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C H O I C E  OF P U L S E - F L U I D I Z A T I O N  C O N D I T I O N S  FOR 

MIXING G R A N U L A T E D  M A T E R I A L S  

M. V. A l e k s a n d r o v ,  V. V. M a l y u s h i n ,  
V. G. B a k a l o v ,  a n d  M. F .  M i k h a l e v  

UDC 66.096.5 

A method is given for determining the best pulse-fluidization conditions for accelerating the 
mixing of components in a granular material. 

These measurements on the mixing kinetics of granular materials in pulse fluidization provide 
evidence on the rate of the process in relation~to the working conditions, i .e . ,  the frequency f, mark-space 
ratio S, and gas'flow rate. Visual observations show that rapid mixing corresponds to a definite state of 
the layer,  which may be characterized as the active-piston state. This occurs if the maximum pressure 
under the bed during the pulse does not exceed (1.5-2.5)Mg/Se and causes bed expansion, with only a small 
amplitude of the oscillation of the upper boundary relative to the mean position and the absence of ejection 
above the bed. This is termed region A (Fig. 1) in S - f  coordinates. In region B, there are large bubbles, 
whose escape into the space above the bed is accompanied by considerable ejection of material. In region C, 
the layer remains largely immobile and very little particle displacement occurs. 

However, the mixing rate is not constant within region A for any combination of f and S; there is a defi- 
nite pair  of values for f and S (in our case f = 5 Hz and S = 0.5) that produces the most vigorous mixing. This has 
been observed elsewhere [1], where the effect was described in terms of a natural oscillation frequency of the 

bed. 

The hydrodynamic features of the bed were examined by cinephotography in parallel with gas pressure 
measurement under the distribution grid. Figure 2 shows characteristic pressure oscillograms for f of 1-5 Hz 
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Fig. 1. Region of ex is tence  of act ive  
pis ton:  A) active-piston region;  B) 
gas-bubble  fluidization region;  C) 
immobi le  bed region;  f in Hz. 

and S/f = 0.1 for  the flow chopper.  If f exceeds  1 Hz,  the p r e s s u r e  w a v e f o r m  dur ing one cycle r ep roduces  all 
the e l emen t s  obtained with f = 1 Hz. The ampli tude of the main  p r e s s u r e  pulse is una l te red ,  and there  is li t t le 
change in the negative p r e s s u r e  a r i s i n g  under  the bed,  nor is there  much var ia t ion  in the ampli tude of the 
secondary  compres s ion .  This  indicates  that  the bed behaves  as a p e r m e a b l e  piston fo r  this range in f. The 
o s c i l l o g r a m s  s e r v e  to define the na tura l  osci l la t ion f requency of the bed. The record ing  fo r  f = 1 Hz indicates  
the ha l f -pe r iod  T/2 for  the natura l  osc i l la t ions  as  0.1 sec.  The r eco rd ing  fo r  f = 5 Hz shows that in this case  
the gas is supplied in r e sonance  with the na tura l  osc i l la t ion ,  and the mos t  v igorous  mixing occurs  under  these  
hydrodynamic  conditions. 

T h e r e f o r e ,  it is n e c e s s a r y  to p red ic t  o r  calculate  the na tura l  osci l la t ion f requency  of a bed of g r a n u l a r  
m a t e r i a l  in re la t ion  to the d imens ions  of the appa ra tus  and the p r o p e r t i e s  of the ma te r i a l .  "This is poss ib le  by 
m a t h e m a t i c a l  descr ip t ion  of the motion of the bed in r e sponse  to the gas p r e s s u r e  pulse.  We cons ider  the 
motion of the gas in a space  bounded a t  the top by a mobi le  g a s - p e r m e a b l e  bed of g ranu la r  m a t e r i a l  and at the 
bot tom by the base of the appara tus  and the flow chopper.  A ma thema t i ca l  descr ip t ion  of this s y s t e m  (Fig. 3) 
includes the f o r c e - b a l a n c e  equation fo r  the bed as  a whole and equations fo r  the gas m a s s  balance in the l ayer  
under  the bed and the s tate  of the gas under  i so the rma l  conditions. 

The following is the fo r ce -ba l ance  equation for  the bed: 

d~z 
M M g  + (Pt - -  Po) S r  Ffr.  (1) 

d,~Z 

The lower  boundary of the bed co r r e sponds  to the coordinate  z0, and the bed can move only in the region z > z0; 
the f r ic t ional  force  F f r  applied to the bed by the wall  of the appara tus  is de te rmined  by the method of [2]: 

daxS e = pbe(1 - -  e)(g - -  a)(H - -  x) S e -  Pbe(l - -  e)(g + a) iH - -  x - -  dx) S e + ~Fdx~D. (2) 

This  e x p r e s s i o n  has  been wr i t ten  fo r  a cyl indr ica l  appa ra tus  provided that the bed poros i ty  e r e m a i n s  con-  
stant;  the tangential  s t r e s s  e is re la ted  to the no rma l  s t r e s s  ~rx by 

~ = ,j(zX, (3) 

where  ~ and a a re  the l a t e r a l - p r e s s u r e  and f r ic t ion  coeff ic ients .  

