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M e a s u r e m e n t s  a r e  r e p o r t e d  fo r  the h o r i z o n t a l  c o m p o n e n t  of the e f f ec t ive  t h e r m a l  d i f f u s i -  
v i ty  of  a bed  in a v e s s e l  of d i a m e t e r  20 c m  with  v i b r a t i o n s  of  ] 6 - 3 0  Hz and a m p l i t u d e  2 -6  

m m .  

T h e r e  have  r e c e n t l y  been  t e c h n i c a l  a p p l i c a t i o n s  of  f l u id i z a t i on  of  g r a n u l a r  m a t e r i a l  by v i b r a t i o n  [1-  
3]; one n e e d s  to know the e f f ec t i ve  t h e r m a l  d i f fu s iv i ty  in o r d e r  to d e s i g n  i n d u s t r i a l  p l a n t  wi th  such b e d s ;  
s o m e  e v i d e n c e  on the e f f ec t i ve  t h e r m a l  conduc t iv i t y  of a l a y e r  of c o r u n d u m  ( p a r t i c l e  s i z e s  0.16 and 0.32 
ram) has  been  g iven  [4, 5] fo r  a m p l i t u d e s  < 1 ram.  

We have  d e t e r m i n e d  the e f f ec t ive  t h e r m a l  d i f f u s i v i t y  of such a bed  of  sand  and a l so  of  c o r u n d u m  for  
v i b r a t i o n s  of  a m p l i t u d e  m o r e  than 1 ram,  which  a r e  of i n t e r e s t  fo r  s o m e  a p p l i c a t i o n s  [1-3] .  

Hea t  i s  t r a n s p o r t e d  in s p a c e  in such a s y s t e m ,  a s  in a n o r m a l  f l u i d i z e d  bed ,  by mov ing  e d d i e s  of 
p a r t i c l e s  (the bulk  t h e r m a l  c a p a c i t y  of the p a r t i c l e s  i s  g r e a t e r  by a f a c t o r  1000 than tha t  of  gas)  and th is  
m a y  be d e s c r i b e d  to a f i r s t  a p p r o x i m a t i o n  v ia  F o u r i e r ' s  equa t ion :  

00 
Ox = aefV*" (1) 

The c o e f f i c i e n t  ae f  fo r  the e f f ec t ive  t h e r m a l  d i f f u s i v i t y  c h a r a c t e r i z e s  the m i x i n g  (diffusion)  of  the 
p a r t i c l e s ,  and by ana logy  wi th  t u r b u l e n c e  in a l i qu id  m a y  be e x p r e s s e d  a s  fo l lows  [10]: 

a e f ~  ~/p. (2) 

The e n e r g y  supp ly  i s  the b a s i c  f a c t o r  g o v e r n i n g  the s t a t e  of the s y s t e m ;  the l eve l  of  t h i s  i s  d e t e r -  
m i n e d  by the f r e q u e n c y  and a m p l i t u d e  of the v i b r a t i o n s .  

The k i n e t i c  e n e r g y  s u p p l i e d  to the s y s t e m  is  t r a n s m i t t e d  to the p a r t i c l e s ,  and th i s  r e s u l t s  in c o n -  
t inuous  e n e r g y  d i s s i p a t i o n  on accoun t  of f r i c t i o n  b e t w e e n  the m o v i n g  p a r t i c l e s  and the ga s ,  the w a l l s  of 
the v e s s e l ,  and the o t h e r  p a r t i c l e s ,  a s  i s  ev ide n t  f r o m  the t e m p e r a t u r e  r i s e  in  the v i b r a t i n g  l a y e r  [2]. 

T A B L E  1. A v e r a g e d  V a l u e s  of a e f  ( cm2 / sec )  

Frequency, Hz 
Depth, 16 [ 20 I ~S [ 30 

Material mm anaplittde, mm 

I 2 4 6 2 4 6 2 4 2 

S and 

Corundum 

100 
200 
300 

100 
200" 
300 

0,36 1,4 
0,81 1,96 
1,31 1,27 

2,4 5,8 
1,6 1,78 
0,97 1,42 

1,6 1,14 
2,1 0,94 
1,23 1,12 

3,5 1,05 
2,8 2,1 
1,9 0,83 

1,11 
1,72 
0,7 

4,3 
1,5 
1,76 

i,8 0,77 
1,94 1,28 
1,24 0,77 

5,8 1,I 
3,2 1,2 
1,5 0,74 

1,84 1,25 
1,41 I:o7  
1,52 

2,9 
--  0,59 
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. Fig. 1. Scheme of exper imenta l  installation. 

