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The res is t ive  force  acting on a fixed sphere in a nonuniform fluidized bed was measured  and the 
force  field around a r is ing gas bubble determined. 

On bodies submerged in a fluidized bed (tubes, nozzle elements) there acts a ver t ica l  force associated 
with ma te r i a l  motion and burst ing of gas  bubbles through the bed [1]. There  is informat ion about the average 
ver t ica l  component of this force  acting on model  bodies [1-4] and an empir ica l  cor re la t ion  for  its evaluation 
was proposed [4]. At the same t ime, there  has been little study of the instantaneous values of the res is t ive  
fo rces ,  wl~ich are  of g rea tes t  in te res t  for calculations. It is only t~uown that they reach  values considerably 
g r ea t e r  than the average  values of res i s t ive  forces ,  but it is  not c lear  how the magnitude of the force is linked 
with the motion of gas  bubbles which gives r i se  to displacement of the solid phase. 

P re sen ted  below are the resu l t s  of an experimental  study of the pat tern of mate r ia l  motion near  gas 
bubbles and of the resul tant  res is t ive  fo rces  acting on a body submerged in a fluidized bed. 

In a rec tangular  column 24 x 3.5 cm in c r o s s  section with t ransparent  walls, a i r  was used to produce a 
fluidized bed of sand (U 0 = 6 c m / s e c ,  d = 0.23 ram) or  of s i l ica gel (U 0 = 2 c m / s e c ,  d = 0.19 mm). The initial 
height of the charge was kept the same and was 45 cm. A sensor -dynamomete r ,  the operating principle o f  
which was descr ibed  in [5], was installed on the axis of the column 38 cm above the gas distribution grid. The 
sensor  was a plast ic sphere 5.5 mm in d iameter  mounted on a rigid meta l  spindle (2.5 cm long, 0.5 mm in 
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Fig. 1. Osci l logram of res is t ive  force and 
film f r ames  of gas-bubble motion in a fluidized 
bed. Sand, U = 17 c m /  sec. 
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Fig.  2. Res i s t i ve  fo rce  f ie ld  nea r  a gas  bubble 
[a) s i l i c a  gel ,  R ~ 2.5 cm, fo rce  in units of 
2 . 1 0  -3 N, U = 11 c m / s e c ;  b) sand, R ~ 3 cm, 
fo rce  in units  of 10 -2 N, U = 17 c m / s e c ] .  

d iamete r )  the end of which was fa s t ened  to an e l a s t i c  b a r  (phosphor -b ronze  plate) .  The other  end of the b a r  
was r ig id ly  fas tened  to a f ixed support .  The r e s i s t i v e  force  acting on the sphere  was m e a s u r e d  with two 
s t r a i n  gauges  (base 5 ram, r e s i s t a n c e  100 ~2) fas tened  on each side of the e l a s t i c  ba r  and connected to a TA-5 
s t r a i n - g a u g e  r eco rd ing  stat ion.  The output s ignal  f rom the record ing  s tat ion was r e c o r d e d  on a s t r i p  cha r t  
by an H-327/1  h igh - speed  r e c o r d e r .  The m e a s u r i n g  s y s t e m  made i t  pos s ib l e  to r e c o r d  the r e s i s t i v e  force  
acting on the s e n s o r  in the f lu id ized bed to be t t e r  than ~0 in the f requency range up to 50 Hz. The no rma l  
f requency of the s enso r  was 150 Hz, which made  i t  pos s ib l e  to r e c o r d  r e l i a b l y  the r e s i s t i v e  fo r ce s  in a 
f lu id ized  bed, s ince  the f r equenc ie s  of the fo r ce s  did not exceed  30-50 Hz. 

The s e n s o r  was i n s t a l l ed  in the bed so that  the v e r t i c a l  component of the r e s i s t i v e  force  was recorded .  
At the same t ime ,  a p i c tu re  of the motion of the gas  bubbles  in the f lu id ized bed was taken. Motion p i c tu re s  
were  t a k e n  on 16- ram f i lm at  a speed of 24 f r a m e s  p e r  second.  I n o r d e r t o  synchronize  the f i lm f r a m e s  and the 
s t r i p  cha r t  on which the r e s i s t i v e  fo rce  of the s e n s o r  was r e c o r d e d ,  a s p e c i a l  c i r c u i t  was used which con-  
s i s t ed  of a pu lse  g e n e r a t o r  ope ra t ing  at  a f requency of 0.3 Hz and a con t ro l  unit.  An e l e c t r i c  lamp set  up 
in the f ie ld  of view of the m o t i o n - p i c t u r e - c a m e r a  objec t ive  was tu rned  on by means  of con t ro l  pu l ses  and a m a r k  
was made on the s t r i p  c h a r t  of the r e c o r d e r  s imul taneous ly .  Because  of th is  synchroniza t ion ,  the re  was no 
diff icul ty in d e t e r m i n i n g  the c o r r e s p o n d e n c e  between f i lm f r a m e s  and c h a r t  sec t ions  to  an a c c u r a c y  of 1 / 2 4  
s e c .  

