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The phenomenon of per iodic  v ibra t ions  in a f luidization bed is analyzed in the light of two 
m e c h a n i s m s  of in teract ion between solid phase  pa r t i c l e s .  Equations a re  der ived for  the f r e -  
quency, the wave veloci ty ,  and the wave vec to r  of pe r iod ic -bed  v ibra t ions .  

The authors  cons ider  he re  the v ibra t ion  of solid phase  pa r t i c l e s  in a fludization bed resu l t ing  f rom 
col lect ive in terac t ion  and d i rec t  col l is ions between pa r t i c l e s .  A study and ana lys i s  of the motion of the 
solid phase  in a f luidization bed r e v e a l s  that  individual pa r t i c l e s  and c lus t e r s  of pa r t i c l e s  v ib ra te  with dif-  
fe ren t  ampl i tudes  and f requencies .  Al together ,  accord ing  to the exper imen ta l  studies in [5] and [6], the 
v ibra t ion  spec t rum of solid phase  p a r t i c l e s  is continuous and cove r s  a wide range.  As to the causes  and 
nature  of v ibra t ions  exci ted and susta ined in the solid phase  of a f luidization bed, they evidently cannot be 
a t t r ibuted to  any single m e c h a n i s m  but r a t h e r  to an in terp lay  between s e w r a l  different  p r o c e s s e s .  Among 
the var ious  v i b r a t o r y  p r o c e s s e s  occur r ing  in a f luidization bed, one can single out a few types  of p r o c e s s e s  
as ,  for  ins tance,  the "shaking" sma l l - ampl i t ude  h igh- f requency  v ibra t ion  of individual pa r t i c l e s  and v i b r a -  
t ions resu l t ing  f r o m  an in te r fe rence  between pa r t i c l e  c l u s t e r s .  

The in te r fe rence  between individual pa r t i c l e s  can r e su l t  not only f r o m  a d i rec t  momen tum t r a n s f e r  
f r o m  one to another  during col l is ions but a lso  f r o m  a meshing  of the hydrodynamic  boundary l aye r s  which 
sur round such pa r t i c l e s  [1]. At a suff icient ly high s t i r r i ng  r a t e  in the solid phase  and high re la t ive  ve l -  
oci t ies  of the phases ,  f u r t h e r m o r e ,  the individually moving pa r t i c l e s  leave turbulent  t r a i l s  which can a lso  
in te r fe re  with one another  as well as with the solid phase  pa r t i c l e s .  The b reakaway  of turbulent  vo r t i ce s  
dur ing a fas t  motion of solid phase  pa r t i c l e s  can a lso  r e su l t  in a p a r t i c l e - v o r t e x  type in te r fe rence .  These 
in te r fe rence  modes  belong to the n e a r - r a n g e  ca tegory ,  and the kinet ics  equation [2] 

0 [  4- uvf ~- (g + xlw~-~w) 0[' 0 (~u/) - Dv2uf - -  I = 0 (1) 
Ot Ou Ou 

will account  for  them in a s ta t i s t i ca l  descr ip t ion  of the solid phase  motion.  The solution to th is  equation is,  
to the f i r s t  approximat ion ,  

/ m ~3.,.'-, ( mu2 / 
[ (r, u) = n (z) t,| ----)2n0 exp - -  - - ~ }  , 

where 0 = mD/X 2. 
t ion 

(2) 

F o r  an expanding fluidization bed, when n << 6 / v d  3, function n(z) mus t  sa t i s fy  the equa-  

R a d n  = C(R~ - -  1)n, (3) 
dz 

where  

R=[T ) C = X~. 
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The solution to Eq. (3) is the following function 

Function n(z), when ex-pressed in this fo rm,  is an analog of the b a r o m e t r i c  fo rmula  for  a f luidization bed. 
A fo rmu la  like (4) was p roposed  in [3] and exponential  fac tor  was evaluated exper imenta l ly .  

By extending the analogy with the kinet ic  theory  of gases ,  as f a r  as Eq. (1) is concerned,  in the case  
of e las t ic  col l is ions between p a r t i e l e s  one m a y  expect  that v ibra t ions  of the acoust ic  kind a r e  p ropaga ted  
through the f luidizat ion bed. The ve loc i ty  of these  acoust ic  waves is 

Energy  is t r a n s m i t t e d  he re  by sequences  of e las t ic  col l is ions between solid phase  pa r t i c l e s  in the 
f luidization bed. The motion of individual pa r t i c l e s  in the bed should.be v i b r a t o r y  with smal l  ampl i tudes  
and high f requenc ies .  

