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A method is proposed for measur ing  both the average  and the instantaneous veloci ty  of bodies 
in a fluidization bed.  

On a body i m m e r s e d  in a fluidization bed there  act  complex osci l la t ions of bed pa r t i c l e s .  As a r e -  
sal t ,  the body does not fall at  a constant veloci ty  but, instead,  a lso  osc i l la tes  in a mode which depends on 
the s ta te  of fluidization as  well as on the d imens ions ,  the shape,  and the densi ty of bed pa r t i c l e s  and of 
that  body. 

Daniels [1, 2] has p roposed  a method for measur ing  the average-mot ion-of  a solid body in an opaque 
fluidization bed. These  authors  have subsequent ly  per fec ted  this method [3], built a specia l  t e s t  appara tus  
for  measur ing  the a v e r a g e  re la t ive  veloci ty  of s lowly moving balls  or bodies with other shapes  in a f luid- 
ization bed, and then es t imated  the effect ive v i scos i ty  of such a bed. 

For  a thorough study of the motion of bodies by continuous observat ion and t rack ing  the p a r a m e t e r s  
of this motion, the authors  have now modified that method so that m e a s u r e m e n t s  a r e  poss ib le  over  a wider  
range  of the fall velocity.  

The tes t  appara tus  is shown schemat i ca l ly  in Fig. 1. Above the co lumn  in which a fluidization bed 
is produced we have a dc motor  and gene ra to r  set  with a coupling which aligns their  shaf ts .  

On the motor  shaft  we have mounted a pul ley with a nylon thread around the groove.  A tes t  body 
is at tached to the end of this thread.  The body, while falling, pulls the thread  and sets  the ent i re  s y s t e m  
into rotat ion.  

The external  forces  acting on a body (its nominal  "weight,)  can be var ied  by applying a voltage to the 
motor  and thus producing a torque opposite to the torque produced by the fall ing body; in this way, it is 
poss ib le  to vary  the ave rage  fall or  even lift veloci ty  of a body. 

The resu l t ing  genera to r  vol tage,  propor t iona l  to the ro to r  r p m  and thus a lso  to the veloci ty  of the 
body, is applied to a scal ing dc ampl i f i e r  U which consis ts  of an operat ional  ampl i f i e r  in an integrat ing 
c i rcui t  and a two-s tage  power  ampl i f i e r .  

The power ampl i f i e r  makes  it poss ib l e  to load the s y s t e m  with a record ing  ins t rumen t  whose t ime  
constant  is smal l  and whose internal  r e s i s t a n c e  is 5 ~2. The opera t ional  ampl i f i e r  ensures  the n e c e s s a r y  
gain over  a wide tes t  range.  The input -output  cha r ac t e r i s t i c  of the ampl i f i e r  is l inear  over  the operat ing range.  
The slope of this cha r ac t e r i s t i c  (the scale)  is adjustable  and can be se lec ted  t o m a t c h  the genera to r  voltage.  
The ampl i f i e r  input r e s i s t ance ,  equal to tens of ohms,  does not affect  the level  of the gene ra to r  output 
signal .  The signal f rom the ampl i f i e r  is t r ansmi t t ed  to a record ing  ins t rument  with a pen deflection p r o -  
port ional  to the control  voltage U-(t) and U+(t) or the veloci ty  of the body up (v-) and down (v+), r e s p e c -  
t ively .  

During our exper iment  we had sand pa r t i c l e s  in the 0.28-0.60 m m  size  range  in a column 0.08 m in 
d i ame te r  fluidized with a i r  coming f rom a c o m p r e s s o r  through the d i s t r ibu tor  grid at  the bot tom of the 
column. 
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:Fig. 1. Schemat ic  d i ag ram of the 
appara tus  for  studying the motion 
of bodies in a fluidtzation bed: 1) 
column; 2) grid;  3) c o m p r e s s o r ;  4) 
r h e o m e t e r ;  5) tap for  m a n o m e t e r  
connection; 6) motor ;  7)pul ley;  8) 
gene ra to r .  

A fluid[zation bed is c h a r a c t e r i z e d  by random osci l la t ions  of individual pa r t i c l e s  or  of  pa r t i c l e  
c l u s t e r s ,  and by slipping bubbles [4]. As a r e su l t  of interact ion between an i m m e r s e d  body and bed p a r -  
t ic les  or  a i r  bubbles ,  the veloci ty  of the body va r i e s  not only in magnitude but a lso  in direct ion.  

The curves  in Fig. 2 r e p r e s e n t  the fall ve loc i ty  (curve a) and the slow lift ve loci ty  (curve b) of a 
s tee l  bali  (d iameter  d = 6.35 ram) in a fluidization bed, as a function of t ime ,  at a m e a n - o v e r - t h e - b e d  
ve loc i ty  of the fluidizing s t r e a m  u ~-0.116 m / s e c .  

