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SETTLING OF A BIDISPERSE SUSPENSION 

]9. S. Endler UDC 66. 063.94 

The influence of the fractional composition on the settling velocity of a bidisperse suspension 
is investigated theoretically. The average particle radius of a settling bidisperse suspension 
is calculated. 

Monodisperse suspensions are rarely encountered in practical engineering, and a disperse phase 
usually consists of a mixture of particles of different sizes. Despite this, considerably fewer reports have 
been devoted to the investigation of the motion of polydisperse than of monodisperse suspensions. 

The force of interaction between the liquid and disperse phases of a polydisperse suspension of moderate 
concentration was determined in [i] using rigorous statistical methods. Without additional considerations, 
however, one cannot determine from [i] the velocities of motion of the separate fractions needed to study the 
settling of a polydisperse suspension. 

The settling of multifraction suspensions of fine particles of equal density was investigated theoretically 
in [2-6] on the basis of various assumptions about the form of the dependence of these velocities on the frac- 
tional composition and the total volumetric concentration of the disperse phase. Here, by analogy with the 
monodisperse case, the dependence of the settling velocities of the individual fractions on the fractional com- 
position and the total concentration was assigned in [2, 3] in power-law form, where the porosity of the sus- 
pension served as the base while the exponent depended on the composition. A modified cell model was used 
for these purposes in [4], and data of [7] on the magnitude of the force of interaction between a filtering stream 
and a stationary, polydisperse granular bed were used in [5, 6]. The settling of bidisperse suspensions of par- 
ticles of equal density at low Reynolds numbers was investigated experimentally in [2-5, 8-].1]. 

Let us consider the uniform gravitational settling of a bidisperse suspension of moderate concentration. 
The continuous phase consists of an incompressible Newtonian liquid with a ~dseosity #0 and density do, while 
the disperse phase consists of a mixture of two fractions of spherical particles with radii a ' and a " and a 
density d~. The volumetric concentrations of the particles a ' and a " and of the entire disperse phase are p ', 
p ", and p = p ' + p ", respectively. The Reynolds numbers characterizing both the flow over individual par- 
ticles and the motion of the phases on the average are small compared with unity. For determinacy, let a " > 
a ' and let the distribution of the concentrations p ' and p " be uniform. 

Using [i], we represent the force of interaction of each fraction with the continuous phase, due to the 
action of viscous-friction forces~ as the sum of two terms: the first, allowing for the constrained nature of 
the settling, coincides with that of [i]; the second characterizes the interaction between the fractions, due to 
the difference between the settling velocities of the fractions. Then the equations of conservation of mass and 
momentum describing the settling of the fractions have the form 
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Fig. I. Dependence of the coefficients 
K', K", P', and P" on the fractional 
composition of the disperse phase. 
Solid curves) i) p = 0.i; 2) 0.2; 3) 0.3; 
dashed curves) data of [ii]; points) 
experiment of [i0]: a) for p = 0.i; b) 
0.2; c) 0.3. 

V v ' = O ;  V v " : 0 ;  

