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Instability and autooscil lat ions of a fluidized bed having an empty space under the gas d i s t r ib -  
u tor  plate are investigated experimental ly,  The resul ts  are  used to tes t  a theoret ical  model 
proposed ea r l i e r .  

Many devices with a fluidized bed have an empty space under the supporting plate which is access ible  to 
the fluidizing gas .  This space is frequently comparable with or  even l a rge r  than the volume of the bed itself.  
In par t icu lar ,  the cavi t ies  which are  always present  in gas supply sys tems to smooth the velocity, etc., con- 
tribute to this space.  As shown in [1], extra compressed  gas can accumulate in such cavit ies,  and the subse-  
quent rapid escape of the excess  gas through the expanding bed as bubbles can, under certain conditions, 
lead to a specific instability of the fluidization p rocess  which can significantly affect the operating c h a r a c t e r -  
is t ics  of the devices.  

The instability mentioned can lead ei ther  to the establishment of a periodic fluidization regime when the 
macroscopic  pa rame te r s  of the bed, which is constantly in a truly fluidizing state,  undergo regular  oscil lations 
about their  average values or ,  more  frequently,  to a regime of relaxation autooscil lat ions.  In the lat ter  case 
the granular  bed remains  in a s tat ionary state during a cer ta in  fraction of the autooscillation cycle;  i . e . ,  it  
lies at res t  on the plate.  Under these conditions the lower surface of the bed does not lose contact with the 
gas dis t r ibutor  plate, and the observed expansion of the bed resul ts  f rom the increase  of the relative volume 
of bubbles in it. A piston-l ike motion of the granular  bed without the formation of bubbles within it is possible 
also provided the actual fluidization curve has a maximum [2]. One can expect that in principle ei ther  of these 
mechanisms can operate depending on the type of apparatus and the charac te r i s t i cs  of the p rocess .  We note 
that autooscil lations result ing f rom a cavity under the plate have often been observed experimentally [3, 4]. 

�9 F rom a purely prac t ica l  point of view it is very important  to es t imate  beforehand the conditions under 
which the appearance of an instability should be expected and also the pa ramete r s  which resul t  f rom the un- 
steady regime.  There fore ,  the experimental  test  of models describing autooscillations of various types be- 
comes par t icular ly  important .  We repor t  some experimental  resul ts  and compare  them with cer tain model  
concepts.  

The experimental  a r rangement  permit ted varying the volume of the space under the gas dis t r ibutor  plate, 
the plate i tself ,  and the volume of the column containing the granular  bed. Rectangular  plastic columns with 
c ross  sections 100 • 100, 150 x 150, and 200 x '200 mm were used; the perforated plastic gas distr ibutor  plates 
of various c ros s  sections had holes 2 m m  in d iameter .  The volume of the cavity was varied by connecting ex- 
t ra  receptacles  with a capacity up to 300 l i ters  and by using part ial ly filled water  tanks. 

The fluidizing agent was a i r  supplied by a ro tary  blower through a 50 -mm-d iamete r  pipeline. The a i r  
supply rate to the apparatus was controlled by bleeding par t  of the flow into the a tmosphere  through a valve; 
the flow rate of the a i r  was measured  with a special  measur ing  washer  and a set of diaphragms.  The granular  
m a t e r i a l  consisted of sieve fract ions of washed quartz sand having equivalent part icle  d iamete r s  of 0.25 or  
0.75 mm.  The bulk density of the granular  mater ia l  was 1510 kg /m 3, and the minimum fluidization velocity 
was 5 or  25 c m / s e c ,  respect ively .  Pulsations of the air  velocity were measured  with a hot-wire  anemometer  
and p r e s s u r e  pulsat ions,  with low-inert ia  induction-type t ransducers  [5]. 
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Fig. 1 Fig. 2 
Fig. 1. Variation of pa ramete r s  of g ranular  fluidized bed during an autooscillation cycle.  

Fig. 2. Effect of coefficients k 1 and k2 on the cr i t ica l  values of the volume V of the cavity c o r r e -  
sponding to the loss of stabili ty.  The part icle  d iameters  are  0.25 mm (1) and 0.75 mm (2); H 0 = 
0.15 m, S= 0.01 m2; a) k 2 = 7722 (m. sec)- l ;  b) k 1 = 386100 (m.sec) -~. The points a re  exper imen-  
tal and the curves  f rom theory.  V, m 3. 

The amplitude and frequency of oscil lations of the bed level were found f rom f rames  of high-speed pho- 
tographs.  The inner s t ructure  of the fluidized bed was investigated at various stages of the autooscillation 
cycle by using x - ray  apparatus with electroopt ical  t ransformat ion of x - r ay  to optical images  and then to mov-  
ing pictures which were synchronized with the oscil lographic recording of the oscillations of a i r  p re s su re  and 
velocity. 

