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The influence of t empera tu re  on the conditions of dis turbance of stabil i ty and the es tabl i shment  
of a se l f -osc i l l a to ry  mode of fluidization is investigated.  

It was shown e a r l i e r  that the fluidization p rocess  becomes unstable under  cer ta in  conditions in apparatus 
containing fluidized beds which are  cha rac t e r i zed  by a " f ree"  subgrid chamber  of re la t ive ly  large volume and 
a gas-dis t r ibut ion grid of low hydraul ic  r es i s t ance  [1]. A dis turbance of stabili ty leads to "driving" of the sy s -  
tem with the ul t imate es tab l i shment  of a se l f -osc i l l a to ry  mode of fluidization. Such a mode was studied theo-  
re t i ca l ly  and exper imenta l ly  in detail  in [2, 3] under  ord inary  conditions,  i .e . ,  with fluidization by a cold gas. 

Somet imes ,  especia l ly  in apparatus of large  size containing large  amounts of granular  ma te r i a l ,  se l f -  
oscil lat ions a re  an undesirable  phenomenon, since they lead to the appearance of cyclic impact  loads on the 
gas-dis t r ibut ion grid and other  e lements  of the s t ruc ture  of the apparatus  with the i r  possible destruct ion.  At 
the same t ime,  se l f -osc i l la t ions  promote  be t te r  mixing of the granular  mate r ia l  and intensification of var ious  
bulk p r o c e s s e s  ca r r i ed  out in a granular  bed, and in a number  of cases  they can be considered as a natural  
and easi ly attainable means  of improving the working cha rac te r i s t i c s  of the apparatus.  The investigation 
of the stabili ty of the fluidization p roce s s  and the p a r a m e t e r s  of se l f -osc i l la t ion  cycles under conditions r e f l e c t -  
ing the operat ion of rea l  apparatus the re fo re  turns out to be v e r y  impor tant  in a p rac t ica l  respec t .  

F i r s t  of all ,  the t empera tu re  dependence of the region of stabili ty in the space of the p a r a m e t e r s  of the 
p roces s  is of undoubted in teres t .  In fac t ,  rea l  apparatus  usually operate  at e levated t em p e ra tu r e s ,  and some 
of the important  p a r a m e t e r s  va ry  quite s trongly with a change in t empera tu re .  The resu l t s  of the expe r imen-  
tal r e s e a r c h  in [2, 3], c a r r i ed  out on "cold" labora tory  instal lat ions,  obviously cannot be employed d i rec t ly  in 
an analysis  of "hot" industr ia l  apparatus;  but quali tat ive conclusions about the influence of t empera tu re  on the 
stabil i ty of the fluidization p roces s  can be drawn on the basis of the general  theory in [1], which remains  valid 
as before.  

For  this it  is sufficient to use the equation determining the boundary of the region of stabili ty [1], 

v"2=-~n ~ l - -n 14- I--  4 1'/21 
- -  N [(Nn) - 1 - 1 - n l  2j ! .  (1) 

Here  the following dimensionless  p a r a m e t e r s  a re  introduced: 

k~ N 2 p S k t  H o 
n = --ki ' v m  , v = vck~V ,  v = - ~  (Q~, - -  Qo). (2) 

Only four quantit ies f rom (1), (2) va ry  significantly upon the heat ing of a bed: p, v, kl, and k2; by p rope r ly  
allowing for  their  t empera tu re  dependence in Eqs. (1) and (2) it is easy  to evaluate the influence of the la t te r  
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Fig. 1. Hydraulic characteristics of the 
gas-supply system (a) and the gas-distribu- 
tion installation used in the theoretical cal- 
culations. 

on the boundary of the region of stability under the most varied conditions. (Equations obtained under the as- 
sumption that the process of gas expansion in the cavity below the grid is isothermal are written above. The 
equations corresponding to other types of expansion processes do not differ fmldamentally from those pre- 
sented and can easily be obtained using the general method of [1].) 

Two modes of bed heating are of practical interest: with a fixed fluidization number W and with a fixed 
mass velocity q of the fluidizing gas supplied to the apparatus. The first mode reflects the transitional pro- 
cess in the startup (firing up) of the installation, when with an increase in temperature one must reduce the 
gas velocity in order not to allow the carrying away of material from the bed. The second mode corresponds 
to the established operation of the apparatus with a constant velocity of the gas supplied to the gas-distribution 
device. 