9 [t o p ,F(v0__v,)  + 9 It0 9,O,,~/(v,, v,) = __ p, (d__ d0) g; 
2 (a') ~ 2 (a') 2 
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2 (a") 2 2 (a") z 
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The  s t r u c t u r e  of the e x p r e s s i o n  f o r  the  s e c o n d  t e r m s  on the  l e f t  s i d e s  of  the  e q u a t i o n s  of  c o n s e r v a t i o n  
of  m o m e n t u m  (1) i s  d e t e r m i n e d  f r o m  the  fo l lowing  c o n s i d e r a t i o n s .  In  'the c o s e t t l i n g  of  two p a r t i c l e  f r a c t i o n s  
of  d i f f e r e n t  s i z e s  and the  s a m e  d e n s i t y  one of  the  f r a c t i o n s  p a s s e s  t h r o u g h  the  l a y e r  of  p a r t i c l e s  of  t he  o t h e r  
f r a c t i o n .  In  t he  c a s e  when the  c o n c e n t r a t i o n  of  t h e  d i s p e r s e  p h a s e  i s  m o d e r a t e ,  the  f o r c e  of  i n t e r a c t i o n  b e -  
t w e e n  a c e r t a i n  p a r t i c l e  of  one  s i ze  and  the  f r a c t i o n  of p a r t i c l e s  of the  o t h e r  s i z e  can  be a s s u m e d  to be p r o -  
p o r t i o n a l  to  t he  v o l u m e t r i c  c o n c e n t r a t i o n  of  p a r t i c l e s  of  the  o t h e r  s i z e .  Then  t h e  f o r c e  of  i n t e r a c t i o n  b e t w e e n  
f r a c t i o n s  m u s t  be p r o p o r t i o n a l  to  the  p r o d u c t  of  t h e  v o l u m e t r i c  c o n c e n t r a t i o n s  of  the  f r a c t i o n s ,  p 'p ", and  the  
d i f f e r e n c e  b e t w e e n  t h e i r  s e t t l i n g  v e l o c i t i e s .  B e c a u s e  t h e  f o r c e s  of  i n t e r a c t i o n  b e t w e e n  the  f r a c t i o n s  a r e  equa l ,  

the  c o e f f i c i e n t s  k ' and  k "  m u s t  s a t i s f y  t he  r e l a t i o n  

~.'/(d)~ = ~" (a") 2. (2) 

L e t  us  c o n s i d e r  a s e t t l i n g  p r o c e s s  in  wh ich  the  v e l o c i t y  of m o t i o n  of  the  s u s p e n s i o n  a s  a whole ,  v = r v0 + 
p ' v '+p  "v" ,  e q u a l s  z e r o ,  the  m o t i o n  of  t he  p h a s e s  t a k e s  p l a c e  in the  v e r t i c a l  d i r e c t i o n ,  and  a l l  t he  v a r i a b l e s  
depend  on ly  on the  v e r t i c a l  c o o r d i n a t e .  Wi th  v = 0 and  a u n i f o r m  i n i t i a l  p a r t i c l e  d i s t r i b u t i o n  o v e r  the he igh t  
of  'the s u s p e n s i o n  co lumn ,  f o u r  c h a r a c t e r i s t i c  z o n e s  a r e  f o r m e d  a f t e r  a c e r t a i n  t i m e  fo l lowing  the  s t a r t  of  
se t t l ing :  0) a zone  of p u r e  w a t e r ;  1) a zone  of s e t t l i n g  of  p a r t i c l e s  of  r a d i u s  a ' ;  2) a zone  of c o s e t t l i n g  of  p a r -  
t ic le r ,  of  r a d i i  a '  and an; 3) a s e d i m e n t  zone .  The  v o l u m e t r i c  c o n c e n t r a t i o n s  p '  and p" in the  s econd  zone do not 

v a r y  with  t i m e  and hence  equal  the  i n i t i a l  c o n c e n t r a t i o n s .  

Us ing  (1) and  (2) we ob t a in  t he  e x p r e s s i o n s  fo r  t he  s e t t l i n g  v e l o c i t i e s  of  t he  f r a c t i o n s  of  f ine  (v2') and 

c o a r s e  (v2") p a r t i c l e s  in the  s e c o n d  zone :  

v ~ = K ' u ' ;  K ' =  e + P " ( 1 - - # ) + P s 2 e ~ " F - l " ,  (3) 
e [1 + (o" q- 9's 2) F F - ' ]  

e -4- P' (1 - -  s -2) + epk'F - l  
v_: = K'u"; K" = 

e [1 + (0" q- p% 2) ~,'F -1 ] 