Under our experimental  conditions autooscillations were produced by the mechanism corresponding to 
the model in [1]. The charac te r i s t i c  variat ion of the state of the bed and its observable pa ramete r s  during an 
autooscillation cycle are  shown in Fig. 1. The t ime interval  f rom t 6 to t 7 cor responds  to the static part  of the 
cycle when the bed is at res t ;  an est imate of the length T 1 of this interval can be found in [2]. The interval  
f rom t 1 to t~ is the dynamic part  of the cycle;  its duration T 2 c a n  be found by solving equations in [1]. �9 
the relat ive p re s su re  Ap V in the cavity under the plate and the p re s su re  drop in the bed A p  are maximum at 
the time t I. The maximum flow rate of a i r  through the bed occurs  close to the t ime of the largest  expansion 
of the bed and the minimum just before the bed comes to res t .  The observed phenomenol0gical picture,  de-  
scr ibed  also ia [41, agrees  qualitatively with the physical  model of the autooscillation process  following from 
[11. 

The procedure  for determining the boundaries of the stable region in the space of various pa ramete r s  
is described in [4]; it is based on fixing the instant when autooscillations cease ,  i . e . ,  the transit ion f rom 
fluidization to the s tat ionary state during a smooth variation of the volume V of the cavity by.filling the tanks 
with water while keeping the other pa ramete r s  fixed. As an example,  Fig. 2 shows the experimental  points 
corresponding to the curve of neutral  stability for  various values of the coefficients of hydraulic res is tance  
of the air  supply sys tem (kl) and the gas dis t r ibutor  plate (k2) which are of the grea tes t  pract ica l  in teres t .  
Figure 3 shows the dependence of the period of autooscillations on the initial height of the bed and on the volume 
of the cavity for  given res is tance  coefficients.  

Theoret ical ly ,  the variat ion of the observable pa ramete r s  of the process  during the dynamic stage of the 
autooscillation cycle can be descr ibed on the bas i s  of the solution of equations derived in [1] and in the static 
s tage,  by s tar t ing f rom the results  in ~21. We note that to simplify the models in [1, 2] it was a s sumed  that 
the charac te r i s t ic  of the gas blower does not depend on its output and that the hydraulic res is tance  of both the 
gas supply sys tem and the gas  dis t r ibutor  vary linearly with the flow rate.  In actual equipment these r e s i s -  
tances are  general ly nonlinear,  and the p res su re  produced by the gas blower depends cri t ical ly on the volume 
of gas delivered.  On the basis of the models in [1, 2] the f i rs t  difficulty is easily circumvented in pract ical  

29  



7- 

o,I 

3 i 

'f I 

a 

0,z z o 

j 
I z 

% 
: f  

Q// m 

// 
b 

! ! 

! 
I r \ / 

I " \ /  \ / L / "  ' 
80 /60 F 

Fig.  3 Fig. 4 

Iafl //~ 

f 

Fig.  3. Per iod  of autoosci l ia t ions as a function of init ial  height of bed H 0 and volume of cavit~ V; k 1 = 
965,000, k 2 = 3861 (m.sec)  - t ,  S = 0.01 m2; a ) p a r t i c l e  d i a m e t e r  0.25 ram; 1) V = 0.08; 2) 0.14; 3) 0.24 
mS; b) 1-3) pa r t i c le  d i a m e t e r  0.25; 4) 0.75 ram;  1) H 0 = 0.075; 2) 0.15; 3) 0.28; 4) 0.15 m.  Points are  
expe r imen ta l  and curves  f r o m  theory .  T,  .see;  H 0, m;  V, m 3" 10 -3. 

Fig.  4. Dete rmina t ion  of c h a r a c t e r i s t i c  of a f ict i t ious g a s  blower (a) and cor responding  kl (b). k 1 (A) = 
Ap/Aq. 

calculat ions by using d i f ferent ia l  r e s i s t ance  coeff icients  de termining  the local  s lope of the cor responding  
c h a r a c t e r i s t i c s ;  the second difficulty can be e l iminated by a f o rma l  p rocedure  descr ibed  below. 

Suppose the cha r ac t e r i s t i c  of the gas b lower  is  descr ibed  by curve  1 of Fig. 4a. By fo rmal ly  inser t ing  
into the gas  supply line an additional r e s i s t a n c e  with a cha rac t e r i s t i c  r ep resen ted  by the m i r r o r  image  of the 
cha r ac t e r i s t i c  of the gas  b lower  (curve 2 of Fig .  4a) we obtain the cha rac t e r i s t i c  of a ce r t a in  fict i t ious gas  
b lower  (curve 3) which does not depend on output. Then combining the actual  r e s i s t ance  curve  of the gas  sup-  
ply l ine 1 with the curve  cor responding  to the f ict i t ious additional r e s i s t ance  (2 in Fig. 4b) we obtain the e f fec -  
t ive cha rac t e r i s t i c  of the r e s i s t a n c e  of the gas  supply line (curve 3) which mus t  be used in al l  calculat ions 
toge ther  with the cha r ac t e r i s t i c  :of the fict i t ious gas  blower  discus'sed above. 