The quanti ty ]k 2 c a n  be de te rmined  f r o m  the expres s ion  

'%~=---D ( i - - ~ l w ~ )  - z g  g lnn--lnn~ (6) 

F o r  a bed of d = 2.5-4.0 m m  pa r t i c l e s  fluidized with a i r  at 2.5-5.0 m / s e e  veloci ty,  the value of X 2 is s o m e -  
where  within 0.012-0.020 see  -1. The dfffusivity D under  these conditions, in the ve loc i ty  space ,  has  been 
de t e rmined  expe r imen ta l ly  [5, 6] and found to range  f r o m  15 to 40 em2/see  -3. Inser t ing  these  values  into 
(5) yields  the folIowing e s t ima te  for  the ve loc i ty  of v ibra t ions  in such a fluidization bed: 

v* ~ 0.4 - -  0.8 m/see. (7) 

The f requency  of v ibra t ions  is e s t ima ted  f r o m  the re la t ion  

U* 
~:* -~  --, (8) 

l 

where l denotes  the c h a r a c t e r i s t i c  l inear  d imension  of the fluidization bed. Under the given conditions ff 
r anges  f r o m  8 to 16 Hz. 

We note that  these  e s t i m a t e s  for  v* and i* agree  c lose ly  with the m a x i m u m  veloci t ies  and v ibra t ion  
f requenc ies  of individual pa r t i c l e s  obse rved  in the expe r imen t s  [5, 6] concerning the motion of the solid 
phase  in a f luidizat ion bed. 

A cons idera t ion  of f a r - r a n g e  hydrodynamic  in te r fe rence  fo rces  in a fluidization bed will explain the 
m e c h a n i s m  by which col lect ive v ibra t ions  of solid phase  pa r t i c l e s  a r e  brought  about. The equation of the 
pa r t i c l e  dis t r ibut ion function in the phase  space  of coordinates  and veloci t ies  can be der ived with the aid 
of the concept  of a se l f -adapt ive  field [7]: 

of o o a~- + ~ [ [u, } ~ ~u~ { (a'hu" ~- b~) [ } = 0, (9) 

where a iku k + b i is the se l f -adapted  hydrodynamic  in te r fe rence  fo rce .  When 0 = 0 or  when 

f = n0a ( u - -  < u > ) ( lo )  

the phase  ve loc i ty  of col lect ive v ibra t ions  in a fludization bed is de te rmined  f r o m  the re la t ion  

o~ k < u >  

-- k O _ A  ) , (11) 

where 

3 pf /P ,  
A = - -  no d3 

8 1 
1 + y of/Ps 

The generalization of (II) for states with 0 ~ 0 is given in [7]. 
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The phase  ve loc i ty  of col lect ive  v ib ra t ions  under  given conditions can be e s t ima ted  on the bas i s  of 
r e l a t ion  (11), consider ing that the magnitude of A is then of the o rde r  of 3 �9 10 "2. F o r m u l a  (11) yields now 
the phase  ve loc i ty  of collect ive v ibra t ions  of the o rde r  of 3-8 c m / s e e  in a coordinate  s y s t e m  r e f e r r e d  to 
the cen te r  of iner t ia  of the solid phase  p a r t i c l e s .  

During the fluidization of d ie lec t r i c  pa r t i c l e s  in industr ial  appara tus ,  s ta t ic  charge  accumula tes  which 
can become quite apprec iab le .  The e l ec t r i c  in te r fe rence  between pa r t i c l e s  has  then a pronounced effect  on 
the v i b r a t o r y  mot ion of solid phase  p a r t i c l e s .  The kinet ics  equation of the dis t r ibut ion function which takes  
into account  not only hydrodynamic  but a l so  e lec t r i c  in te r fe rence  will be 

~ (r~, us, t) d3u.d~ro 1 
s _ _ r l ~  ~ . = O. (12) 

The method in [8] of analyzing v ib ra t ions  in mul t ipar t i c le  s y s t e m s  yields,  in the l inear  approximat ion ,  a 
r e l a t ion  between the f requency  of col lect ive v ib ra t ions  and the wave vec to r .  It  is a s sumed  he re  that v i b r a -  
t ions occur  nea r  a s tate  cor responding  to a dis t r ibut ion function of the (10) kind. The coordinate  s y s t e m  
has  been se lec ted  so that  the fluid comes  to a s tandst i l l  at  infinity. The cor responding  d i spe r s ion  equation 
is 

de t 61j__ A o __ kik j ~ kikj I 
o - - k < u >  " k s ( o - - k < u > )  s k  ~ = 0 '  (13)  

where 

Q~= - -  4aqSno 
rn(1 + 1/20('as) " 

When w - k <u > 0, the solution to Eq. (13) can be e x p r e s s e d  in the f o r m  

/ - - }  k < u >  { _ A s ~2 ( o - - 2 ( l - - A )  2 - - A +  + 4 ( l - - A )  ( k < u > )  s �9 (14) 

