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An equation of motion is derived for individual particles in a fluidized 
bed of a monodisperse material in connection with the onset of fluid~ 
ization. Dimensionless complexes have been derived on the basis of 
this equation and these are used to process the experimental data. A 
theoretical formula is derived. 

The g r e a t  d i v e r s i t y  in e m p i r i c a l  r e l a t i o n s h i p s  for  
the  c a l c u l a t i o n  of the  c r i t i c a l  r a t e  of f lu id iza t ion  [1] i s  
exp la ined  by the a b s e n c e  of a conc lu s ive ly  f o r m u l a t e d  
s y s t e m  of equa t ions  for  the h y d r o d y n a m i c s  of the f l u id -  

i z e d  bed.  
Mos t  of the r e s e a r c h e r s  [2 -6]  d i r e c t l y  or  i n d i r e c t l y  

a c c e p t  the i n t e r n a l  p r o b l e m  of h y d r o d y n a m i c s  and t r e a t  
the f l u id i zed  bed as  a s y s t e m  of con t inuous ly  va ry ing  
channe ls  f o r m e d  by p a r t i c l e s  of s o m e  m a t e r i a l  with an 
equ iva len t  d i a m e t e r  deq.  The  equ iva len t  channel  d i -  
a m e t e r  (deh) is  d e t e r m i n e d  f rom the equ iva len t  g r a i n  
d i a m e t e r .  Th i s  t r a n s i t i o n  t r a n s f o r m s  the p r o b l e m :  i t  
c e a s e s  to be s t r i c t l y  an i n t e r n a l  p r o b l e m  (the g r a i n  
d i a m e t e r  a p p e a r s ) ,  but  i t  does  not  consequen t ly  b e -  
come  an e x t e r n a l  p r o b l e m ,  s ince  a l l  of the in i t i a l  p r e -  
m i s e s  of the  i n t e r n a l  p r o b l e m  a r e  r e t a i n e d .  M o r e o v e r ,  
t he se  p r e m i s e s  l e ad  to  a s i tua t ion  in which we take  as  
the c h a r a c t e r i s t i c  c o m p l e x e s  Re -= wdeq/V and Ar = 
- d3eq g /v  ,2 ( A p / p ) ,  d e r i v e d  f r o m  the  equa t ion  of mo t ion  
fo r  a homogeneous  m e d i u m .  We note tha t  the A r  c r i -  
t e r i o n  cannot  be  d e r i v e d  f r o m  the i n t e r n a l  p r o b l e m .  

The f l u i d i z e d  bed  m a y  be r e g a r d e d  as  an a g g r e g a t e  
of p a r t i c l e s  f l u shed  by a s t r e a m  of g a s e s  [ 5 - 8 , 1 2 ] .  
H e r e  the p a r t i c l e  d i a m e t e r  deq s e r v e s  a s  the c h a r a c -  
t e r i s t i c  d i m e n s i o n  of the s y s t e m .  In our  opinion,  th i s  
a p p r o a c h  is  c l o s e s t  to the p h y s i c a l  phenomenon,  s ince  
the p a r t i c l e  d i a m e t e r  is  a s t ab le  quant i ty  [8]. 

In examin ing  the " e x t e r n a l "  p r o b l e m ,  we f ind  tha t  
e q u i l i b r i u m  for  the  m a t e r i a l  p a r t i c l e s  in r e l a t i v e  m o -  
t ion s e t s  in when the sum of a l l  f o r c e s - - i n c l u d i n g  the 
f o r c e  of i n e r t i a - - i s  equal  to z e r o :  

P-+-G+Ff + F  d + F ~ + l = O .  

Here  the f o r c e s  a r e  p e r  unit  of p a r t i c l e  vo lume in the 
moving  s y s t e m  of c o o r d i n a t e s  of the p a r t i c l e .  

We know f r o m  the s tudy of the mot ion  of the so l id  
phase  [9] tha t  the s t a t e  of the p a r t i c l e s  in which they 
a r e  s u s p e n d e d  in the gas  s t r e a m  without  mo t ion  c o r -  
r e s p o n d s  to the onse t  of f l u id i za t ion .  Th i s  s t a t e  fo r  
the p a r t i c l e s  has  been  a s s u m e d  in our  f u r t h e r  d i s c u s -  
s ions .  

In an idea l  f l u id i zed  bed  of m o n o d i s p e r s e  p a r t i c l e s  
of s p h e r i c a l  shape ,  the  l a t t e r  beg in  to move  s i m u l -  
t aneous ly .  In th is  s t a t e  t h e i r  abso lu t e  ve loc i t y  of m o -  
t ion u is  equal  to  z e r o .  A l l  of th is  m a k e s  i t  p o s s i b l e  to 
neg lec t  the t e r m  e x p r e s s i n g  the p a r t i c l e  c o l l i s i o n  
f o r c e  Ye.  At  the  i n s t an t  of f lu id iza t ion  onse t ,  wi th  

