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The  r e s u l t s  a r e  g iven  on a s p e c t r a l - c o r r e l a t i o n  a n a l y s i s  of f l uc tua t i ons  in  the  v e l o c i t y  of  the  
s o l i d  p h a s e  in i n s t a l l a t i o n s  hav ing  d i a m e t e r s  of 0.3 and 0.7 m in a f r e e  f l u id i zed  bed ,  and one 
r e t a r d e d  by  l o w - v o l u m e  c h e c k e r s ,  of s and  (d = 0.23 mm)  and s i l i c a  ge l  (d = 0.19 m m ) .  

To c o n s t r u c t  r e l i a b l e  p h y s i c a l  m o d e l s  of a f l u i d i z e d  s y s t e m  one n e e d s  i n f o r m a t i o n  abou t  the  l o c a l  c h a r -  
a c t e r i s t i c s  of  the  m o t i o n  of the  s o l i d  p h a s e ,  p a r t i c u l a r l y  on the  f r e q u e n c y  and a m p l i t u d e  of p u l s a t i o n s  in the  
v e l o c i t y  of  the  p a r t i c l e s  in the  f l u id i zed  bed .  

Da ta  on the m o t i o n  of i n d i v i d u a l  m a r k e r  p a r t i c l e s  in a bed ,  which  w e r e  ob ta ined  on m o d e l  i n s t a l l a t i o n s  of 
s m a l l  s i z e  (up to 0.23 m in d i a m e t e r )  u s ing  r e l a t i v e l y  l a r g e  p a r t i c l e s  (1-4 mm) ,  a r e  p r e s e n t e d  in the  l i t e r a t u r e  
[1-3] .  I n f o r m a t i o n  is  a b s e n t  on p u l s a t i o n s  in the  v e l o c i t y  of  the s o l i d  phase  in a f l u id i zed  bed  of  fine p a r t i c l e s  
o r  on the  i n f luence  on t h e m  of the  s i z e  of the  i n s t a l l a t i o n ,  the  he igh t  of  the  bed ,  and  the f l u i d i z a t i o n  mode ,  a s  
w e l l  a s  o f  l o w - v o l u m e  c h e c k e r s ,  wh ich  find wide  a p p l i c a t i o n  for  the  i m p r o v e m e n t  of  the  h y d r o d y n a m i c s  of  a 
f l u i d i z e d  bed  [4]. 

The  f i e l d s  of a v e r a g e  and p u l s a t i o n  v e l o c i t i e s  of the  s o l i d  p h a s e  in a f r ee  f l u id i zed  bed  and one r e t a r d e d  
by  l o w - v o l u m e  c h e c k e r s  w e r e  m e a s u r e d  and a n a l y z e d  e a r l i e r  in [5]. The  p r e s e n t  a r t i c l e  con t inues  t h e s e  i n v e s -  
t i g a t i o n s .  In  i t  we g ive  a s p e c t r a - c o r r e l a t i o n  a n a l y s i s  of the  f l uc tua t i ons  in the  v e l o c i t y  of the  s o l i d  p h a s e .  

The  p u l s a t i o n s  in the  v e l o c i t y  of  the  s o l i d  p h a s e  w e r e  m e a s u r e d  in c o l u m n s  0.3 and 0.7 m in d i a m e t e r .  
Sand (d = 0.23 m m ,  u 0 =0.06 m / s e c )  and  s i l i c a  ge l  (d = 0.19 ram,  u 0 = 0.02 m / s e c )  w e r e  f l u id i zed  in the co lumn  
wi th  D i = 0.3 m wi th  an i n i t i a l  bed  he igh t  H = 0.45 and h = 0.2 and 0.4 m.  In the  c o l u m n  0.7 m in d i a m e t e r  we 
u sed  on ly  s and  wi th  H = 0.5 and 0.9 m and h = 0.52 and 0.92 m.  The  p r o c e d u r e  for  conduc t ing  the t e s t s  i s  g iven  
in m o r e  d e t a i l  in [5]. 

