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The resul ts  are shown of tempera ture  measurements  near a hot plate in various positions 
in a fluidized bed. 

No sufficiently general  theory has been developed yet concerning the external t ransfer  in a fluidized 
bed of f ine-gra in  mater ia l ,  although var ious  models simulating different aspects of the process  have been 
proposed [1-6] .  Pa r t i cu la r ly  diverse  are the concepts presented by var ious  authors to explain the mecha-  
nism of heat t r ans fe r  between a fluidized bed and ra ther  large hot surfaces  such as, for example,  the ap- 
paratus walls. An attempt will be made here to explain the mechanism of external heat t ransfer  in a fluid- 
ized bed on the basis of the experimental ly  determined tempera ture  field near the hot object. 

The tests  were performed with an apparatus 170 • 420 mm in the plan section containing a 300 mm 
high layer  of loose mater ia l .  One end of the apparatus was water  cooled. Air at room tempera tu re  was 
used as the fluidizing agent, its flow rate  being measured  with a twin diaphragm. The gas was distributed 
through a perforated grid with a 0.1857c active c ross  section. The fiuidized bed contained a s ing le -d i spe r -  
sion of grade EN-12 e lec t rocorundum with an average gra in  s ize  d = 120 # according to GOST (Government 
Standards) 3647-59 (true density PM = 3900 k g / m  3, effective density Pb = 1890 k g / m  3, thermal  conductivity 
and specific heat of the bed mater ia l  J~b = 0.202 W / m - d e g  and c b = 795 J / k g .  deg at 20~ 

Across  the apparatus,  on the center  of a shaft, was placed a flat ca lor imeter  (Fig. 1) which con- 
sisted of three identical elements and which partit ioned the apparatus into two compar tments .  Each e le -  
ment was a 5 mm thick copper plate 1 with an e lectr ic  heater  2 placed underneath, the lat ter  made of size 
0.6 mm (diameter) Nichrome wire wound on a porcelain bobbin. At the center  of each copper plate was 
cemented on a C h r o m e i - C o p e l  thermocouple 6 with size 0.5 mm (diameter) e lectrodes .  All the c a l o r i m -  
eter  components were insulated thermal ly  on the s ides and f rom one another by separa to r s  6, 7 and 
mounted to a s t r ip  3 on the chassis  4. All chass is  details and insulating separa to r s  were made of Textolite. 
Thermal  insulation was fur ther  ensured by having the ca lo r imete r  housing filled with asbestos wool 8. 
Metallic lugs 5 were attached to the housing, in order  to facil i tate a rigid mounting on the shaft which r o -  
tated the ca lo r ime te r  housing through positive angles ~ > 0 ~ (heat emitting surface  downward against the 
air  s t ream) and negative angles ~ < 0 ~ (heat emitting surface  upward). A sheet metal deflector  was 
screwed on to the ca lo r imete r  at the bottom, to guide the air f rom underneath the ca lo r imete r  toward the 
insulated surface  and, in this way, to prevent  the thickness of the ca lo r imete r  f rom affecting the t e m p e r a -  
ture  field around its heat emitting surface.  Each heater  was energized e lec t r ica l ly  through a voltage s tabi l -  
i ze r  and an au to t ransformer ,  the cur ren t  and the voltage being measured  with a D-57 0-5 A ammete r  of 
accuracy  class  0.1 and a D-523 0-75 V vol tmeter  of accuracy  c lass  0.5. The tempera ture  of the copper  
plates was measured  by the differential method with a PP-63  potentiometer  of accuracy  class  0.05 and the 
cold junction of the thermocouple immersed  in the bed core.  

A low-( thermal) iner t ia  C h r o m e l - C o p e l  thermocouple with size 0.2 mm (diameter) e lec t rodes  was 
used for  searching the tempera ture  field near the ca lor imeter .  This thermocouple was mounted hor izon-  
tal ly on a Textolite f rame,  which in turn was secured in a metal l ic  holder movable in both the ver t ica l  and 
the horizontal  direct ion.  The free ends of the thermocouple were connected to copper lead wires  and held 

S. M. Ki rov  Ural Polyte6hnic Institute, Sverdlovsk. Translated f rom Inzhenerno-Fiz icheski i  Zhur-  
nal, Vol. 22, No. 2, pp/ 234-241, February ,  1972. Original ar t icle  submitted June 25, 1971. 