Equation (2} can be in tegra ted  with the boundary condition r F = 0 fo r  x = H = 

Al {exp [Ba~ (H - -  x)] - -  1}, (4) T F =  

where  A t = pbe (1 - e ) ( g  + a); 13 = 4/I);  (1) contains the in tegra l  value of the f r ic t ional  fo rce  act ing on the en t i re  
su r face  of contact  between the bed and the wal l ,  so 

H 

Ffr ~ J" "~pdxnD = Bt (g -[- a) M,  (5) 
0 

where  

Bi = 1 .fl__H /'exp.4(z~ --H--H--4(z.k--H-H--I ~ .  
4 ~  D \ D D ] 
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Fig. 2. Oscillograms for gas pres- 
sure under bed: a) f = 1 Hz, S = 0.1; 
b) 2 and 0.2, respectively; c) 3 and 
0.3; d) 4 and 0.4; e) 5 and 0.5. 

The fr ict ional  force is thus dependent on the instantaneous accelera t ion  of the bed; we substitute the values 
into (2) to get 

d ~z (Pt -- Po) Se 
- -  - e .  ( s )  

dT 2 M (I ~ Bl) 

The gas-balance equation for the space under the bed includes the rate of entry of the gas from the com- 
pressor and the rate of loss of gas through the bed. The bed may also be displaced, so we write 

(Gl --  Oz) aT = d [pi (SeZ "- Vo) l, (7) 

where G I = f(Pl) is the equation characterizing the compressor (in our case GI = [2-3.10 -4 (1)1-P0)l 10-2) �9 The 
gas flow rate due to filtration through the lower boundary of the bed is given by 

aPl 

and to use this we need to solve the equation for nonstationary passage of gas through a bed of granular ma- 

terial: 

aP a ( ~ _ p  a__PP ) ax ax (9) 

We assume that the porosity of the bed remains constant (s = const) and that the gas density varies only slightly 
within the bed (p = const). These equations enable us [3] to transform the filtration equation to 

aP @=P 
- A ~  ( 1 0 )  

o~ ax  z 

The fi l trat ion coefficient  A is [2] given by 

A = s 3 ~  ( 1 1 )  

K (1 - -  &a~l~ 
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Fig. 3. Theore t i ca l  
scheme  for  appara tus  
for  pu rposes  of model .  

where  a is the spec i f ic  sur face  of the g ranu la r  m a t e r i a l  in m2/m 3 and K is the K o z e n y - K a r m a n  constant.  
These  a s sumpt ions  do not introduce much e r r o r  into the equation desc r ib ing  the gas p r e s s u r e  under  the bed,  
but they do not allow us to t r a ce  the propaga t ion  of the g a s - c o m p r e s s i o n  wave within the bed,  e. g . ,  in the 
d is rupt ion  of the la t ter .  

The initial  condition fo r  solving (10) is c h a r a c t e r i z e d  by the p r e s s u r e  dis t r ibut ion over  the height of the 
bed P(x,  0) = ~(x), while the boundary conditions that  incorpora te  the var ia t ion  in gas p r e s s u r e  under  the bed 
a r e  P(0, r) = P l f f ) ;  P(H, r) = P0. 

The solution to (10) in analyt ical  f o r m  is [4] 

P(x, ~)=P~(~).---~ [P~(~)--Pol+ ( (n)--P~+(PrPo)x 

Equations (6) and (7) f o r m  a s y s t e m  that d e s c r i b e s  the p r e s s u r e  var ia t ion  under  the bed and the motion of the 
bed as a p e r m e a b l e  piston:  

d2z _ _ Pi - -  Po Se __ g, 
dv 2 M (1 + B~) 

dPi PtS  e dz Gi - -  G2 Po 
- - - -  - -  r dr Sez + Vo dr, ~ Sez -7 Vo Po 

Gi = [ (Pi). 

(13) 

Sys tem (13) was  solved by compute r ;  the inf i l t ra t ion equation has to be solved at  each s tep of in tegra t ion 
in (13), while the boundary and init ial  conditions Pl( r )  and ~0(x) fo r  defining P(x,  ~') in each  success ive  s tep a r e  
genera ted  f r o m  the r e s u l t  for  the prev ious  s tep.  

F igure  4 shows the gas p r e s s u r e  va r ia t ion  under  the bed dur ing the cycle of the chopper  operat ion as  
r e co rded  and as calcula ted f r o m  (13); the ca lcula ted  and obse rved  curves  a re  essen t ia l ly  the same  up to point 
1, but subsequent ly  the calcula ted curve is only in quali tat ive a g r e e m e n t  with expe r imen t ,  although the per iod  
of the na tura l  osc i l la t ion given by the calcula ted curve ag ree s  sa t i s fac to r i ly  with the obse rved  per iod.  

F igure  5 is a n o m o g r a m  cons t ruc ted  fo r  de t e rmin ing  the na tura l  f requency on the bas i s  of the ca lcu la -  
t ions f r o m  this model .  

If  f is der ived  f r o m  the m a s s  of the bed, the volume of the space  under  the bed,  and the d i a m e t e r ,  one 
can de t e rmine  the op t imum conditions providing m o s t  rapid  mixing  of the granular  m a t e r i a l .  
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Fig. 4. Variation in gas pressure  under bed in one cycle: I) observed; 11) theoretical curve; 
Ap = Pl- Po, Pa~ T, sec. 

Fig. 5. Nomogram for  determining natural frequency of bed; D in m, V 0 in m 3, M in kg, f in 
Hz. 

N O T A T I O N  

is the filtration coefficient, m2/sec; 
is the diameter;  m; 
is the depth of the bed, m; 
is the mass of bed, kg; 
are the gas pressures  over the bed and under the bed, Pa; 
is the grid area,  m2; 
is the underbed volume, m3; 
is the ordinate in bed relative to lower boundary, m; 
is the ordinate of the upper boundary relative to grid, m; 
is the porosity; 
is the dynamic viscosity,  Pa �9 sec. 
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