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Results are presented for the experimental study of the motion of 
freeflowtng materials in a dense layer [bed] on cylindrical and fiat 
models. 

To study the fea tu res  involved in the mot ion of f r e e -  
flowing m a t e r i a l s  in equipment  and bunker  ins t a l l a t ions ,  
we gene ra l l y  make  use  of models  having t r a n s p a r e n t  
wal ls  [1 -8 ]  or  we employ models  which can be d i s -  
man t l ed  [9, I0]. 

Many r e s e a r c h e r s  have noted that even with the so-  
ca l led  second fo rm of d i scharge  [2], when all  of the 
f reef lowing m a t e r i a l  above the EF  level  (Fig. l a )  is 
in mot ion ,  a "dead" zone M 1 is fo rmed  on the flat  
ho r i zon ta l  bot tom of the model ,  with the pa r t i c l e s  r e -  
m a i n i n g  fixed in this  zone. The l i t e r a t u r e  conta ins  
con t r ad i c to ry  data on the r e l a t ive  d imens ions  of this 
zone [1 ,7 ,  8]. 

To c la r i fy  this  p rob lem,  we expe r imen ted  with a 
cy l ind r i ca l  g lass  model  with an ins ide  d i a m e t e r  of 150 
m m, a height of 1700 ram, and a hor izon ta l  t r a n s p a r e n t  
bottom made of plastic. An aluminosilicate catalyst of 

the following fractional composition served as the 

freeflowing material: 45% of the particles with a grain 
size of 3-4 ram; 51% of the particles with a grain size 
of 4-5 ram; and 4% of the particles with a grain size 
of 5-5.5 ram. The particles exhibiting a grain size of 
3-4 mm were virtually spherical in shape; the larger 

par t i c l e s  were  oval in shape. The degree  of ovali ty,  
defined by the ra t io  of the m a x i m u m - t o - m i n i m u m  
gra in  d imens ions ,  amounted,  r e spec t ive ly ,  to 4, 12, 
and 20% for the indicated f rac t ions .  The average  bulk 

weight of the ca ta lys t  was 0.78 g/cm3; the apparen t  
specif ic  weight of the pa r t i c l e s  was 1 .8  g/cm3; the 
angle of r e s t  was 28 ~ ; accord ing  to m e a s u r e m e n t  data 
obtained with a t r iax ia I  c o m p r e s s i o n  i n s t r u m e n t ,  the 
i n t e rna l  f r i c t ion  fac tor  was 0.577. 

F o r  the cont inuous flow of this m a t e r i a l  through an 
or i f ice  18 m m  in d i ame te r ,  we noted that the r e l a t i ve  
d imens ions  of the M 1 zone were  cons ide rab ly  s m a l l e r  

than indicated  in the publ ished works  of o ther  r e -  
s e a r c h e r s  [1 ,3 ,  7]. At the bot tom,  the nonmoving  
m a t e r i a l  occupies  a pe r iphe ra l  a nnu l a r  zone eb 1 (Fig. 
l b )  that is 27 mm wide, which makes  up l e s s  than 
half the rad ius  of the bottom. 

The M 2 zone in which the ca ta lys t  pa r t i c l e s  move 
ve ry  slowly is  d i rec t ly  ad jacent  to the M 1 zone f rom 
above and at the side of the wall .  Thus  with an a v e r -  
age theore t i ca l  bed veloci ty  of 8 c m / m i n ,  the a v e r -  
age pa r t i c l e  speed ac ros s  segment  b2b ~ amounts  to 

0.5 c m / m i n ,  with the co r r e spond ing  f igure  at the bib 
segment  0.35 e m / m i n .  The r e su l t s  of the expe r imen t s  
that we c a r r i e d  out showed that the r e l a t ive  d imens ions  
of a comple te ly  s tagnated zone a r e  funct ions  of the 
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Fig.  1. P a r t i c l e  mot ion  p a t t e r n s  in appara tus  and r e l a t ive  s i zes  of 
to ta l ly  s tagnant  zone: a) Accord ing  to l i t e r a t u r e  data; b) accord ing  
to our  data  for a l u m i n o s i l i c a t e  ca ta lys t ;  c) accord ing  to our data on 

s tee l  bal ls .  
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2. T r a j e c t o r i e s  of mot ion  for  me ta l l i c  ba l l s  and pa t t e rns  of 
voltage r ed i s t r ibu t ion .  

degree  of f lu idi ty  for  the f r e e f l o w i n g m a t e r i a l ,  defined 
by the magni tudes  of the in t e rna l  and ex te rna l  f r ic t ion  
fac to rs  and the forces  of s t r u c t u r a l  adhesion.  It had 
been suggested  that  in the mot ion  of m a t e r i a l s  exhi -  
b i t ing  even f r e e r  f luidi ty,  a fu r the r  reduc t ion  in the 