H e r e  s = a " / a  ' and  u'  and u" a r e  the  s e t t l i n g  v e l o c i t i e s  of d i s p e r s e  p h a s e s  of  m o n o d i s p e r s e  s u s p e n s i o n s  of  
p a r t i c l e s  a ' and  a ", r e s p e c t i v e l y ,  a t  the  c o n c e n t r a t i o n  P = P ' + P "  and u n d e r  the  cond i t ion  t ha t  the s u s p e n s i o n  

a s  a whole  i s  s t a t i o n a r y  [1]: 

u'  = ( .1--  p)2 ( 1 - -  2,5 0) u~; u" = ( 1 - -  p)2 ( 1 - -  2,5 p) u2, 

w h e r e  u 1 and  u 2 a r e  the  s e t t l i n g  v e l o c i t i e s  of  s i ng l e  p a r t i c l e s  a ' and  a ",  r e s p e c t i v e l y ,  in  an unbounded s t a -  
t i o n a r y  l iqu id .  The coeff icier~ts  K '  and  K" show the  d i f f e r e n c e  b e t w e e n  t h e  s e t t l i n g  v e l o c i t i e s  in the  b i -  and  

m o n o d i s p e r s e  c a s e s .  F o r  s = 1 (a ' = a ") we have  K '  = K" = 1. 

408 



By analogy with (3), from (i) and (2) we obtain expressions for the velocities of motion of the fractions 
relative to the liquid in the second zone: 

v~ - -  v0 = P' (u' - -  u0); P' = F + ~',os 2 , 
F + X' (~" + s~e') (4) 

v~ - -  Vo = P" (u" - -  ao); p,, _ F + ;L'p 
F + ~' (P" -F sZP ') 

The coe f f i c i en t s  P '  and P "  c h a r a c t e r i z e  the d i f f e rence  between the ve loc i t i es  o f  mo t i on  of  the f r a c t i o n s  
r e l a t i ve  to 'the l iquid in b i -  and m o n o d i s p e r s e  suspens ions .  

The se t t l ing  ve loc i ty  of  p a r t i c l e s  of  r a d i u s  a ' in the f i r s t  zone is  (see (3)) 

vl = (1 - -  p;)Z (1 - -  2.5 p;) .~. (5) 

Equa t ions  (3)-(5), t o g e t h e r  with the r e l a t i o n s  

- v~ : ~ (Vo~ - v~); ~ ( V o w -  v~)  : ~ ( V o ~ -  v ; ) ;  (6)  

p~ (v ;  - v~) : p' (v ;  - v~),  

which  fo l low f r o m  the condi t ions  of  c o n s e r v a t i o n  of  m a s s  in the  t r a n s i t i o n  t h rough  the boundar i e s  of the zones ,  
d e t e r m i n e  'the ve loc i t i e s  v l ' ,  v2' , v2" , v01 , and v02 and the concen t ra t ion  p~' f o r  given init ial  concen t r a t ions  
p ' and p " and a known value of  the coef f ic ien t  X'. 

The f i r s t  equat ion  of  (6) d e t e r m i n e s  the  flux of  the cont inuous phase  f r o m  the f i r s t  to the  z e r o t h  zone 
while  the  second  and t h i r d  equa t ions  d e t e r m i n e  the f luxes  o f  the  cont inuous p h a s e s  and the  f r ac t i on  of  fine p a r -  
t i c l e s ,  r e s p e c t i v e l y ,  f r o m  the  second  to the f i r s t  zone.  The t h i r d  equat ion of  (6) shows tha t  the concen t r a t ion  
of  fine p a r t i c l e s  in the f i r s t  zone  will  be h ighe r  than  in the ini t ial  m ix tu r e  (p 1' > P ') if the fine p a r t i c l e s  se t t le  
f a s t e r  in the  f i r s t  zone than in 'the second  (v 1' > v2'). 

To c lose  equa t ions  (3)-(6) we m u s t  know k ' .  