Figure  2 shows e s t ima te s  of the boundar ies  of the s table  region (curves of neut ra l  stabili ty) according 
to the model  in [1]. The per iod of the autoosci l la t ions ,  a lso es t imated  f r o m  solutions of equations in [1], is 
shown by the c u r v e s  of Fig.  3 .  It  is  c l e a r  that  the theore t ica l  model  leads to r e su l t s  in sa t i s fac to ry  a g r e e -  
ment  with the expe r imen ta l  data .  This  a g r e e m e n t  can be improved  if f i r s t  the or iginal  nonlinear  equation [1] 
and not i ts  l inear ized  va r ian t  is  used to desc r ibe  the dynamic s tage of the autoosci l la t ion cycle ,  as actually 
was done in the calculat ion of the theore t i ca l  curves  in Figs .  2 and 3, and, secondly,  by giving up the condi-  
tion for  a s t r i c t  i s o t h e r m a l  p r o c e s s  imposed  in [1, 2] to s impl i fy  the calcula t ions .  These  re f inements  p r e sen t  
no difficulty in pr inc ip le ,  and t h e r e f o r e  will not be d iscussed  fu r the r .  

In addition, we inves t igated the dependence of the autoosci l lat ion cha rac t e r i s t i c s  on ce r ta in  other  quanti-  
f ies (e. g . ,  the c r o s s - s e c t i o n a l  a r e a  of the column with the g ranu la r  bed). Good ag reemen t  with theory was 
obse rved  here  a lso .  On the whole, i t  can be concluded that  the autoosci l lat ion reg ime  actually observed  can 
be adequately desc r ibed  by the model  p roposed  in [1], even in i ts  s imp le s t  l inear ized ve r s ion ,  which is c lea r ly  
sufficient for  m o s t  appl icat ions .  In p a r t i c u l a r ,  al l  the basic  quali tat ive conclusions on the c h a r a c t e r  of the 
dependence of the autoosei l la t ion p a r a m e t e r s  on the geomet r i c  c h a r a c t e r i s t i c s  of the s y s t e m  and the p a r a m -  
e t e r s  of  the p r o c e s s  following f rom the model  mentioned turned out to be v a l i d .  Also the quantitat ive a g r e e -  
ment  between theory  and expe r imen t  is  not bad. 

NOTATION 

H0, height of bed in the state of minimum fluidization; S, cross-sectional area of bed; kl, k 2, resistance 
coefficients of gas supply system and gas distributor plate; V, volume of cavity under gas distributor plate; 
Ap, pressure drop in bed; Apv, relative pressure in cavity under plate; p*, relative pressure at gas blower 
outlet; t, time; T I, T2, lengths of static and dynamic stages of autooscillation cycle; q, total mass flow rate 
of gas entering bed. 
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A C C U R A C Y  O F  D E T E R M I N A T I O N  OF T H E  D E N S I T Y  

OF  A GAS BY T H E  M U L T I B E A M - I N T E R F E R O M E T R Y  
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We est imate  the accuracy  of the determination of the density of a gas in raref ied  s t reams  by 
using the photometr ic  method of multibeam in te r fe romet ry .  We give the numerical  values of 
the relat ive e r r o r  in the measurements  for var ious experimental  conditions. 

Measurement  of the density of raref ied gas s t r eams  may be car r ied  out by the method of mult ibeam 
in te r fe romet ry  [1], based on the multiple passage of a beam of light through the gas s t r eam investigated. The 
special  feature of the method is that the measurements  are  more  sensit ive than in the case of two-beam inter -  
f e romet ry ,  so that quantitative investigations can be made in s t r eams  at a static p r e s s u r e  of as little as 
1 - 5 . 1 0  -2 t o r t  [2, 3], and, in par t icu lar ,  it is possible to determine the shape of the density jump, the s ta r t  
and thickness of the shock wave, etc. 

In what follows, we shall est imate the accuracy  of density measurements  beyond the jump by the mult i -  
beam- in t e r f e rome t ry  method, with the in te r fe romete r  adjusted to a field of equal illumination Ca "band of in- 
finite width") and with photometric decoding of the in te r fe rograms  [2, 3]. 

The density P2 beyond the jump is defined in general  form as 

P2 = Pl + hp, (1) 

where Pl is the density of the incoming s t ream;  Ap is the increment  of density,  which has the form [3] 

Ap = 2.3 ADds (1 @ 2.3 A D J T )  2 (2) 
7 (2.3 AD1/?) I/2 ' 

where e is a coefficient that is constant for a given measurement  and depends on the wavelength of the mono-  
chromat ic  light, the reflection coefficient of the m i r r o r s ,  and the distance between them [3]; AD 1 and z~D 2 a r e  

the values of the optical densities of blackening of the photographic mater ia l  at the measured  points of the field 
in the incoming- s t r eam region and beyond the jump, respect ively .  

The relat ive e r r o r  in the density measurements  can be represented as 

Ap2 A (Pl q- Ap) Ap~ 1 A (Ap) 1 = - -  + - -  , (3) 
Pz Pl + Ap P~ I + A_~,o, Ap ! _}_ P__L~ 

Pl Ap 
and, consequently,  
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