The a b s c i s s a s  r e p r e s e n t  t ime in seconds and the ordinates  r e p r e s e n t  the voltage in volts p r o p o r -  
t ional to the ve loc i ty  of the body. The dashed line indicates the ave rage  ve loc i ty  v,  which has been d e t e r -  
mined as follows: the a l t e rna t ing  control  (output) voltage f rom ampl i f i e r  U was applied through s e m i -  
conductor  diodes to two in tegra tors  in pa ra l l e l ,  the diodes having been connected in such a way that one 
p a s s e d  only a posi t ive voltage U+(t) and the other  pas sed  only a negat ive  voltage U-(t).  Each diode p a s sed  
the voltage to its r e spec t ive  integrat ing c i rcu i t  consis t ing of a modula tor  MDM, a de ampl i f i e r  UPT, and 
a power  ampl i f i e r  UM. 

After  integrat ion,  both in tegrals  

t 

with S+ denoting the dis tance t raveled  by a body moving down and 

! t 

.i'u- j' .t s-, 
0 0 

with S- denoting the dis tance t rave led  by a body moving up were  measu red  on a vo l tme te r  whose sca le  had 
been ca l ib ra ted  in units of d is tance .  

With the speed of the r e c o r d e r  char t  and with the t r ave l  t ime  of a body known, it is e a s y  to d e t e r -  
mine the ave r age  veloci ty  of a body moving through a fluidization bed. 

On a ball moving through a flu[dization bed there  act  the force  of its weight P = rag, the opposing 
force  Fop produced by the motor ,  the fr ict ion force  Ffr  between thread and pulley,  de te rm[hed  by m e a -  
s u r e m e n t ,  and the force  Ffb which the bed exe r t s  on the i m m e r s e d  body. 

The force  of the bed Ffb can approx ima te ly  and f ict i t iously be r e so lved  into two components .  On the 
one hand, accord ing  to A r c h i m e d e s '  p r inc ip le ,  a fluldization bed with a high densi ty  Pfb should produce a 
buoyancy force  Fbuoy = (~d3/6)Pfbg; on the other  hand, a body which moves  through a bed in a cer ta in  
di rect ion and t r a n s f e r s  momentum to the bed par t i c les  should be subject  to a net r e s i s t a n c e  force  F r e  s 
kn the di rect ion opposi te  to the ve loc i ty  vec to r .  Such a resolut ion of the bed force  is f ict i t ious,  inasmuch 
as the impacts  on the body a r e  not r egu l a r  and the bed is not homogeneous.  For  this r eason ,  both F re  s 
and Fbuoy must  be r ega rded  as some  ave rag e  quantit ies and rJfb in the express ion  for  Fbuoy mus t  be 
t r e a t ed  as the mean bed densi ty .  The imprec i s ion  of this concept  is compounded by  the fact  that  a body 
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Fig. 2. Recorded velocity of a body in a fluidization bed, as  a 
function of t ime: a) fall; b) lift; c) suspension at mid-height; vol t-  
ages U +, U-, V; velocities v +, v- ,  m / s e c ;  t ime t, see. 

immersed  in a fluidization bed distorts  the local bed s t ructure  [5]. With the motion of such a body s y s -  
temat ical ly  oriented (fall or lift), never the less ,  this resolution of force Ffb into the said components 
seems ent i re ly justified as far  as the pract ica l  application of these concepts is concerned. 

Finally, one must  r e m e m b e r  that, when a body moves through a fluidization bed, then, owing to the 
velocity fluctuations, the steady motion of such a body at some average velocity becomes a fictitious con- 
cept too. When instantaneous accelerat ions  occur in the total balance of fo rces ,  then, according to d 'A lem-  
be r t ' s  principle,  one should also take into accotmt inertia forces.  An est imate of accelerat ions  on the 
basis of Fig. 2 indicates that these do not exceed 5% of the accelera t ion due to gravi ty  so that, therefore ,  
the inert ia forces may be d isregarded and the motion of bodies under the given conditions here  may be 
regarded  as a lmost  steady. 

In this case ,  the res i s tance  force is during downward motion 

Fre s : :mg .... /:buoy-- Fop -- Ffr, 

and during upward motion 

Fre s =- Fop -!" Fbuoy-- n;g ...... Ffr. 

The opposing force is proport ional  to the motor  voltage V 

Fop = agV, 

with the coefficient ~ determined experimental ly  (in our apparatus V = 1 V with a body weighing 1.54 �9 9.81 
I0 -~ N). 

