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Hea t  t r a n s f e r  c o e f f i c i e n t s  w e r e  m e a s u r e d  u n d e r  the  fo l lowing  c o n d i t i o n s :  a f l u id i zed  bed  with  
a s p i r a l  p a c k i n g  an d a v e r t i c a l l y  i m m e r s e d  cy l inde r~  a f l u id i zed  bed  wi th  a bundle  of  s m o o t h  
t u b e s  and with  a bundle  of  l e n g t h w i s e  f inned t u b e s .  

F l u i d i z e d  b e d s  have  found wide  a p p l i c a t i o n s  in the  c h e m i c a l  t e c h n o l o g y ,  e s p e c i a l l y  in the  p l ann ing  of 
p r o c e s s e s  which  i nvo lve  a l a r g e  t h e r m a l  e f fec t  and in c a s e s  w h e r e  a high m o b i l i t y  (" f lu id i ty")  of t he  d i s -  
p e r s e d  p a r t i c l e s  i s  u s e f u l .  The  p r o c e s s  r a t e  in such  a bed i s  of ten l i m i t e d  by the  u s u a l  p a s s a g e  of s o m e  
g a s  in the  f o r m  of  b u b b l e s .  The  bed  can  b e  h o m o g e n i z e d  by  m e a n s  of  a p a c k i n g  [1-4] .  In a f i u id i zed  bed  
wi th  p a c k i n g  the  r a t e  of t e c h n o l o g i c a l  p r o c e s s e s  b e c o m e s  h i g h e r ,  which  r e s u l t s  in h i g h e r  t h e r m a l  s t r e s s e s  

- e s p e c i a l l y  d u r i n g  p r o c e s s e s  wi th  a l a r g e  t h e r m a l  e f f e c t .  At  the  s a m e  t i m e ,  a p a c k i n g  r e d u c e s  the  
m o b i l i t y  of p a r t i c l e s  and t h i s  c an ,  a s  h a s  been  no ted  in [4-6],  i m p e d e  the  h e a t  t r a n s f e r .  F o r  tha t  r e a s o n ,  
da t a  on the  h e a t  t r a n s f e r  in a f l u id i zed  bed  with  p a c k i n g  a r e  of  p a r t i c u l a r  i n t e r e s t .  Ve ry  l i t t l e  i n f o r m a t i o n  
on the s u b j e c t  i s  a v a i l a b l e  in the  p u b l i s h e d  l i t e r a t u r e ~  

In o r d e r  to  p r o d u c e  da t a  on the  hea t  t r a n s f e r  be tween  a s l o w e r  f l u id i zed  bed  and t u b u l a r  s u r f a c e s  
i m m e r s e d  in i t ,  the  a u t h o r s  p e r f o r m e d  a s e r i e s  of  e x p e r i m e n t s .  

S e v e r a l  k i n d s  of  p a c k i n g  w e r e  t e s t e d :  an i n s e r t  c o n s i s t i n g  of  s p i r a l s  55 m m  o r  20 m m  in d i a m e t e r  
[12], a bundle  of  s m o o t h  v e r t i c a l  t u b e s ,  and a bundle  of v e r t i c a l  t u b e s  wi th  t h r e e  l ong i tud ina l  s t r a i g h t  f ins  
on e a c h .  The  c h a r a c t e r i s t i c s  of t h e s e  p a c k i n g s  a r e  s p e c i f i e d  in  T a b l e  1. 

The t e s t s  w e r e  p e r f o r m e d  on an a p p a r a t u s  con ta in ing  a co lumn  300 m m  in d i a m e t e r ;  the  g a s  d i s -  
t r i b u t o r  g r i d  c o n s i s t e d  of  a pad  of  d e n s e  c lo th  s q u e e z e d  be tw e e n  two p e r f o r a t e d  s h e e t s  with h o l e s  1.5 m m  
in d i a m e t e r  and an a p p r o x i m a t e l y  200/0 a c t i v e  c r o s s  s e c t i o n .  The d i s p e r s e d  p h a s e  was  e i t h e r  q u a r t z  sand 
o r  s i l i c a  ge l  wi th  an a v e r a g e  d i a m e t e r  of p a r t i c l e s  0.22 m m  and 0.19 m m  r e s p e c t i v e l y .  F l u i d i z a t i o n  was  
a c h i e v e d  by m e a n s  of a i r  a t  t = 20-30~ and at  a f low r a t e  m e a s u r e d  with a d i a p h r a g m  a c c u r a t e l y  wi th in  
3%. The  s t a t i o n a r y  bed  in  t h e s e  t e s t s  was  300 m m  h i g h .  