c r i t i c a l  p o r o s i t y  r e s u l t i n g  f r o m  the a bse nc e  of p a r t i -  
c le  c o l l i s i on ,  the n a t u r e  of the f luid bounda ry  l a y e r  
about  each  p a r t i c l e  is  de f ined  e x c l u s i v e l y  by the p r o p -  
e r t i e s  of the f luid and the s t a t e  of the m a t e r i a l  s u r f a c e .  
T h e r e  is  no t u r b u l i z a t i o n  or  d e s t r u c t i o n  of the bound-  
a r y  l a y e r  r e s u l t i n g  f rom the e f fec t  of the ad j acen t  
p a r t i c l e s  ( i . e . ,  t h e i r  c o l l i s i o n s ) .  T h e r e f o r e  in the  
l i f t  t e r m  of the equa t ion  of mot ion  we can take  p as  
the v i s c o s i t y  of the f lu id iz ing  agent .  

The l i f t  f o r c e  of the p a r t i c l e  is  c o m p o s e d  of the  
f o r c e s  of f r i c t i o n  and d r a g  whose  f r a c t i o n  for  an ind i -  
v idua l  p a r t i c l e  in the  f l u id i zed  bed  cannot  be  d e t e r -  
m ined .  F o r  an idea l  s ing le  l a y e r  at  the ins t an t  of 
f l u id i za t ion  onse t  the  p a r t i c l e s  a r e  s t rung  out v e r t i -  
c a l l y  in cha ins ,  with a d i s t a n c e  be tween  c e n t e r s  of 
the o r d e r  of deq,  i . e . ,  with the excep t ion  of the v e r y  
l ow e s t ,  they  a r e  a l l  in the h y d r a u l i c  shadow [7]. F o r  
th is  r e a s o n ,  in f i r s t  a p p r o x i m a t i o n ,  we can omi t  the 
f ron t a l  d r a g  t e r m  F d. The  equat ion fo r  the f o r c e s  
ac t i ng  on a m a s s y  point  (an ind iv idua l  p a r t i c l e )  in 
the ca se  of i ts  i n t e r a c t i o n  with an i n c o m p r e s s i b l e  
m e d i u m  can  be w r i t t e n  in the f o r m  

- - g r a d P  + (9s - -P )g  + ~V 2v-l- Ps( v grad)v = O. 

We note that  the f i r s t  t e r m  does  not co inc ide  s t r i c t l y  
with the t r ue  va lue  of g r a d  P within tha t  vo lume of 
the  m e d i u m  conta in ing  no p a r t i c l e s .  

Since  we have four  t e r m s  in the  equat ion fo r  the  
ac t ive  f o r c e s ,  we obta in  t h r e e  independent  d i m e n s i o n -  
l e s s  c o m p l e x e s  

2 _ +  + = , .  
l I 

The c o m p l e x e s  ob ta ined  a f t e r  the t r a n s f o r m a t i o n s  
a r e  r e m i n i s c e n t  of the  F r o u d e  and Reyno lds  n u m b e r s  
d e r i v e d  f rom the equat ion  of mot ion  fo r  a homogeneous  
m e d i u m ,  but  a r e  fundamen ta l l y  d i f f e r en t  f rom these :  

v~ Ps . vl 9s 

~1a =-- gt  A 9 ~sF ~ v 9 

In the g e n e r a [  c a s e  the h y d r o d y n a m i c s  of the p r o b -  
l e m  r e d u c e s  to the  d e t e r m i n a t i o n  of the  n u m b e r  Hip  as  
a funct ion of IIIG and I I IF .  With  r e g a r d  to the h y d r o d y -  
n a m i c s  of the  f l u id i zed  bed ,  whenwe  have to d e t e r m i n e  
the c r i t i c a l  f lu id iza t ion  r a t e ,  the p r o b l e m  b e c o m e s  
m o r e  complex  s ince  the r a t e  is  inc luded  in a l l  of the 
d i m e n s i o n l e s s  c o m p l e x e s  but  is  not  s p e c i f i e d  in the 
bounda ry  cond i t ions .  Let  us group the d i m e n s i o n l e s s  
c o m p l e x e s  so  as  to e l i m i n a t e  the  r a t e .  As a r e s u l t  of 
the t r a n s f o r m a t i o n s  we obtain two d i m e n s i o n l e s s  c o m -  
p l e x e s ,  one of which is  a n u m b e r  whi le  the  o the r  is  a 
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Generalization of experimental data (8, 13] on critical 
rate of fluidization of monodisperse beds at various 
pressures and temperatures: i ,  2, 3) Fluidization of 
MCH spheres by hydrogen, air,  and carbon dioxide, 
respectively [8]; 4 and 5) fluidization of silicagel and 
steel spheres by air [8]; 6) fluidization of alumosili- 
cate catalyst by a gas at a pressure from 1 to 16 arm 
[13]; 7) fluidization of naturally alloyed iron ore by 

air at a temperature from 20 to 400 ~ C [8]. 
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criterion. The number is given as the product 

v3 P~ (1) 
z~zo nIF ~- g ~ pAp' 

while the c r i t e r i o n  is g iven as the quotient  f rom the 
d iv i s ion  

~ p  _ g13 psAp (2) 
~IG ~2 p~ 

This  method is used  in the theory  of heat  t r a n s f e r  in 
f ree  mot ion  and it was f i r s t  appl ied to he te rogeneous  
s y s t e m s  in s l ight ly  a l t e r ed  fo rm by Lyashchenko [11] 
and c o r r e c t e d  in acco rdance  with the t r a n s f o r m a t i o n s  
of the method f rom the theory  of s i m i l a r i t y  [10]. 

