
JOURNAL OF ENGINEERING PHYSICS 473 

VARIATION OF HEAT-TRANSFER INTENSITY AROUND THE P ERI METER OF 
A HORIZONTAL TUBE IN A FLUIDIZED BED 
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An experimental investigation has been made of the variation of local 
heat-transfer coefficient in the cross section of a horizontal tube in 
a fluidized bed by the method of measuring local temperature differ- 
ence and local heat flux power. 

The condi t ions  of flow of a f luidized med ium over  
a ho r i zon ta l  tube a re  known to be d i f ferent  in d i f ferent  
zones ,  and one may  the re fo re  expect va r i a t i on  of the 
loca l  h e a t - t r a n s f e r  coeff ic ient  a around the sec t ion  
of the tube for  any ve loc i ty  w of the f luidizing agent. 
The expe r imen t s  of P lanovsk i i  and Nikolaev [1] f i r s t  
d e m o n s t r a t e d  the d i f fe rence  in a va lues  in the back,  
s ide ,  and f ront  zones  of a hor izon ta l  tube. * These  
t e s t s ,  p e r f o r m e d  on th in -wa l l ed  s t a in l e s s  s tee l  tubes ,  
(~) 30 mm)  were  l imi t ed  by the f lu idizat ion n u m b e r  
W -< 3.66 (no m a x i m u m  value of a m was at tained).  
The au thors  obse rved  the l a rge s t  a va lues  on the s ides  
of the tube,  l e s s e r  va lues  on the f ront  pa r t ,  and l eas t  
on the back  par t .  With i n c r e a s e  of a i r  ve loc i ty ,  the 
d i f f e rences  of a at the va r i ous  points  on the p e r i m e t e r  
of the tube sec t ion  d imin i shed  f rom 65% n e a r  the on-  
set  of f lu id iza t ion  to 35% when W = 3.66.  To de t e r mi ne  
the local  h e a t - t r a n s f e r  coeff icient ,  the authors  of [1] 
m e a s u r e d  the local  t e m p e r a t u r e  d i f fe rences  At b e -  
tween  the f lu idized bed and d i f fe ren t  poin ts  a round the 
tube sect ion.  F u r t h e r ,  the de s i r ed  ~ va lues  were  
ca lcu la ted  f rom the known quant i ty  Qm of heat  t r a n s -  
f e r r e d  (the power of the e l ec t r i c  hea te r  ins ide  the tube) 
and the tube surface area. It was assumed there that 
transfer of heat by conduction around the tube section 

along the wall does not introduce appreciable error 
because of the small thermal conductivity of the wall. 
Moreover, the authors ignored the possible asymmetry 
of heat flux, thus causing some inaccuracy in the re- 

*This has been studied in the literature from the 

standpoint of self-screening [2, 3]. 

sui t s  obtained.  * Evident ly ,  the var ious  local  t e m p e r a -  
tu re  d i f fe rences  be tween the bed and points  on the tube 
sur face  c o r r e s p o n d  to d i f fe rent  heat  f luxes.  Thus ,  
ca lcu la t ion  of the h e a t - t r a n s f e r  coeff ic ient  accord ing  
to the equat ion 

= Qm/r A ~ (1) 

i s  not quite l eg i t imate  (Qm here  is  the total  heat  flux; 
F is the tube sur face  area) .  It is methodologica l ly  
c o r r e c t  to ca lcula te  (~ accord ing  to the f o r m u l a  

~ = Q / a t ,  (2) 

where  Q1 is  the local  quant i ty  of heat  a r r i v i n g  at the 
su r face  r eg ion  f unde r  examina t ion .  In the gene ra l  
case  here** Q l / f  ~ Qm/F .  For  the r e a s o n  d e s c r i b e d ,  
the n u m e r i c a l  va lues  of [1] and the c h a r a c t e r  of the 
d i s t r ibu t ion  of a p r e s e n t e d  by the author  a round the 
tube sec t ion  should be c o r r e c t e d .  

