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Measurements  were  made of heat t r ans fe r  between horizontal  cylinders (of 20, 30, and 50 
mm diameter)  -and fluidized beds (of sand si l ica gel) with packings of spira ls  of wire of 10, 
20 and 55 mm diameter .  The data obtained were  cor re la ted  and analytical relat ionships are  
presented.  

Fluidized beds with some form of small  packing will be used in future in various chemical p rocesses  
[1, 2]. The removal  of heat f rom such fluidized reac to r s  is often done through cyl inders .  Heat t r ans fe r  in 
these conditions is however still inadequately understood. There  ts some knowledge of t r ans fe r  to ver t ical  
cyl inders  in fluidized beds [3] but no useful data for horizontal  cyl inders .  Results  a re  given here  of an 
experimental  investigation of heat t r ans fe r  under these lat ter  conditions. 

The experiments  were made in a column of 300 mm diameter  descr ibed in detail in [4]. The height 
of the stat ic  bed was 300 mm.  Air  at room tempera tu re  was used to fluidize the bed. Measurements  were 
made with si l ica gel {d = 0.19 ram) and sand (d = 0.23 ram) and smal l  fixed wire  spi ra ls  of 55, 20 and 10 mm 
diameter  and lengths equal to their  d iameters  [3]. 

At a height of 19 cm above the air  distr ibuting mesh in the column a horizontal  cylindrical  probe was 
placed [3]. This consis ted of a copper cylinder with an e lect r ical  heater  along its axis and an insulated 
thermocouple .  Measurements  were made of the e lectr ical  p o w e r r e l e a s e d b y  the heater  and of the t emper -  
a ture  difference between the cylinder surface  and the fluidized bed. From these the total coefficient for 
heat t r ans fe r  f rom the cylinder was determined for cylinders of 50, 30 and 20 mm diameter .  

Further ,  to m e a s u r e  the local coefficient over the cylinder surface  another probe of 50 mm diameter  
was made with an e lect r ical  heating element of 65 • 12.5 ram. This heater  was formed from a fiat spiral  
of wire  attached to the thermal ly  insulated probe lining and covered with a copper plate.  The tempera tu re  
of this plate was measu red  by a thermocouple  attached to it. The cylindrical  probe could be rotated about 
its own axis and clamped to the column wall in any position with the position of the hea ter  indicated outside 
the column. 

In the f i rs t  se r ies  of tes ts  the local heat t r ans fe r  coefficients were measured  at various points along 
the pe r ime te r  of the horizontal  probe in a f ree bed and a bed with the packing. Figure 1 shows some r e -  
sults of these experiments  in the form of local heat t r ans fe r  eoefficientsplotted for various gas velocit ies.  
For  improved presentat ion values of ~loc a re  plotted for free fluidized conditions (on the left) anol boiling 
conditions (on the right). In the fluidized bed with low gas velocit ies,  the lowest heat t r ans fe r  was ob- 
served  on the up and down s t r eam areas .  As the velocity increases  the t rans fe r  in these a reas  improves 
and becomes m o r e  uniform for all c i rcumferent ia l  positions changing even to a maximum in the down 
s t r eam position. Similar  resul ts  have been found previously  for fluidized beds [6, 7, 9, 10]. 

In the fluidized condition with packings this behavior  is substantial ly changed. Lower heat  t r ans fe r  
is maintained even at high gas veloci t ies  in both the up- and downstream a reas ,  par t icu lar ly  in the lat ter  
where the values of the coefficient are  independent of the velocity.  It remains  constant and approximately 
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Fig. 1. Plot  of a l o c  ve r sus  in t e r s t i -  
t ial  veloci ty of a i r .  D i s p e r s e  m a t e -  
r ia l  - -  s a n d d = 0 . 2 3 m m ,  a) F r e e  
bed; b) bed with packing. 1-5) Veloc-  
i t ies  8.5; 16; 28; 50; and 70 cm 
/ s e c ,  reslJect ively.  Dashed line, 
packing 55 m m ,  in ters t i t ia l  veloci ty  
50 c m / s e c .  

equal to the coefficient  for  the s ta t ic  bed, over  an a r e a  bounded 
by the angle at which a p y r a m i d  of the bed m a t e r i a l  would r e -  
pose .  This observa t ion  suppor ts  the thes i s  that  in the down- 
s t r e a m  a r e a  the bed m a t e r i a l  f o r m s  a s ta t ic  region.  

