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The physical  nature  of autoosci l la t ions  of a quasifluidized bed which a r i s e  when there  is a gas 
space  under the gas  d i s t r ibu tor  is explained and a model  is cons t ruc ted .  

In addition to  r andom  pulsat ions of hydrodynamic  p a r a m e t e r s  resul t ing  f r o m  random local motions of 
pa r t i c les  and the fluidizing medium,  the rup tu re  of gas  bubbles etc . ,  which occur  in near  l y  e v e r y  quasif lui-  
dized bed, under ce r t a in  quasif luidizat ion conditions per iodic  motions cha rac t e r i zed  by a high degree  of o rder  
a r e  observed a l so .  The study of such r egu l a r  osci l lat ions is not only of gene ra l  scient i f ic  in te res t ,  but a l so  
is impor tan t  for  appl icat ions,  s ince in a number  of cases  the use  of organized beds with per iodic  pulsat ions 
offers  ce r t a in  technological  advantages  of improved  heat t r a n s f e r  - -  a d e c r e a s e  in the volume of the bypass ing  
fluidizing med ium,  etc .  

At tempts  have been made to explain these  per iodic  motions by consider ing the in te rac t ion  and merging  of 
inc reas ing  sma l l  per tu rba t ions  a r i s ing  f r o m  the in ternal  instabi l i ty  of the bed, with the fo rma t ion  of r egu la r  
waves  of finite ampli tude which a r e  damped or grow se lec t ive ly  as they propagate  i n t h e  bed [1-3]. As a r e su l t  
the  per turba t ions  of the p a r a m e t e r s  of a quasifluidized bed acquire  a quas iper iodie  c h a r a c t e r  and a r e  descr ibed  
by a r e l a t ive ly  na r row range  of f requencies  with one or m o r e  max ima .  An a l te rna t ive  explanation is based on 
the a s sumpt ion  of the exis tence  of synchronous coherent  d i sp lacements  of par t i c les  supe r imposed  on the i r  r a n -  
dora pulsat ions [4, 5]. Such cons idera t ions  a r e  ve ry  useful  in understanding the causes  of the p re fe ren t i a l  
genera t ion  of per tu rba t ions  with a local ized f requency s p e c t r u m ,  but they a r e  c lea r ly  inadequate to  desc r ibe  
the r egu l a r  autoosci l la t ions  s o m e t i m e s  o b s e r v e d .  

A utoosci l la t ions which a r i s e  during the p is ton- l ike  behavior  of the init ial  quas i f lu id iza t ionas  a resu l t  of 
cohes ive  fo rces  between par t i c les  a r e  well  known [6, 7]. It is obvious a l so  that  r egu la r  osci l lat ions in shallow 
beds a r e  caused by the per iodic  rup tu re  of l a rge  bubbles which occupy p rac t i ca l l y  the whole c r o s s  sec t ion  of 
the appara tus  [8-10]. Autoosci l la t ions  can a r i s e  a lso  under m o r e  specif ic  conditions, for example ,  in a bed of 
pa r t i c l e s  with adhes ive  f i lms on the i r  su r f aces  [11]. 

A dis t inct ive autoosci l la t ion r e g i m e  is observed  a l so  for  a ve ry  broad range  of gas flow r a t e s  which ex-  
ceed the min imum quasif luidat ion r a t e  when t he r e  is an empty  space  under the gas d is t r ibutor  plate,  which is 
a cce s s ib l e  to the gas ,  and the hydraulic  r e s i s t a n c e  of the plate is much s m a l l e r  than that of the bed i tself .  A 
p r e l i m i n a r y  physica l  ana lys is  of such an  effect ,  observed,  for example ,  in [12, 13], was given by Davidson 
[14], but t he r e  is s t i l l  no consis tent  theory  of it. We d iscuss  below a theore t i ca l  model of such au toosc i l l a -  
t ions,  paying pa r t i cu la r  a t tent ion to fundamenta ls .  A detai led analys is  of the r e su l t s  of the theory  and a com-  
pa r i son  with data f rom spec ia l  exper imen t s  will  be desc r ibed  in a la ter  paper .  