The higher  the kinet ic  energy  input, and con-  
sequently the g r e a t e r  the speed of motion, the more  
energy  is d iss ipated in unit t ime; the l a t t e r  is  con-  
s tant  in the steady state and is  equal to the input 
energy .  Then we have 

M = - -  k~ E. (3) 

The energy is supplied to the system by the 
lower boundary of the layer. It has been found [11] 
that there is a prominent gas band between a bed 
fluidized in this way and the bottom of the vessel; as 
the vessel moves upwards, the height of this boundary 
decreases and the gas is expelled between the par- 
ticles; if the rate of gas passage is sufficient (ve- 
locity for onset of fluidization), the gas gives up a 
certain amount of kinetic energy to the particles. 
When the thickness of this boundary layer becomes 
zero, the particles contact the vessel; for a certain 
period the vessel and the particles move together, 
and then the difference in the accelerations causes 
them to move away from the bottom of the vessel, 
which begins to move downwards, so that gas is 
drawn in again and the gas boundary layer is re-  
formed. 

Energy is brought into the system thus by 
collision of particles with the vessel and by the gas 
flow. The power input in the steady state may be 
defined as 

T 

0 

(4) 

where  G is a t r ansmi t t ing  function [12], which is  1 when the pa r t i c les  a re  in contact with the vesse l  and 
zero  the r e s t  of the t ime .  

The f i r s t  t e r m  in the integral  r e p r e s e n t s  the power brought  into the l aye r  by coll is ion With the vesse l ,  
while the second takes account of the power supplied by the infi l t rat ing gas.  

At the moment  of collision, the par t ic le  veloci ty  is equal to the veloci ty  of the vesse l :  

Vpv:= Ao~ cos ~ .  (5), 

The par t ic le  speed in the steady s ta te  is de te rmined  by the difference between the gas speed and the 
lift ing speed; the l a t t e r  is  equivalent  to Vcr ,  the veloci ty for  fluidization onset ,  when the concentrat ion is  
high. We consider  the v ibra ted  l aye r  as a quas is ta t ionary  sy s t em to put 

Vpg,= Ao COS (r -- q~) -- Vet, (6) 

where cp is the phase shift between motions of vessel and particle. From (4)-(6) we get 

M = - - k 2 A  2~. (7) 

We e x p r e s s  the mean kinet ic  energy of the pa r t i c l e s  in t e r m s  of the mean velocity:  
- - 2  

E --- ksVp 

and solve (2), (3), (7), and (8) for aef  to get 

(8) 

aef ' ~ k4~/Af~ ~ l = k.~Aco 1"5 E ( 9 )  
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TABLE 2. Resu l t s  f rom Sta t i s t ica l  T r e a t m e n t  

Material 

S and 

Corundum 

Depth, mm 

100 
200 
300 

100 
200 
300 

Correlation 
coefficient 

82 
71 
5 

37 
57 
48 

Standard 
deviation, 
% 

32 
16 
26 

88 
30 
43 

Parameters in 

0,85 
0,34 
0, 03 

0,55 
0,4 
0,47 

(11) 

0,3 
0,9 
1,1 

1,1 
1,1 
0,6 

It follows f rom (9) that  the hea t  t r a n s p o r t  ra te  is  a function of the square  root  of the power  input, 
i . e . ,  of Awl'5; i t  has  been shown by expe r ime n t  [13, 14] that the ra te  of v ibra t iona l  sepa ra t ion  and t r a n s p o r t  
for  loose m a t e r i a l s  is  de t e rmined  by the same p a r a m e t e r  Ar m, where  1.37 <- m ~ 1.7. 

An in t e r e s t i ng  point is  that A~c 1"~ governs  the coeff ic ients  of heat  t r a n s f e r  between the f luidized 
l a y e r  and a sur face  i m m e r s e d  in it; this  has  been obse rved  via the turning point on the h e a t - t r a n s f e r  curves  
as  functions of f requency for va r ious  v ib ra t ion  ampl i tudes  [9]. 

To de t e rmine  aef  we used the t he rma l  pulse method p rev ious ly  used for f luidized beds  and which has 
been adequate ly  d e s c r i b e d  [6, 7]. 

