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The force  r e s i s t i n g  the motion of bodies  of revolut ion in a hor izon ta l  d i r ec t ion  in a f lu id ized  
bed is  m e a s u r e d .  A gene ra l i za t i on  of the expe r imen ta l  data  is  used  to obtain a r e l a t ionsh ip  
e s t ima t ing  the r e s i s t i v e  fo rces  a r i s i n g  in a f ln idized bed for  flow around obs t ac l e s .  

In i n d u s t r i a l  a p p a r a t u s e s ,  f luidized beds a r e  used  to wash around a va r i e ty  of bodies  (hea t -exchanger  
s u r f a c e s ,  p ipes  fo r  d i s t r ibu t ing  r e a g e n t s ,  immobi l e  s e d i m e n t s ,  s e n s o r s ,  and so on). In some kiln c o n s t r u c -  
t ions components  being heat  t r e a t e d  a r e  moved through a f luidized bed. In a l l  c a s e s ,  in o r d e r  to ca lcu la te  the 
s t rength  of the mount ings ,  suppor t s ,  and o ther  s t r u c t u r a l  e l emen t s ,  one r e q u i r e s  in format ion  on the fo rces  
a r i s i ng  f rom the flow around bodies of a f ln idized bed.  The data publ ished in the l i t e r a t u r e  on this topic a r e  
ve ry  l imi t ed  and r e l a t e  to the ave rage  v e r t i c a l  fo rces  act ing on fixed model  bodies i m m e r s e d  in the f lu id ized 
bed [1-3]. At the same t i m e ,  as c o r r e c t l y  noted in [1, 3], the ins tantaneous  fo rces  a r i s i n g  f rom the flow 
around a body of a d i s p e r s e d  m a t e r i a l  that  is  t r a n s p o r t e d  upward in the wake of a bubble a re  much g r e a t e r  
than the ave r age  f o r c e s ,  in some c a s e s  by more  than an o r d e r  of magni tude.  In o r d e r  to be able to ca lcu la te  
the ins tantaneous  fo rces  in a f lu idized bed,  we need to know, bes ides  the veloci ty  of a scen t  of the bubbles ,  the 
dependence of the fo rce  on the veloci ty  of motion the sur rounding  medium,  on the c h a r a c t e r i s t i c s  of the m e -  
dium,  and on the s ize  and shape of the body around which the medium is  flowing. The p re sen t  pape r  r e p o r t s  
an e x p e r i m e n t a l  study of th is  quest ion.  

The expe r imen t s  were  p e r f o r m e d  in a column of c r o s s  sec t ion  275 • 70 mm which had a g a s - d i s t r i b u t -  
ing g r i d  made  f rom a shee t  of fel t  of th ickness  6 ram.  The d i s p e r s e d  m a t e r i a l  was th ree  f rac t ions  of quar tz  
g l a s s  (d = 0.15, 0.23, and 0.63 ram; u 0 =4, 6, and 32 c m / s e c )  and one f rac t ion  of s i l i c a  ge l  (d = 0.19 mm; u 0 = 
2 c m / s e c ) .  F lu id iza t ion  was by means  of a i r  at  room t e m p e r a t u r e  for  N f rom 1 to 5. The in i t i a l  height to 
which the column was f i l led  was 29 cm.  A d y n a m o m e t e r  s e n s o r  was moved backward  and fo rward  along the 
hor i zon ta l  (more a c c u r a t e l y ,  along an a rc  of rad ius  45 cm) by means  of a spec i a l  c rank /connec t ing  rod  
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Fig.  1. Dependence of fo rce  of 
r e s i s t a n c e  F (N) for  a sphere  on 
i ts  ve loc i ty  of motion u {m/sec) 
in a f lu idized bed of quar tz  sand 
d = 0.23 mm: points 1, 2, 3, and 
4 c o r r e s p o n d ,  r e s p e c t i v e l y ,  to 
f luidizat ion numbers  1.2, 2, 3, 
and 5 for  a height above the g r id  
of 125 mm.  Points  5, 6, 7, and8 
co r r e spond  to f luidizat ion num- 
be r s  1.2, 2, 3, and 5 for  a height 
above the g r id  of 225 ram. 
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Fig.  2. Dependence of the quantity F /p  (N-m3/kg) on 
velocity of motion u for  var ious mater ia l s :  1) quartz 
sand (p = 2650 kg/m3}; 2) s i l ica gel (p = 1100 kg/m3). 

mechanism.  The amplitude of the displacement  of the sensor  was around 20 cm.  Its velocity of motion was 
close to sinusoidal.  It could be var ied  f rom 0.1 to 2 m / s e c  to within 1% by varying the number of revolutions 
of the crank/connect ing rod mechanism.  