We consider  a s t a t ionary  bed of height H in an appara tus  with a c r o s s - s e c t i o n a l  a r e a  S, containing a 
space  of volume V under the plate .  For  s impl ic i ty ,  we a s s u m e  that the to ta l  mass  flux q of the gas enter ing 
the space  is constant .  Par t  of the gas  f i l t e r s  through the bed at  the f i l t ra t ion  ra t e  Q, and par t  r ema in s  in the 
space ,  causing a monotonic inc rease  in the p r e s s u r e  p. The re la t ion  between Q and the p r e s s u r e  drop p - -  p0 
is shown by curve  OAB of Fig.  1. For  s impl ic i ty ,  we neglect the hydraulic  r e s i s t a n c e  of the plate .  At a p r e s -  
su re  p = P0 the weight of the pa r t i c les  of the bed is comple te ly  compensa ted  by hydraul ic  fo rces  (point A of Fig.  
1) and the bed is par t i a l ly  fluidized in accord  with the model  in [7]. The r e s i s t a n c e  curve  OA MC of such a bed 
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1. Phase  d i a g r a m  of auto-  
osci l la t ion cycle .  

dev ia tes  f r o m  the curve  OAB; its m a x i m u m  is due to skin  f r ic t ion  which is r e la ted  to  fur ther  compres s ive  
s t r e s s e s  on the walls of the appara tus  as a r e su l t  of the init ial  p las t ic  deformat ion  of the bed [7], If the 
m a s s  flux q of the enter ing gas  is not too high so that  the cor responding  s ta t ionary  flow r a t e  Qq of the gas 
in the bed is less  than Qm cha rac t e r i z ing  point M at the m a x i m u m  of the actual  quasif luidizat ion curve,  a 
s t a t ionary  r e g i m e  is es tab l i shed  in which the flow of gas into the space  is comple te ly  compensa ted  by its 
outflow through the bed.  In this case  the bed is comple te ly  s ta t ionary  if Qq is less  than the min imum 
quasif luidizat ion r a t e  Q0; o therwise ,  it is par t ia l ly  fluidized in accord  with the model in [7]. It is easy  
to  show that such a r e g i m e  is s table ,  and in accord  with data in [ !2 ,  13] no pulsat ions a r i s e .  If the ve loc -  
ity of the enter ing gas  is high so that  Qq > Qm, the monotonic inc rease  of p r e s s u r e  continues up to  the 
m a x i m u m  value Pm and the r e p r e s e n t a t i v e  point of the s y s t e m  moves  f r o m  its initial  posi t ion D to  M dur -  
ing the t ime  T 1 as shown in Fig.  1. 

It is c l ea r  that a f t e r  the p r e s s u r e  in the space  r eaches  its m a x i m u m  value,  equi l ibr ium of the bed 
becomes  imposs ib le .  The balance  of the weight fo rces  and skin  f r ic t ion,  ac t ingon  the lower par t  of the 
bed when it is s t a t ionary  in s ta te  M, and the hydraulic  forces  is d i s rupted .  As a resu l t ,  the bed is sepa-  
ra ted f rom the support ing plate and en te rs  a dynamic s ta te .  This  t r ans i t ion  occurs  prac t ica l ly  instanta-  
neously.  Actually,  the c h a r a c t e r i s t i c  t ime  to  a c c e l e r a t e  al l  pa r t i c l e s  of the bed is de te rmined  by the speed 
of an e las t ic  c o m p r e s s i o n a l  wave,  which is of the s ame  order  of magnitude as the speed of sound in the s t a -  
t i ona ry  bed~ During this t ime  the lower par t  of the bed moves  upward as a pis ton and captures  the fluidized 
pa r t i c l e s  of the upper  par t  so  that  the whole layer  rapidly  approaches  a s ta te  of dense packing. This  t ime  
is shor t  in c o m p a r i s o n  with the per iod of an autoosci l la t ion cycle ,  genera l ly  amounting to a f rac t ion  of a 
second [13]. Thus we can a s s u m e  that  the t r ans i t ion  to the dynamic s ta te  is a jump at constant p r e s s u r e  
in the space  (jump M - -  B in Fig. 1). Fo r  s impl ic i ty ,  we neglect  poss ib le  d i f fe rences  between r e s i s t a n c e  
curves  of the init ial  s t a t ionary  and moving bed which may be re la t ive ly  b roken  up. 