Pa r t i c l e  mot ion  (s teel  bal ls )  over  a nonmeta l l i c  
bot tom of a mul t iped  model  

time (in sec) of  particle passage between positions 

Experiment (see Fig. 3) 

number *; 
1 --2 2--3 3--4 4--5 5--6 

16 
I7 
18 
19 
20 
21 
22 
23 
24 
25 

2820 
3035 
2978 
3456 
3385 

1205 
1360 
1176 
1290 
1408 

663 
586 
704 
620 
765 

74.0 
61 .i 
55.8 
83.3 
64.6 

111.3 
93.1 

123.1 
78.7 
89.8 

16.5 
14.9 
11.6 
18.1 
14.4 
24.3 
29. l 
19.9 
23.5 
23.8 

*In experiments 16-20, the bot tom was made of 
oak; in 21-25, the bot tom was made of rubber. 

r e l a t i ve  d imens ions  of the M l zone should be noted,  or  
even that it wil l  d i s appea r  en t i re ly .  To t e s t  this  hypo-  
thes i s ,  we expe r imen ted  with ca l ib ra t ed  s tee l  sphe res  
[bal ls ]  4 .9  m m  in d i ame te r ,  these  be ing  placed into 
the ci ted model  in a bed 1700 m m  high, and then r e -  
moved  f rom the model  through an o r i f i ce  18 m m  in 

d i ame te r .  
E x p e r i m e n t s  conf i rmed  the p red ic ted  hypothes is :  

a l l  the ba l l s  at the wall  in the lower  pa r t  of the model  
and on the flat  hor izonta l  bot tom moved downward ve ry  
s lowly toward the outlet  or i f ice .  Thus,  for  example ,  
with a mean  theore t i ca l  bed -mo t ion  ve loc i ty  of 6 
c m / m i n ,  the mean  speed of r e t a r d e d  bal l  mot ion  over  
the s egmen t  b2e (Fig. l c )  ave raged  0.31 c m / m i n ,  
whi le  the m e a n  veloci ty  of the a c c e l e r a t e d  mot ion of 
the ba l l s  over  the s egmen t  cb was 0.25 c m / m i n .  

In view of the unique na tu re  of the phenomenon of 
" l iquid- l ike  f luidi ty" of the ci ted f reef lowing med ium,  
we c a r r i e d  out addit ional  expe r imen t s  on a m u l t i l a y e r  
[mult ibed] model  for  a more  deta i led  study of this 
phenomenon r e l a t ive  to the condit ions of the plane 
p rob lem.  

The mul t ibed  model ,  1700 mm in height,  cons i s t ed  
of two ve r t i ca l  p la tes  made of p las t ic ,  s epa ra ted  f rom 
each o ther  by a d is tance  of 5 .0  ram. The end wal ls  
be tween these  pla tes  and the hor izonta l  flat bot tom 
were  made  of ground s teel  planks 0.5 mm thick. 

The s teel  ba l l s  were  fed into the model  cont inuously  
f rom a bunker  with a capaci ty  of 35 l .  At a m i n i m u m  
feed r a t e  of 1500 cm3/min  the bunker  made  it poss ib le  
to keep the bed cont inuously  in motion for  23 min .  

The expe r imen t s  c a r r i e d  out on this  model  also 
conf i rmed  the bas ic  r e su l t  of the previous  i n v e s t i -  
gat ions.  F igure  2a shows the condi t ional  t r a j e c t o r i e s  
of mot ion  for  the ca l ib ra t ed  bal l s  for  an average  
theore t i ca l  bed -mo t ion  veloci ty  of 80 c m / m i n .  The 
m e a n  veloci ty  of bal l  motion over  the segment  b2c 
does not exceed 4.2 c m / m i n ,  while over  the segment  
cb it  amounts  to 3 .4  c m / m i n .  

130,30,34,3o .3~mm ! 

I Particle position 

Fig .  3. Diagram for table.  

The phenomenon of "liquid-like fluidity" in metallic 
balls under the indicated conditions can be explained 
by taking into consideration the redistribution of 
stresses in the lower zone as a result of the discharge 
of the freeflowing material through the outlet orifice. 
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In analogy with the p rob lem on the d is t r ibut ion  of 

s t r e s s e s  in r ea l  soi l  beneath a concen t ra t ed  load [11], 
the quanti ty Aap, by which the c o m p r e s s i v e  s t r e s s  in 

the d i rec t ion  of the outlet  o r i f i ce  is reduced  at an 

a r b i t r a r y  point N (Fig.  2b), can be e x p r e s s e d  in genera l  
fo rm by the funct ion 

Zv--2 
ha~, = A ( P  i - -P f )  PV (1) 

