
1 o 

2, 

30 
4. 
5. 
6. 
7. 

LITERATURE CITED 

N. A. Shakhova and G. A. Minaev, Inzh . -F iz .  Zh., 19, 826 (1970). 
V. I. Markhevka ,  V. A. Basov ,  T.  Kh. Mel ik -Aklmazarov ,  and D. I. Orochko,  Teor .  Osnovy Khim, Tekh -  
nol., 5, 95 (1971). 
N. A. Shakhova, Inzh . -F lz .  Zh., 14, 61 (1968). 
Yu. A. Buevich arid V. G. Markov,  Pr ik l .  Mat. Mekh., 3_7_7, 882 (1973). 
Yu. A. Buevich (Buyevich), J. Fluid Mech.,  56~ 313 (1972). 
M. A. Gol 'dsht ik  and B. I. Kozlov, Zh. Pr ik l .  Mekh. Tekh. Fiz. ,  No. 3, 67 (1973). 
Yu. A. Buevich and G. A. Minaev, Inzh . -F lz .  Zh., 28, No. 6 (1975). 

E X P E R I M E N T A L  D E T E R M I N A T I O N  O F  T H E  

S T A T I S T I C A L  C H A R A C T E R I S T I C S  O F  G A S  

M O T I O N  I N  A F L U I D I Z E D  B E D  

N. ]3. K o n d u k o v ,  L .  I .  F r e n k e l ' ,  
a n d  B .  V. P a n k o v  

UDC 532.546:519.24 

A method is  p roposed  for  the de te rmina t ion  of the s ta t i s t i ca l  c h a r a c t e r i s t i c s  of  the gas mot ion 
in a f luidized bed by the  p n e u m a t o m e t r i c  method. The dependences of t hese  c h a r a c t e r i s t i c s  on 
the p a r a m e t e r s  of the p r o c e s s  a re  obtained. 

The exper imen ta l  de te rmina t ion  of the s ta t i s t i ca l  c h a r a c t e r i s t i c s  of  any random p r o c e s s  encounters  an 
impor tan t  difficulty consis t ing in the fact that the m e a s u r i n g  sy s t em d i s to r t s  the f luctuations of the p a r a m e -  
t e r  under  study becaus e  of the influence of i t s  f requency p rope r t i e s .  In many  cases  it is  imposs ib le  to r econ-  
s t ruc t  the actual  fo rm of the rea l iza t ion ,  even when one has data on the dynamic p r o p e r t i e s  of this sys tem.  

However ,  the p r o b l e m  of the exper imen ta l  de te rmina t ion  of the s ta t i s t ica l  c h a r a c t e r i s t i c s  of  the f luc-  
tuat ions of any p a r a m e t e r  can be  solved without r econs t ruc t ing  the actual f o rm of the real izat ion.  The  
methods  of ma thema t i ca l  s t a t i s t i c s  [1] allow one to find them f rom the s ta t i s t ica l  c h a r a c t e r i s t i c s  of the d i s -  
t o r t ed  rea l iza t ion ,  taking into account the dynamic  p r o p e r t i e s  of the m e a s u r i n g  sys tem.  

Fo r  the m e a s u r e m e n t  of  the ins tantaneous gas  veloci ty  in a fluidized bed we chose the pneuma tome t r i c  
method,  which is  dis t inguished by the s impl ic i ty  and access ib i l i ty  of  the fabr ica t ion  and cal ibra t ion of the 
p ickups  and the re l iabi l i ty  in operat ion.  But when using this method one mus t  allow for  the d is tor t ions  in t ro -  
duced by the  m e a s u r i n g  sys t em,  which can be  divided a r b i t r a r i l y  into two types.  The  f i r s t  type is  the d i s t o r -  
t-ions connected with the p r e s e n c e  of solid p a r t i c l e s  in the  s t r eam.  The ave rage  gas ve loci t ies  calcula ted 
f rom the readings  of  the p n e u m a t o m e t r i c  p robe  p r o v e  to be  o v e r s t a t e d  [2, 3, 4]. The  second type  of d i s t o r -  
t ions is  connected with the i ne r t i a  of the m e a s u r i n g  sys t em and can be  allowed for  by an exper imen ta l  d e t e r -  
ruination of i t s  a m p l i t u d e - f r e q u e n c y  c h a r a c t e r i s t i c  curve.  