In the first case the parameters p and v decrease with an increase in temperature. In addition, since 
the quantity q must be reduced to maintain a constant value of W during heating of the bed, the values of the 
differential coefficients of resistance of the gas supply channel and the grid also vary, with their rates of 
variation being determined by the degree of nonlinearity of the respective hydraulic characteristics. These 
characteristics for the installation used in the experiments are presented in Fig. 1 and can be approximated 
with sufficient accuracy by the relations 

Ap ~ 2900Q' ,7, Ap ~ 24Q 1,3s , (3) 

if Ap and Q are expressed in N/m 2 and m/sec, respectively. 

In this case the calculation begins with a determination of the minimum fluidization velocity correspond- 
ing to the given bed temperature (which can be done, for example, by using the we11-known Goroshko-Rozen- 
baura-Todes empirical equation [4]) and the average gas velocity in a column cross section of the apparatus 
at the given number W. The latter allows one to find the corresponding value of the height H of the bed which 
it would have in the steady fluidization mode. Then, using the approximate equation 

H 
Qb-- Qo ~ (Q-- Qo) ~ ,  (4) 

which is correct when the velocity of the motion of the upper boundary of the bed is neglected in comparison 
with Qb - Q0 and Q - Q0 [1], from (2) we obtain the following calculating equation for the parameter v: 

Ho Q-- Qo v ~-- (5) 
/I H--H0 

The velocity of the cold gas supplied to the subgrid chamber, needed to estimate the coefficients kl and k 2, is 
easily expressed through the velocity of the hot gas in the column of the apparatus and the temperature using 
the relation pQ = const. 

For definiteness the calculations were made in application to an installation with the hydraulic charac- 
teristics presented in Fig. i [also see Eqs. (3)]. As is easy to see from Fig. 2, they indicate that with an in- 
crease in temperature the left boundary of the region of instability [characterized by the quantity v2 from (1)] 
shifts toward larger volumes of the subgrid chamber. The right boundary corresponds to unrealistically high 
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Fig. 2. Theore t i ca l  boundary of the region of instabi l i ty  
of the fluidization p r o c e s s  in a mode with a fixed f luidi-  
zation number  for  a bed of graphi te  pa r t i c l e s  (H 0 = 0.1 m ,  
S = 0.0071 m 2, W = 3): 1) d = 0.42; 2) 0.28; 3) 0.16 m m ; t h e  
region of instabi l i ty  l ies  to the r ight  of the curves ;  points) 
expe r imen t ;  T ,  ~ V, m 3. 

Fig. 3. Theore t i ca l  boundary of the region of instabi l i ty  
of the ~uidizat ion p r o c e s s  in a mode with a constant  m a s s  
veloci ty  of gas supply for  a bed of graphi te  pa r t i c l e s  {I-I 0 = 
0.1 m,  S = 0.0071 m 2, d = 0.28 mm):  1) Q = 0.2; 2) 0.15;3) 
0.1 m / s e c  (the values  of Q calcula ted for  a cold gas f r o m  
the given values  of q a r e  p resen ted) ;  the region of ins tab i l -  
ity l ies  to the r ight  of the curves ;  points) expe r imen ta l  ob-  
se rva t ion  of t imes  of generat ion and cutoff of s e l f - o s c i l l a -  
t ions.  

values  of V (on the o rde r  of 100 m5  and the re fo re  is not p resen ted .  With a d e c r e a s e  in the pa r t i c l e  d i ame te r  
of the bed the d isrupt ion of s tabi l i ty  and the appearance  of se l f -osc i l l a t ions  occur  at  a lower  t e m p e r a t u r e  (for 
a given V). I t  is impor tan t  that modes  a re  poss ib le  when se l f -osc i l l a t ions  occur ing  in a cold bed d i sappear  
with an inc rease  in t e m p e r a t u r e .  

