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The paper presents the relations between the mean particle velocity 
in the vertical (longitudinal) direction of a monodisperse fluidized 
bed and the parameters of the bed and the gas, A dimensionless em- 
pirical formula is given for calculating the mean absolute particle 
velocity. 

There  is  a d i rec t  connection between motion of the 
solid pa r t i c l e s  in a fluidized bed and the t r ans f e r  of 
energy and mass ,  mixing, viscous p rope r t i e s ,  and 
other  phenomena. Inves t iga tors  have the re fo re  given 
cons iderab le  attention to the study of the p r o c e s s e s  
in the bed i t s e l f  [1-6] .  As yet, however, no quanti-  
ta t ive re la t ion  has been es tabl ished between the p a r -  
t i c le  veloci ty  and the bed p a r a m e t e r s ,  when the la t te r  
a re  uniquely ass igned.  The p resen t  paper  a t tempts  to 
der ive  th is  re la t ionsh ip .  
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Fig .  1. Dependence of p a r -  
t i c le  veloci ty  +~z (m/see)  
on d iamete r  d (ram): 1) and 
2) with H 0 = 43 mm; 3) and 
4) 89; 5) 133; 1) and 3) with 
Wp = 1.15 m / s e e - l ;  2), 4), 

and 5) 1.35. 

The equipment on which the exper imen t s  were  c a r -  
r i ed  out and the exper imenta l  technique have been de-  
sc r ibed  prev ious ly  [7, 8]. 

The monod i spe r se  beds inves t iga ted  contained an 
indus t r ia l  a luminum-s i l i c a t e  ca ta lys t  in the form of 
spheres  sc reened  into th ree  c l a s s e s  on 3 . 0 - 2 . 5 ;  2 . 0 -  
1.6;  1 . 2 - 1 . 0  mm screens ,  the equivalent values of 
pa r t i c l e  d i ame te r  de in each c l a s s  being: 2.81; 1.82; 
1.09 mm, and the weights being: 14.6 �9 10-5; 4.16 x 
• 10-5; 0. 091 " 10 -5 N (newton). One of the pa r t i c l e  

beds was labeled with cobal t  60 isotope and had d i a m -  

eter  and weight values of 2.88; 1.82; 1.10 mm and 
13.7 �9 10-5; 4.26 �9 10-5; 0.101 �9 10 -~ N, respec t ive ly .  

The c r i t i c a l  ve loc i t ies  of each of the beds exam-  
ined were  0.84, 0.56, and 0.31 m �9 see - l .  

1. ANALYSIS OF THE PARTICULAR RELATIONS 

In a l a rge  s e r i e s  of 120 t e s t s  the ini t ia l  p a r a m e -  
t e r s  were  var ied  s u c c e s s i v e l y - - a i r  veloci ty  (up to 
f luidization numbers  of five), par t ic le  d iameter ,  s t a t -  
ic height of bed H0/D = 0 . 2 5 - 1 . 5 ,  and type of gas d i s -  
t r ibu tor  (porous and perfora ted) .  The t e s t s  were  con- 
ducted in equipment 172 mm in d iamete r .  

An osc i l loscope  record  of the s igna l s - -coord ina tes  
of a labeled pa r t i c l e - -was  made following p r e l i m i n a r y  
s tabi l izat ion of the fluidization r eg ime .  A tes t  would 
go on for 10-30 rain, with record ing  every  3 - 5  min 
of the height, s ta te  of the bed, and readings  of the in-  
s t ruments  (mass flow ra t e  m e t e r  and different ia l  ma-  
nometer) .  

The o sc i l l og rams  were  read  under ten-fold  magni-  
f ication.  The t ime in terva l  between points to be p r o c -  
essed  var ied  between 0.1 and 1.0 sec,  and was de t e r -  
mined by the frequency of the curves ,  th is  depending 
on the gas s t r e a m  veloci ty .  Reduction of the osc i l lo -  
g rams  according to the t ime in te rva l s  adopted gave 
l inear  coordinates  with r e s p e c t  to the axes x, y, z, 
and also gave the d isp lacement  of the labeled par t i c le  
in the fluidized bed as a function of t ime .  With suc-  
cess ive  reduct ion for each tes t ,  the th ree  components 
of "local  n veloci ty  were  obtained: longitudinal (ver t i -  
cal) • t r a n s v e r s e  u~, and r ad i a l  • during the 
chosen t ime in te rva l s .  Then for each r eg ime  with all  
the p a r a m e t e r s  fixed we calculated the mean values  
• +~R, ~q~, and hence the absolute pa r t i c l e  ve loc-  

i ty 
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and the t r a n s v e r s e  (horizontal) component 