Le t  X' - X" = 0. Then f r o m  (3)-(6) it fo l lows tha t  in a b i d i s p e r s e  suspens ion  fine p a r t i c l e s  se t t le  s lower  
(K' < 1) and l a r g e  p a r t i c l e s  se t t le  f a s t e r  (K" > 1) than in the  c o r r e s p o n d i n g  m o n o d i s p e r s e  suspens ions  with 
p = const .  And when the  condi t ion (1 - p)/(p - p ' )  < s 2 - 1 i s  sa t i s f ied  the  coeff ic ient  K' is  nega t ive ,  which 
c o r r e s p o n d s  'to upward  mot ion  of  fine p a r t i c l e s  in the second  zone under  the ac t ion of  the ascending  liquid flow. 
The ve loc i t i e s  of  'the c o a r s e  and fine p a r t i c l e s  r e l a t ive  to the l iquid do not depend on the f r ac t iona l  compos i t ion  
of the  d i s p e r s e  phase  and equal the ana logous  ve loc i t i e s  in m o n o d i s p e r s e  suspens ions .  The se t t l ing  ve loc i ty  
of  fine p a r t i c l e s  in the second  zone is  lower  than in the f i r s t  zone ,  and hence  the concen t r a t i on  of these  p a r t i -  
c les  is  h ighe r  in the  f i r s t  zone than in the ini t ial  mix tu re .  

Le t  k, >>1 (k,, >> 1). Then,  with a l lowance  f o r  the r e l a t i on  u" = s2u ' ,  it  fol lows f r o m  (3) and (4) that: p a r -  
t i c l e s  of  d i f fe ren t  s i z e s  se t t le  at  the  s a m e  ve loc i t i e s ,  i . e . ,  in a r e g i m e  of  conso l ida ted  set t l ing;  the f i r s t  zone 
does  not  exis t ;  in a b i d i s p e r s e  suspens ion  f ine p a r t i c l e s  se t t le  f a s t e r  both r e l a t ive  to the wal l s  and the liquid 
(P '  = K' > 1), while c o a r s e  p a r t i c l e s  se t t le  s l ower  (P" = K" < 1), than  in the c o r r e s p o n d i n g  m o n o d i s p e r s e  s u s -  
pens ions  with p = cons t .  The conso l ida ted  r e g i m e  of  set t l ing of a b i d i s p e r s e  suspens ion  was  o b s e r v e d  in the 
e x p e r i m e n t s  of  [9] with h ighly  c o n c e n t r a t e d  suspens ions  60 > 0.3). The r e a s o n  f o r  the s t rong  in t e rac t ion  be -  
tween  the  f r a c t i o n s  m a y  be,  f o r  example ,  con tac t  i n t e r ac t i ons  be tween p a r t i c l e s .  However ,  to d e s c r i b e  ef fec ts  
of  th i s  kind one m u s t  r e m o v e  the  "pa radox  of  z e r o  r e l a t i v e  ve loc i ty"  [12], a c c o r d i n g  to which,  under  the a s -  
sumpt ion  that  the  Reyno lds  n u m b e r s  a r e  sma l l ,  two p a r t i c l e s  under  the  ac t ion  of g r a v i t y  can come  t o g e t h e r  
up to contac t  only  in an infinite t ime .  

To d e t e r m i n e  the t r u e  va lues  of  the coe f f i c i en t s  k '  and ~" we used  the e x p e r i m e n t s  of [10], in which the 
inf luence  of  the  f r ac t i ona l  compos i t i on  of  the  d i s p e r s e  p h a s e  of  a b i d i s p e r s e  suspens ion  on the set t l ing of the 
f r a c t i o n  of  c o a r s e  p a r t i c l e s  was  s tudied f o r  cons tan t  va lues  of  a ' and a ". 