TABLE I. P a c k i n g  C h a r a c t e r i s t i c s  

Fraction of 
Item number volume occupied 

by packing, % 

6.2 

8.6 

3.2 

4.82 

Packing parameters 

Free bed 
Bundle of vertical tubes: diameter 20 ram, spacing 

63 x 63 mm 
Bundle of vertical tubes: diameter 20 ram, spacing 

63 • 63 ram, three fins 20 mm wide 
Spirals: loop diameter 55 ram. height 60 ram, 

pitch 10 ram, wire diameter 2.5 mm 
Spirals: loop diameter 20 ram, height 30 mm, 

pitch 4 ram, wire diameter 1 mm 
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Fig.  1. Dispersed mate r ia l :  (a) Sand (dav= 0.22 mm,  free bed 
(1), packing N o . 4  (2), packing No. 5 (3)[see Table 1], packing No. 
3 (4, ~nom)" (b) Silica gel (dav= 0.19 ram, free bed (1), packing 
N o . 4  (2), packing No. 3 (3, ~p; 4, ~nom; 5, ~f). Coefficients 

(W/m 2 .~ rate  U (cm/sec) .  

The heat t r ans fe r  between the fiuidized bed and a surface was measured  with a hea t e r -p robe .  During 
the tes ts  we measured  the hea te r  power, on the bas is  of ammete r  and vol tmeter  readings,  as well as the 
tempera ture  difference between bed and probe surface ~ The e r r o r  in the measurement  of the heat t r ans fe r  
coefficient did not exceed 3%. The following hea te r -p robes  were used for the experiment:  a smooth cyl in-  
dr ical  probe, a probe with integral  fins, and a probe with pseudofins.  The diameter  of the cyl indrical  
element in each probe was 20 ram. 

For  determining the coefficient of heat t r ans fe r  between a single tube and a fluidized bed with spiral 
packing we used the smooth cylindrical  hea te r -probe  at the center  of the column. It was a copper tube with 
a 20 mm diameter ,  a 100 mm height, and a 5 mm wall th ickness .  Inside this probe was located a n ichrome 
hea ter  wire wound on a ce ramic  core  4 mm in d iameter .  In o rder  to minimize the heat leakage through the 
probe ends, these were covered with 20 mm thick Textolite s toppers .  The tempera tu re  difference At was 
measured  with a differential Chromel -Cope l  thermocouple using size 0.15 mm (diameter) wire .  One 
thermocouple bead was stuck to the outside of the copper cyl inder  at the center  of the probe.  The other 
bead of this differential thermocouple measured  the t empera tu re  of fluidized bed. The probe was mounted 
in a metall ic  f rame having a 20 mm diameter .  

For  heat t r ans fe r  measuremen t s  with the smooth tubes in the fluidized bed we used the same cyl in-  
drical  p robe .  It was then placed in the center  of the bundle in lieu of one tube. 

The probe with integral longitudinal fins was, in effect, a finned tube 140 mm long made of grade 
D-16 duraluminnm (X = 190 W/m .~ Its  three longitudinal fins 2.7 x 20 mm in c r o s s  section were equally 
spaced around the pe r ime te r .  The e lectr ic  heater  installed along the probe axis was of the same con-  
struction as the one in the smooth cylindrical  probe just descr ibed.  

The probe with pseudofins was, in effect, a tube like the one descr ibed ea r l i e r  but with three  straight 
longitudinal fins 1 x 20 mm in c ros s  section and c lear ing the cylinder surface by about 1 ram. Heat was 
dissipated here  only f rom the cylindrical  e lement .  

In all tes ts  the probes  were placed in the bed ver t ical ly ,  with the lower port ions of their  active 
surfaces  approximately 100 mm away f rom the gas dis t r ibutor  grid.  

P r i o r  to the heat t r ans fe r  tes ts ,  the pe r fo rmance  of the smooth cylindrical  probe and its measur ing  
circui t  in a bed was f i rs t  checked under conditions of a t r ansve r se  a i r  blast  in an aerodynamic tunnel. 
The discrepancy between tested and calculated values [8, 9] at high heat t r ans fe r  coefficients (> 100 W/m 2 
�9 ~ did not exceed 1%. 