It R ~- ll-q~ �9 

The pa r t i a l  r e l a t ions  between the pa r t i c l e  veloci ty  
components and the ini t ia l  sys tem p a r a m e t e r s  were  
obtained in the form of a table;  we p resen t  here  only 
the graphica l  r e l a t ions  for the mean longitudinal (ver-  
t ica l )  upward pa r t i c l e  veloci ty  +~z" 

Influence of pa r t i c l e  d i ame te r .  It may be seen f rom 
Fig.  1 that  rap id  inc rease  of the function +~z = f(de) 
with Wp = const,  H 0 = const  commenced on going f rom 
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d e = 2.81 mm to d e = 1.82 ram, while, in the range 
1.82 to 1.09 mm, the ra te  of i nc rease  in veloci ty  is  
reduced.  For  smal l  bed height (curve 2) and la rge  op- 
e ra t ing  gas veloci ty  (fluidization number 4.36) there  
was a maximum of the function invest igated.  

An explanation of the re la t ions  obtained should be 
sought in two physical  phenomena--var ia t ion  of p a r t i -  
cle mass  and the nature  of mixing. Reduction of the 
d iamete r  (par t ic le  mass )  at unchanged gas veloci ty  
produced an inc rease  in pa r t i c l e  veloci ty .  However, 
at smal l  pa r t i c l e  d i ame te r s  or  l a rge  gas ve loc i t ies ,  
pa r t i c l e  c i rcula t ion  sets  in, causing equalization of 
the longitudinal veloci ty  values .  

Influence of bed height.  Inc rease  of the mean longi- 
tudinal  (vert ical)  pa r t i c l e  veloci ty  occur red  with in-  
c r e a s e  of bed s ta t ic  height, according to the law +~z 
~ H0 n, in the range  0.25 < H0/D < 1.0 (as is  seen f rom 
Fig .  2), while for H0/D > 1.0 a tendency was observed  
for the pa r t i c l e  veloci ty  to fal l  as a ftmetion of bed 
stat ic  height.  Nat,~rally, one would expect var ious  
fac tors  to be influential  here ,  both kinemat ic  and hy- 
drodynamic .  The f i r s t  r e l a t e s  to acce l e ra t ion  and de-  
ce l e ra t ion  phenomena, vary ing  with bed height, and 
the second to the ro le  of gas jet  energy and the nonuni- 
for tui ty  of f luidizat ion always connected with la rge  bed 
height .  

The motion of a pa r t i c l e  in the bed, and therefore ,  
of the whole mass  of pa r t i c l e s ,  is nonuniform. The 
pa r t i c l e  ve loc i ty  v a r i e s  in magnitude and di rec t ion  
during the entire period of motion from the free sur- 
face of the bed to the distributor and back [7, 8]. In 
each half period there is an accelerating section and 
a decelerating one. In beds in which the height is less 
than the diameter, the extent of the accelerating sec- 
tion increases with increase of the ratio H0/D , at the 
same time as the maximum local and mean velocities 
increase. When a particle approaches the distributor 
and the free surface of the bed, the deceleration stems 
from variation of direction of the half-period trajec- 
tory, at the end of which the local velocity is zero. In 
thicker beds, when there is averaging, the particle 
velocity (+~z or -~z) increases during a half-period, 
in comparison with the thin bed, since the fraction of 
decelerating sections over the whole path decreases. 

The energy of a gas jet issuing from the apertures 
of the distributor is expended in the bed itself when 
H0/D > 1. This indicates that in thick beds (H0/D > I), 
the influence of jet energy on increase of particle ve- 
locity is considerably less than in thin beds~ 

The uniformity of fluidization becomes worse with 
increase of bed height, which progressively promotes 
convergence of the particles, with formation of groups. 
The decrease of particle velocity with H0/D > Io 0 is 
probably due to the fact that large agglomerates are 
formed; to move and break these down requires addi- 
tional expenditure of the kinetic energy of the gas 

stream. 
The lack of uniqueness of the general relation +~z = 

= f(II0) allows us to propose the existence of an opti- 
mum bed height for which the mean particle velocity 

i s  g r e a t e s t .  