TABLE 1. C h a r a c t e r i s t i c s  of D i s p e r s e d  Material 

No. I Male.tial u..cm/sec p, g/cm! d,mm 

2 | Sand 
| Silica ge.l 3 

4 ] Silica gel  
5 ~ Alnminosilicatc 

6 
28 
2 

14 
80 

2,6 
2,6 
1,1 
1,5 
1,3 

0,23 
0,63 
0,19 
0,76 
2,0 
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Fig. 3. Dependence of maximum forces in a 

fluidized bed on excess  gas fi l trat ion rate. i ,  
2, 3, 4, 5 are material numbers as shown in 
Table 1. G/p, cm4/sec2; U-Uo, era/see. 

A sample of the osc i l logram obtained is shown in Fig. 1. The experiments  with sand were per formed at 
an air  f i l trat ion rate  of 17 cm/sec .  The upper portion of the figure shows a view of the film f rames  repre -  
senting the pat tern of gas-bubble motion in the fluidized bed. The position of the senso r -dynamomete r  is 
denoted by the c ros s  in the figure. The scale on the left is plotted in cent imeters .  When a gas bubble ap- 
proaches  the sensor  (frame 1), a relat ively small  signal appears which gradually dec reases  (frame 2). The 
res i s t ive  force acting on the sensor  becomes zero  inside the gas bubble (frames 3 and 4). When the lower 
boundary of the gas bubble in te rsec ts  the sensor  (frame 5), the force inc reases  abruptly and subsequently 
continues to increase  (frame 6). Reuter  [1] also noted a s imi lar  interaction between a gas bubble in a fluidized 
bed and a disk (6 cm in diameter).  In the region behind the bubble, the ver t ica l  component of the resis t ive 
force  was approximately 2-3 t imes  g rea t e r  than its value in the frontal  region ahead of the gas bubble. 

Figure  2 shows the res i s t ive  force  field (projection on the vertical) in the neighborhood of a gas bubble. 
It was cons t ruc ted  in the following manner.  The res is t ive  force was determined f rom the recordings  on the 
s tr ip chart .  For  the same t imes,  the position of the probe relative to the bubble was determined f rom the 
film f rames .  For  this purpose,  the f r ames  were projec ted  on a screen,  the field of which was divided into 
squares  corresponding to an actual size of 1 x 1 cm. Analysis  was made of more  than 150 f rames  of s imi lar ly  
s ized gas bubbles penetrating the sensor  region. The average value of the instantaneous magnitude of the 
res i s t ive  force for each of the squares  is denoted by the numbers  in the figure. These numbers  were obtained 
f rom three  to four values for which the maximum deviation f rom the average was 35%. The portions of the 
squares  where measu remen t s  were inadequate were left unfilled. The re~ion of positive forces  is outlined with 
a solid line and the region of negative fo rces  (directed downwards) is denoted by hatching. The forces  p e r -  
ceived by the sensor  in the remaining space were a lmost  zero .  

There  are  two regions in the neighborhood of a moving gas bubble: a region of negative forces  to the 
side and a region of positive forces  above and below the bubble. The maximum negative forces  were observed 
la tera l ly  at the boundary of the bubble and the g rea tes t  positive forces  were produced in the wake of the bubble. 
The magnitudes of the positive forces  exceeded the values of the negative forces.  Their  rat ios were apl~roxi- 
mately  1.5 and 2.5, respect ively,  in fluidized beds of sand and sil ica gel. Resist ive force depended signi- 
ficantly on the density of the d isperse  material .  Thus, in a fluidized bed of sil ica gel (p = 1.1 g/cm3), the 
maximum res is t ive  force was almost  2.5 t imes  less than in a fluidized bed of sand (p = 2.6 g/cm3). 

In the f rontal  region of the bubble at dis tances up to two d iameters  of the spher ical  probe f rom the bubble 
boundary,  one should expect the values of the recorded signal to be somewhat reduced because of collapse of 
the bubble dome by the sensor .  