F igure  1 shows the appara tus ,  which cons i s t s  of a cy l indr i ca l  ves se l  2,200 mm in d i a m e t e r  and 600 
m m  high (solid bottom),  which i s  se t  up on the eccen t r i c  v i b r a t o r  to produce  ve r t i c a l  o sc i l l a t i ons ,  whose 
f requency was  adjus table  f rom 16 to 30 Hz and whose ampli tude was  2 to 6 mm. Above ves se l  2 there  was 
a plate 1 with a hole for  tube 3 with a funnel; the end of the tube was  c losed  by the bung 6. Rod 5 knocks 
out the bung. Tube 3 was  suspended by a s y s t e m  of b locks  and had a counterweight  to provide rap id  r e -  
moval  f rom the l ayer ;  the upper  pa r t  of the tube was  f i t ted with the f lat  metal  r ing  7, which r e s t e d  on the 
wooden sheet  1 when the tube was  i m m e r s e d  in the l a y e r  and c losed  the connection between copper  p la tes  
ins ta l l ed  there ,  thereby shunting the m e a s u r i n g  c i r cu i t  for  the two the rmocouples  4, which we re  se t  up in 
two d i a m e t r i c a l l y  opposi te  points at half  the height of the immobi le  bed and which were  connected to two 
fas t  e l ec t ron ic  po t en t iome te r s  (time for f u l l - s c a l e  def lect ion 1 sec) .  

We used three  f r ac t ions  of sand (114,200,  and 350/lm) and two of corundum (46 and 84 tim); the depths 
of the l a y e r  in the immobi le  s ta te  were  ]00 ,200 ,  and 300 mm.  

The v ibra t ion  ampl i tude  was  m e a s u r e d  with wedges  to 0.2 mm,  while the f requency was  m e a s u r e d  
by a t achomete r  with a coeff ic ient  of va r i a t ion  of 3%. 

The e x p e r i m e n t s  were  conducted as  follows; with the sy s t em c losed ,  a batch of powder heated to 600- 
700~ was  run in through the tube; then the tube was  pushed down into the f luidized bed and the t e m p e r a -  
t u r e - r e c o r d i n g  s y s t e m  was  switched on. Rod 4 rap id ly  e jec ted  the cork and then the tube was  r emoved  
rap id ly  from the bed. The t ime for the p a r t i c l e s  to run out did not exceed 1/10 of the t ime to a t ta in  the 
max imum t e m p e r a t u r e ,  so one can [8] cons ide r  the heat  input as  ins tantaneous .  As the tube l eaves  the 
l a y e r ,  the shunting contact  i s  opened and the moment  of onse t  of r eco rd ing  is  marked  on the char t  paper .  
The height of the l a y e r  of powder in the tube was  approx ima te ly  equal to the depth of the l a y e r  in the v e s -  
se l ,  which produced condit ions for cy l indr ica l  ( l inear)  the rmal  pulsing.  Usually,  the in jected powder con-  
s t i tuted ~ 1% of the total amount p re sen t .  The m a t e r i a l  to be heated was  taken f rom the ve s se l  for  each 
s ucce s s ive  expe r imen t ,  so the volume of the bed r ema ined  constant .  During the m e a s u r e m e n t s  we r e -  
corded the t e m p e r a t u r e  at the wal l ,  and f rom the char t  we deduced the t ime to reach  the max imum t em-  
pe ra tu r e ;  we ca lcula ted  aef  f rom the re la t ionsh ip  [6, 7] for a l i nea r  source :  

ae f : R2/4.~. (1 0) 

The max imum re l a t ive  e r r o r  in aef  did not exceed 10%. 

It  was  obvious at  once on examining the data that the observed  aef  had a l a rge  sp read ,  which ind ica tes  
that the f luidized l a y e r  was nonuniform; the m e a s u r e d  aef  were  ins tantaneous  values  and local  ones ,  and 
they c h a r a c t e r i z e  only m i c r o s c o p i c  p r o c e s s e s ;  but the quant i t ies  of mos t  p r ac t i c a l  i n t e r e s t  a r e  those r e -  
la t ing to m a c r o s c o p i c  p r o c e s s e s ,  whose t ime s c a l e s  a r e  g r e a t e r  than the r e l axa t ion  t imes  of nonuni formi t ies  
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in the sys tem,  as well as p rocesses  under stat ionary conditions. In these cases  one charac te r i zes  the 
sys tem by the mean effective thermal diffusivity. To average  the experimental value we used the resul ts  
f rom numerous runs; in a single condition we made six sets  of measurements ,  and in all recorded over  
700 experimental  points. 

