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The effective thermal diffusivity has been examined for several  types of smal l -volume 
packings; experimental  resu l t s  for two mate r ia l s  and all types of packing are presented 
as an empir ica l  relat ionship.  

Various heterogeneous technical p r o c e s s e s  can employ fluidized sys tems  with a fixed packing [1], 
as the la t te r  break  up the gas bubbles and produce a bed of high homogeneity, though they simultaneously 
reduce the motion of solid [1, 2]. Therefore ,  considerable interest  attaches to experimental  evidence on 
the solid mixing in the sys tem.  Unfortunately, such data have been published only for cer tain types of 
packing. The data are more  or less  reliable for a fluidized bed with spherical  packing (bed of large 
spheres)  [3-5]. F ragmen ta ry  data have been published for several  types of smal l -volume packings: set of 
horizontal grids [6, 7], a stack of grid cyl inders  [3], and wire spiral  packings [2]. On the other hand, 
nothing has been published on the mixing of the solid in such a bed when the packing is in the form of a set 
of finned ver t ica l  tube bundles, or sets of packets of flat inclined plates, although these are of industrial 
interest .  

We have remedied  this deficiency and obtained information on the mixing rate (heat t ransfer  in space) 
for such a fluidized bed. 

The exper iments  were done in a column of d iameter  300 mm, with air  fluidizing sand (d = 0.23 ram, 
U 0 = 6 cm/sec )  and sil ica gel (d = 0.19 mm, U 0 = 2 c m / s e c ) .  We used several  types of packing, whose 
major  cha rac te r i s t i c s  are given in Table 1. The tests were done with initial bed heights of 30, 45, and 60 
cm and fluidization numbers  up to 20. 

The heat t ransfer  rate in the ver t ica l  direction was determined with an instantaneous thermal  pulse 
[7]. A bunch of hot par t ic les  was produced by a heat source at the upper boundary of the layer,  and the 
time needed for  the tempera ture  to begin to r ise  at the lower boundary, 7 m, was measured .  This gave the 
effective thermal diffusivity [7] as 

L: 
aef f = _  2"r,~ (1) 

The value is dependent on the gas flow rate U, l ayer  height H0; and the aerodynamic charac te r i s t i c  
of the mater ia l  U 0. These quantities can be grouped as two dimensionless combinations aeff/UoH 0 and U/ 
U 0 =N.  

Figure 1 shows the observed relation between the effective thermal  diffusivity and the gas -passage  
speed in t e r m s  of these dimensionless  coordinates .  The points are shown for sand and sil ica gel. We give 
not only values for  a free fluidized layer  but also ones with packings Nos. 3 and 4 (Table 1), and it is c lear  
that the observed points for  the free l ayer  lie appreciably higher than those for  ones with packing, which 
indicates that the immobile packing reduces  the mixing rate .  

The points for the free l ayer  lie around one straight  line, while those for packings Nos. 3 and 4 lie 
around others .  Each of the straight l ines passes  near  the origin, but the slopes differ.  The same applies 
for the other  types of packing. 
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T A B L E  i. P a c k i n g  C h a r a c t e r i s t i c s  

o =' ;=~~ mm c~ Parameters, etc ~ ~ ~. . size, 
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10 

Ii 

12 

13 Plates in a pack neighbors inclined 
] in opposite directions, h = 55 ram, 

S : S21 mm, ct = 75 ~ 
14 As 13, h = 35 ram, S = 20 mm, a = 75 ~ 

15 Layer of spheres 

Free layer 
Low-vo2ume packing 
Set of vertical tubes ~ 20 mm 8,06 
Wire spirals D = 55 mm [8] 

3,0 
Wire spirals, D= 20 mm 0,52 
Wire spirals, D = t0 mm 0,34 
Set of vertical tubes r 20 mm 
With three straight longitudinal edges 

in each 2,7 
Set of vertical tubes r 20 mm 
with one start spiraI edge, pitch S 

= 132 mm 4,35 
Set of vertical tubes ~ 2r mra 
With two-start spiral edge, pitch 8 

= 132 mm 2,86 
Set of vertical tubes ~b 20 mm 
With one start spiral edge; pitch S 

= 222 mm 4,54 
Set of vertical tubes r 20 mm 
with two-start spiral edge, pitch S 

= 222 mm 3,22 
Plate packing 
' 'ertical plates in pace height h = 55 

row,: pitch S = 50 ram, thickness 1 
m~o g 1net/nation to horizontal a 

Plates in a pace neighbors all inclined 2,04 
�9 in the seme direction, h = 55 mm, 