It should be s t r e s s e d  that the local  pa r t i c l e  ve loc i -  
t i e s  should va ry  according to a law with a maximLlm, 
i . e . ,  should f i r s t  i nc rease  from zero,  and l a t e r  di -  
minish with height z, 

Influence of gas veloci ty .  We may evidently con- 
elude f rom Fig.  3 that  the pa r t i c l e  veloci ty  i n c r e a s e s  
with inc rease  of gas s t r eam veloci ty .  

The pa r t i c l e  motion in the bed begins with the gas 
s t r e a m  veloci ty  somewhat exceeding the c r i t i c a l  [7, 8]. 
The most  pronounced inc rea se  in veloci ty  is  observed 
with inc rease  of gas veloci ty  up to a ce r ta in  value, 
af ter  which the r a t e  of i nc rea se  of pa r t i c l e  veloci ty  
becomes  less  dependent on the gas veloci ty .  These 
two r a t e s  of growth of +~z = f(wp) a r e  separa ted  by 
the ~optimum ~ gas velocity,  whose value depends in a 
quite definite way on the pa r t i c l e  d iamete r  and the 
s ta t ic  height of the bed. The ra t io  of the noptimum~ 
fluidizat ion veloci ty  to the c r i t i c a l  l i e s  in the range  
2 - 3 .  It should be noted that  a f luidization number of 
2 -3 ,  for var ia t ion  of the r a t e  re la t ionsh ip  of the two 
ve loc i t ies ,  ag rees  with the optimum recommendat ions  
for f luidizat ion number in heat  and m a s s  t r ans f e r  [1, 
9, 10]. Also the pa r t i c l e  ve loc i t ies  a re  ident ical  at 
the different  f luidizat ion numbers ,  and different  p a r -  
t ic le  ve loc i t ies  a re  observed  at ident ical  f luidization 
numbers .  These observa t ions  conf i rm the well-known 
conclusion r ega rd ing  the l imi ta t ion  of the f luidization 
number  as a hydrodynamic c h a r a c t e r i s t i c  of the f luid- 
ized bed. 
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Fig. 2. Dependence of par- 
ticle velocity +~z (m/see) 
on static height H 0 (ram) of 
bed: 1), 2), and 3) with 
d e = 2.81 mm; 4) 1.82; 5) 
Io09; i), 4), and 5)Wp = 
= I.  15 m/see-i;  2) 1.35; 

3) 1.55. 

A physical explm~ation of the two rates in the inter- 
relationship of ~ and Wp may be given when account is 
taken of the already mentioned variation of the nature 
of circulation of solids with increase of gas velocity: 
there is a regime of smooth fluidization and a vortex 

regime (the ~boiling ~ bed regime), the particles being 
accelerated during linear displacement in the first 
regime, and in the second during circulation~ In the 
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process  of circulation of the mass of solid phase, 
some part  of the gas energy is expended, so that it does 
n0t come into play in the linear acceleration of the 
part icles,  
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Fig. 3. Dependence of par-  
t icle velocity +Uz (m/see) 
on gas velocity w (m/see), 
for H 0 = 8 9 m m : l )  a t d  e =  
= 1.09 ram; 2) 1.82; 3) and 
4) 2.81; 1), 2), and 4)with 
a porous distributor; 3) a 
perforated distributor.  

In all the tests  at identical conditions (H0, Wp, etco), 
the absolute values of particle velocity with ascending 
flow, +~z, were greater  than with descending flow, 
- u  z, The absolute values of mean radial  velocities in 
part icle  motion from the wall to the center, and from 
the center  to the wall, were close to each other in the 
major i ty  of the tests .  The velocity in the longitudinal 
direction, ~z, was always about twice that in the t rans -  
ve rse  direction, ~t. The maximum absolute particle 
velocities were close to the air velocity, calculated 
for the total c ross  section of the equipment, while the 
minimum was zero.  

Role of the distr ibutor.  In the equipment with a 
perforated distributor (apertures of 2 ram, c ross  sec-  
tion fraction 2.1%), other conditions being equal, the 
part icle velocity was greater  than in the equipment 
with a porous (ceramic) distributor, as may be seen 
in Fig, 3, by comparing curves  3 and 4. 

This may evidently be attributed to the greater  
kinetic energy of the lets issuing f rom the drilled 
apertures,  MgW~/2: above the porous distributor 
the jets are less powerful because the mass  of gas 
in each is small.  This is also confirmed by visual 
observation--when operating with the porous distr ib-  
utor the splashing is considerably less than with the 
perforated distributor,  and the fluidization is more 
uniform. 