There was no definitely established effect f rom part ic le  size on aef on account of the spread in the 
experimental values; only the vibration pa ramete r s  had ascertainable effects,  so the resul ts  for each A and 
n were  averaged for all f ract ions of sand and corundum, and Table 1 gives the result ing averaged aef. 

We then processed  the resul ts  to give an equation of the type of (9); the pa ramete r s  of the sys tem in 
the horizontal direct ion were  unvarying (vessel d iameter  and position of l inear heat source),  so we sought 
a function of A,~l.5; the resul ts  were  subject to l inear r eg res s ion  in a logari thmic coordinate system,  with 
the points represented  as the power function 

aef---- b (Aco ''5 )~ [crn2/sec]. (11) 

Table 2 gives resu l t s  f rom the statistical t rea tment  of the data. 

The hea t - t r ans fe r  rate is a complicated function of Ace i'5 and layer  thickness; if the thickness is 
small ,  the heat t ransfer  rate increases  rapidly with the input power, but the dependence becomes less  
pronounced as the layer  thickness becomes grea te r ,  as is well seen in the tests  with sand, where the c o r -  
relation coefficient falls f rom 82% to 5%when the height of the layer  is increased f rom 100 to 300 ram. 
The corundum test  had a l a rge r  spread in the points, and therefore this relationship was smoothed. In the 
sand experiments ,  a 200 mm bed gave higher values of aef much more often than did a 300 mm one, as 
Table 1 shows. Table 2 shows that a 200 mm bed (H/D ~ 1) gave minimal spread in the points. 

The resul ts  for aef in the sand test  agree qualitatively with those of [1], which showed that the maxi-  
mum coefficient of dynamic activity* in vibrational mixing of sodium bicarbonate add calcined soda at below 
30 Hz corresponded to H/D ~ 0.5. This maximum shifts to smal le r  thicknesses as the frequency is raised,  
while the absolute value of the coefficient is reduced. 

The following is the probable reason for the dependence of the mixing rate on the layer  depth; as H 
increases ,  the mean speed gradually decreases ,  but simultaneously there is an increase in the mean scale 
of the circulation. For  a cer tain H, the increase  in circulat ion scale does not compensate for the fall in 
part icle  velocity,  and then the mixing rate as regards  space will fall. 

Interest ing resul ts  were obtained in [5] for corundum with mean part icle s izes of 0.16 to 0.32 mm in 
a vibrat ing vessel  of d iameter  154 ram; the hea t - t r ans fe r  rate was determined f rom the temperature  d is -  
tribution, and the tests  were done at high frequencies (69 Hz) and low amplitudes (0.18-0.33 mm). The 
resul t ing aef were about 0.2-0.4 cm2/sec,  which were virtually the same as in our experiments  for s imi lar  
values of Aw ~'5. An interest ing point about [5] is that the resul ts  were presented in coordinates of ef-  
fective thermal conductivity against vibration power. 

These measurements  show that the aef for a fluidized bed is 1-3 cm2/sec,  i .e. ,  close to the aef in 
an ordinary fluidized bed [7]. The aef of a vibrating bed is a function of the input power, i.e., of Ao~1.5; 
it inc reases  with this pa ramete r  specially rapidly when the bed is shallow. The effects of this factor  
gradually become less  as the bed becomes  deeper,  and f rom a depth of about 200 mm onwards there is a 
fall in the aef , which implies a reduced rate of mixing in the bed. This indicates considerable dispersal  
of the kinetic energy as the depth increases .  

NOTATION 

A, n amplitude and frequency of vessel  fluctuations; 
aef effective thermal diffusivity of vibrofluidized bed; 
M mean power supplied within fluctuation period; 

mean kinetic energy of moving par t ic les  for a cycle;  
k proport ionali ty factor;  
Vpv velocity of par t ic les  colliding with vessel  at collision moment; 

* A quantity inversely  proportional to the time of mixing of the components.  Experiments  [1] were  conducted 
in vesse l s  of c ro s s  section 240 • 240 ram. 
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Vpg 
Vcr 
I~1, m2 
l, Vp 
~0 

3" 

T m  
H 
D 
T 
day 
R 

particle velocity; 
velocity of fluidization onset; 
mass of colliding particles and mass carr ied away by gas; 
mean scale of circulation and mean velocity of material; 
circular  frequency; 
time; 
time of maximum temperature onset; 
height of filling; 
diameter of vessel; 
fluctuation period; 
mean diameter of particles; 
radius of vessel.  
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