Thus, during the fall of a ball 

Fres  = ( i17 . . . .  

and during the lift  of a ball 

ad3 - -  aV) 
6 Pro g --Ffr 

Fres =: (aV q - =da ] --6-- P fb--  m g - -  Ffr " 
/ 
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For  the ball in our expe r imen t  Fro  s = 7.80 "10 -3 N, ~ = 9 .0 .10  -2 m / s e c  during the fall t e s t  (Fig, 2a) and 
F r e s  = 2 . 6 7 . 1 0  -3 N ,  ~ = 3 . 4 9 . 1 0  -2 m / s e c  during the l if t  tes t .  Assuming  that the Stokes equation [3]: 

Yre s - 3~!)*dv, 

appl ies  to the motion of a ball at  such ve loc i t ies ,  we can then e s t ima te  the effect ive v i scos i ty  of the bed 

,u*:- Fj_es ~1.:31 N.sec/m 2. 
3adv 

The Reynolds num ber  for the pseudofluid would then be 

Re =: vd"~fb ~ 0.57, 

i .e . .  at  a s t r e a m  veloci ty  of the fluidizing agent  u ~ 0.116 m / s e c  the bed behaved like viscous  oil and the 
ball moved in a quas f l amina r  mode .  

According to Fig. 2a, the f requency  of ve loc i ty  fluctuations was ~2 Hz and thus equal to the f r e -  
quency of dens ity f luctuations in the fluidization bed: the f requency of ve loci ty  fluctuations is m e a s u r e d  
as half  the number  of in te rsec t ions  between the v+(t) curve and the s t ra igh t  line which r e p r e s e n t s  the a v e r -  
age veloci ty,  the f requency  of densi ty  fluctuations is m e a s u r e d  by other  methods [4]. 

The densi ty  of a fluidization bed is not r e a l l y  uniform over  the height [4]. The densi ty  is lower  at 
the top and the effect  of the l if t  force  act ing on an i m m e r s e d  body is weaker  he re  than in l a y e r s  underneath.  
As a r e su l t ,  a body s lowly e m e r g i n g  f r o m  the bed r e m a i n s  a lmos t  in suspension;  such a s ta te  of a body 
is indicated in Fig. 2b with suff icient  c l a r i ty  by the per iodic  ve loc i ty  var ia t ions  of the osci l la t ing body. 

This case  is shown in Fig. 2e with even more  c la r i ty :  the opposing force  on the ball was he re  such 
that,  under the given fluidization condit ions,  the ball was suspended a t  mid-he ight  like a " tu rbu l ime te r "  
and subjected to impact  f rom the bed until it began to follow the bed osci l la t ions  [6]. The examples  cited 
in Fig. 2 co r r e spond  to conditions preva i l ing  in grav i ty- f lo ta t ion  t r e a t m e n t  of useful minera l  o res  for  
concent ra t ion ,  with the bed act ing as the heavy phase  [7, 8, 91. 

Lumps  of the concen t ra te  (e.g., b a r r en  rock) whose densi ty  is higher  than the mean densi ty  of the 
fluidization bed sink in the l a t t e r  (Fig. 2a). 

Lumps  (e.g., of coal) whose densi ty  is lower  than the mean bed densi ty  Pfb buoy (Fig. 2b). Final ly ,  
lumps  whose densi ty  is c lose  to Ofb r e m a i n  i m m e r s e d  in the pseudoflutd,  moving a l t e rna t e ly  up and down 
(Fig. 2c). 

The motion of a body in a fluidtzation bed has not been studied in g r e a t  detail  so fa r ,  and only a few 
r epo r t s  on rad ioac t ive  [10] o r  pure ly  visual  [11] methods a r e  avai lable .  Our method desc r ibed  he re  makes  
it feasible  to s tudy the motion of bodies of var ious  s i z e s ,  m a s s e s ,  and shapes  in a fluidization bed. By 
vary ing  the bed p a r a m e t e r s  over  wide r anges ,  it is poss ib le  to explore  thoroughly enough the laws which 
govern  the motion of i m m e r s e d  bodies as well as that  of the bed pa r t i c l e s .  

U +, U- 
V +, V- 
t 
S +, 8 -  
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Pfb 

Re 

Fres 
Fbuoy 
Fop 
Ffr 

N O T A T I O N  

are  the vol tages at  the output of the sca l ing  ampl i f i e r ;  
a r e  the veloci t ies  of a body down and up, r e spec t ive ly ;  
is the t r ave l  t ime  of a body; 
a re  the d is tances  t r ave led  by a body down and up, r espec t ive ly ;  
is the a v e r a g e  ve loc i ty  of a body; 
is the mean ve loc i ty  of the fluidizing s t r e a m ;  
ts the ball  d i ame te r ;  
is the densi ty  of the fluidization bed; 
~s the effect ive dynamic v i scos i ty  of the fluidization bed; 
is the Reynolds number ;  
Ls the r e s i s t a n c e  force;  
is the buoyancy (lift) force;  
is the opposing force;  
is the fr ic t ion fo rce  between th read  and pulley; 
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P is the weight of a body; 
m is the mass of a body; 
g is the acceleration due to gravity; 
Ffb is the force of the fluidization bed acting on an immersed body in motion; 
V is the voltage at the motor terminals; 

is a proportionality factor. 
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