The dynamom ete r - s enso r  consis ts  of an elast ical ly res t ra ined  phosphor-bronze  plate of dimensions 
14 • 6 mm with a stiff needle of d iameter  0.5 mm and length 28 mm fixed to the free end. The sensor  was 
displaced in a direct ion perpendicular  to the plane of the e las t ic  plate. F i lm-type  tensometer  sensors  with a 
base of 5 mm and a res is tance  of 100 ~ were stuck to both sides of the plate. To prevent  contact with sol id-  
phase par t ic les  the plate was fixed in a protect ive tubular jacket so that only the needle projected through a 
d iametra l  slit  on the end face of the tube. The body to be investigated (sphere, disk, spindle) was fixed on the 
end of the needle.  In the experiments  we used plast ic spheres  of d iameter  5.5 and 7.9 ram, a disk of diameter  
5.5 mm and thickness 0.2 mm made f rom b r a s s ,  and a plastic spindle of d iameter  5.5 mm and length 9 mm 
(apex angle of cone 53 ~ The spindle was moved in the direct ion of the major  axis and the disk along the axis 
perpendicular  to its plane. 

In the experiments  to measure  the force of res i s tance  associated with the displacement of the bodies in 
the fluidized bed the sensor  was connected to a TA-5 tensometer  amplif ier ,  the output signal f rom which was 
recorded  on the graph  paper  of an b~-327 pen r e c o r d e r .  A static cal ibrat ion of the sys tem was made before 
the measuremen t s .  A weight was suspended on the end of the needle, and the output signal was recorded.  The 
force acting on the body was determined on the p e n - r e c o r d e r  paper  to within 5%. 

Fo r  a to -and- f ro  motion of the sensor  the signal on the p e n - r e c o r d e r  paper  had a form close to sinusoi-  
dal. Fo r  each period the force  of fr ict ion F was determined at the moments  of t ime the velocity of the sensor  
reached its maximum value. At these moments  the sensor  is moving without accelerat ion and the attached 
mass  consequently equals ze ro .  In each mode the value of F was determined as the average  of all the maxi -  
mum values of the force  in a t ime of around 2 man. 

The f i rs t  set  of experiments  was made with a sphere of d iameter  5.5 mm which was moved in a fluidized 
bed of quar tz  sand d -- 0.23 mm at two levels:  at heights 125 and 225 mm above the gas-dis t r ibut ing grid.  The 
resul ts  of the experiments  a re  presented in Fig.  1. The experimental  points a re  grouped around a s traight  
line with a mean- squa re  sca t t e r  of around 10%. It can be seen from these resul ts  that neither the fluidization 
number  (which varied f rom 1 to 5) nor the distance f rom the gas-dis t r ibut ing gr id  has any significant effect on 
the force of friction; it depends l inearly only on u. These resul ts  indicate,  in par t icu la r ,  that the rheological  
cha rac te r i s t i c s  of the emulsion phase of the fluidized bed, which in our experiments  amounted to more  than 
80% of the volume of the bed, are  stable in height and independent of the fluidization number.  

The next set of experiments  were pe r fo rmed  with mater ia l s  of appreciably different densities (sand; 
s i l ica gel).  F igure  2 shows that in the adopted coordinates the experimental  points are  general ized by a single 
s t ra ight  line. This dependence indicates that the res is t ive  force opposing the motion of a body in a fluidized 
bed is a l inear function of the density of the d ispersed  mater ia l ,  

In o rde r  to genera l ize  all the experimental  data obtained by us (including also experiments  with bodies 
of various shapes) recourse,  was made to dimensional  analysis  allowing for  the resul ts  in Figs.  1 and 2 and the 
coordinates  Eu and F r  adopted. The resul ts  of this t rea tment  of the experimental  data a re  shown in Fig. 3. 
They can be approximated by the relationship 
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F i g .  3. D e p e n d e n c e  of Eu on F r :  1, 2, 3) s p h e r e  D = 5.5 m m ,  
s and  d equa l  to 0.6,  0 .15,  and  0.23 m m ;  4) s p h e r e  D = 5.5 r a m ,  
s i l i c a  g e l  d = 0.19 ram;  5, 6, 7) s and  d = 0.23 m m  and ,  r e s p e c -  
t i v e l y ,  a s p h e r e  D = 7.9 r a m ,  a s p i n d l e  D = 5.5 r a m ,  and a d i s k  
D = 5.5 r am.  

