  the t luidization r ange  for  c o a r s e  and heavy pa r t i c l e s  is much n a r r o w e r  on account of 
the  much c lo se r  p rox imi ty  of the c r i t i ca l  ve loc i ty  to the a scen t  ve loc i ty  [4]. An analys is  of t e s t  data on 
c r i t i ca l  ve loci t ies  has  shown a c lose  a g r e e m e n t  with calculat ions based  on the well-known Todes formula  
[4] with s = 0.43. 

It is shown in Fig.  2 tha t  the value of the m a x i m u m  h e a t - t r a n s f e r  coeff icient  d e c r e a s e s ,  as the d i a m -  
e t e r  of pa r t i c l e s  i nc rea se s  to 1-2 ram,  and then again i n c r e a s e s .  Such a t rend of the h e a t - t r a n s f e r  coef -  
f ic ient  is explained by its increas ing  convect ive  component .  While in a bed of fine pa r t i c les  (d S < 1 ram) 
mos t  of the heat  r e m o v e d  f rom a s u r f ace  is lo s t  on heat ing those p a r t i c l e s ,  in a bed of coa r s e  pa r t i c l e s  
(d S > 1-2 ram) mos t  s ignif icant  is the d i r ec t  t r a n s f e r  of  heat  to the gas which f i l t e r s  through n e a r  the hea t -  
t r a n s f e r  su r f ace  [7, 8]. As the  s ize  and the densi ty  of pa r t i c l e s  a r e  inc reased ,  the gas  f i l t ra t ion veloci ty ,  
which is a l m o s t  equal to the c r i t i ca l  f luldization veloci ty ,  a lso  inc reases  and according  to [8], t he r e fo re ,  
the coeff ic ient  c~ cony i n c r e a s e s  p ropor t iona l ly  to d~ .SS and p~.46. The dimensions  and, evidently,  the shape 
of the c a l o r i m e t e r  have  a defini te effect  on the h e a t - t r a n s f e r  r a t e  in a bed of c o a r s e  pa r t i c l e s .  In our  t e s t  
we increased  the c a l o r i m e t e r  d i a m e t e r  f rom 10 to 40 m m  and noted an 8-15% d e c r e a s e  in ~ max. Accord -  
ing to Fig. 2, the values  of a r e a  x obtained in a bed of a l u m i n u m - n i c k e l  ca ta lys t  [5] a r e  higher than our 
values  obtained in a fluidization bed of heav ie r  pa r t i c l e s .  

The l a r g e  ro le  of convection in the total  hea t  t r a n s f e r  in a bed of coa r s e  pa r t i c l e s  allows one to 
hypothes ize  that  bo th  the hor izonta l  and the ve r t i c a l  components  of the veloci t ies  of pa r t i c l e s  have l i t t le  
effect  on the h e a t - t r a n s f e r  r a t e  in the boundary  l a y e r  and that ,  consequently,  the h e a t - t r a n s f e r  coeff icient  
h e r e  mus t  be the s a m e  as in a dense  bed of pa r t i c l e s  through which the gas flows a t  the c r i t i ca l  velocity.  
At the s a m e  t ime ,  s ince  the t e m p e r a t u r e  grad ien t  in the co re  of our fluidization bed is ze ro ,  unlike in a 
dense  bed, hence all  the t h e r m a l  r e s i s t a n c e  to heat  t r a n s f e r  is lumped in the boundary  l aye r .  The magn i -  
tude of this r e s i s t a n c e  will depend en t i re ly  on the p r o p e r t i e s  and the flow mode of the gas ,  being de te rmined  
by  its mo lecu la r  t he rma l  conductivity and the turbulence .  