A c o m p a r i s o n  of  the r e s u l t s  of  the ca lcu la t ion  of K" with the  expe r imen ta l  d~ta of  [10] showed (Fig. 1) 
'that in the r ange  of va r i a t ion  of  the  concen t r a t i on  of the d i s p e r s e  phase  of  0-0.3 and fo r  a f ixed value of  the 
p a r a m e t e r  s the coef f ic ien t  k '  does  no t  depend on the f r ac t iona l  compos i t ion ,  being a funct ion of the con c e n -  
t r a t i on  o f  the d i s p e r s e  p h a s e  as  a whole ,  and i t s  behav io r  is  d e s c r i b e d  by the  f o r m u l a  

k' = 1.289 -F, exp (17.84 p - -  4.778). (7) 
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Fig. 2. Dependence of concentra t ion Pl '  of fine p a r t i c l e s  in the 
f i r s t  zone on the f rac t ional  composi t ion of the d i spe r s e  phase.  
Curves)  calculation: 1) p = 0.1; 2) 0.2; 3) 0.3; points) expe r imen t  
[5]: c) fo r  p = 0.1; b, c) 0.2; a,  e) fo r  p = 0.3 (a, b, c: p o l y s t y r -  
ene spheres ;  d, e: quar tz  sand). 

Fig. 3. Dependence of 5 / a '  on the f rac t ional  composi t ion p ' / p  
of the d i spe r se  phase:  curves)  Eq. (8): 1) p = 0.1; 2) 0.2; 3) 0.3; 
a) approximat ing  equation (9); b) d~ta of [15]. 

We obtain the value of the coefficient  k" f r o m  (2) with s = 2.285. 

Using (7), we calcula ted the coeff ic ients  K' ,  P ' ,  and P"  (see Fig. 1 ) and  the concentrat ion Pl' of fine 
p a r t i c l e s  in the f i r s t  zone (Fig. 2). A g raph  of the dependence f r o m  [11] i s  also p re sen t ed  in Fig. 1. 

An ana lys i s  of the data p r e s e n t e d  in Fig. 1 shows that  the coa r se  p a r t i c l e s  in a b id i spe r se  suspension 
move s lower  re la t ive  to the wails  of the vesse l  containing the suspension and re la t ive  to the liquid than in a 
monod i spe r se  suspension of l a rge  p a r t i c l e s  with the same concentra t ion of the d i spe r se  phase  as a whole 
(K" < 1, P"  < 1), and P"  < K" for  fixed values of p ' / p  and p. Converse ly ,  fine p a r t i c l e s  in a b id i spe r se  
suspension move f a s t e r  re la t ive  to the liquid (P' > 1) and s lower  re la t ive  to the wall (K' < 1) than in a mono-  
d i spe r s e  suspension of fine p a r t i c l e s  with a fixed value of p. 

The r e s u l t s  of the calcula t ions ,  which a r e  well conf i rmed  exper imenta l ly  (see Fig. 2), indicate an in-  
c r e a s e  in the concentra t ion of fine p a r t i c l e s  in the f i r s t  zone compared  with the concentrat ion of these  p a r t i -  
c les  in the init ial  suspension.  This m e a n s  tb.~:t the sett l ing veloci ty  of fine p a r t i c l e s  is  lower  in the f i r s t  zone 

than in the second. 

The actual  seCtling r e g i m e  is  i n t e rmed ia t e  to the l imit ing sett l ing r e g i m e s  analyzed above with neg l i -  
gibly smal l  (k' = k" = 0) and s t rong (k'>> 1, k" >> 1) in te rac t ion  between phases .  

Average  P a r t i c l e  Radius  of a Setlling B id i spe r se  Suspension. To make  engineer ing calcutat ions of the 
flow of a po lyd i spe r se  suspension,  analyze t e s t  data on i ts  sett l ing,  e tc . ,  one mus t  ass ign  the value of the 
ave rage  pa r t i c l e  radius .  There  is  no unique means  of choosing such a rad ius  in the l i t e ra tu re .  Fo r  example ,  
in [13] the ave r age  rad ius  is de te rmined  f r o m  the a r i t h m e t i c - m e a n  veloci ty  of sett l ing of 150 identical  p a r -  
t i c l e s ,  in [14] the v o l u m e t r i c - m e a n  rad ius  was chosen as  the ave rage ,  and in [15] the ave rage  radius  was r e -  
p r e s e n t e d  in 'the f o r m  of a combinat ion of the f i r s t  t h ree  m o m e n t s  of the pa r t i c l e  size on the bas i s  of an ana-  
l y s i s  of the sett l ing of a po lyd i spe r se  suspension of pa r t i c l e s  not in terac t ing  with each  other .  