In the fluidized condition the s ize  and ra t e  of bubble f o r -  
mat ion i n c r e a s e s  with the gas veloci ty  and s ta t ionary  pa r t i c l e s  
a r e  p r o g r e s s i v e l y  drawn into the fluidized region.  This is ac -  
companied by a tendency of the bubbles to col lapse  in the v ic in-  
ity of the s ta t ic  packing which leads to apprec iab le  expansion 
[4] and inc reased  voidage [3] in the boiling region.  In this s i t -  
uation the re  is insufficient  energy in the s m a l l e r  bubbles to 
t r a n s f e r  pa r t i c l e s  to and f rom the region d o w n s t r e a m  of the 
cyl inder .  

As shown [5] in the region u p s t r e a m  of the cyl inder  a 
fluctuating a i r  pocket  is fo rmed .  As the gas veloci ty  i nc r ea se s ,  
the a i r  pocket  is repea ted ly  r emoved  and r e f o r m e d  and improves  
the heat  t r a n s f e r .  The t r a n s f e r  coefficient  then gradual ly  ap-  
p roaches  the value for the s ides of the cyl inder .  

In the region with packings the t r a n s f e r  coefficient  for  the 
u p s t r e a m  a r e a  o f  the cyl inder  r ema ined  lower  than that for  the 
downs t ream a r e a  for all  gas veloci t ies  invest igated.  This con- 
f i rms  the thes i s  that densi ty in the boiling region is higher  than 
that with the Packings.  This s ta t ic  packing tends to reduce  the 
mot ion of the pa r t i c l e s  and thereby  reduces  the heat  t r a n s f e r .  

This effect  of the packing is also evident f rom the observa t ion  that the d o w n s t r e a m  a r e a  of the 
cyl inder  is "capped" with s ta t ionary  pa r t i c le .  Natura l ly  t h e r e f o r e  i nc r ea se  in the d i ame te r  of the ho r i -  
zontal cyl inder  i n c r e a s e s  the s ize  of the s ta t ionary  region and reduces  the total  heat  t r a n s f e r  coefficient.  
The data in Fig. 2 i l lus t ra tes  the behavior  graphica l ly  by showing the re la t ionship  between the total  coef-  
f icients for  cyl inders  of t h ree  different  d i ame te r s  to the a i r  veloci ty .  When the cyl inder  d i ame te r  was in- 
c r ea sed  the t r a n s f e r  in the bed d e c r e a s e d  for  other  constant  condit ions.  Fo r  compar i son  this f igure  a lso  
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Fig. 2. Mean heat  t r a n s f e r  coefficient ve r sus  a i r  in te rs t i t i a l  ve loc -  
i ty.  D i s p e r s e  m a t e r i a l  --  sand d = 0.23 m m  (a, bed with packing 
q) 55 m m ;  b, with packing 0 20 mm) .  1, 2, 3, P robe  d i ame te r s ;  

4 ,  ve r t i ca l  posi t ion of p robe  (b 30 m m .  

Fig. 3. Corre la t iona l  plot: 1, 2, s i l ica  gel, packings q) 55 and 20 
m m ,  p robe  (7) 50 m m ;  3,4,  sand, packings 0 55 and 20 m m ,  probe  
(b 50 mm;  5, 6, 7, s i l ica  gel, packings 0 55, 10 and 20 ram, p robe  
0 3 0 m m ;  8, 9,10, sand, p a c k i n g s 0  55, 10 and 2 0 m m ,  p r o b e 0  30 
m m ;  11, 12, sand, packings 0 55 and 20 ram,  p robe  r 20 ram.  
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shows the coefficient for transfer between a vertical surface and a boiling bed. It can be seen that the 

transfer coefficient of the horizontal cylinder is less than that for the vertical one. 