An a n a l y s i s  of the  a v e r a g e  and p u l s a t i o n  v e l o c i t i e s  of  the  so l id  phase  in a f lu id i zed  bed  [5] showed t h a t t h e  
m o v e m e n t  of  the  m a t e r i a l  r e p r e s e n t s  a s t e a d y  r a n d o m  p r o c e s s .  One of  the  m a i n  c h a r a c t e r i s t i c s  of  such  a p r o -  
c e s s  is  the  a u t o c o r r e l a t i o n  func t ion  [6-8] .  The  n o r m a l i z e d  a u t o c o r r e l a t i o n  funct ion for  e a c h  t e s t  was  c a l c u l a t e d  
by  the a l g o r i t h m  of  [6, 7] on a c o m p u t e r  for  an  a r r a y  of abou t  2000 po in t s ,  s e l e c t e d  wi th  an  i n t e r v a l  of  0.0.2 s e c  
and  wi th  a m a x i m u m  sh i f t  T = 4 s e c .  

C h a r a c t e r i s t i c  n o r m a l i z e d  a u t o c o r r e l a t i o n  func t ions  for  the  f l uc tua t i ons  in  the  v e l o c i t y  of  the  s o l i d  phase  
in  an  i n s t a l l a t i o n  0.7 m in d i a m e t e r  a r e  g iven  in  F ig .  l a .  A s  s e e n  f r o m  the  f i gu re ,  the  a u t o c o r r e l a t i o n  funct ions  
fa l l  off  s h a r p l y  f r o m  one to  a l eve l  of l e s s  than  0.2 in a t i m e  of 0.1 s ec .  T h e i r  b e h a v i o r  is  m a r k e d l y  d i f f e r e n t  
in the  s e c t i o n  f r o m  0.1 to 1 s e c .  F o r  T >1 the  va lue  of  R(T) d id  not  e x c e e d  0.1 in a l l  the  t e s t s .  The  a u t o c o r r e -  
l a t ion  func t ion  p e r i o d i c a l l y  c h a n g e s  s ign .  P h y s i c a l l y  t h i s  m e a n s  [6, 7] tha t  t h e r e  i s  a p e r i o d i c  c o m p o n e n t  of  
the  p u l s a t i o n s  in the  v e l o c i t y  of the  s o l i d  phase  in the  s y s t e m ,  which  is  e v i d e n t l y  c o n n e c t e d  wi th  the  p a s s a g e  of 
gas  b u b b l e s  t h r o u g h  the  f l u id i zed  bed .  A u t o c o r r e l a t i o n  func t ions  of  f l uc tua t i ons  t a k e n  in the  i n s t a l l a t i o n  0.3 m 
in d i a m e t e r  a r e  s i m i l a r .  

Knowing  the  a u t o c o r r e l a t i o n  funct ion ,  i t  i s  s i m p l e  to  d e t e r m i n e  the  i n t e g r a l  s p a t i a l  s c a l e  [9~ 10], which  in 
the  g iven  c a s e  r e f l e c t s  the  s i z e  of  a " c loud"  of  p a r t i c l e s  mov ing  wi th  c l o s e  v e l o c i t i e s ,  
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T r a n s l a t e d  f r o m  I n z h e n e r n o - F i z i c h e s k i i  Z h u r n a l ,  Vol .  39, No. 1, pp. 19-25,  Ju ly ,  1980. O r i g i n a l  a r t i c l e  sub -  
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Fig. 1. Autocorre la t ion  functions (a) and spect ra l  distr ibution densit ies of pulsations in 
velocity of solid phase (b) in an instal lat ion 0.7 m in d iameter :  1, 2) free bed, u - u  0 = 
0.39 m / s e c ,  h= 0.52 m, ver t ica l  and horizontal  components;  3, 4) re ta rded  bed, u - u  0 = 
0.4 m / s e c ,  h = 0.92 m, ver t ica l  and horizontal  components;  5) free bed, u - u  0 = 0.16 m /  
sec,  h= 0.92 m, ver t ica l  component;  T, sec;  f, Hz; G(f) -50, sec.  