It fol lows f r o m  the condit ion of q u a s i - s t a t i c  equ i l ib -  
r i um for  the f r ee f lowing  medium that the reduct ion  
in the c o m p r e s s i v e  s t r e s s e s  in the d i rec t ion  of the 
outlet  o r i f i c e  by a quanti ty Aap is accompan ied  by an 
i n c r e a s e  in the c o m p r e s s i v e  s t r e s s e s  in the d i r e c t i o n  

p e r p e n d i c u l a r  to the rad ius  ON by the quant i ty  A~fr .  
The r e s u l t i n g  s t r e s s e s  a r e  found by adding the 

c o r r e s p o n d i n g  components  A~p and Aaf r ,  as well  as 
the c o m p r e s s i v e  s t r e s s e s  produced  by the weight  of 
the p a r t i c l e s  lying above.  When Pf = 0 (free flow) 

D/d  0 = 8, u = 4, h /D = 5 and Eq. (1) is modi f ied  to 
the f o r m  

A% ~ 1.05.10-~ y D ac~ a (2) 
p2 

The se l ec t i on  of the n u m e r i c a l  va lues  of D/d0, h /D 
and v in the g iven example  is expla ined by the fol lowing:  

the r a t io  D / d  0 = 8 is  m o s t  c h a r a c t e r i s t i c  of indus t r i a l  
equipment ;  when h /D  -> 5 the v e r t i c a l  p r e s s u r e  due to 
the weight  of the p a r t i c l e s  lying above a s s u m e s  a c o n -  
s tant  va lue ;  the m i n i m u m  value  of the d i s t r i bu t i on -  
capac i ty  coe f f i c i en t  v = 3 c o r r e s p o n d s  to an ideal  i s o -  
t r op i ca l Iy  Mas t ic  med ium.  

The bed of c a l i b r a t e d  s t ee l  ba l l s  in t e r m s  of i ts  
d i s t r i bu t ion  capac i ty  is c l o s e r  to this med ium than to 

a bed of f i n e - g r a i n e d  sand fo r  which v ~ 6. 
Fo r  the ba i l s  lying at the bot tom of the model  n e a r  

the end wall  (Fig. 2c), a = 90 ~  = 90~ ds = 
2R, 

= 88 ", p = R ~ = 7 0 m m .  Then w h e n T =  4.38 g / c m  a w e  

find f r o m  (2) that  

A~0 = 0.000004 k g / e m  2. 

This  quant i ty  is s m a l l e r  than the v e r t i c a l  s t r e s s  in 

the zone under  cons ide r a t i on  by a f a c t o r  of a p p r o x -  
i m a t e l y  50 000. Evident ly ,  the shif t ing of the s p h e r e s  
[bal ls]  as a r e s u l t  of this  ins ign i f i can t  drop  in s t r e s s  

may  occur ,  wi th  the out le t  o r i f i c e  c losed ,  only when 
the f r ee f lowing  m e d i u m  is  in the l im i t  s t r e s s e d  s ta te .  

F o r  a cont inuous med ium this  condit ion is  e x -  
p r e s s e d  by the equat ion [12] 

U I - -  (3"111 
= sin r ( 3 )  

tJl @ r 

which is s a t i s f i e d  when ~ m 28 ~ (a bed of m e t a l l i c  

ba l l s )  and ~i/crii i  ~ 3 (in a c c o r d a n c e  with the Rankine 
hypothes is ) .  

F o r  the p a r t i c l e s  lying at the bo t tom of the mode l  
it is m o r e  convenien t  to employ  the condit ion of e q u i -  
l i b r ium based  on the s c h e m e  of a d i s c r e t e  f r ee f lowing  
m e d i u m ,  where  cons ide r a t i on  is given to the f r i c t iona l  
f o r ce  nat only be tween the p a r t i c l e s ,  but a l so  between 
the p a r t i c l e s  and the bot tom.  

Ver i f i ca t ion  of the condit ion of l imi t  equ i l ib r ium 
may be based  on an examinat ion  of the f o r c e s  act ing,  
for  example ,  on sphere  1 (Fig. 2 c ) i n  a multfbed 
model  for a d i s e r e t e  f reef lowing  medium.  

In a c c o r d a n c e  with expe r imen ta l  data, the d is tanee  
between sphe re s  1 and 2 is a s sumed  to be equal to 
0 . 5 m m ,  ~0 = 33~ 

The equi I ib r ium equation has the form 

Fj - Y , a + F  a. (4) 

Sinee the weight  of a s ingle  ball is cons ide rab ly  
s m a l l e r  than the p r e s s u r e  P1, 

1 
F 1 : ~- P, tg % (5) 

1 p  1 

A s s u m i n g  gl = t~2 = P, f rom (3) we find 

1 1 0.66 =-- 0.33. ~t = ~-  tg qa .... 2 

Accord ing  to handbook data [13], for  dry  meta l  ba l l s  
= 0.15.  Thus the sh i f t ingof  t h e b a l l s  m a y b e  obse rved  

even when g = 0.33,  i f  2xcrp ~ 0. Natura l ly ,  such m o v e -  
ment  b e c o m e s  even m o r e  poss ib le  when ~ -< 0.15.  