2. GENERALIZATION OF TEST DATA 

An attempt to generalize the data in the form ~ /  
/Wp = f(Re~) led to an interesting result ,  in qualita- 

tive agreement with the relation Nu = f(Re) for heat 
exchange between a bed and a surface [10]. The curve i  
~Wp = f(Ree) are similar  for all the beds investigated, 
and are character ized by the presence of a maximum 
(Fig. 4), which occurs  for a fluidization number of 
2.75. This experiment may also confirm the explana- 
tion of the causes of the heat- t ransfer  maximum in the 
bed-surface system given in [11], but we did not pur-  
sue this point. 

The optimum fluidization regime for various techni- 
cal processes  must be established in conformity with 
the specific requirements:  maximum heat - t ransfer  
coefficient, necessary  time of heat treatment,  r eac -  
tion time, etc. The quantitative evaluation of each of 
the technical parameters  is usually connected with an 
experimental value of the fluidization number, i . e . ,  
with the gas velocity. Objectively, however, this kind 
of parameter  is connected with the state of the bed, 
i . e . ,  with the intensity of motion of the particles in it. 

This is precisely the reason why, in generalizing 
our test data, we used a relation linking particle ve-  
locity with gas velocity and with the bed parameters ,  
assigned under conditions of uniqueness. 
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Fig. 4. Dependence of the 
ratio ~/Wp on Ree - wpde/  
/e~ with H 0 = 133 mm, d e = 
= 1.09 ram: 1) for ~R/Wp; 
2) ~r 3) ut/wp; 4) 

~zlWp; 5) ~/V~p. 

For the physical process  of motion of each part i -  
cle we may write the dynamical equation 

pf, + I<, (1) 

in which the most  signifieant forces are  the gravity 
force G i and the inertia force I i, since 6 -. P. during 
the motion. This is precise ly  why the dimensionless 
group should be formulated as the ratio of inert ia to 
weight forces .  The group is the Froude number 

Fr~ =~ u~/gd. (2) 
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The p h y s i c a l  p r o c e s s  of  mot ion  of  the  gas  th rough  
the  bed  i s  c h a r a c t e r i z e d  by d e g e n e r a c y  of the  i n e r t i a  
f o r c e s  beyond the point  a t  which the c r i t i c a l  f l u i d i z a -  
t ion v e l o c i t y  i s  a t t a ined .  In fact ,  in a gas  s t r e a m  in 
a s t a t i c  bed,  t h e r e  a r e  f o r c e s  of  f r i c t i o n  of the  gas  
a g a i n s t  the  p a r t i c l e s  and the  wal l ,  and a p a r t i c l e  f o r m  
d r a g  fo rce  Pf.  I n c r e a s e  of  ve loc i t y  l e a d s  to  an i n c r e a s e  
of  t h e s e  f o r c e s ,  but t h e r e  i s  a lways  e q u i l i b r i u m  b e -  
tween  t h e m  and the i n e r t i a  fo rce  I, i f  we examine  the 
v e c t o r  sum of the  f o r c e s  upon i n t e r a c t i o n  of  the  gas  
with one of  the  p a r t i c l e s :  

A f t e r  a s t a t e  of  f lu id iza t ion  i s  r e a c h e d ,  the  n u m b e r  
of  f o r c e s  ac t ing  i n c r e a s e s  (g rav i ty  and i m p a c t  f o r c e s  
a r e  added) ,  but the  d ' A l e m b e r t  p r i n c i p l e  a p p l i e s  for  
each  of  the  p a r t i c l e s .  

F o r  an e n t i r e  bed,  c o m p o s e d  of N par t i c l es~  

N N N N N 

i~l i=l i~l [=1 i~l 
(3) 

At the  beg inn ing  of  f l u id i za t ion  and up to e n t r a i n -  
N 

men t  ~ 7 =  0, s i n c e  the  bed as  a whole i s  a t  r e s t  and 

Z F c = 0 unde r  an i n e l a s t i c  c o l l i s i o n .  Thus ,  the i n e r -  
t i a  f o r c e s  a r e  i n s ign i f i c an t  for  the  p r o c e s s  of  f l u i d i z a -  
t ion  of a bed  of  p a r t i c l e s ;  only  the  weight  and v i s c o s i t y  
f o r c e s  a r e  a p p r e c i a b l e .  A p a r a m e t e r  which r e f l e c t s  
the  d y n a m i c  i n t e r a c t i o n  in the  bed i s  obv ious ly  the  
group  

Ar~Re~- R e A p  _ gd 2 AO 
, (4) 

Fr f, '~ wp t~ 

which  i s  a m e a s u r e  of  the  r a t i o  of the  weight  and v i s -  
c o s i t y  f o r c e s  [12]. 