Our t e s t  values  for  the h e a t - t r a n s f e r  coeff icients  in a fluidization bed a r e  c o m p a r e d  in Fig. 3 with 
those  in a packing [9-12], with the Reynolds number  r e f e r r e d  he re  to c r i t i ca l  fluidization ve loc i t ies .  At 
high values of the Reynolds n u m b e r  the fo rmulas  by var ious  authors  [9-12] yield app rox ima te ly  the s a m e  
values  for  the h e a t - t r a n s f e r  coeff icient  a t  the packing su r face  and these  a r e  a l m o s t  the s a m e  as our values  
of ~ for  a f luidization bed. At sma l l  values  of the Reynolds number  the var ious  fo rmulas  yield apprec iab ly  
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Fig. 3. Comparison between hea t - t r ans fe r  coefficients in a fluidization bed 
and boundary- layer  hea t - t r ans fe r  coefficients in a packing: I) according to 
the equation in [13]; 1I)the equation in [10]; I I I , IV}theequat ioniu  [12];V)the 
equation in [11]; VI) the equation in [9]. 1~ Test  data obtained by these au-  
thors  for a fluidization bed of lead par t ic les ;  2) steel  par t ic les ;  3)a lundum 
par t ic les .  

Fig. 4. Dimensionless hea t - t r ans fe r  coefficient in a fluidization bed, as a 
function of the Archimedes  number :  1-4) data for Nuconv in [14]; 5) in [2]; 
6) for Numa x in [16]; 7) in [15]; 8) for NUma x obtained b y N .  F. Filippovskii 
with a ver t ical  ca lo r ime te r  [6]; 9) for N u m a  x obtained by these authors with 
lead par t ic les ;  10) steel par t ic les ;  11) alundum par t ic les .  I) According to 
the equation in [14] with P r  = 0.7; II) according to the equation in [2]; III) ac -  
cording to the equation in [15]; IV) according to Eq. (2). 

different  values for the hea t - t r ans fe r  coefficient.  These d iscrepancies  a re ,  apparently,  due to difficulties 
in est imating the conductive component of the total hea t - t r ans fe r  coefficient ~. 

While analyzing all the few known published studies on the heat t r ans f e r  in dense and in fluidized 
beds, one of these authors  [14] t r ied to est imate  the convective Nussel t  number  for fluidization beds of 
coa r se  par t ic les .  In a la te r  special  study [2] the convective component was determined on the basis of 
mass t r ans fe r  f rom a ver t ica l  naphthalene cylinder and basic agreement  was found with the relat ion de-  
r ived in [14]. For  near  or  above optimum velocit ies calculated by the Todes formula,  this equation be-  
comes  

Nuconv = 0.0175 Ar ~ Pr ~, (1) 

with n = 1 according to [14] or  n = 0.33 according to [2]. 

It is evident, according to Fig. 4, that in a bed of coarse  par t ic les  the value of the total hea t - t r an s -  
fer  coefficient approaches that of its convective component calculated according to Eq. (1), with this equa- 
tion remaining valid at least  up to Ar = 3.0 �9 108. As the size of par t ic les  is decreased ,  the increas ing role  
of the conductive component in the total heat t r ans fe r  causes an increasing deviation of the tes t  data f rom 
values based on formula  (1). It is to be noted that heat t r ans f e r  via the par t ic les  is somehow accounted for 
in most  formulas, for the boundary- layer  hea t - t r ans fe r  coefficient in dense beds. In [91, for example, 
Nuconv var ies  f rom 1.2 to 25 depending on the test  conditions as well as on the mater ia l  and the s ize  of 
par t ic les ,  while in [12] Nuconv = 18. 

Considering the data in [2, 5, 14, 15] and our data, the maximum coefficient of heat t r ans fe r  f rom a 
sur face  to a fluldization bed of coarse  par t ic les  is best  calculated accord ing  to the following formula:  

Ntlma• = 0.21 Ar ~ (2) 

valid for Ar = 1.4 �9 10~-3.0.10 a. 

d S is the d iameter  of par t ic les  in a bed; 
D e is the d iamete r  of the tes t  channel; 

NOTATION 
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PS 
~,  ~ cony, ~cond, ~max 

W 
Nu, NUconv, NUcond, NUma x 

P r  

Re S 
Ar 

is the density of particle material; 
are the total, convective, conductive, and maximum heat-transfer coef- 
fic ient; 
is the porosity; 
is the fluidization number; 
are the Nusselt number based on ~, aconv, ~cond, and CXma x, respec- 
tively; 
is the Prandtl number; 
is the Reynolds number, referred to particles; 
is the Archimedes number, referred to particles. 
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