As the bed moves upward some  of the pa r t i c les  fal l  down f r o m  its lower su r face  just as during the 
pis ton r e g i m e  of the initial  quasif luidizat ion [6, 7]. However,  the t ime  sca le  of the falling p r o c e s s ,  which 
is a l so  the sca le  of the uni form broadening of the bed, is the s a m e  as the cha rac t e r i s t i c  l i fe t ime of the 
piston,  amounting to  s e v e r a l  seconds,  and is apprec iab ly  longer than the period of autoosci l la t ions .  This  
is impor tant  in the context of this paper .  The re fo re ,  in invest igat ing autoosci l la t ions  such falling can be 
neglected in the f i r s t  approximat ion .  The concept of p is ton- l ike  motion of a bed ag ree s  with exper imenta l  
data  in [13] and with the hypotheses  in [14]. 

Hydraulic  forces  acting on a pis ton sepa ra ted  f r o m  the plate a r e  par t ia l ly  compensa ted  by g r a v i t a -  
t ional  fo rces  on the par t i c les  and skin  f r ic t ion,  which is cons iderab ly  weaker  than  stat ic  fr ict ion.  The 
excess  of the hydraulic fo rces ,  cha r ac t e r i z ed  by the p r e s s u r e  drop  p - -  P0, is compensated,  according  to 
Newton's second law, by the iner t ia l  fo rce  hindering the acce l e r a t i on  of the piston.  As a resu l t  of the up-  
ward  d i sp lacement  of the bed the gas  in the space  can enter  the lower par t  of the appara tus  containing the 
bed.  The gas expands,  its p r e s s u r e  d rops ,  and the r ep r e sen t a t i ve  point of the s y s t e m  moves downward 
along curve  OAB of Fig.  1. 

Analysis  shows that t he re  is a ce r t a in  s ta t ionary  s ta te  of the pis ton cor responding  to its motion with 
constant  veloci ty;  this  s ta te  is r e p r e s e n t e d  by point S of Fig. I .  We do not take accourzL of the falling 
down of pa r t i c les  and the re la ted  spreading  out of the piston.  If the pis ton moves slowly, i . e . ,  if the gas  
is not expanding v e r y  rapidly ,  the t r ans i t ion  to  the s ta t ionary  s ta te  occurs  aper iod ica l ly  along the path 
B ~ S of Fig.  1. The cor responding  i nc r ea se  in veloci ty  of the pis ton to the l imit ing value Ws is shown 
in Fig. 2. If the acce l e r a t i on  of the pis ton is la rge  enough the p r e s s u r e  of the gas in the space  may be -  
come s m a l l e r  than P0 so  that  the piston,  continuing to  move upward by iner t ia ,  begins to  slow down. At 
a ce r t a in  instant  its veloci ty  changes s ign and it begins to  descend .  The p r e s s u r e  in the space  i n c r e a s e s  
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Fig. 2. Charac te r i s t i c  t ime dependence of p i s -  
�9 ton veloci ty for  aperiodic (1) and osci l la tory (2) 
r e g i m e s .  

and as soon as it exceeds the value P0 the hydraulic forces  begin to slow down its fall  and the piston again 
moves upward and the p rocess  is repea ted .  In this case  the approach to  the steady state  is osci l la tory in 
cha rac t e r  so that the r ep resen ta t ive  point of the sys tem,  located initially at B, osci l lates  along curve OAB 
and approaches  S a l ternate ly  f rom above and f rom below. These  oscil lat ions a re  damped by the smal l  
fo rce  of dynamic f r ic t ion  and af ter  a ce r t a in  t ime  the osc i l la tory  r eg ime  becomes  aper iodic .  The charac -  
t e r i s t i c  t ime dependence of w cor responding  to  the osc i l la tory  reg ime  is a lso  shown in Fig. 2. 