Fig. 2. Dependence of integral  spatial  scale of pulsations in velocity of solid phase on 
p a r a m e t e r s  of sys t em (a: hor izontal ly;  b: ver t ical ly) ;  1, 2) sand, D l = 0.3 m, h= 0.2 
and 0 . 4 m ;  3, 4) s i l ica gel, D i = 0.3 m, h= 0.2 and 0.4 m; 5, 6) sand, D 1=0.7  m, h =  
0.52 and 0.92 m. Ah-102 m; (u-u0)h, m2/see; Av/D ~,  1 /m.  

where 
0 

A = J~, 

is the tempora l  cor re la t ion  scale.  

(i) 

In a fluidized bed the average  veloci ty of ordered  movement  of par t ic les  is far  less than the pulsation 
veloci ty  [5], so that the r o o t - m e a n - s q u a r e  veloci ty of the solid phase enters  into Eq. (1) [11]. 

The integral  spatial  sca les  of the velocity of the solid phase in the horizontal  and ver t ical  direct ions are  
given in Fig. 2. It is seen f rom the figure that A h inc reases  l inearly with an increase  in (u-u0}h. A change in 
the mater ia l  (sand to sil ica gel) does not affect  the size of the integral  scale.  The d iameter  of the installation 
has a s t rong influence on Av, while the dependence on (u-u0)h is weaker .  The tes t  data are  described,  with a 
r o o t - m e a n - s q u a r e  deviation of 38% for A h and 17% for Av, by the express ions  

A h = 0.182 (u--  u0) h, (2) 

A v = 0.61 [ ( u -  u0)hl ~ 'SD~. (3) 

Attention should be drawn to the fact that the integral  spatial  scales  depend on the same pa ramete r s  as 
does the size of bubbles in the bed [12]. As is known [12], i nc reases  in the height above the gas-dis t r ibut ion 
grat ing and in the velocity of the fluidizing agent lead to growth of the gas bubbles, and this causes  an increase  
in A. Es t imates  show that A h compr i ses  f rom about 0.2 to 0.6 of the radius  of a bubble. 

Low-volume checkers  submerged in a bed break  up the gas bubbles and hence decrease  the integral  spat- 
ial  sca les  of the pulsations.  For  example,  in a bed containing checkers  (hydraulic d iameter  3 cm) A dec reases  
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Fig, 3. spec{ra of fluctuations in velocity of solid phase 
in an in s t a l l a t i on  0.3 m in d i a m e t e r  (a: v e r t i c a l  ve loc i ty  
component):  1, 2) sand, f ree  bed, u - u  0 = 0.26 m / s e c ,  h= 
0.4 and 0.2 m; 3) sand, r e t a r d e d  bed,  u - u 0 =  0.6 m/sec ,  
h= 0.4 m; 4) s i l i c a  gel ,  f ree  bed, u - u 0 =  0.34 m / s e c ;  h= 
0.4 m (b: ho r i zon ta l  ve loc i ty  component) :  1, 2) sand, f ree  
bed, u - u  0 = 0.6 m / s e c ,  h = 0.4 and 0.2 m; 3) sand, r e -  
t a rded  bed, u - u  0 = 0.6 m / s e c ,  h = 0.4 m; 4) s i l i ca  gel,  
f ree  bed,  u - u  0 = 0.45 m / s e c ,  h = 0.4 m. 

by 4-10 t i m e s  and does not depend on the height h or the gas ve loc i ty .  It is  the same  in both the v e r t i c a l  and 
the hor izon ta l  d i r ec t i ons  and c o m p r i s e s  0.35 • cm in the ins t a l l a t ion  0.3 m in d i a m e t e r  and 0.45 ~0.2 cm 
for D i = 0.7 m. This  ind ica tes  that  the c h e c k e r s  make the s y s t e m  i so t rop ic  and homogeneous.  

The s p e c t r a l  d i s t r i bu t ion  dens i ty  of pulsa t ions  in the ve loc i ty  of the sol id  phase was de t e rmined  through 
a F o u r i e r  t r a n s f o r m a t i o n  of the a u t o c o r r e l a t i o n  function using a Ba r t l e t t  weight function [5-7]. 