�9 1974 Consultants Bureau, a division of Plenum Publishing Corporation, 227 g'est 17th Street, New York, N. Y. 10011. 
No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, 
electronic, mechanical, photocopying, microfilming, recording or otherwise, without written permission of the publisher. A 
copy of this article is available from the publisher fo( $15.00. 

159 



2 

3 

7 j  

f60 

Fig. 1. Schematic d iagram of the 
ca lor imeter .  

secure  inside the bed core,  70 mm away f rom the ends of 
the Textolite f r ame  on which the active thermocouple junction 
had been mounted. In this way, the thermocouple measured 
the excess  tempera ture  (above the tempera ture  of the bed 
core). The probe had been designed so as to allow a t em-  
pera ture  measurement  at not less  than 0.5 mm f rom the 
ca lor imeter  surface.  The thermocouple signal was ampli-  
fied in an F-301 dc inst rument  amplifier and then recorded 
on a model NZ26-1 single-channel  high-speed automatic in- 
stru}nent. The ranges  of the latter were 0-1 mV and 0-2.5 
mV within the 2.5 and the 1.5 accuracy  c lasses ,  respect ively.  
It could record  p rocesses  at up to a 40 Hz frequency on a 50 
mmwidth  char t .  F r o m  the t he rmegram we determined the 
average tempera ture  at a given point (mathematical expecta-  
tion) as well as the mean absolute deviation and the frequency 
of tempera ture  fluctuations, the latter est imated as one half 
the average number of intersect ions of the the rmogram with 
the mean- t empera tu re  line at a given point per unit time. 
The averaging was based on 100-150 points within 0.2 and 
0.5 sec,  depending on the process  frequency. 

The tests  were performed,  essential ly,  at a fluidization 
rate  w = 0.2 m / s e c ,  since the tempera ture  data for the bed 

near  the surface  measured  at var ious  fluidization r a t e s  were qualitatively not much different, even though 
the zone of thermal  agitation was becoming wider as the fluidization rate  was decreased.  The effect of 
var ious  fac tors ,  including the fluidization rate ,  on the  heat t ransfer  between inclined and ver t ica l  plates 
in a fluidized (vibrofluidized) bed has a l ready been analyzed ra ther  thoroughly in [7, 8]. 

The tempera ture  field was examined with only the center heater  of the ca lor imeter  turned on in the 
ver t ica l  position and at attitude angles varying f rom +15 to - 1 5  ~ At positive attitude angles ~p f rom 5 to I5 ~ 
the excess  tempera ture  at a distance of 0.5 mm f rom the surface decreased  to 10-20% of the excess  t em-  
perature  at the center  heater  ~ {Fig. 2). The f requency of tempera ture  pulsations was 1.5-2.0 Hz. At 1-1.5 
mm f rom the surface the excess  tempera ture  decreased  almost  to zero.  The re la t ively  high frequency of 
t empera ture  pulsations at such ca lo r imete r  positions (at the ver t ica l  position it was only 0.6-0.8 Hz) is 
explainable by the frequent turnover of part icle packets heated at the ca lor imeter  as a resul t  of the inten- 
sive motion of the fiuidizing agent accumulating under an inclined plate. The hea t - t rans fe r  coefficient was 
maximum at attitude angles of about 10 ~ The heat t r ans fe r  became worse at la rger  angles, on account of 
the higher porosi ty  under the plate. 

As can be seen in Fig. 2, at ~ = 10-15 ~ the t empera tu re  field around the heat-emit t ing surface was, 
under the tes t  conditions, a lmost  symmet r i ca l  with respec t  to the plane perpendicular to this surface and 
to the plane of the d iagram passing through its center.  The tempera ture  in the boundary layer  was maxi-  
mum at the center of the ca lor imeter  and decreased  toward its edges. A somewhat higher tempera ture  near 
the upper edge than near the lower edge of the center  element of the ca lo r ime te r  was observed but e s sen -  
tially within the l imit  of test  accuracy.  

When ~ = 5 ~ we note a tendency to disturb the s y m m e t r y  of the temperature  field. The increas ing 
asymmet ry ,  especial ly  pronounced at r _< 0 ~ indicates that at these angles mater ia l  is moving in one di- 
r ec t ion  downward along the ca lor imeter  surface.  At the same time, the zone of thermal  agitation with a 
considerable excess  tempera ture  becomes wider as the attitude angle is increased in the negative sense. 