It should also be noted that for a wide range of gas velocities, the transfer coefficient remains nearly 

constant at about its maximum value. It should also be noted that the transfer to the horizontal probe de- 
pends on the size of the packing elements. The experimental data for packings used here (i. e. wire spirals) 
are higher for the 55 mm size than for the 20 mm size. Accordingly ratios of d//p, d/D were used as 
criteria for characterizing their geometry. These take account of the probe diameter D and the hydraulic 
radius Ip of the packing. The latter is taken to be the radius of a layer of surface area equal to that of the 

packing, 

The results of correlating all the data are given in Fig. 3. These data approximate to the equation 

(_~,~ d,~ 
Nu ..... = t9 Ar 0,2~ ) !--D-) ' (1) 

Th is  was  o b t a i n e d  fo r  (250 -< A r  -<- 1100; 3.8 �9 10 .3 <-- d / D  -< 1.2 �9 10-2; 5 -< lp/d <- 1601. The  m a x i m u m  
s c a t t e r  of the  po in t s  f r o m  th i s  l i ne  does  not  e x c e e d  4-7%. Tak ing  into  accoun t  tha t  the  m a x i m u m  e r r o r  in 
m e a s u r i n g  the  t r a n s f e r  c o e f f i c i e n t  i s  23% such  s c a t t e r  i s  not  e x c e s s i v e .  In equa t inn  (1) t he  index  of the  
r a t i o  (d/D) a p p r o a c h e s  un i ty  and c o n s e q u e n t l y  t he  t r a n s f e r  c o e f f i c i e n t  v a r i e s  i n v e r s e l y  with the  c y l i n d e r  
d i a m e t e r .  It i s  not  t h e r e f o r e  a d v i s a b l e  to u s e  c o e f f i c i e n t s  f r o m  l a r g e  d i a m e t e r  c y l i n d e r s  in  f l u i d i z e d  beds  
wi th  s m a l l  p a c k i n g s .  I t  i s  a l s o  of i n t e r e s t  to no te  tha t  the  index  of the  r a t i o  d/lp i s  much  s m a l l e r .  Th is  
p r o v e s  tha t  the  b e h a v i o r  of the  f ixed  p a c k i n g  has  a much  l e s s e r  i n f l uence  on the  h e a t  t r a n s f e r  than  the  
c y l i n d e r  d i a m e t e r .  

As  m e n t i o n e d  above ,  f o r  a wide  r a n g e  of g a s  v e l o c i t i e s  the  t r a n s f e r  coe f f i c i en t  i s  n e a r l y  c o n s t a n t  
and equal  to a r e a  x. F r o m  the  e x p e r i m e n t a l  da t a  on the  R e - - A r  g r a p h s  the  l i m i t s  wi th in  which  the  c o e f f i -  
c i en t  d i f f e r s  by no m o r e  than  4-5% f r o m  the  m a x i m u m  a r e  shown.  The  u p p e r  and l o w e r  l i m i t s  a r e  g iven  by  

Rcp = 0.064 AF 0,42, 

R% = 043 Ar ~ (2) 

T h e s e  equa t ions  app ly  fo r  (250 -< A r  -< 1100). The  m a x i m u m  d e v i a t i o n  of t he  po in t s  does  not  e x c e e d  ~5%. 

Hence  for  e s t i m a t i n g  the  h e a t  t r a n s f e r  c o e f f i c i e n t s  b e t w e e n  the  bo i l ing  bed  and h o r i z o n t a l  c y l i n d e r s  
Eq.  (1) is  r e c o m m e n d e d .  Th i s  equa t ion  i s  a c c u r a t e  fo r  a f a i r l y  wide  r a n g e  of gas  v e l o c i t i e s  wi th in  the  
l i m i t s  de f ined  by Eqs .  (2). 

d 
Ip 

D 
U 

a, alo c, amax 

NOTATION 

is the mean diameter of particles; 
is the characteristic size of packing; 
is the probe diameter; 
is the velocity of gas; 
are the mean, local and maximum heat transfer coefficients. 
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