The d iagrams shown make it very  c lea r  that there  is a zone of influence around a moving bubble which 
is roughly equal to the radius of the bubble in the forward and la teral  direct ions and which extends approxi-  
mately  two bubble d iameters  behind the bubble. In the region behind the bubble, the d ispersed mater ia l  follows 
the bubble; to the side of the bubble, the mater ia l  falls downward. It is natural  that the res is t ive  force resulted 
f rom the rate  of flow of the solid phase over the fixed sensor  submerged in the fluidized bed. 

The maximum forces  crea ted  in a fluidized bed are  associa ted with the motion of gas bubbles and 
specifically depend on the proper t ies  of the d ispersed  material .  To reveal  the effect of the charac te r i s t i c s  of 
the d ispersed mate r i a l  on res is t ive  force,  exper iments  were pe r fo rmed  with various mate r ia l s  (Table 1) in 
the same column with the sensor  at its previous position. The grea tes t  fo rces  acting on the senso r -dynamom-  
e ter  were recorded  during the exper iments .  The experimental  resul ts  are  shown in Fig. 3 on a logari thmic 
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scale .  The choice of coordinates  was based on the assumpt ion  that  there  is  a l inear  dependence of r e s i s t i ve  
fo r ce s  on m a t e r i a l  density,  which was noted for  the ave rage  values of the fo rces  [4]. It was fur ther  a s sumed  
that  f luctuat ions of the fo r ce s  produced by d i sp lacement  of the solid phase  during mot ion of gas  bubbles is  
de t e rmined  by the f i l t ra t ion of an excess  amount of gas  above that needed to mainta in  the m a t e r i a l  in a sus -  
pended state.  In the a s sumed  coordinate  sys t em,  the exper imen ta l  points obtained at var ious  a i r  f i l t ra t ion 
r a t e s  for  f i v e  different  m a t e r i a l s  a r e  grouped around a s t ra ight  line desc r ibed  by the re la t ion 

G 
= ( U  - -  Uo)~ 

P 

The g r e a t e s t  deviation of exper imenta l  points  f r o m  the approximat ing re la t ion  does not exceed 70%, 
which mus t  be cons idered  sa t i s f ac to ry  for  so unstable a sy s t em as a fluidized bed. It mus t  be pointed out 
that  this  re la t ion  also extends to expe r imen t s  with la rge  pa r t i c l e s  where  the resu l tan t  gas  bubbles become 
c o m m e n s u r a t e  with the c r o s s  sect ion of the column and plunger  d isp lacement  of the m a t e r i a l  in the bed is 
observed.  

The re la t ion  obtained d e m o n s t r a t e s  the effect  of m a t e r i a l  c h a r a c t e r i s t i c s  and of gas  f i l t ra t ion ra te  on 
m a x i m u m  fo rces  in a bed, but it  does not re f lec t  the effect  of the g e o m e t r i c  p a r a m e t e r s  of the sys tem.  

N O T A T I O N  

d, pa r t i c l e  d iamete r ;  G, force  acting on a body in a fiuidized bed; U0, ra te  fo r  init iation of fluidization; 
U, gas  f i l t ra t ion ra te ;  p, m a t e r i a l  density;  H, bubble rad ius .  
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Equations a r e  der ived  for  the effect ive t r a n s p o r t  coeff ic ients  in a sy s t em of contacting spher i ca l  
pa r t i c l e s  i m m e r s e d  in a nonconducting medium.  

A substant ia l  contr ibution can come f r o m  the con tac t ing-par t i c le  f r a m e w o r k  to the t r a n s p o r t  p r o c e s s e s  
in a h igh-concent ra t ion  g ranu la r  medium;  for  ins tance ,  this  f r a m e w o r k  component  can have a m a r k e d  effect 
on the total  heat  flux in a g r anu la r  med ium if the t h e r m a l  conductivity of the pa r t i c l e s  is  much higher than 
that  of the continuous phase  (see [1, 2] for  a survey  of the exper imenta l  data). In pa r t i cu la r ,  the theory  of 
t h e r m a l  conductivity for  g ranu la r  m a t e r i a l s  [3] for  ~1 >> ~0 always g ives  r e su l t s  for  the effect ive t h e r m a l  
conductivity sys t ema t i ca l ly  lower  than those f r o m  exper iment  if  the t r a n s f e r  by contact  between the pa r t i c l e s  
is  neglected,  whereas  theory  ag ree s  e x t r e m e l y  well  with exper imen t  if  ~ 1 ~ ~0- 

Under  ce r ta in  e x t r e m e  conditions,  this  component  of the f l uxmay  be the dominant one. F o r  instance,  it has been 
found [4] that  this  occurs  for  u ran ium and z i rcon ium powders  in var ious  ga se s  at p r e s s u r e s  below 10-2-10 -1 mm Hg. 
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