1 S = 50 ram, a = 6 0  ~ 1 , 9 2  

1 , 5 9  

1,14 

Notes 

I 

Pitchof set n=0,46 cm 
63x-63 

Packed loosely 
Packed loosely 
Packed loosely 

Edge width 20 mr~ 
63 • thickness 2 mm 

63X63 

Edge width 20 ram, 
. tfiicknlss 2 mm 

H=1.45 cm 

H=0.64 cm 

63 x 63 

63X63 

63 X 63 
Slot width, mm 

5O 

5O 

18 

12 

T h e  i m m o b i l e  e l e m e n t s  p r e s e n t  a d d i t i o n a l  o b s t a c l e s  to c i r c u l a t i o n ;  the  p r o j e c t i o n  of  the  p a r t i c l e  

v e l o c i t y  n o r m a l  to t he  s u r f a c e  i s  z e r o ,  so  the  p a c k i n g  m a y  b e  c h a r a c t e r i z e d  to a f i r s t  a p p r o x i m a t i o n  v i a  

i t s  h y d r a u l i c  r a d i u s  (/, H), i . e . ,  t he  v o l u m e  of  the  f l u i d i z e d  b e d  p e r  uni t  p a c k i n g  s u r f a c e .  

F i g u r e  2 s h o w s  in s e m i l o g  t e r m s  the  r e l a t i o n  of  a e f f  to t he  h y d r a u l i c  r a d i u s  f o r  a f i x e d  f l u i d i z a t i o n  

n u m b e r  N = 11; it  s h o w s  e x p e r i m e n t a l  r e s u l t s  f o r  a l l  o u r  p a c k i n g s ,  and a l s o  d a t a  f o r  a s p h e r i c a l  p a c k i n g  

( l a y e r  of  l a r g e  s p h e r e s )  p u b l i s h e d  e l s e w h e r e  [3, 4] .  

T h e  p o i n t s  a l l  l i e  a r o u n d  t h r e e  s t r a i g h t  l i n e s .  T h e  top one  r e p r e s e n t s  s m a l l - v o l u m e  p a c k i n g s  N o s .  

2 - 1 0  ( b u n d l e s  of  f i n n e d  t u b e s  and l a y e r s  of  w i r e  s p i r a l s ) ,  w h i l e  t he  s e c o n d  r e p r e s e n t s  a l a y e r  of l a r g e  

s p h e r e s ,  and the  t h i r d  ( l o w e r )  s t r a i g h t  l i n e  r e p r e s e n t s  p a c k e t s  o f  p l a t e s  (Nos .  t 1 - 1 4 ) .  Al l  t h e s e  s t r a i g h t  

l i n e s  r u n  t h r o u g h  t h e  p o i n t  c o r r e s p o n d i n g  to m i x i n g  of  t he  s o l i d  in a f r e e  f l u i d i z e d  bed ,  bu t  t h e y  d i f f e r  in 

s l o p e  H = ( 1 / U o H 0 ) ( 8 a e f f / a l / l  H) and t h e  l a t t e r  i s  e s s e n t i a l l y  a c h a r a c t e r i s t i c  of  the  p a c k i n g  c o n s t r u c t i o n  and 
r e f l e c t s  the d i f f e r e n c e s  in e f f e c t  f r o m  the  d i f f e r e n t  p a r t s  o f  the  s u r f a c e  o f  the  i m m o b i l e  e l e m e n t .  We c a n  

s a y  tha t  the  p l a t e  p a c k s  a r e  m o s t  e f f e c t i v e ,  w i th  the  l o w - v o l u m e  p a c k i n g s  ( f inned  t u b e s  and  w i r e  s p i r a l s )  

l e a s t  e f f e c t i v e .  T h e  s p h e r e  p a c k i n g  i s  i n t e r m e d i a t e .  T h e  v a l u e s  of  H, the  d e s i g n  p a r a m e t e r  of  a p a c k i n g  

g r o u p ,  a r e  a s  f o l l o w s :  l o w - v o l u m e  p a c k i n g s  2 -10 ,  p l a t e s  1 1 - 1 4 ,  and  a l a y e r  of  s p h e r e s  r e s p e c t i v e l y  H = 0.46;  

0 .15;  and  0 .64  ( T a b l e  1). 