If the approach to  the s teady s ta te  is aper iodic  or the amplitude of the oscillations is so smal l  that 
the lower sur face  of the oscillating piston does not a g a i n c o m e  in contact with the gas d is t r ibutor  plate,  
autooscil lat ions a r e  impossible .  In this case  the falling down of the par t ic les  leads finally to a broadening 
of the piston and to  a s teady quasifluidized state with an average  poros i ty  corresponding to  the flow ra te  Qq. 
The t rans i t ion  to  this s ta te  is shown by the dashed a r row in Fig. 1. Suppose now the conditions a re  such 
that  the amplitude of the oscil lat ions is large and the f i r s t  autoosci l lat ion cycle  is in terrupted by the impact 
of the piston on the plate .  If the impulse of the col l is ion is large enough to  produce compress ive  s t r e s s e s  
causing a maximum on the actual  quasi f lu idizat ioncurve,  the p rocess  descr ibed  above will be repeated;  
i . e . ,  autooscil lat ions begin. The total  period of the autoosci l lat ion cycle is made up at the periods T 1 and 
T 2 during which the bed is in s tat ic  and dynamic s ta tes ,  r e spec t ive ly .  It is c lea r  that such autooscil lat ions 
a re  of the re laxa t ion  type; the fo rm of the autoosci l lat ion cycle  is shown by the closed curve DMBD on 
Fig. 1. 

Thus autooscil lat ions a re  re la ted ,  f i r s t ,  to  the exis tence of f ree  energy  s tored  as energy of c o m p r e s -  
s ion of the gas in the space,  second, to  the possibil i ty of a sufficiently rapid t r ans fo rma t ion  of this energy 
into kinetic energy of the piston, and, th i rd ,  to  the p resence  of  additional skin f r ic t ion  forces  which do not 
d isappear  in the complete compensat ion of the weight of the bed by hydraulic fo rces .  This makes it pos-  
s ible to understand why such autooscil lat ions a re  not observed in beds fluidized by incompress ib le  liquids 
when the re  is a smal l  space and a high r e s i s t ance  of the gas d is t r ibutor  plate [12, 13]. 

A quantitative theory  of autooscil lat ions can be based On the physical  p ic ture  descr ibed  above. The 
mass of the gas under the bed and the equation descr ibing its accumulat ion a re  given by the express ions  

m = p (V ~ Sz), dm/d t=q- -pSQ.  (1) 

The re la t ion  between the p r e s s u r e  drop in the bed and the ra te  of flow of gas in it, the equation of 
s tate  of the gas ,  and the condition defining the thermodynamic  nature of the expansion and compress ion  
p rocesses  (for example ,  the condition that these  p roces se s  a r e  i so the rmal  or abiabatic) can be wri t ten  
formal ly  as 

p ~ p O =  He~(Q), p=p(p,  T), F(p, p, T ) =  const. (2) 