He re  the ave rage  rad ius  is  de te rmined  f r o m  the obvious condition that  the sett l ing veloci t ies  of a po ly-  
d i spe r se  suspension and a monod i spe r se  suspension of pa r t i c l e s  of the ave rage  radius  coincide. 

Using (3) we r e p r e s e n t  the vo lumet r ic  flttx of the d i spe r se  phase  of a b id i spe r se  suspension,  p v 1 = p ' v ' +  

p"v", in the form 

,ov~ = 9u'A, A = 0' K' + s 2 P '  K". (8) 
9 P 

We introduce the radius  ~" in accordance  with the re la t ion  a = a '  (-A. Then it follows f r o m  (8) that  the 
vo lumet r ic  sett l ing ve loci t ies  of the d i spe r se  phase s  of a b id i spe r se  suspension and a monod i spe r se  suspen-  
sion of p a r t i c l e s  of rad ius  5 a r e  equal,  and hence the rad ius  5 is  the ave rage  radius .  A g raph  of the depen-  
dence of [~/a' on the f rac t iona l  composi t ion p ' / p  and the vo lumet r ic  concentra t ion of the d i spe r se  phase  of a 

b id i spe r se  suspension is  p r e s e n t e d  in Fig. 3. 
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In engineering calculations the average radius is usually expressed through a combination of i-th mo- 

ments of particle size. 

I~ = S ai~ (a) do. 

A comparison of the two means of representing the average radius ~ defined by (8) is approximated 
most s~tisfactorfly by the quantity 

m~ 

A graph of the function ~/a t given by (9) is shown in Fig. 3. The results of a calculation from the equa- 
tion proposed in [15] are also illustrated there. It is seen from Fig. 3 that the function (9} yields better re- 
sults than the expression from [15]. 

From an analysis of the results obtained it follows that the fractional composition of the disperse phase 
affects the settling velocity of the disperse phase, and this influence increases with an increase in the total 
concentration. In periodic settling the coarse and fine particles in a bidisperse suspension move slower rela- 
tive to the vessel walls than in periodic settling of monodisperse suspensions of the respective coarse and fine 
particles with equal values of the concentration of the disperse phase as a whole. However, fine particles 
move faster rel~itive to the liquid and coarse ones move slower in the case of a bidisperse suspension than in 
the respective monodisperse suspensions. In periodic settling of a bidisperse suspension the concentration of 
fine particles in the upper zone is higher than in the initial suspension. The volumetric settling velocities of 
the disperse phases of bi- and monodisperse suspensions coincide if the particles of the monodisperse sus- 
pension have a radius equal to the ratio of the fourth and third moments of the particle size of the disperse 
phase of the bidisperse suspension. 

NOTATION 

#0, do, liquid viscosity and density; dl, density of particle material; a t, a", particle radii; v t, v", velo- 
cilies of fractions of particles a t and a"; v 0 and vl, velocities of continuous and disperse phases; v01, v02, velo- 
cities of continuous phase in the first and second zones, respectively; vi', pi t, ~i, velocity and volumetric 
concentration of fraction of particles a' and porosity in the first zone; v2', v2", settling velocities of fractions 
of particles a' and a" in the second zone; p', p", volumetric concentrations of particles a t and a" in the ini- 
tial mixture and in the second zone; p = p' + p"; e, volumetric concentration of the disperse phase as a whole 
and porosity of the suspension in the initial mixture and in the second zone; g, free-fall acceleration; F, k', 
h", proportionality factors in (i); K', K", P', P", coefficients in (3) and (4); u0, velocity of continuous phase 
of the monodisperse suspension; u' and u", settling velocities of disperse phases of monodisperse suspensions 
of particles a' and a"; u i and u2, settling velocities of single particles a' and at'; ~, average radius; A, coeffi- 
cient in (8); m i, i-th moment of particle size; ~(a), particle size distribution function; s = a't/a ', parameter. 
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S I M U L A T I O N  O F  V E R T I C A L  T R A N S P O R T  O F  H E A T  AND 

S O L I D  P A R T I C L E S  IN F L U I D I Z E D - B E D  A P P A R A T U S  

Y u .  S.  T e p I i t s k i i  a n d  I .  I .  Y a n o v i c h  UDC66.096.5 

An equation for  simulating nonsta t ionary ver t ica l  t r anspor t  of heat and solid pa r t i c l e s  in 
nonhomogeneous f luidized beds is  proposed.  