Eu = pFr  q. (I) 

The  v a l u e s  of the  quan t i t i e s  p and q w e r e  d e t e r m i n e d  by the me thod  of l e a s t  s q u a r e s .  F u r t h e r m o r e ,  we e s t i -  
m a t e d  the  c o n f i d e n c e  i n t e r v a l  [4] f o r  q. I t  t u r n e d  o u t t h a t  the  va lue  of q = 0.54 + 0.05 with  a p r o b a b i l i t y  of 0.95. We 
took  q = 0.5,  which  c o r r e s p o n d s  to p = 49. The  m e a n - s q u a r e  s c a t t e r  of the  e x p e r i m e n t a l  p o i n t s  about  
the  o b t a i n e d  r e l a t i o n s h i p  a m o u n t s  to  a r o u n d  20%. 

E x p r e s s i o n  (1) can  be w r i t t e n  in  d i m e n s i o n a l  f o r m :  

F = 49puD 2 ] / - ~ .  (2) 

The  f a c t  t ha t  the  f o r c e  of r e s i s t a n c e  depends  l i n e a r l y  on the  v e l o c i t y ,  i s  p r o p o r t i o n a l  to  the  a r e a  of  the  
m i d - s e c t i o n  (i. e . ,  to D 2), and i s  i n d e p e n d e n t  of  the  s h a p e  of the  body (in F i g .  3 a l l  the  b o d i e s  u s e d  in o u r  e x -  
p e r i m e n t s  f o r m  a c o m m o n  f i e l d  of poin ts )  r e f l e c t s  the  r h e o l o g i c a l  p e c u l i a r i t i e s  of  the  e m u l s i o n  p h a s e  of a 
f l u i d i z e d  bed .  

L ike  an i d e a l  f r e e - f l o w i n g  m e d i u m  [5], the  e m u l s i o n  p h a s e  can  be r e g a r d e d  a s  behav ing  a s  a Newton ian  
f lu id  only  up to a de f in i t e  l e v e l  of c o m p r e s s i v e  s t r e s s e s .  Above  t h i s  l e v e l  the  m e d i u m  l o s e s  m o b i l i t y  and b e -  
haves  a s  a r i g i d  body .  One would expec t  on the  b a s i s  of t h e s e  i d e a s  a zone of  i m m o b i l e  p a r t i c l e s  to be  f o r m e d  
in f r o n t  of  a m o v i n g  body ,  w h e r e  the  c o m p r e s s i v e  s t r e s s e s  a r e  g r e a t e s t ,  t h i s  zone m o v i n g  a long  with  the  body.  
In t h i s  c a s e  the  s i z e  of  the  s u r f a c e  on which  the f o r c e s  of  f r i c t i o n  ac t  depends  not on the  s h a p e  of the  body ,  but  
on the  p r o p e r t i e s  of  the  d i s p e r s e d  m e d i u m  (its l i m i t i n g  c o m p r e s s i v e  s t r e s s )  and  on the a r e a  of the  m i d - s e c t i o n  
of the  body .  At  the  s a m e  t i m e ,  f o r c e s  of f r i c t i o n  on the  r e a r  s u r f a c e s  of the  body can  be n e g l e c t e d ,  as  in th i s  
zone  t h e  p a r t i c l e s  a r e  s p a c e d  f r o m  the body .  The  f o r m a t i o n  of a c a v i t y  beh ind  a m o v i n g  body was  o b s e r v e d  
v i s u a l l y  in  the  m o t i o n  of  a s p h e r e  n e a r  the  t op  s u r f a c e  of the  f l u i d i z e d  bed .  F o u n t a i n s  a p p e a r e d  in t h i s  c a v i t y ,  
whi le  no founta in ing  was o b s e r v e d  in f ron t  of the  s p h e r e .  

The  p o s s i b l e  e x i s t e n c e  of a zone with  i m m o b i l e  p a r t i c l e s  in  f ron t  of a body m o v i n g  in a f l u i d i z e d  bed  i s  
m e n t i o n e d  in  [6] in  connec t i on  with the  a n a l y s i s  of  d a t a  on the  l o c a l  c o e f f i c i e n t  of  hea t  e x c h a n g e .  

It i s  u s e f u l  to c o m p a r e  the  above  r e s u l t s  wi th  the  da t a  in  [3], in  which a s tudy  was m a d e  of  the  t i m e -  
a v e r a g e d  v e r t i c a l  f o r c e  a c t i n g  on h o r i z o n t a l  d i s k s  of d i a m e t e r  f r o m  20 to 80 m m  i m m e r s e d  in a f l u i d i z e d  bed .  
The  c o r r e l a t i o n  o b t a i n e d  in [3] i m p l i e s  tha t  

Fa v ~ P D ~_ .48. (3) 