Rela t ions  (13) and (14) have been der ived  under  the assumpt ion  that  the dynamic  v i s cos i t y  of the fluidizing 
agent  is r a t h e r  low and that,  consequently,  the damping of col lect ive v ibra t ions  is weak. F r o m  (14) one 
can obtain f o r m u l a s  for  the phase  ve loc i ty  w/k and the group ve loc i ty  dw/dk of propagat ion  of collect ive 
v ibra t ions  through a fluidization bed of e l ec t r i ca l ly  charged p a r t i c l e s  (in a coordinate  s y s t e m  r e f e r r e d  to 
the f l u idphase ) :  

~D 

k 
< u > k  [ 2 _ A +  / 

2 (1 - -  A) k 
A ~ + 4(1 - -  A) 

if 
d ~ =  . < u >  2 - - A +  
dk 2 ( l - - A )  A 2 + 4(1 - -  A) 

] 
(k<u>)Z ' 

~ - -  ] "  

( k < u > )  2 

It is worthwhile to examine the e x t r e m e  cases  of longwave and shor twave  v i b r a t o r y  p r o c e s s e s .  In-  
t roducing the p a r a m e t e r  

( k < u > )  z A ~ 

8 (1 - -  A) f ~  ' 

we have for longwave vibrations ~ << 1 when A << 1 and 

o 2 - -  A k < ~ u ~  f2 
_ _ =  - - _  ~ ( t - - •  
k 2 (1 - -A)  k kV 1 - - A  

do 2 - -  A 
d~ 2 (1 - -  A~ < u > •  < u > ,  

while for  shor twave  v ib ra t ions  ~ >> 1 when A << 1 and 
o 2 - -  A k ~ u ~  

4- 
k 2 (1 - -  A) k 2k (1 - -  A) 

do 2 -- A 
dk 

A ~ k < u >  

4 ( 1 - - A ) f l  

A ( k < u > )  ( l +  + ) ,  

A ~ u >  1 t ( ' - " 
2 0  - - , 4 )  

(15) 

(16) 

(17) 
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When q--* 0, re la t ion (14) becomes (11). When <u> = 0, relat ion (14) is identical to the express ion 
for  the Langmuir  f requency [8] modified by a cor rec t ion  for  the associa ted mass :  

V1--A 
As an example,  we will consider  an air-f luidized bed of charged par t ic les  d = 1 mm in d iameter  and 

with a densi ty Ps = 2000 k g / m  3. Let the charge of a single par t ic le  be q ~ 10 -ti C, which cor responds  to a 
par t ic le  potential of about 100 V. Such potentials are  attained, for instance, during the fluidization Of di-  
e lec t r ic  par t ic les  in acry l ic  glass  columns. Under these conditions the value of p a r a m e t e r  A is of the o r -  
der  of 10 .3 and the frequency gt is of the o rder  of 10 sec -1. The phase veloci ty of the studied longwave vi-  
brat ions can be determined f rom formula  (16), ff one considers  that the wavelength is of the same order  of 
magnitude as the cha rac te r i s t i c  l inear  dimension of the fluidization bed (say, 5 cm). In this case ,  co/k 
-~ 10 c m / s e c  in a coordinate sys tem re f e r r ed  to the solid phase.  

A pecul iar  feature of the studied collective vibrations in a fluidization bed is that they are  p ropaga-  
ted only in the mean d/rect ion of the fluidizing agent flow. Only Langmuir  vibrations at a f requency acco rd -  
ing to (18) can be propagated ac ros s  the flow at (k<u>) = 0 as well as at <u > = 0. 

D is the 
m is the 
g is the 
d is the 
v* is the 
f* is the 
l is the 
v~ is the 
u is the 
< u > is the 
k is the 
q is the 
# is the 
0 is the 
pf is the 
Ps is the 
I is the 
w is the 

X19 k2 

NOTATION 

diffusivity, in the veloci ty  space; 
mass  of a solid phase par t ic le ;  
acce lera t ion  of f ree  fall; 
d iameter  of a solid phase par t ic le  in a fluidization bed; 
wave velocity;  
wave frequency; 
cha rac te r i s t i c  l inear  dimension of a fluidization bed; 
vec tor  of mean veloci ty  of fluidizing agent flow; 
veloci ty  of solid par t ic les ;  
mean veloci ty  of solid par t ic les ;  
wave vector; 
electric charge of a single solid phase particle; 
dynamic viscosity of fluidizing agent; 
parameter, simulating the hydrodynamic "temperature" of a fluidization bed [2]; 
density of fluidizing agent; 
density of solid phase; 
collision integral; 
vibration frequency; 

is the concentrat ion of solid phase par t ic les ;  
as in [2 ]. 
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