The equation of motion of the piston in the dynamic stage has the fo rm 

p 'SH 'dzz = p ' S H  d__w.w = S (p - -  pO) _ p 'SHq ~ LHT (w). (3) 
dt ~ dt 

Equations (1)-(3) fo rm a complete sys t em for  determining the unknown gas pa rame te r s  p, p, and T, 
the veloci ty w and the z coordinate  of the lower sur face  of the piston, the flow ra te  Q of the gas in the bed, 
and the mass of the gas m. In principle,  this sys t em can eas i ly  be investigated numerical ly  for  the most 
va r ied  re la t ions  ~(Q) and f(w) and for var ious functions p(o,  T) and F(p,  p, T) i n b o th  the s tat ic  and dy-  
namic stages of the autoosci l la t ion cycle .  Here  we r e s t r i c t  ourselves  to  obtaining only qualitative resu l t s  
in analytic fo rm which hold approximately  for an important  specia l  case .  We assume that the gas is ideal 
and that its specif ic  volume var ies  i so thermal ly ,  so that we can take F = T.  The function ~(Q) is assumed 
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Fig. 3. Dependence of ~T i f r o m  (8) on 
Qq /Qm for  var ious  Q I / Q m  (numbers on 
cu rves ) .  The  open curve  shows the c h a r -  
ac t e r i s t i c  curve  taking account of the de-  
pendence of Q1 on Qq. 

l inear  for a s t a t ionary  bed. This  a s sumpt ion  is valid for a bed of fine par t ic les  where  in calculating the 
s ta t ic  s tage of the autoosci l la t ion cycle  we neglect for  s impl ic i ty  the d i f ference  between the r e s i s t a n c e  
curves  of Fig.  1 for  s ta t ionary  and par t ia l ly  fluidized beds .  We a s s u m e  that the m a x i m u m  p r e s s u r e  drop 
Pm --  p0 in the bed is smal l  in c o m p a r i s o n  with the p r e s s u r e  p0 of the gas  above the bed and the volume Sz 
of the empty  space  in the appara tus  is sma l l  in compar i son  with the volume of the space  V. Finally,  we 
neglect dynamic f r ic t ion  which usually is sma l l  in c o m p a r i s o n  with the hydraulic  fo rces .  It is easy  to  see  
that  giving up these  s impl i f ica t ions  which enable us to  l inear ize  the p rob lem does not compl ica te  it in p r in -  
ciple,  but only leads to a ce r t a in  number  of computat ional  diff icul t ies .  

Thus,  we a s s u m e  fur ther  
p (9, 7") = 9RT/M,  F = T ,  @(Q) = ~Q, Sz << v,  

p~ _ pC <~ pC., [ (w) << (S/LH) (p~ - -  pC). (4) 

Let us cons ider  f i r s t  the s ta t ic  per iod of the autoosci l la t ion cycle  when z = 0 and w = 0. Using (2) 
and (3) and taking p ~ p0 in accord  ~i th  (4), we obtain the following p rob lem for  the to ta l  p r e s s u r e  drop  
p _ p0: 

Sp ~ , RT  d ( p - - P  ~ + ~ ( p _ p O )  : _ _  q, p_pO[t=o__(Ap)~=pl_pO. (5) 
dt MV 

The solution of this p rob lem has the fo rm 

A p = p - - p  ~ =(Ap)q - -  [(Ap)q - -  (Ap)l] e-% (6) 

where  we have introduced the quanti t ies 

q RT q ~ = SP~ (7) 
(Ap)q=kHQq, Qq~QDq = Sp ~ = - M - -  " Sp  ~ ' kH-~ 

The dura t ion  of the s ta t ic  s tage  is found by solving Eq. (6) for  t when Ap = (Ap)m = Pm --  p0, i . e . ,  

T~ = 1 In - (Ap)e - -  (AP)L = k___~_~ In 1 - -  QJQc_L, (8) 
(Ap)~ - -  (Ap)~ Sp o 1 - -  Qm/Qq 