A s i m i l a r  i nves t iga t ion  was made  in  the p r o c e s s e s  
and Equipment  Depar tment  of the Lomonosov Ins t i tu te  
of Fine  Chemica l  Technology.  With the a im of ob ta in -  
ing t ru ly  local  va lues  of a ,  local  va lues  of Ql we re  
m e a s u r e d  for  f lu id iza t ion  by a i r  of a bed of quar tz  
sand (d e = 0.35 ram;  shape fac tor  0 .84 ;  ve loc i ty  of 
onset  of f lu id iza t ion  COo = 0.13 kg/m 2 � 9  in an 
equipment  of 380 x 380 m m  area .  The height  of the 
s ta t ic  bed H0 was 500 ram;  the d i s tance  of the tube 
f rom the pe r fo ra t ed  d i s t r i b u t o r  with an effect ive 
c r o s s  sec t ion  of 1% was 435 ram. The e x p e r i m e n t  en -  
compassed  the m a x i m u m  va lues  of ~m.  

*A similar error occurs in [4]. 

**Similar arguments must be taken into account when 

rneasuring instantaneous values of the heat transfer 

coefficient [5, 6]. 
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Fig. 1. Schemat ic  of e l emen t :  1) hot junc t ion  of d i f fe ren t i a l  

t he rmocoup le ;  2) n i c h r o m e  r ibbon;  3) wooden rod;  4) g l a s s  
f iber .  
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The e l e m e n t  fo r  m e a s u r i n g  loca l  h e a t - t r a n s f e r  c o -  
e f f i c ien t  was  a wooden rod  20 m m  in d i a m e t e r  in which 
was  m i l l e d  a channel  of 200- ram length  and 5 - r a m  
width  (Fig .  1). The channel  was  packed  with g l a s s  f i -  
b e r  (with v e r y  low t h e r m a l  conduct iv i ty) .  At  the  top of 
the  channel  t h e r e  was  a n i c h r o m e  r ibbon  of t h i c k n e s s  
0 . 1 ,  width  5, and length  200 m m  with  the  hot j u n c -  
t ion  of  a d i f f e r e n t i a l  c o p p e r - c o n s t a n t a n  t h e r m o c o u p l e  
s o l d e r e d  to i t  (facing the g l a s s  f ibe r ) .  The  t h e r m o -  
couple  cold  junc t ion  was  loca t ed  in the  bed  at  a d i s -  
t ance  of 10 m m  f r o m  the  end of  the  tube .  The ends  
of the  t h e r m o c o u p l e  w e r e  l ed  off to a p o t e n t i o m e t e r .  
The me thod  of mount ing  of  the  e l e m e n t  a l lowed  i t  to 
be  r o t a t e d  about  i t s  ax i s  and to be  f ixed  e v e r y  30 ~ in 
12 p o s i t i o n s ,  wi th  an a c c u r a c y  of not  l e s s  than 3 ~ . 

f 

Fig .  2. D i s t r i b u t i o n  of  hea t  t r a n s f e r  
coe f f i c i en t  a (kcalAn 2 �9 h r  �9 ~ 
a r o u n d  the  c r o s s  s e c t i o n  of a tube  20 
m m  in d i a m e t e r :  a) s ing le  tube;  
b) c e n t r a l  tube in a h o r i z o n t a l  row 

(pitch 40 ram).  