M e a s u r e m e n t s  in the column 0.7 m in d i a m e t e r  (h -- 0.52 m) showed that  the n o r m a l i z e d  s pe c t r a  of the 
v e r t i c a l  and hor izon ta l  components  of the ve loc i ty  of the solid phase  do not depend, within the l imi t s  of a c c u r a -  
cy of the m e a s u r e m e n t s ,  on the point of m e a s u r e m e n t  over  the r ad ius  of the ins ta l l a t ion .  C h a r a c t e r i s t i c  no r -  
ma l i zed  s p e c t r a l  d i s t r ibu t ion  dens i t i e s  of the ve loc i ty  of the so l id  phase in the ins t a l l a t ions  0.3 and 0.7 m in 
d i a m e t e r  a r e  p re sen ted  in Fig.  l b  and Fig.  3 on a loga r i thmic  s ca l e .  As seen f rom the f igures ,  two c h a r a c t e r -  
i s t i c  r eg ions  can be d i s t ingu ished  in the s p e c t r a :  a low-f requency  region,  where the pulsat ion ene rgy  is d i s t r i -  
buted r e l a t i v e l y  uni formly ,  and a damping region,  where  the ampl i tude  of the ve loc i ty  f luctuat ions dec l ines  con- 
t inuously  with an i n c r e a s e  in f requency.  The boundary  of these  reg ions  l ies  a pp r ox i m a t e l y  in the i n t e rva l s  of 
4 .5-5  Hz (D i = 0.3 m; see Fig.  3) and 3.5-4 Hz (]9 i = 0.7 m, see  Fig.  lb) .  Changing the p a r a m e t e r s  of the s y s -  
t e m  {size of ins ta l l a t ion ,  bed height,  ve loc i ty ,  gas  f i l trat ion} or  the d i r ec t ion  of the pulsa t ions  affects  ma in ly the  
low-f requency  reg ion  of the s p e c t r u m .  The zone of damping of the osc i l l a t ions  changes l i t t le .  Only low-volume 
c h e c k e r s  submerged  in the f luidized bed lead to some i n c r e a s e  in ene rgy  in th is  range ,  co r r e spond ing ly  lower-  
ing the pulsa t ion  level  in the low-f requency  reg ion  (see Fig.  lb ,  cu rves  3 and 4 and Fig.  3a, b, cu rves  3). A 
change in the m a t e r i a l - a  t r a n s i t i o n  f rom sand to s i l i ca  g e l - d o e s  not introduce addi t ional  f ea tu res  into the 
s p e c t r a  of f luctuat ions in the ve loc i ty  of the sol id  phase (Fig.  3a, b, curves  4). 

Peaks  which, as" a l r e a d y  mentioned in the d i s cus s ion  of a u t o c o r r e l a t i o n  functions,  indicate  the p re sence  
of a pe r iod ic  component  in the o r ig ina l  r andom signal ,  a r e  well  s e e n ' i n  the e x p e r i m e n t a l  spec t r a .  The f requen-  
c ies  in the reg ion  of which a r i s e  is  noted lie in the range of 1.5-4 Hz for the ins ta l l a t ion  0.7 m in d i ame te r  and 
3-5 Hz for D i = 0.3 m. And lower  f requenc ies  c o r r e s p o n d ,  as a ru le ,  to a lower height above the g a s - d i s t r i b u -  
t ion g r id .  

The p r e s e n c e  of pe r iod ic i ty  in the r andom p r o c e s s  of p a r t i c l e  movement  in a f luidized bed has a l so  been 
noted by the au thors  of [1, 2]. This  pe r iod ic i ty ,  as  the au thors  of [1] a s s um e ,  d e t e r m i n e s  the most  c h a r a c t e r -  
i s t i c  f requency of ve loc i ty  change in the p r o c e s s  of pa r t i c l e  motion in the bed. 
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Fig. 4. Average spec t ra l  distr ibution densi ty of fluc- 
tuations in velocity of solid phase in high-frequency 
region (a) and integral  f requency distr ibution of pul- 
sation energy  (b): 1, 2) for installations 0.7 and 0.3 
m in d iameter ;  G(f) �9 50, sec.  