The last  of Eqs.  (8) is obtained by using (7) and de te rmin ing  the var ious  p r e s s u r e  drops  in t e r m s  of 
the  cor responding  flow r a t e s  (cf. Fig.  1). Equation (8) has the s a m e  s t ruc tu re  as the equation giw~n in [13]. 
It is c l ea r  that  the length of the s ta t ic  per iod i n c r e a s e s  l inear ly  with the height of the bed, the volume of 
the  gas  space  under  it, and the coefficient  of hydraul ic  r e s i s t a n c e  ( i .e . ,  actual ly  for  a d e c r e a s e  in the s ize  
of the pa r t i c les  for  a given poros i ty  of the bed) and d e c r e a s e s  i nve r se ly  propor t ional ly  to the absolute 
p r e s s u r e  of the gas  and the c r o s s - s e c t i o n a l  a r e a  of the appara tus .  The value of T 1 depends on the total 
flow r a t e  of the gas  in a more  compl ica ted  way; as Qq i n c r e a s e s ,  the t ime  for the bed to  r e a c h  a s ta t ionary  
s ta te  d e c r e a s e s  to  zero .  The dependence of T 1 on Qq for  var ious  values  of Q1/Qm is shown in Fig, 3; we 
note that the exper imen ta l  value of this r a t io  [13] is 0.7. 

Let us cons ider  now the dynamic  s tage  of the autoosci l la t ion cycle .  The p a r a m e t e r s  assoc ia ted  with 
the s ta t ionary  r e g i m e  (point S in Fig.  1) a r e  de te rmined  by equations following f r o m  (1)-(4); 

p~ _ RT  ps--pO=p'Hg=kHQ,~, pflw~=q--psSQ~. (9) 
p~ M ' 
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Thus,  using the approximations indicated, in par t icu la r ,  neglecting dynamic fr ict ion,  the quantities 
Ps, Ps, and Qs a r e  the same as P0, P0, and Q0 charac te r iz ing  the s ta te  of minimum quasifluidization (point 
A of Fig. 1). 

In the case  considered,  Eqs.  (1)-(3) reduce  to the fo rm  

.... l i  
d ~ z d w  ( ~ o  
dt 2 = d-T = g - -  , (I0) 

p __ p0 q 

Po-- pO Qo P = - 

where  we have used (4) and (9). 

Using inequality (4) and retaining higher order  t e r m s  in Sz/V and (p -- pO)/p0 we obtain f rom (10) 

d=w dw 
dt----- U -~- 2= -~-  + ~w =% (hp)o=Po - -  pO, 

-~- = poSQo ~ PoQo Ooqo ] ' 

M 
p, m = p (V:+ Sz) ,  

R T  

1 SQ o pO I SpO G 
2 V (AP)o 2 k/-/V 2 

(11) 

for  m 

( q q  - -  1) = 2a g ~= 2ag  Qo 
Qo ~ 

By measur ing t ime f rom the s ta r t  of the dynamic period the corresponding initial conditions have the 

dw I = P~--Po w {t=o = 0, . ~ -  t=o p'/-I a ,  (12) 

where  a is the initial acce le ra t ion  of the piston. 

The solution of problem (11), (12) depends o n th e  sign of ~2 _ / 3 .  The aperiodic r eg ime  occurs  ff 
this  quantity is posit ive and the osc i l la tory  r eg ime ,  if  it is negative.  Thus,  the condition for oscillations 
to  occur  has the fo rm [cf. the definitions of ~ and /~ in (11)] 

(Ap)o ~ sq~ 
p0 > 4 Vg (13) 

When this condition is sat isf ied we obtain f rom (11) an d  (12) 

w = w  , (!--e -~t cos ~t) + ~-1 ( a ~ aw s) e --at sin ~/, (14) 

2ag ( i _ _  aq0 ) w s = ~ = Q q - - q o ,  t~  Qo 2g " 

The displacement  of the lower sur face  of the moving piston is 
t " 

z =  T 
0 

The durat ion T 2 of the dynamic stage of the autoosci l lat ion cycle is obviously given by the smal les t  
posi t ive root  of the equation 

z It=r, = 0. (16) 