An analysis of the tempera ture  fields suggests  the following concepts about the mechanism of heat 
t r ans fe r  between ra ther  large surfaces  and the surrounding fluidized bed. At small  positive angles of incl i -  
nation the heat f rom the hot surface is t ransmit ted to packets of part icles  which are heating up around it 
and which are  circulat ing intensively driven by the movement  of gas bubbles, the latter effectively cover -  
ing the inclined surface.  The rate  at which the packets or c lus ters  of part icles st ir  is so high that the 
t empera tu re  of the gas ascending along the surface remains  almost  constant and, therefore,  the heat-  
t r ans fe r  ra te  remains  equally high along the height of the calor imeter �9  The same situation prevails  when 
all three heaters  are turned on. At that time, a complete turnover  of packets heated up at the surface and 
new cold ones is not  taking place, apparently, even then. The hot part icles  move not only deep into the 
bed but also along the surface,  while, by vir tue  of the s tochast ic  nature of such a motion, the t ime-average  
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Fig. 2. T e m p e r a t u r e  field near  the c a l o r i m e t e r ,  with the 
center  hea te r  turned on: 120 ~ corundum, w = 0.2 m / s e c .  
.Axis of absc i s sas :  excess  t e m p e r a t u r e  (above the t e m p e r a -  
tu re  of the bed core) ,  as % of the excess  t e m p e r a t u r e  of 
the center  plate ~r ~ Axis of ordinates:  dis tance f r o m  the 
lower edge of the c a l o r i m e t e r  H, ram. Distance f r o m  the 
c a l o r i m e t e r  surface:  1) 0.5 ; 2) 1.5; 3) 2.5; 4) 3.5; 5) 4.5 mm.  
,Attitude angle (from the ver t ica l ) :  a) 15; b) 10; c) 0; d) 5; e) 
10; f) 15 ~ 

t e m p e r a t u r e  at the c a l o r i m e t e r  edges is  lower than at the center .  This  t e m p e r a t u r e  d i f ference  should be -  
come g r e a t e r ,  of course ,  as the height of the c a l o r i m e t e r  is inc reased .  For  this reason ,  even under such 
favorab le  conditions, the h e a t - t r a n s f e r  coefficient  should d e c r e a s e  as the height of the hea t -emi t t ing  su r face  
is i nc reased .  This agrees  with the tes t  data  (Table 1) [9]. 

When 9 -< 0 ~ then at the hea t -emi t t ing  sur face ,  if  it is suff icient ly large,  there appea r s  a unique kind 
of boundary  l aye r .  Pa r t i c l e s  are  not any m o r e  thrown off the su r face  by the s t r e a m  of gas  bubbles,  but 
s imp ly  move  along it while in termixing in the p rocess .  On this r andom motion is superposed  a regu la r  
downward mot ion due to fo rces  of gravi ty ,  s ince fine gra ins  at the su r face  a re  shielded f r o m  the a i r  s t r e a m  
and, the re fo re ,  the m a t e r i a l  becomes  less  porous here  than it is  in the bed core.  As the attitude angle is 
i nc reased ,  the mot ion of pa r t i c les  is  l e s s  intensive in the d i rec t ion  perpendicular  to the hea t -emi t t ing  s u r -  
face  and, consequently,  the effect ive t he rma l  conductivity of the fluidized,bed d e c r e a s e s  at the su r face .  At 
the s a m e  t ime,  the ve loc i ty  of bed m a t e r i a l  descending along the su r face  d e c r e a s e s .  All this r e su l t s  in a 
th icker  boundary layer  and a lower h e a t - t r a n s f e r  r a t e  (Fig. 3). Natural ly,  the ve r t i ca l  height of the heat  
emit t ing should be m o r e  influential  at such angles than at 9 > 0 ~ (see Table 1). 

The concepts  suggested he re  have also been proven valid by the t e m p e r a t u r e  behavior  in the case  of 
two unheated p la tes  placed, r e spec t ive ly ,  above and below the heated one (see Table 1). When 9 = - 5  to 
- 1 5  ~ the descending par t i c les  which had been heated up by the center  plate did in turn heat  up the lower 
pla te . )  For  this reason ,  i ts  t e m p e r a t u r e  was much higher than the t e m p e r a t u r e  of the upper  plate,  the la t ter  
having been heated up only by par t i c les  approaching it  infrequent ly  (as a r e su l t  of pulsations) and by heat  
reaching  it through the insulation.  As hot par t i c les  flowed around the lower cold plate,  the t e m p e r a t u r e  
d is t r ibut ion  a c r o s s  the boundary layer  became  ex t remal ,  s ince,  upon contact  with the cold plate,  heat  was 
ca r r i ed  away f r o m  the l ayer  of descending par t i c les  not only to the bed core  but also toward that plate.  
This  can be ver i f ied  in Fig. 2a, b, c. 