When e l e c t r i c  c u r r e n t  was  p a s s e d  th rough  the  
n i c h r o m e  r i b b o n ,  p r a c t i c a l l y  a l l  the  hea t  was  g iven  
off t h rough  the  e x p o s e d  s u r f a c e  of the  r i bbon  to the  
f l u i d i z e d  bed  (heat  l o s s e s  by  conduc t ion  to  the  wood 
w e r e  m i n i m u m  and did not  exceed  2 - 5 % ) .  The  t e m -  
p e r a t u r e  d i f f e r e n c e  b e t w e e n  the r i bbon  and the  b e d  
was  kep t  cons t an t  d u r i n g  the  t e s t s ,  equa l  to  12.0  ~ C. 
Thus ,  to each  va lue  of  the  h e a t - t r a n s f e r  coe f f i c i en t  
a t  any of the  12 p o s i t i o n s  t h e r e  c o r r e s p o n d s  a known 
v a l u e  of  the  hea t  ( e l e c t r i c a l )  load  on the  n i c h r o m e  
r i b b o n ,  which  p e r m i t s  c a l c u l a t i o n  of l o c a l  a v a l u e s ,  
u s i n g  (2), w h e r e  f i s  the  a r e a  of  the  n i c h r o m e  r ibbon .  

It m a y  be  seen  f r o m  Fig.  2a tha t ,  fo r  s m a l l  f l u id -  
i za t ion  n u m b e r s ,  the  va lue s  of the  h e a t - t r a n s f e r  c o -  
e f f i c ien t  in the  f ron t  and back* a r e  a p p r o x i m a t e l y  
equal .  On the s i d e s  of the tube ,  a s  in [1], the  g r e a t e s t  
v a l u e s  of a w e r e  o b s e r v e d  (the d i f f e r e n c e  r e a c h e d  
~70%), s ince  i t  i s  p r e c i s e l y  h e r e  tha t  the  a i r ,  p a s s -  
ing a round  the h o r i z o n t a l  r od ,  b r i n g s  the  p a r t i c l e s  
into qui te  in tense  mot ion .  In c o n t r a s t  to the  above -  
men t ioned  p a p e r ,  howeve r ,  with i n c r e a s e  of  f l u id i -  
za t ion  n u m b e r ,  the  h e a t - t r a n s f e r  coe f f i c i en t  at  the  
f ron t  p a r t  f i r s t  i n c r e a s e s  s h a r p l y  due to i n c r e a s e d  
in t ens i ty  of mot ion  of the  p a r t i c l e s ,  and then f l a t t ens  
off and even d e c r e a s e s  somewhat .  The l a t t e r  i s  due to 
i n c r e a s e  in the  f r a c t i o n  of t i m e  of con tac t  of the  s u r -  
face  wi th  the gas  bubb les  and to the  f o r m a t i o n  of a 
zone with a low c onc e n t r a t i on  of so l id  phase  in the  
f ron t  p a r t  unde r  the  tube.  S i m i l a r l y ,  but  in  a c o n s i d e r -  
ab ly  s m a l l e r  r a n g e ,  t h e r e  is  v a r i a t i o n  of the  hea t  
t r a n s f e r  coe f f i c i en t  on the  s ides  of the tube;  wi th  in -  
c r e a s e  of gas  ve loc i ty  the  in tens i ty  of p a r t i c l e  m o t i o n  
f i r s t  i n c r e a s e s  (although to a l e s s  d e g r e e ) ,  but  then the 
e f f e c t i ve ne s s  of contac t  of the  w a l l s  wi th  the  gas  
bubb l e s  beg in s  to p l ay  a p a r t .  

In the b a c k  of the tube sec t ion ,  owing to i n c r e a s e d  
m o b i l i t y  of p a r t i c l e s  f o r m i n g  a " c a p , "  the h e a t - t r a n s -  
f e r  coef f i c ien t  i n c r e a s e s  wi th  i n c r e a s e  of v e l o c i t y  of 
the  f lu id iz ing  agent .  At  c o n s i d e r a b l e  a i r  v e l o c i t i e s  i t  
even  e x c e e d s  a on the s i d e s  of the tube .  I t  m a y  be  
a s s u m e d  tha t ,  f o r  a c o n s i d e r a b l e  i n c r e a s e  in co, a 
d e c r e a s e  in loca l  v a l u e s  of ~ wi l l  be  o b s e r v e d  even in 