The condition for the exis tence of such a nonzero root ,  actually imposed on the constant pa rame te r s  
of the p roces s ,  is the neces sa ry  condition that the separa ted  piston again come in contact with the gas d i s -  
t r ibu to r  plate.  This is a considerably more  r e s t r i c t i v e  condition than (13). The velocity of the piston di-  
r ec t l y  before  contact is de te rmined  f rom (14) for  t = T 2. It de te rmines  the energy which in pr inciple  can 
be expended in the reconsol ida t ion  of the bed, i . e . ,  on the r ea r r an g em en t  of its s t ruc tu re  with the c rea t ion  
of compress ive  s t r e s s e s .  However,  a quantitative re la t ion  between this energy and the value of the com-  
p re s s ive  s t r e s s e s  de termining the excess  p r e s s u r e  drop Pm --  P0 remains  unclear  in the absence of an 
adequate s t ruc tura l  model of f ree-f lowing media.  Thus,  the indicated p r e s s u r e  drop must be considered 
as a ce r t a in  a p r io r i  quantity to  be de te rmined  by exper iment .  

The initial flow ra te  of the gas Qt in the stat ic stage entering (8) is de termined  f rom a re la t ion  
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following f r o m  (10): 

_ _  dw I Q1 = Qo + O~ g " dt__=r," (i7) 

A comple te  invest igat ion of Eqs.  (14)-(17) for  var ious  values  of the p a r a m e t e r s  is a ve ry  c u m b e r s o m e  
calculat ional  p rob l em  and may c o m p r i s e  the subject  of an independent invest igat ion.  Here  we consider  only 
two of the s i m p l e s t ,  although somewhat  fo rma l ,  l imiting c a s e s .  Let 

a<<~W~, r ,-, 1 / ~  >> cz, 

which can be sa t i s f ied ,  for  example ,  for  la rge  Qq and sma l l  P m - -  P0. In this  case  we have f r o m  (14) and 
(15) 

w ~ ws(1--coscot ) ,  z ~ w~(t~o~-lsino~t),  

so  that  Eq. (16) in genera l  has no posi t ive  roo t s .  If osci l la t ions a r i s e ,  i . e . ,  if Eq. (13) is sat isf ied,  they 
stop a f te r  a t ime  comparab le  with the cha r ac t e r i s t i c  t ime  of broadening of the bed. The la t ter  ag rees  with 
data  in [13], where  degeneracy  of the autoosci l la t ions was noted for  increas ing  ra t e  of inflow of gas q, and 
a l so  shows that  Pm --  P0 plays a ve ry  impor tant  ro le  in the genera t ion  of the autoosci l la t ion r e g i m e .  The 
re la t ion  of this r e g i m e  to the p r e s ence  of a m a x i m u m  on the actual  quasif luidization curve  is emphasized  
in [13] .  

Suppose now 

a >> cO? l~3, e ~ l / ~  >) o~, 

which is poss ib le  for l a rge  Pm --  P0 and values  of Qq slightly di f ferent  f r o m  Qm. Then 

a a (I - -  cos ~t), w ~ r  sin cot, z ~  (~ ~ 

so  that  Eq. (16) gives  

�9 �9 ---- 2~  (18)  
(o pc ~ S,pO 

Thus,  in this  case  the re  can be autoosci l la t ions  which i nc r ea se  propor t iona l ly  to the square  roots  of 
the  volume of the space ,  the height and effect ive densi ty  of the b e d ,  and inve r se ly  propor t ional ly  to the 
square  roots  of the gas  p r e s s u r e  and the c r o s s - s e c t i o n a l  a r e a  of the appara tus .  In this case ,  the au toos-  
ci l lat ions have a dynamic c h a r a c t e r ,  and it is c l ea r  f r o m  (17) that QI ~ Qm, so  that  point D on Fig.  1 is 
v e r y  close to M and the s ta t ic  per iod is ve ry  shor t .  This  conclusion is ve ry  natural  for  the assumpt ions  
used.  Actually,  dynamic f r ic t ion  and the d iss ipa t ion  of energy  in the c o m p r e s s i o n  or expansion of the gas  
have been neglected.  Under these  conditions the only physical  c a u s e  of damping of the vibrat ions  is the 
phase  d i f fe rence  between the p r e s s u r e  osci l lat ions {i. e. ,  the fo rce  on the piston) and the veloci ty  of the 
pis ton which is propor t ional  to  c~, which was allowed to  approach  ze ro  in the der iva t ion  of (18). The 
example  p resen ted  shows that  ignoring the dependence of Q1 on Qq, as was done, for example ,  in [13], is 
inadmiss ib le .  Thus,  it is e a sy  to  show that  the actual  r e la t ion  between T 1 f r o m  (8) and Qq will be r e p r e -  
sented by curves  of the type shown dashed in Fig.  3. 