A l o w - i n e r t i a  P i t o t - P r a n d t l  tube, whose length toge ther  with the connecting channels was  150 m m  and 
whose d i a m e t e r  was  2 m m ,  was  used in our  exper iments .  A m e m b r a n e  dif ferent ia l  m a n o m e t e r  made  in con- 
junction with the tube se rved  as the secondary  ins t rument .  The  m e m b r a n e  m o v e m e n t s  w e r e  m e a s u r e d  by an 
e lec t ron ic  s y s t e m  [5] using a 6MKhlS mechanotron.  The  pulsa t ions  were  r eco rded  on photographic  f i lm by a 
l i gh t -beam osc i l lograph.  The  g raphs  w e r e  quantified with a Silu~t automat ic  reader .  The  data obtained f rom 
the  Siluet i n s t rumen t  in f i v e - t r a c k  t e legraph ic  code w e r e  p r o c e s s e d  in an Odra-1204 computer .  The ampl i -  
t u d e - f r e q u e n c y  c h a r a c t e r i s t i c  curve  of the m e a s u r i n g  sy s t em was  taken by the method of supplying a unit 
jump to i t s  input. The  numer i ca l  va lues  of the a m p l i t u d e - f r e q u e n c y  c h a r a c t e r i s t i c  curve  a re  as follows: 

T r a n s l a t e d  f rom Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 30, No. 2, pp. 206-210, February ,  1976. Original  
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L(w) equals 1.00, 0.89, 0.69, 0.48, 0.39, 0.30, 0.25, 0.21, 0.16, 0.13, and 0.10 when r (sec  -1) equals 0, 3, 6, 9, 
12, 15, 18, 21, 24, 27, and 30, respect ively .  

The  cal ibra t ion curve  of  the  measur ing  sys tem for  average  values  was de te rmined  exper imenta l ly  us -  
ing the method p r e s e n t e d  in [4] and by success ive  approximation of the l inear  function 

For  the measur ing  sys tem desc r ibed  A = 0.9 and B = - 1 . 5  in the range of veloci t ies  W = 1-7 m / s e c .  

The  p roces s ing  of  the exper imenta l  data  to obtain the s ta t is t ical  cha rac t e r i s t i c s  was p e r f o r m e d  in the 
following sequence.  

a) The  rea l iza t ion  of a random p r o c e s s  Ap of var ia t ion  in the dynamic head of the gas was r eco rded  
using the measur ing  system.  Then this rea l iza t ion  was reorgan ized  into the rea l iza t ion  

V 2 A p  
~Zf ,0, = P (2) 

b) Es t imates  of the mathemat ica l  expectat ion Mf,w, the spec t ra l  density S(w)f,~, and the cor re la t ion  
function K(7) f, co we re  de te rmined  f rom the well-known equations of [1]. 

c) The  f requency dis tor t ions  we re  e l iminated  f rom the es t imates  found: 

Mf ..~ Mf,co, (3) 

S (o)) f -- S (~o).f,~ (4) 
[L (o))] 2 ' 

K (x)f = ; S (r cos r (5) 
0 

cD Using (1) and assuming that the re la t ions  for  the average  quantities a re  also re ta ined for  the i r  in-  
stantaneous ~r the dis tor t ions  caused by the effect  of the solid pa r t i c l e s  were  eliminated: 

M = AMf -}- B, (6) 

K (~) = A2K (~)f, (7) 

S(o))= 2 ~K(~)cos 0) Td$. ( 8) 
g J 

0 

Est imates  of the o ther  s ta t i s t ica l  cha rac t e r i s t i c s  can be obtained f rom those p resen ted  by using the 
well-known equations of the  theory  of random functions. 