th i s  r eg ion .  
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Fig .  3. Dependence  of m e a n  i n t e g r a l  
h e a t  t r a n s f e r  coe f f i c i en t  a m ( k c a I / ~  2 �9 
�9 h r  �9 ~ on f lu id i za t ion  n u m b e r  W: " 
a and b) fo r  a s ing le  tube and the  c e n -  
t r a l  tube of  a h o r i z o n t a l  row {pitch 
40 ram) f r o m  m e a s u r e m e n t  of l oca l  
hea t  t r a n s f e r  coe f f i c i en t  and s u b s e -  
quent  i n t e g r a t i o n  ove r  the  c i r c l e ;  
c) fo r  a s ing le  c o p p e r  tube of q) 20 
m m  wi th  an i n t e r n a l  e l e c t r i c  h e a t e r  
and d i r e c t  m e a s u r e m e n t  of t o t a l  

h e a t - t r a n s f e r  c o e f f i c i e n t s .  

F i g u r e  2b shows the d i s t r i b u t i o n  of a a round  the  
tube  in the  c a s e  in which the e l e m e n t  i s  l oca t ed  in the  
c e n t e r  of  a h o r i z o n t a l  row of tubes  wi th  p i t ch ,  i . e . ,  
the  d i s t a n c e  be tw e e n  tube a x e s ,  of 40 m m  (the l oca t i on  
of  the  tube in the bed  was  not  changed) .  F r o m  c o m p a r -  
i son  of F ig .  2a and F ig .  2b i t  m a y  b e  s e e n  tha t  the  
p r e s e n c e  of ad j acen t  t ubes  in  the  h o r i z o n t a l  row (and 

*Values  of ~ ob ta ined  at  po in t s  s y m m e t r i c a l  r e l a t i v e  

to the  v e r t i c a l  ax i s  w e r e  a v e r a g e d .  
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evident ly  a dec rea se  in  pitch) leads to reduc t ion  of the 
h e a t - t r a n s f e r  coeff icient ,  although the genera l  na tu re  
of the va r i a t i on  of ~ around the tube sec t ion  is p r e -  
se rved .  It should be noted,  however ,  that the p r e -  
sence  of the adjacent  tubes  leads  to some d i sp l ace -  
men t  of the g r e a t e s t  local  va lues  of ~ toward the 
back of the tube sect ion.  This  is evident ly  due to in -  
c r e a s e  of local  a i r  ve loc i ty  (with unchanged ve loc i ty  
computed in the empty equipment)  owing to the con-  
s ide rab le  cons t r a in t  of the gas s t r e a m  by the row of 
hor izon ta l  tubes.  

A c o m p a r i s o n  is  made  in Fig. 3 of the mean  in te -  
g r a l  va lues  ~ m  for  a s ingle  tube and for a tube in a 
ho r i zon ta l  row. 

Thus ,  the expe r imen t  p e r f o r m e d  p e r m i t s  d e t e r -  
m i n a t i o n  of the t rue  prof i le  of the coeff ic ients  of heat  
t r a n s f e r  be tween  a hor izon ta l  tube and a f luidized bed. 
The ques t ion  of the inf luence  of the d i a m e t e r  of the 
ho r i zon ta l  tube on the na tu re  of the d i s t r ibu t ion  of 
over  the p e r i m e t e r  of the c r o s s  sec t ion  m u s t  be left  

for  l a t e r  e lucidat ion.  

Notation 

~--coefficient of heat transfer between surface and 
fluidized bed; w--velocity of fluidizing agent based on 
empty equipment; w--fluidization number; (~m--mean 
value of heat-transfer coefficient; At--temperature 

difference between surface and bed; F--area of heat- 
transfer surface; f--a zone, part of the heat-transfer 
surface; de--equivalent diameter of fluidized particles; 
w0--velocity at onset of fluidization; H0--height of bed 
at velocity w 0. 
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