The ques t ion  now a r i s e s  as to whe the r  the mot ion 
is i m p a r t e d  as a r e s u l t  of the fact  that the f r i c t ion  b e -  
tween the ba i l s  and the bo t tom is s m a l l e r  than the 
f r i c t ion  be tween the ba i l s  t h e m s e l v e s .  

The a n s w e r  fol lows f rom the r e s u l t s  of r epea t ed  

ca lcu la t ion  fo r  Pl ~ P2. 
In this case  Eq. (3) is wr i t t en  in the fol lowing f o r m :  

1 p  1 1 
-2- ~tgcp = -~ P~*~-i- ~-P]~% (7) 

o r t g  q0 = Pl + P2, whence  P2 = tg (p - #I = 0.66 - 0.15 = 
= 0 . 5 1 .  Consequent ly ,  the mot ion  of the ba l l s  at the 
bot tom is poss ib le  even with a v e r y  high value  fo r  the 
coe f f i c i en t  of f r i c t ion  be tween  the ba l l s  and the bo t tom 

(/~2 -< 0.51). Acco rd ing  to the data of [13], p = 0.3 - 0.5 
is a s s u m e d  fo r  soft  s t ee l  o v e r  ha rd  wood. 

To t e s t  this conclus ion ,  we c a r r i e d  out e x p e r i m e n t s  
in which planks of ha rd  wood w e r e  used to c o v e r  the 
bo t tom of the model  in one of the e x p e r i m e n t s ,  and 

r u b b e r  p la tes  in the o ther .  The r e s u l t s  of t hese  e x -  
p e r i m e n t s ,  shown in the table ,  d e m o n s t r a t e  that on a 
wooden bot tom t h e r e  is abso lu te ly  no zone in which the 
bed is nonmoving,  al though the ve loc i ty  of bali  mot ion 

in the c o r n e r s  of the model  is v e r y  s m a l l  and t he i r  
mot ion can be o b s e r v e d  a f t e r  a p ro longed  per iod  of ob-  
s e rva t ion .  

When the wooden planks a r e  r ep laced  by rubber  
p la tes  the width of the M zone of the f ixed bed in-  

c r e a s e s  f r o m  0 to 100 ram. T h e s e  e x p e r i m e n t s  con-  
f i rm  the r e s u l t s  of the ci ted ca lcu la t ions .  

NOTATION 

Pi and Pf a r e  the p r e s s u r e  on the a rea  of outlet  b e -  
fore  and a f t e r  the beginning of bed mot ion,  r e s p e c -  
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t ive ly ;  z and p a r e  the o rd ina t e  and d i s t a n c e  of a given 
point  f r om a d i s c h a r g e  c e n t e r  taken  as  a point 0; v is 
the d i s t r i b u t a b i l i t y  of a r e a l  loose  med ium;  A is  the 
coef f ic ien t  d e t e r m i n e d  f rom the condi t ion that  the 
value  (Pi - Pf) i s  equal  to the sum Aap  o v e r  a l l  a r e a s  
with r e s p e c t  to a s p h e r i c a l  s u r f a c e  of a r a d i u s  p; T is 
the bulk weight  of g r a n u l a r  m a t e r i a l ;  D is the i n t e rna l  
d i a m e t e r  of appa ra tu s ;  F 1 is  the ho r i zon t a l  p r e s s u r e  
f o r c e  on s p h e r e  (1); E 2 i s  the ho r i zon t a l  f r i c t i on  f o r c e  
at a contac t  point  be tween  s p h e r e s  (1) snd (3); F 3 is  the 
f r i c t i on  f o r c e  at  a contac t  point  be tween s p h e r e  (1) and 
s u r f a c e  of ho r i zon ta l  bot tom;  Pl  is  the  p r e s s u r e  fo rce ;  
d o is  the  out le t  d i a m e t e r ;  h i s  the height  of g r a n u l a r  
m a t e r i a l  bed;  /21 is  the  f r i c t i on  coef f ic ien t  be tween  
s p h e r e s ;  /~2 i s  the f r i c t i o n  coef f i c ien t  be tween  s p h e r e  
and bot tom;  a 1 and al~l a r e  the p r i n c i p a l  s t r e s s e s ;  r 
is  the  i n t e r n a l  f r i c t i on  angle .  
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