As shown in [4], the poros i ty  at the point of measu remen t  has l i t t le effect  on the concre te  form of the 
dependence (1). Zones with a ve ry  low average  concentra t ion of solid pa r t i c l e s ,  i .e . ,  the upper  par t  of the bed, 
w e re  an exception. T h e r e  a re  no such zones in the main  body of the bed and a poros i ty  of m o r e  than 95% is  
obse rved  only in bubbles.  The  effect  of  solid pa r t i c l e s  on the readings of a pneumatomet r ic  p robe  in bubbles 
and in the diluted phase  is  different ,  since in bubbles the pa r t i c l e s  have a high velocity,  equal to o r  g r ea t e r  
than W, whereas  in the diluted phase  the pa r t i c l e  veloci ty  is  c lose to zero.  Consequently, in bubbles the p a r -  
t i c les  should have about the same ef fec t  on the probe  readings as the pa r t i c l e s  of the compact  phase,  since,  
although the i r  concentra t ion in the bubbles is  low, they have a veloci ty which is  an o rd e r  of magnitude higher  
than the average  pa r t i c l e  veloci ty  in the bed. T h e r e f o r e ,  when c ross ing  a bubble the concre te  fo rm of the 
cal ibrat ion curve  should not change great ly .  The  agreement  (with an accuracy  of 10%) of the average  veloci ty  
and the mathemat ica l  expectat ion M of  the random p r o c e s s  can be  a m e a s u r e  of the  validity of the l a t t e r  as-  
ser t ion.  

The  admissibi l i ty  of finding es t imates  of the  s ta t i s t ica l  cha rac t e r i s t i c s  f rom one sufficiently long rea l i -  
zation follows f rom the ergodici ty  of  the p roces s .  It i s  theore t ica l ly  imposs ib le  e i ther  to p rove  o r  d isprove 
the hypothesis  of ergodic i ty  for  the sys tems  to which a fluidized bed belongs. T h e r e f o r e ,  by analogy with [6] 
the authors  followed a pure ly  engineer ing course ,  de termining the  "degree  of ergodic i ty  n of the p rocess .  For  
a s t eady-s t a t e  p r o c e s s  the condition of e rgodic i ty  will  be  

lim - - 1  (" Wdt ----- M. (9) 
r..., T ,J 

T 
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The convergence  of the integral  of (9) was tes ted  for the var ious  p a r a m e t e r s  of f luidiz~ion,  including the 
l imit ing p a r a m e t e r s .  The "degree  of ergodici ty  n was es t imated  using the quantity 

u ( 0  = r ( 1 0 }  
M 

In this  case  the condition of ergodici ty  will be wri t ten  in the form 

lim u (t) = 0. (1!} 

Fur the rmore ,  f rom the family of u(t) corresponding to different conditions of fluidization we chose the 
wors t ,  i .e. ,  the one which approaches zero  most  slowly. The minimum observat ion t ime, determined with a 
fixed uncer ta inty u(t)  = 0.03, is  T = 40 sec. The maximum size of the quantification step of the random p r o -  
cess  found in a s imi la r  way with the same fixed uncer ta inty is 0.025 sec. 

A fluidized bed composed of spherical  aluminosi l icate par t i c les  2-2.5 mm in diameter ,  for  which the 
velocity of the onset  of fluidization equals 0.8 m / s e c ,  was studied in our  experiments .  The tes t s  were  p e r -  
formed in a cyl indr ical  apparatus 172 mm in d iameter  and air  se rved  as the fluidizing agent. The gas dis-  
t r ibu tor  consis ted of a yoke filled with lead shot and covered over  with a gr id  having a c lear  opening of 40%. 
The exper iments  were  set up with the aim of clarifying the influence of the initial bed height, flow ra te  of the 
fluidizing agent, and coordinate of the point of measuremen t  on the s tat is t ical  cha rac te r i s t i c s  of the pulsa-  
t ions of the fluidizing agent. In the course  of the experiments  we analyzed 75 real izat ions  of the random 
p r o c e s s  with a total volume of 3000 points. 