When 9 > 0 ~ on the con t ra ry ,  the ascending s t r e a m  of gas and par t i c les  caused the t e m p e r a t u r e  of 
the upper  plate to r i s e  s l ight ly  above the t e m p e r a t u r e  of the lower  plate,  but this effect  was a lmos t  un- 
apprec iable .  When 9 < - 1 5  ~ along the sur face  descended an a lmos t  solid layer  of fine g ra ins  th icker  than 
the  t h e r m a l  boundary layer .  One may  assume,  to the f i r s t  approximat ion,  that the t he rma l  conductivity of 
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T A B L E  1. T e s t  R e s u l t s  P e r t a i n i n g  to  the T h e r m a l  I n t e r a c t i o n  b e -  
t w e e n  C a l o r i m e t e r  C o m p o n e n t s  

Temperature drop between 
Condition5 bed and plate at w = 0.2 

lm,/sec 
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l 
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F i g .  3. M e a n - o v e r - t h e - h e i g h t  h e a t - t r a n s f e r  c o e f -  
f i c i e n t  as  a func t ion  of  the  ang le  by  which  the c a l o -  
r i m e t e r  i s  i n c l i n e d  f r o m  the v e r t i c a l :  s i z e  120 p 
c o r u n d u m ,  w = 0.15 m / s e c .  Axis  of a b s c i s s a s :  
i n c l i n a t i o n  angle  of the  c a l o r i m e t e r  f r o m  the  v e r -  
t i c a l  ~o ~ Ax i s  of  o r d i n a t e s :  h e a t - t r a n s f e r  c o e f f i -  
c i en t .  1) D a t a  b a s e d  on the s t a n d a r d  me thod ;  2) 
d a t a  b a s e d  on the r e g u l a r  mode  of the  f i r s t  k ind;  
a ,  W / m  ~. deg.  

t he  t h e r m a l  b o u n d a r y  l a y e r  would be  the  s a m e  as  tha t  of the f i n e - g r a i n  l a y e r  and, n e g l e c t i n g  any hea t  
l e a k a g e  a long  the  t h e r m a l  b o u n d a r y  l a y e r  on accoun t  of i t s  t h i n n e s s ,  one can  d e t e r m i n e  the c o e f f i c i e n t  of 
h e a t  t r a n s f e r  f r o m  the s u r f a c e  at  ~0 = - 1 5  to - 6 0  ~ (at ~0 < - 6 0  ~ the  b o u n d a r y  l a y e r  m a y  a l r e a d y  t u rn  in to  
a s t a t i o n a r y  cap  of  f ine  g r a i n s ) ,  t r e a t i n g  th i s  as  the p r o b l e m  of a s e m i i n f i n i t e  m a s s  wi th  the t h e r m o p h y s i c a l  
p r o p e r t i e s  of a s t a t i o n a r y  l a y e r  hea t ed  by  a p la t e  at a cons t an t  t e m p e r a t u r e  [10]: 

--- 1/I" ~"%P" -- V ~,.c.p~V 

The  con t ac t  r e s i s t a n c e  b e t w e e n  the p l a t e  and the f i r s t  r ow of p a r t i c l e s  p r e s s e d  a g a i n s t  i t  m a y  in this  c a s e  
be  d i s r e g a r d e d ,  s i n c e  the  t i m e  of con t ac t  b e t w e e n  the b o u n d a r y  l a y e r  and the s u r f a c e  i s  s u f f i c i e n t l y  long.  