F i g u r e  3 s h o w s  a f i n a l  r e s u l t  f r o m  p r o c e s s i n g  t h e  da ta ,  and  it r e p r e s e n t s  o u r  r e s u l t s  wi th  t h r e e  

b e d s  and  o n e s  wi th  p a c k i n g s  N o s .  2 - 4  ( T a b l e  1) as  we l l  a s  o t h e r  r e s u l t s  f o r  s p h e r i c a l  p a c k i n g s  [3, 4]. T h e  

f o l l o w i n g  r e l a t i o n s h i p  a p p l i e s  a p p r o x i m a t e l y :  

w h e r e  R e *  = UoHo/ug .  

aeff / 800 / 2 exp - -  , (2) 

~'g 1 + ~--RE-e, J 
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Fig.  2 
Fig.  1. Effect ive t he rma l  diffusivity as a function of gas pas sage  ra te :  1, 3, and 5) 
sand d = 0.23 m m  with packings 1, 3, and 4 r e spec t ive ly  (Table 1); 2, 4, and 6) s i l ica  
gel, d = 0.19 mm, packings 1, 3, and 4 r e spec t i ve ly  (Table 1). 

Fig.  2. Effect ive  the rmal  diffusivity as a function of r ec ip roca l  hydraulic radius  of 
packing (1//H, cm-i ) :  1) f r ee  l ayer ;  2-10) r e spec t ive ly  packings  2, 9, 7, 10, 3, 6, 8, 4, 
and 5 (Table 1); 11) l a y e r  of sphe res  [3]; 12 and 13) l a y e r  of spheres  [4]; 14-17) pack -  
ings 11, 12, 13, and 14 r e spec t ive ly .  

The va lues  apply for  2-<N--< 20, 0.3 ~ l  H_< 10cm,  1 . 5 ~ U  0<- 6 c m / s e c ;  3 0 - < H  0-< 60 ore, Re* 
< 2500; p = 0.15 cm2/sec ;  the m a x i m u m  sp read  in the obse rved  points does not exceed 30%, which is quite 
acceptable  for  this s y s t e m .  

The resu l t  shows that the mixing ra te  i nc rea se s  l inea r ly  with the fluidization number  but fal ls  as 
the hydraulic  radius  of the packing i nc r ea se s .  The par t i c le  c i rcula t ion  begins to make i tself  felt  at fluidi- 
zation number s  above 2. The l inea r  re la t ionship  to the speed for onset  of fluidization is also in teres t ing.  
The height dependence is complex;  if the height is smal l  (Re.  < 103), the mixing ra te  i nc reases  rapidly,  
but with the ra te  of inc rease  gradual ly  falling. Above the value 

Re,  = U~176 ~ 2000, (3) 
Vg 

the c i rcula t ion  of the solid is v i r tual ly  independent of the height. Equation (3) can be cons idered  as an 
e s t ima te  for  the ver t i ca l  scale  of the solid c i rcula t ion  loop in a f luidized bed with a packing.  The l aye r  
height above which the mixing ra te  becomes  constant  va r i e s  inverse ly  with the speed for  onset  of f lu idiza-  
tion. 
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Fig. 3. Genera l ized  cu rve .  D i s p e r s e d  m a t e r i a l  s i l ica  
gel d = 0.19 ram,  H 0 = 30 cm;  1-12) sand d = 0.23 m m ,  H0 = 
30 cm;  13-26) Nos. 1-14 (Table 1); s i l i c age l  H0=45 
era; 28, 29) Nos. 3, 4 (Table 1); s a n d H 0 = 4 5 c m ;  30, 31, 
32) Nos. 3, 4, 12 (Table 1); s i l i ca  gel  H0=60 cm; 33, 34, 
35, 36) Nos. 3, 7, 9, 8 (Table 1); sandt t0=60 cm;  37) 
Nos. 4 (Table I) ;  38) [3]; 39, 40) [4]; Y= neff  exp (HI  
/H)/(N-2)Pg;  R e .  = U0H 0 l u g .  
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The empirical relationships can be recommended in estimating the heat-transport rate in a fluid- 
ized bed with packing and also for evaluating the solid circulation, This information is necessary in con- 
structing an approximate model for any process involving a fluidized bed with packing, especially if a 
sound choice of optimal parameters  is necessary.  

NOTATION 

neff,effective thermal conductivity; L, distance from surface to thermocouple; T m time; U0, U, 
fluidization onset velocity and interstitial gas velocity; H 0, height of packed layer; N, fluidization number; 
I H, hydraulic radius of packing; Vg, kinematic viscosity of gas; d, particle diameter; H, packing parameter.  
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