The f o r c e  i s  p r o p o r t i o n a l  to the  d e n s i t y  of the  d i s p e r s e d  m a t e r i a l  and  to the  d i a m e t e r  of t he  body r a i s e d  to a 
p o w e r  g r e a t e r  than uni ty .  Th i s  r e s u l t  s e r v e s  a s  an i n d i r e c t  c o n f i r m a t i o n  of r e l a t i o n s h i p  (2), f r o m  which i t  
fo l lows  tha t  t he  f o r c e  of r e s i s t a n c e  v a r i e s  in p r o p o r t i o n  to the  d e n s i t y  of the  m a t e r i a l  and i s  n o n l i n e a r l y  d e -  
penden t  on the s i z e  of the  body.  The  d i f f e r e n c e  both in the  e x p e r i m e n t a l  m e t h o d s  and in the  a i m s  of the  i n v e s -  
t i g a t i o n s  m a k e s  i t  d i f f i cu l t  to  c o m p a r e  the  p r e s e n t  r e s u l t s  with the  d a t a  in [3] on the  e f fec t  of o t h e r  quan t i t i e s  
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on the force  of r e s i s t ance .  In pa r t i cu l a r ,  i t  is  not poss ib le  to obtain f rom [3] a d i rec t  connection between the 
fo rce  of r e s i s t a n c e  and the velocity of the d i spe r sed  medium re la t ive  to the body. 

N O T A T I O N  

d, D,  d i a m e t e r  of the pa r t i c l e s  of the d i spe r sed  medium and the d i a m e t e r  of the midsec t ion  of the body, 
r espec t ive ly ;  u,  veloci ty of d i sp lacement  of body; u0, ut ,  veloci t ies  of the beginning of fluidization and f i l t r a -  
t ion,  r e spec t ive ly ;  N = u/u0, f luidization number ;  p,  densi ty of pa r t i c l e s  of solid phase;  g,  acce le ra t ion  due 
to gravi ty;  F, f o r c e - r e s i s t i n g  motion of body in fluidized bed; Fay,  ave rage  ve r t i ca l  force  acting upon a b o d y  
in a fluidized bed; Eu = F/pu~D 2, Eu l e r  number;  F r  = gd/u  2, Froude number .  
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The re su l t s  of an expe r imen ta l  invest igat ion of the effect  of the magnitude and direct ion of the 
ponde r .mo t i ve  fo rce  ~ • B] on the coefficient  of m a s s  t r a n s f e r  f r o m  an e lec t r i ca l ly  nonconduct- 
ing sphere  to a liquid a r e  descr ibed .  

The method cons idered  here  cons is t s  essent ia l ly  in using c ros sed  e lec t r ic  and magnet ic  f ields to change 
the effect ive densi ty of a c u r r e n t - c a r r y i n g  liquid by means  of in terac t ion  between an externa l  magnet ic  field 
and the liquid [1]. As is known, under  the action of a magnet ic  f ield,  a c u r r e n t - c a r r y i n g  liquid becomes  e f fec -  
t ively  heav ie r  o r  l igh te r ,  depending on the di rect ion of the f ield.  Fo r  ce r t a in  geome t r i c  cha r ac t e r i s t i c s  of the 
s y s t e m  (dissolution appara tus  design),  this  m a y  resu l t  inl iquid motion.  Externa l  m a s s  exchange between a solid 
pa r t i c l e  and the liquid is  acce l e r a t ed  under  these  conditions due to forced convection. Moreover ,  inten-  
s if icat ion of m a s s  exchange is connected with the t rans la t iona l  motion of the liquid. Theore t i ca l  invest igat ions 
[2] show that c i rcu la t ion  flow, which p r o m o t e s m a s s  exchange,  a r i s e s  nea r  curved  sur faces  of an object i m -  
m e r s e d  in a c u r r e n t - c a r r y i n g  liquid. 

Our a im was to inves t iga te  exper imenta l ly  the intensif icat ion of ex terna l  m a s s  exchange in c ro s sed  e l ec -  
t r i c  and magnet ic  f ields on the example  of the dissolut ion of p r e s sed  spher i ca l  spec imens  of KNO 3 salt  in a 10% 

solution of KNO 3. 

The expe r imen t s  were  p e r f o r m e d  by means  of a device (Fig. 1) based  on an e l ec t romagne t  [3], where a 
t r a n s p a r e n t - p l a s t i c  ve s s e l  (200 • 200 x 25 ram) containing the opera t ing solution is placed between the pole 
p ieces  of the e l ec t romagne t .  S t a in l e s s - s t ee l  e l ec t rodes  (40 • 18 • 1 ram),  spaced at 42 ram,  a r e  fastened in 
the upper  pa r t  of the ve s s e l  (Fig. 2). With the superpos i t ion  of a c ro s sed  field,  the liquid between the e l ec -  
t rodes  e i ther  d rops  or  r i s e s ,  depending on the d i rec t ion of the cu r r en t .  As a r e su l t ,  the solution in the v e s se l  
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