The resu l t s  obtained showed that var ia t ion in the initial bed height in the range of f rom 43 to 129 mm 
does not affect the qualitative form of the es t imates  of the s tat is t ical  cha rac te r i s t i c s  of the velocity pulsa-  
tions of the fluidizing agent. The la t te r  depend most  essent ial ly  on the flow rate  of the fluidizing agent and 
the distance f rom the gas dis t r ibutor  to the point of measurement .  It should be emphasized that the velocity 
prof i le  of the gas at the ent rance  to the bed was flat. Charac te r i s t ic  dependences of the dispers ion of the 
random p r o c e s s  on the fluidization number  are  shown in Fig. 1. 

The pulsat ions of minimum amplitude are  observed  in the zone of the apparatus near  the grid. The 
spectra l  composit ion of the pulsat ions here  is  uniform and the spectra l  density curve (Fig. 2a) declines f rom 
the frequency ~o = 0. The corre la t ion  function hardly osci l la tes  about zero ( Fig. 2b). The velocity pulsations 
of the gas in the zone near  the gr id  are  the most  random, although the i r  s ize is relat ively small. Such a 
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Fig. I. Dependence of dispersion of random process of velocity pulsations of gas in a fluid- 
ized bed on the fluidization number at different distances from the gas distributor: I} y = 6 
ram; 2) 26; 3} 86; 4) 126; 5) 166mm. 

Fig. 2. Typical  appearance of graphs of spect ra l  densit ies (a) and corre la t ion  functions 
(b) of the random p r o c e s s  of veloci ty pulsations of gas in a fluidized bed at different dis-  
ttances f rom the gas distr ibutor-  1) y =6 ram; 2} 86; 3) 126 mm. ~, sec- t ;% sec. 
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character  of the pulsations in the zone near the grid can evidently be explained by the existence of a gas in- 
te r layer  and by the low concentration of solid particles. The gas velocity is made up of a constant component 
(70-80%) and a stochastic component of low amplitude with a low periodicity. 

The dispersions increase in the middle part of the bed, where intensive circulation of the solid parti-  
cles exists. A considerable element of periodicity is displayed. The constant component of the gas velocity 
has a value of less than 50% of the total velocity. A maximum uppears in the spectral density curve which lies 
in the frequency range of 5-15 see -1, depending on the fluidization conditions. 

The periodicity of the pulsations is displayed most clearly in the upper part  of the bed and the correla- 
tion function has a clearly expressed oscillatory character. Pulsations with frequencies of 10-15 sec -1 pre- 
dominate in the spectrum. The fraction of the constant component of the velocity is less than 20%. 

Thus, in the range of our tests  the constant component of the gas velocity declines while the pulsation 
component increases with height in the fluidized bed. The er ror  of the experiments performed does not ex- 

�9 15% in the authors' opinion. 

N O T A T I O N  

W, W, instantaneous and average velocities of fluidizing agent; Ap, dynamic head; p, density of fluidiz- 
ing agent; L(r amplitude-frequency characteristic curve of measuring system; M, D, K(~), S(w), mathe- 
matical expectation, dispersion, correlation function, and spectral density of random process of variation in 
velocity of fluldizing agent; T, argument of correlation function; w, frequency; t, time; T, duration of realiza- 
tion of random process;  n, fluidization number; y, distance'from gas distributor to point of measurement. 
Indices: co, quantity found with distortions arising due to nonuniformity of frequency characteristic curve of 
measuring system; f, quantity found with distortions connected with the presence of solid particles in the 
stream. 
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