The t rends  in the t r anspor t  of solid pa r t i c l e s  and the re la ted  heat t r anspor t*  throughout the fluidized 
bed space s t rongly affect the operat ing eff ic iency of apparatus  based on fluidization techniques.  The re fo re ,  
the mixing of pa r t i c l e s  and internal  heat t r a n s f e r  in such a sys tem invar iably engage the in te res t  of r e s e a r -  

chers  [1-4]. 

Until recent ly ,  the most  commonly accepted ver t ica l  mixing scheme was based on the c lass ica l  diffu- 
sion model ,  which descr ibes  the p r o c e s s  by means  of a single p a r a m e t e r  - t h e  coefficients  of ver t ica l  diffu- 
sion (dispersion) of pa r t i c l e s  [1]. However,  this  model cannot descr ibe  the exper imenta l ly  observed  nonsta-  
t ionary  mixing curves  [5l. 

It was proposed  in [6], probably for  the f i r s t  t ime ,  to descr ibe  the p r o c e s s  by a hyperbol ic  diffusion 
equation that would take into accouter the f ini teness  of the par t i c le  velocit ies.  A sys tem of two hyperbolic  
f i r s t - o r d e r  equations was used e a r l i e r  in [7] fo r  descr ibing the ver t ica l  mixing of the solid phase.  This sys -  
t em  was based on the assumption that the t r anspor t  of pa r t i c l e s  throughout the bed was pure ly  convective 
(circulatory)  in charac te r :  upward in the bubble t r a i l s  and downward in the r e s t  of the emulsion phase.  In 
this ,  the par t ic le  veloci t ies  in both phases  were ,  natural ly ,  l imited. The necess i ty  and importance of taking 
into accotmt the f ini teness  of the velocity of pa r t i c les  was shown in [5, 8] by d i rec t  compar ison  between the 
exper imenta l  mixing curves  and those calculated by means  of hyperbol ic  equations [6, 7]. Using the resu l t s  
of an analysis  of the fluidization p r o c e s s  based on methods of the the rmodynamics  of i r r e v e r s i b l e  p r o c e s s e s ,  
Liu and Gidaspow have der ived [3] a hyperbolic  equation of diffusion to descr ibe  ver t ica l  solid phase t ranspor t .  
It has been suggested in [4] to use th ree  f i r s t - o r d e r  hyperbol ic  equations to descr ibe  ver t ica l  mixing of p a r -  
t ic les  in a bed slowed down by a bunch of pipes.  An additional equation (in compar ison  with the sys tem given 
in [7]) desc r ibes  the downward core motion of pa r t i c l e s  at the wall. Analysis  shows that none of the above 
models  compr i ses  all the basic  cha rac te r i s t i c s  of the mixing p ro ce s s  (see below). 

* It is  admiss ible  to assume that the heat t r a n s f e r  is  due en t i re ly  to the motion of pa r t i c l e s  in nonhomogene-  
ous fluidized beds because of 'the large  dif ference between the volumetr ic  specific heat values of the gas and 
the par t i c les .  The t r anspor t  of heat  and the t r anspo r t  of d i sperse  mate r ia l  and ' therefore cha rac t e r i zed  by 
the same t r ends ,  so that ,  for  brevi ty ,  we shalI subsequently make no special  dist inction between these  p r o -  
cesses  and use only the t e r m  "mixing" (diffusion of par t ic les)  o r  " the rma l  conductivity" of the bed. 
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