The f requency v of autoosci l la t ions  is equal to (T 1 + T2)-l .  Using (8) and (18) we conclude that  the 
gene ra l  c h a r a c t e r  of the dependence of v on V, H, and other p a r a m e t e r s  is conf i rmed by the exper imenta l  
data ,  pa r t i cu la r ly  those  f r o m  [13]. 

The at~tooscillation r e g i m e  inves t igated can be r ega rded  as a pecul iar  new mechan i sm of the initial 
quasif luidization,  differ ing in pr inciple  f r o m  the four bas ic  mechan i sms  pointed out in [7]. 

In conclusion,  we note that  the theory  preserved  above can eas i ly  be genera l ized  to situations which 
a r e  less  r e s t r i c t i v e  than  those  cons idered  he re .  Tlm only se r ious  r e s t r i c t i o n  is the assumpt ion  t ~ t  the 
fall ing down of pa r t i c les  and the fo rma t ion  of bubbles within the moving pis ton can  be neglected.  This r e -  
qui res  fur ther  invest igat ion.  

N O T A T I O N  

a,  init ial  a cce l e r a t i on  of piston;  F, t he rmodynamic  potential  in (2); f, fo rce  of dynamic f r ic t ion  
pe r  unit a r ea ;  g, a cce l e r a t i on  due to grav i ty ;  H, height of bed; k, coefficient of hydraul ic  r e s i s t ance ;  
L, p e r i m e t e r  of c ro s s  sec t ion  of appara tus ;  M, molecu la r  weight of gas;  m, mass  of gas under bed;  p, 
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pressure; Q, volume flow rate of gas in bed (filtration rate); Qq, parameter in (7); q, total mass of gas 
entering per unit time; R, gas constant;  S, cross-sectional area of apparatus; T, temperature; T1, T2, 
lengths of static and dynamic periods of autooscillation cycle; t, time; V, volume of space under plate; 
w, velocity of piston; z, coordinate of lower surface of piston; ~, /3, y, constants in (11); ~, frequency 
of autooscillations; o, density of gas; ~' effective density of bed; ~, parameter in (7); ~0, hydraulic re -  
sistance per unit volume; co t parameter in (14). Indices: 1 ,  0, s, ~m, initial state of the bed in the static 
stage, the state of minimum quasifluidization, the stationary state, and the state with the maximum pres- 
sure drop; respectively; o, state of the gas above the bed. 
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COOLING OF A COARSE LUMP IN A BED 

"'FINE" PARTICLES 

OF 

F .  R .  S h k l y a r ,  V.  M. M a l k i n ,  UDC 536.244 
B.  S.  R a s i n ,  a n d  F .  N. L i s i n  

The cooling of a coarse lump having the form of a rectangular prism in a blow-through bed 
of "fine" particles is discussed. A solution is obtained for large and small values of Fo by 
using Laplace transforms.  

The heating or cooling of a polydisperse bed of lumps is a frequently occurring practical problem. 
Large lumps have many through pores so that a gaseous medium not only flows around a coarse lump, but 
also filters through its pores and increases the heat t ransfer .  

Thus, the physical problem is the following. A bed through which air filters contains a coarse lump 
at a certain depth. At zero time the whole bed, including the lump, iS heated to the temperature t o and is 
cooled by air with a temperature T' at the inlet to the bed. It is required to find the time to cool the coarse 
lump to a given temperature.  

The following assumptions and simplifications are made. 
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