The de r ived  complexes  conta in  homogeneous  co-  
f ac to r s  inc luding  the dens i t i e s  p2s/pA p and psAp/p 2 of 
the media ,  these  dens i t i e s  having been de r ived  f rom 
two independent  p a r a m e t e r s  Ps and p. The homoge-  
neous cofac tors  can be p r e s e n t e d  in the fo rm (Ps/AP) • 
x (ps/p) and (ps/p)(Ap/p) and here  Ap/p is ident ica l ly  
ps/p. As an independent characteristic Ap/p in the 
general case is dropped from the criteria (for Ps ~ P, 

Ap/ps ~ 0, for Ps >> P, Ap/PS ~ i). Of the remain- 
ing criteria, Ap/p is a more general characteristic 

than Ps/P, although for the gas~solid system Ap/p = 
= ps/p because Ps/P >> i. 

On the basis of the transformation rules in the the- 
ory of similarity [10] we finally obtain the dimension- 
less variables: the number is the dimensionless rate 

(va/gv)l/a 1/a = v/(gv)  , the c r i t e r i o n i s  the d i m e n s i o n l e s s  
d i a m e t e r  (gla/va)l/3 = l(g/va) 1/~, and the p a r a m e t r i c  
c r i t e r i o n  Ap/p. 

In d e t e r m i n i n g  the c r i t i ca l  f lu id iza t ion  ra te  we find 
that  the two condi t ions  adopted above make it  poss ib le  
to c a r r y  out the subs t i tu t ion  v = Wcr , s ince  u = 0 and 
1 = deq. Then,  f ina l ly ,  the gene ra l  form of the d i m e n -  
s ion less  equation 

W=f(Dr., Ap/p), 

,3  -- d 3 W::::weV~/-gv and Dm~ eqVg./'~ e. 

We note that  the r e p r e s e n t a t i o n  of the n u m b e r  W and 
of the c r i t e r i o n  D m without exponents  for the ra te  and 
the d i a m e t e r  fundamenta l ly  does not violate  the form 
of the d i m e n s i o n l e s s  complex [10]. At the same  t ime ,  
when ca lcu la t ing  D m in t e r m s  of 

3/O r 2 

gz and d i do = 1: d ' 

we e l imina t e  the a r t i f i c i a l  exaggera t ion  of the unavoid-  
able e r r o r s  in ca lcu la t ing  the equivalent  d i a m e t e r  a c -  
cording  to the spec i f ied  mesh  compos i t ion  of the in i t ia l  
n a r r o w  f rac t ions  af ter  c l a s s i f i ca t ion  of the mix tu re  
on s c r e e n s  with a gr id  passage  d imens ion  O1 and a 
gr id  nonpassage  d i m e n s i o n  ~2. Fo r  pa r t i c l e s  c a l i -  

b ra ted  as deq = dg we find that the e r r o r  in the 
d e t e r m i n a t i o n  of the d i m e n s i o n  has also been e l i m -  
inated.  

In the case of fluidization by means of a gas under 

pressure the equation of motion experiences no changes, 

since the gas pressure acts on the particles in all 

directions. The effect of both pressure and tempera- 

ture must be reflected exclusively in the physical con- 
stants of the fluidizing agent and they must be included 

in the complexes W, Din, and Ap/p. 
The available data on the critical rates of fluidiza- 

tion for monodisperse beds on passage through the bed 
of liquids and various gases at normal and high pres- 

sures and temperatures [8,13] were processed in the 

manner proposed above and are shown in the figure. 

The approximation equation has the form 

where for D m ~ 3, c = 0.025, and n = 1.3, while for 
D m -- 3, c = 0.045, and n = 0.765. 

The m a x i m u m  devia t ion in the expe r imen ta l  data 
amounts  to :L15%. We note that the points co r re spond ing  
to the pene t r a t ions  of the beds cons i s t ing  of i r r e g u -  
l a r l y  shaped pa r t i c l e s  (na tura l ly  al loyed i ron ore) at  a 
t e m p e r a t u r e  of up to 400 ~ C lie on the approx imat ion  
curve. 

N OTATI ON 

P is the pressure force on a particle; G is the 

Arehimedean force; Ff is the friction force; F d is the 

drag force; F c is the force of collision; I is the inert 

force; Ff is the lifting force; Ps is the density of the 
solid material; w is the gas velocity, u is the absolute 

velocity of the particles; v is the relative velocity of 
the particles; # is the coefficient of viscosity of the 

medium; dg and dch are the diameters of grain and 
channel, respectively; deq is the equivalent diameter 

of the particles. 
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