It m u s t  be e m p h a s i z e d  that  under  t h e s e  cond i t ions  the c o e f f i c i e n t  of hea t  t r a n s f e r  f r o m  the c a l o r i m -  
e t e r  a t  a c o n s t a n t  t e m p e r a t u r e ,  should  be h i g h e r  than  the coe f f i c i en t  of hea t  t r a n s f e r  f r o m  an o b j e c t  cooled  
(or hea ted)  in  the f l u i d i z e d  bed .  In o r d e r  to p r o v e  th i s ,  l e t  us c o n s i d e r  ' the coo l ing  of an i n f i n i t e l y  l a r g e  
p l a t e  in  a m e d i u m  at a c o n s t a n t  t e m p e r a t u r e  unde r  b o u n d a r y  cond i t ions  of the fou r th  kind.  If the o r i g i n  

�9 of  c o o r d i n a t e s  i s  p l a c e d  at  the  c e n t e r  of the p l a t e ,  then  the t e m p e r a t u r e  d i s t r i b u t i o n s  in  the  p l a t e  ( sub-  
s c r i p t  1) and in  the  m e d i u m  ( s u b s c r i p t  2) a r e  d e t e r m i n e d  f r o m  the fo l lowing  equa t ions :  

r0--rc 1-~k~ ( - -h )  n- '  eric ( 2 n - - 1 ) R - - x  + e r f c  ( 2 n - - 1 ) R §  
2 V aa-T- 2 aVaV~ ; 

n = l  
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0.,. = T~ (x, x) -- T c k, erfc x --~R 
T O - -  T~ 1 + k~ 2 V a2~ 

k~( l+h)  co  x--R+2nRV"a~ 
1 + k~ (-- h) ~-i erfe 2 1/a~T 

rt=l 

At small  values of T one may omit all but the f i r s t  t e rms  in the se r ies .  For  a thermal ly  thin body 
with the same tempera ture  across  its thickness, one may let R ~ 0 and a 1 be ra ther  large.  The condition 
that R / a ~ l r  ~ 0 holds then at any instant of time T > 0 and, therefore,  exp (-R2/atT) --~ 1 as well as er fc  (R 
/ a(~l~) - -  1, the express ion  for the instantaneous coefficient of heat t ransfer  f rom the cooled plate a '  be-  
coming 

~ ,  ~ (a0~ / ~ k~ ,/~,%O~_Ka. 

Coefficient K > 1 for any positive k e < :r This resul t  has been checked experimental ly:  the ra te  of heat 
t r ans fe r  f rom the ca lo r imete r  at a constant tempera ture  with @ < 0 ~ was, indeed, higher than f rom a 
cooled (x-calor imeter  of the same dimensions whose hea t - t r ans fe r  coefficient had been determined in the 
regula r  mode of the f i r s t  kind [8] (Fig. 3). The slight differences between the resul ts  at (p > 0 ~ remain  
within the l imits  of experimental  e r r o r .  Therefore ,  when calculating the rate  of cooling or heating an ob- 
ject  with large inclined portions in a fluidized bed, one must  consider  that, with all other conditions the 
same,  the ra te  of heat t ransfer  between the bed and the object is lower than between the bed and a c a l o r i m -  
eter  at a constant tempera ture .  The heat t ransfer  is considerably reduced, fu r thermore ,  by any a s p e r -  
i t ies and unevenness along the inclined surface which impede the downward motion of the boundary layer .  
Thus, at q~ = - 3 0  ~ a s i z e 0 . 2 m m  (diameter) wire placed horizontal ly 1 mm away f rom the surface at the 
center  of the ca lo r imete r  reduced the coefficient of heat t ransfer  f rom the center e lement  to one half. At 
angles f rom the ver t ica l  smal le r  than 15 ~ the presence  of a tempera ture  measur ing probe had no effect on 
the heat t r ans fe r ,  i.e.,  had almost  no effect on the hydrodynamic conditions around the plate in the fluidized 
bed. 

P is the 
)~ is the 
c is the 
y is the 
~- is the 
V is the 
O~y is the 
O is the 
T c is the 
T O is the 
R is the 

ke = ~/)ticiPl/%2 c2P2 is the 
h = (1 - ke) / (1  + ke) is the 
x is the 
a is the 
a is the 
q~0 is the 

N O T A T I O N  

density; 
thermal  conductivity; 
specific heat; 
distance f rom the upper edge of the heat-emit t ing surface;  
t ime through which mater ia l  remains  at the surface;  
veloci ty of the descending boundary layer;  
local hea t - t r ans fe r  coefficient; 
dimensionless  tempera ture ;  
tempera ture  of medium far f rom the plate; 
initial t empera ture  of plate; 
half- thickness  of plate; 
cr i t ical  number charac ter iz ing  the thermal  activity of a plate; 
dimensionless  quantity; 
space coordinate in the direct ion perpendicular  to a plate; 
thermal  diffusivity; 
instantaneous hea t - t r ans fe r  coefficient; 
inclination angle of the ca lo r imete r  f rom the ver t ical .  
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