The tes t  data for a f ree  bed and a bed with packing No. 4 and No. 5 (see Table 1) are  shown in Fig.  
la ,  b corresponding to sand and gel respect ively .  According to Fig.  la ,  the heat t r ans fe r  coefficient in a 
f ree  fluidized sand bed was maximum at a fil tration rate  of 30 c m / s e c .  For  a bed packed with 55 mm 
spira ls  the curve bent at the same value of the fil tration ra te ,  but then continued to r i se  slightly. At low 
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TABLE 2. Compila t ion of Heat T r a n s f e r  Coeff ic ients  

Item num- t-s ~, 
bet Kind of packing z-~---S 

Free bed 
Packing of 55 rnm spirals 
Packing of 20 mm spirals 

1 
0,94 
0,84 

1 
0.89 
0.78 

gas  f i l t r a t ion  r a t e s ,  a in a f r ee  bed was approx ima te ly  15% h igher  than in a s lower  bed .  As the f i l t ra t ion  
r a t e  i n c r e a s e d ,  the d i f fe rence  between the heat  t r a n s f e r  coeff ic ients  of a f ree  and of a s lower  bed became 
l e s s .  At the same t ime ,  in F ig .  l a  i s  a l so  shown the var ia t ion  of the heat  t r a n s f e r  coeff ic ient  in a bed 
packed with 20 mm s p i r a l s .  Accord ing  to the d i ag ram,  th is  curve  and the one fo r  a f ree  bed have  s i m i l a r  
t r ends ,  but the curve  for  th is  packed bed l i e s  20-25% l o w e r .  

With s i l i c a  gel as  the d i s p e r s e d  phase  (Fig.  lb) ,  the cu rves  for  a f r ee  bed and for  a bed packed with 
55 m m  s p i r a l s  a r e  a lmos t  the s a m e ,  but ~ i s  8-i0% l ower  in the l a t t e r  c a s e .  

All  these  data  show that  with both tes ted  m a t e r i a l s  the heat  t r a n s f e r  r a t e  d e c r e a s e d  by up to 25% in 
a bed with a s m a l l - v o l u m e  pack ing .  This effect  became  s t r o n g e r  when the packing was changed f rom 55 
mm to 20 m m  s p i r a l s .  

We a lso  m e a s u r e d  the ave rage  bed p o r o s i t y .  It was de te rmined  f rom the p r e s s u r e  drop in the core  
under  a 300 mm charge  height in the case  of sand (day = 0.22 m m ) .  The t e s t  r e s u l t s  a r e  given in Table 2. 
Here  a r e  a l so  included the r e l a t i ve  va lues  of heat  t r a n s f e r  coef f ic ients  and m a s s  concen t ra t ions  in the 
bed .  These  data co r r e spond  to f i l t ra t ion  r a t e s  (0.3 m / s e c )  at  which the hea t  t r a n s f e r  coeff ic ient  i s  m a x i -  
mum in a f r ee  bed .  

On the b a s i s  of these  data ,  one may conclude that the obse rved  d e c r e a s e  in the heat  t r a n s f e r  in a 
f luidized bed with smaI1-volume packing  i s  evident ly  due to the i n c r e a s e d  bed p o r o s i t y .  

A reduct ion of the heat  t r a n s f e r  r a t e  in a f luidized quar tz  sand bed with wi re  packing in the fo rm of 
hor izon ta l  m e s h e s  had been obse rved  e a r l i e r  [10]. Analogously to a bed with sp i r a l  packing,  the heat  
t r a n s f e r  coeff ic ient  d e c r e a s e d  when the bed cel l  volume was made s m a l l e r ,  i . e . ,  when the mesh  eyes  were  
made  s m a l l e r  and the wi re  spacing c l o s e r .  

The va lues  of a m e a s u r e d  with a v e r t i c a l  bundle of smooth tubes  (packing No. 2, Table  1) in a quar tz  
bed and in a s i l i c a  bed have shown that  in th is  case  the heat  t r a n s f e r  r a t e  r e m a i n s  the same  as  with a 
s ingle tube in the bed .  I t  has  been pointed out in [5] that  the heat  t r a n s f e r  r a t e  d e c r e a s e s  somewhat  when 
a c lo se ly  spaced v e r t i c a l  tube bundle i s  p laced in the f luidized bed,  while it  changes ins igni f icant ly  with 
a widely spaced bundle .  