As a l ready mentioned, s tar t ing with 3.0-3.5 Hz for a column 0.7 m in d iameter  and with 4.0-4.5 Hz for 
D i = 0.3 m, the spec t ra  hardly depend on the pa rame te r s  of the sys tem and a re  not even affected by low-volume 
checkers .  For this f requency region we present  in Fi~ 4a, the values of the spect ra l  density, averaged ove ra l l  
the tes t s ,  and their  confidence limits with 90% probabil i ty for instal lat ions of both sca les .  The resul t ing de- 
pendences can be descr ibed by the simple function 

G (f) = kf-'% (4) 

wh~,~e k= 0.8 and 0.54 while n : 1 . 6 3  and 1.3 for columns 0.7 and 0.3 m in d iameter ,  respect ively .  Using the de- 
pendences obtained and the cor re la t ion  determining the pulsation veloci ty [5], one can es t imate  the distr ibution 
of fluctuations in the velocity of the solid phase in the high-frequency region.  

It is in teres t ing to note that for the l a rger  installation the exponent in (4) is close to t h e - 5 / 3  obtainedby 
Kolmogorov for the inert ial  interval  of a turbulent-f low spec t rum [9]. It is possible that in a fluidized sys tem,  
too, the energy  of the pulsation motion of the solid phase due to the pass ing through of gas in the form of bubbles 
is gradual ly  t r an s f e r r ed  in s tages f rom la rge r  to smal le r  vor t ices  and finally diss ipates  at  scales  comparable  
with the par t ic le  d iameter .  And this probably explains the stabili ty of the spec t rum in the high-frequency re -  
gion. The depar ture  f rom a - 5/3 power for the installat ion 0.3 m in d iameter  is possibly connected with the in- 
fluence of the walls in a column of smal le r  size.  

For  a c l e a r e r  concept of the energy  distr ibution of the fluctuation motion of the solid phase f rom the spec-  

f 
t rum,  in Fig. 4b, we presen t  values of the integral  S = f  G ( f ) d f  and its confidence limits with 90% probabili ty 

0,25 

for instal lat ions 0.3 and 0 .7m in d iameter .  This dependence ref lec ts  the fract ion of fluctuation energy of the 
solid phase falling into the cor responding  region of the frequency range.  The upper limits of the confidence in- 
t e rva l s  cor respond  to the conditions when the exper iments  were conducted in a free bed at a large height above 
the gas-d is t r ibu t ion  grid.  The lower l imit cor responds  to the energy  distr ibution in a bed containing checkers .  
As seen f rom the figure, for the installat ion 0.7 m in d iameter  most  of the fluctuation energy  (up to 70%) lies 
in the f requency band up to 7 Hz. In the installation 0.3 m in d iameter  this same fraction of the fluctuation en- 
e rgy  is dis tr ibuted in the frequency band up to 10 Hz, i.e., under the experimental  conditions an increase  in the 
sca les  of the sys t em leads to a shift of the intensity of the fluctuations in the velocity of the solid phase into the 
lower - f requency  region.  

Thus, the investigations which were conducted showed that in a developed fluidized bed the pulsations in 
the velocity of the solid phase a re  distr ibuted in two charac te r i s t i c  frequency regions.  Most of the pulsation 
energy of the solid phase is concentrated in the low-frequency region, and the pulsation scale in it is determined 
by the s izes  of the gas bubbles for a f ree ly  fluidized bed, while in a re ta rded  one it is determined by the ele-  
ments of the low-volume checkers .  In the damping region the frequency distr ibution of the energy does not de- 
pend on a change in the pa rame te r s  of the given sys t em and can be descr ibed  by the s imple  relat ion (4). 
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NOTATION 

Di, d, diameter of installation and average particle diameter;  u, u0, velocity of gas filtration in an empty 
cross section of the installation and velocity of s tar t  of fluidization; f, frequency; H, h, initial height of charge 
of material  and height above gas-distribution grid; I, A, temporal  and spatial integral scales of fluctuations in 
velocity of solid phase; p, density of material;  a, 02, root -mean-square  deviation from average velocity of mo- 
tion of solid phase (pulsation velocity) and its dispersion; T, time of shift; R0-}, estimate of normalized auto- 
correlat ion function; G(f), smoothed normalized estimate of spectral  density. Indices: v, vertical,  h, hori- 
zontal. 
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