In the  l o g a r i t h m i c  a n a m o r p h o s i s  F r  T ~ A t / R e ,  a l l  
the  t e s t  da t a  a r e  c l a s s i f i e d  a c c o r d i n g  to equ id i s t an t  
l i n e s  (each of  which  s a t i s f i e s  i t s  own va lue  of bed 
he ight )  and p a r t i c l e  d i a m e t e r ,  and on each  c u r v e  t h e r e  
a r e  two l aws  ( r e g i m e s )  of  dependence  of the  d i m e n s i o n -  
l e s s  g r o u p s :  the  f i r s t  i s  F r T  = c l ( A r / R e )  - m i ,  w h e r e  
m l = cons t ;  the  second  i s  F r  T = e2 (Ar /Re)  -m2, with 

m 2 # c o n s t  and m 1 > m 2. 
We m a n a g e d  to b r i n g  a l l  the  c u r v e s  t o g e t h e r  by 

i n t r o d u c i n g  the  add i t i ona l  g e o m e t r i c a l  p a r a m e t r i c  
c r i t e r i a  H0/d e and H0/D. T r e a t m e n t  us ing  th i s  c u r v e  
in the  f i r s t  r e g i m e  with m 1 = cons t  y i e lded  a f o r m u l a  
for  d e t e r m i n i n g  the m e a n  abso lu t e  p a r t i c l e  v e l o c i t y  

in a f lu id i zed  bed,  

Frg = 18.0.10 -'~ (At/Re)(Ho./dJ )s7 :(Ho/D)"f'n]-6'25, 

1.0.105 < (Ar/Re)(Ho/de) ~ :(tt, ,/D) '-'~ :~ 3.2.10 '~, (5) 

0.25 < H o D  < 1.5, 16< Hn/de< 250. 

We m a y  make  the  fo l lowing g e n e r a l  r e m a r k s  r e -  
ga rd ing  (5)*: 

1. The quant i ty  H0/d e v a r i e d  f r o m  16 to 90 for  de = 
= 2 . 8 1 m m ,  f r o m  25 to  140 for  d e =  1.82 ram,  and 
f r o m  45 to 250 for  de = 1 .09 ram,  the  lower  l i m i t s  
r e f e r r i n g  to H0/D = 0 .25 ,  and the u p p e r - - t o  H0/D = 
= 1 .5  ( i n t e r m e d i a t e  v a l u e s  m a y  e a s i l y  be obta ined  by  
in t e rpo la t i on ) .  

2. The  quant i ty  Wp is  g r e a t e r  than WK, s ince  when 
Wp = w K the p a r t i c l e  v e l o c i t y  equa ls  z e r o .  

3. The  f o r m u l a  has  been  v e r i f i e d  for  a f lu id ized  
bed of  s p h e r i c a l  p a r t i c l e s  of a n a r r o w  in i t i a l  c l a s s  
and a s y s t e m  a i r - - a l u m i n u m - s i l i c a t e  ca t a ly s t~  

It  i s  obvious  tha t ,  given the  c o n t e m p o r a r y  l e v e l  
of m a t h e m a t i c a l  d e s c r i p t i o n  of the  f lu id iza t ion  p r o c e s s ,  
i t  cannot  be s t a t ed  c a t e g o r i c a l l y  tha t  the  chosen  c r i t e r -  
i a  have  been  r i g o r o u s l y  a s s e m b l e d ,  i . e . ,  tha t  t hey  
ful ly  d e s c r i b e  the  phenomenon  of p a r t i c l e  mot ion  in a 
bed .  The f o r m u l a  i s  e m p i r i c a l ,  and should not  be  r e -  
ga rded  as  be ing  c o m p l e t e  a s  r e g a r d s  s t r u c t u r e .  

M _-- g.,2 ~ ~00 Archimedes number; FrT Z ~ - groude number 

for a particle; Re ---wde/u-Reynolds number; D-equipment diam- 
eter; de-equivalent particle diameter; Fp-viscous force due to in- 
teraction of particle and gas; Fc-particle impact force; G-particle 
gravity force; Ha-height of stationary bed; I-particle inertia force; 
i-ordinal index of particle in bed; Pf-particle form drag force due 
to gas flow, 
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