In the t e s t s  with packing No.  3 (Table 1) we de t e rmined  the heat  t r a n s f e r  r a t e  s e p a r a t e l y  for  the fins 
and for  the c y l i n d r i c a l  e lement  of a finned tube .  Two p r o b e s  were  used f o r  th is  p u r p o s e ,  F i r s t ,  at the 
cen te r  of the bundle we p laced  the probe  with in teg ra l  fins~ A f t e r w a r d s ,  th is  p robe  was r ep laced  by the 
one with pseudof ins .  F r o m  the f i r s t  m e a s u r e m e n t  we ca lcu la ted  

G$.no IT l -- 

with F c denoting the area of the cylindrical surface. 

For the probe with pseudofins we determined 

Q ( i )  
AtFe 

QI (2) 
ap = -AtEc ' 

On the b a s i s  of t e s t  va lues  of the nominal  hea t  t r a n s f e r  coeff ic ient  for  the finned p robe  a and i t s  value 
for  the pseudofinned p robe ,  we ca lcu la ted  the heat  t r a n s f e r  r a t e  between the f iuidized bed and the f ins ,  with 
the fin e f f ic iency [8] taken into account as  fol lows:  

FC (C~n~ (3) 
cff = Ff U ' 

and with E denoting the fin e f f ic iency .  In our  ca se  E ~ 0.9. The va lues  of ~nom and ap were  taken for  
each f i l t ra t ion  r a t e  f rom curves  approx ima t ing  the r e s p e c t i v e  t e s t  da ta .  
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According to Fig.  l a ,  b, the nominal  heat  t r a n s f e r  coefficient  (~nom) for  a finned tube was 2.0-2.3 
t i m e s  h igher  than for  a smooth tube.  Consequently,  the finning of a tube i n c r e a s e s  the t he rma l  flux pe r  
unit tube length.  

On the s ame  d i ag ram s  a re  shown ap = f(U) c u r v e s .  F rom t e s t s  with s i l ica  gel, the curve  for  the 
pseudofinned probe  i s  s i m i l a r  to the curve  for  the smooth p robe  but i t  l i e s  somewhat  lower .  F r o m  t e s t s  
with quartz  sand, the heat  t r a n s f e r  coeff icient  for  the pseudofinned p robe  is  5-10% lower  than for  the 
smooth cyl indr ical  p robe  at r a t e s  U up to 40 c m / s e c ,  but at high f i l t ra t ion r a t e s  the ~p  = f(U) cu rves  for  
both p robes  a lmos t  over lap .  The ~p  curve  has  been omit ted in Fig.  l a ,  in o r d e r  not to obscure  the p i c -  
t u r e .  

The heat  t r a n s f e r  coefficient  at the fins was,  accord ing  to the data, somewhat  lower  than at the cy l in-  
dr ica l  e lement  of a tube.  As U was inc reased ,  the magnitude of ~f f i r s t  inc reased  fas t  until the f i l t ra t ion 
ra t e  had been reached at which the heat  t r a n s f e r  in a f r ee  bed became  max imum,  and then continued to 
r ema in  about constant .  At the same  t ime,  the ra t io  a f / ~ p  of peak  values  was 0.8 and 0.71 with sand and 
with gel r e spec t ive ly .  These  data we re  typical  for  fin su r f aces  in a fluidized s t r e a m .  

It  is  in te res t ing  to note that  a reduction in the heat  t r a n s f e r  ra te  was also observed  in [11], where  
the heat  t r a n s f e r  in a bed with hor izonta l  tube bundles and ve r t i ca l  finning had been studied.  

Although the heat  t r a n s f e r  coeff ic ients  for  finned tubes  seem to be lower ,  neve r the l e s s ,  according  
to our  data and the d a t a i n  [11], the quantity of heat  t r ansmi t t ed  pe r  unit tube length i n c r e a s e s  because  
of the l a r g e r  heat  t r a n s f e r  su r f ace .  

U 
~I, E 

0~I, 0~2 

af, anom, ap 

Q1, Q 

Fc, Ff 

NOTATION 

i s  the gas f i l t ra t ion ra t e  calculated p e r  full bed c r o s s  section; 
is  the poros i ty  of a f r ee  and a packed bed respec t ive ly ,  a tU = 0.3 m / s e c ;  
i s  the heat  t r a n s f e r  coefficient  in a f ree  and in a packed bed r e spec t ive ly ,  at U = 0.3 m 
/sec; 

is the heat transfer coefficients for fins, for tubes with integral fins, and for tubes with 
pseudofins respectively; 

is the heat transfer coefficient for smooth tubes; 
is the quantity of heat dissipated from hhe cylindrical surface and from the total surface 
of a probe respectively; 

is the surface area of tube and fins respectively (for the same tube segment). 
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