In the second case ,  when the veloci ty  of gas supply to the s y s t e m  is f ixed,  the quanti t ies  k 1 and k 2 mus t  
be t r ea t ed  as constants .  In this case ,  because  of the nonl inear i ty  of the curves  of gas expansion,  the var ia t ion  
of the p a r a m e t e r  v [for which Eq. (5) is valid as before]  has  a nonmonotonic cha rac t e r :  The re  is  a t e m p e r a t u r e  
at  which an e x t r e m u m  of v is reached.  The lef t  boundary of the region of instabi l i ty  (Fig. 3) t he re fo re  d i f fers  
cons iderably  f r o m  that  for  the f i r s t  case  cons idered  above (Fig. 2). It  is easy  to see  that  the fluidization of the 
s a m e  bed in the s ame  appara tus  can be unstable  (with rea l iza t ion  of a s e l f -o sc i l l a t o ry  mode) at  low and suff i -  
ciently high t e m p e r a t u r e s  but s table  in a range of in te rmedia te  t e m p e r a t u r e s .  The si tuat ion when the a p p a r a -  
tus opera tes  in a mode cor responding  to jus t  such an in te rmedia te  range is of pa r t i cu l a r  in te res t .  Then the 
spontaneous deve lopment  of se l f -osc i l l a t ions  is poss ib le  upon the sudden cooling of the bed (owingto the de l ivery  
of a new cold batch of g ranular  m a t e r i a l  to the bed, for  example) .  The se l f -osc i l l a t ions  p romote  the mixing 
and m o r e  rapid  heat ing of this batch of m a t e r i a l ,  a f te r  which they automat ica l ly  cease .  Thus ,  it is poss ib le  
in pr inciple  to regula te  the t ime  of fo rmat ion  of the se l f -osc i l l a t ions  (and thereby t e m p o r a r i l y  intensify the 
mixing in the bed) by appropr i a t e ly  choosing the opera t ing  p a r a m e t e r s  of the p r o c e s s  or  by providing for  the 
p r o p e r  va lues  of kl ,  k2, V,  e tc . ,  in the cons t ruc t ion  of the appara tus .  The r e su l t s  of the calculat ions a re  also 
given in Fig. 4. 

Expe r imen t s  in both the modes analyzed were  conducted on a l abo ra to ry  insta l la t ion whose const ruct ion 
is  desc r ibed  in [2]. A column of quar tz  g lass  10 cm in d i ame te r  was  used. A pe r fo r a t ed  c e r a m i c  plate 
covered  by a s t a i n l e s s - s t e e l  gr id with a through c ro s s  sect ion of 4% se rved  as the gas -d i s t r ibu t ion  grid. 
Graphi te  of na r row f rac t ions  was used as  the granular  m a t e r i a l .  The bed was hea ted  by pass ing  an e l ec t r i c  
cu r r en t  through it; the t e m p e r a t u r e  of the bed was  m e a s u r e d  with the rmocouples  and r eco rded  on an osc i l lo -  
graph. The t imes  of genera t ion and cutoff of the se l f -osc i l l a t ions  w e r e  de te rmined  f r o m  an osc i l lographic  
r ecord ing  of osci l la t ions  in the hydraul ic  r e s i s t a n c e  of the bed and were  well-fol lowed visual ly .  The m e a s u r e -  
ment  and regulat ion of the height  of the expanded fluidized bed in the s e l f -o sc i l l a to ry  mode as the t e m p e r a t u r e  
i nc reased  p re sen t ed  cons iderable  expe r imen ta l  difficulty.  But the use  of the p rocedure  suggested in [5] made 
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Fig. 4. Calculated bounda- 
r i e s  of region of instabili ty 
in a mode with a constant 
mass  veloci ty of gas supply 
[H 0 = 0.I m, S = 0.0071 m2; 
d = 0.42 (1-3) and d = 0.16 
mm (4-6)]: 1) Q = 0.19; 2) 
0.177; 3) 0.163; 4) 0,067; 5) 
0.051; 6) 0.044 m/sec. 

it possible to obtain informat ion on the expansion of the bed by measur ing  the average  p r e s s u r e  drops between 
points located at d i f ferent  levels  in the core  of the fluidized bed. The e r r o r  of such measuremen t s  was not 
more  than 5-8%. The resu l t s  of the exper iment  a re  shown by the points in Figs.  2 and 3. Th e re  is acceptable 
agreement  between the resu l t s  of the numer ica l  {based on the theory in [1]) and labora tory  exper iments .  Thus,  
the proposed method of es t imat ing  the boundaries of the region of stabil i ty of the fluidization p roces s  can be 
fully used in an analysis  of the operat ion of rea l  apparatus containing heated fluidized beds. 
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is the molecu la r  weight of gas; 
is the gas constant; 
is the par t i c le  d iameter ;  
is the bed height corresponding to the steady mode of fluidization; 
a re  the coefficients  of hydraul ic  r e s i s t ance  of gas-supply channel and gas-dis t r ibut ion grid; 
a re  the p a r a m e t e r s  defined in (2); 
is the p r e s s u r e  drop; 
IS the average  gas veloci ty;  
is the gas veloci ty  in the bubble phase;  
18 the mass  veloci ty of gas supply to the sys tem;  
is the c ro s s - s ec t i ona l  a rea  of column; 
Is the t empera tu re ;  
is the volume of the subgrld cavity; 
is the d imensionless  volume; 
is the fluidization number;  
is the p a r a m e t e r  ddfinod in (2) and (5); 
is the gas dens i ty ( the  ze ro  subscr ip t  r e f e r s  to the state of minimal  fluidization. 
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