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The nonuniformity of motion of a disperse medium in rectangular 
channels without blowing has been investigated in relation to various 
factors. The basic results are given. 

In a n u m b e r  of eases  for a moving dense bed with 
t r a n s v e r s e  or  mul t ipass  blowing,  channels  of r e c t a ngu -  
l a r  c ros s  sec t ion  may be p re fe rab le  to channels  of cy -  
l i nd r i ca l  shape with a counterf low. The reasons  for  
this a re  as follows: a) the th ickness  of the blown l aye r  
may be sma l l  owing to the development  of the blowing 
f ron t  in the other  two coordinate  d i r ec t ions ;  b) the 
th ickness  of the blown l aye r  is constant ;  c) it is easy  
to e n s u r e  condit ions of un i fo rm inflow and outflow of 
gas ; d) control  of opera t ion  is more  favorable  than for  
counterf low; e) heat l o s ses  can be reduced s ince  the 
two mos t  developed sides of the channel  a re  occupied 
by ducts for supplying and r emov ing  the gas; f) the 
in tens i ty  of heat t r a n s f e r  (owing to the more  un i fo rm 
d i s t r ibu t ion  of gas in the bed) may be higher  and ap-  
proach that in the fixed bed [1]. There fo re  it is d e s i r -  
able to employ the p r inc ip le  of c ros s  blow-through of 
a moving dense bed. However, the l i t e r a t u r e  lacks 
data on the mechanics ,  ae rodynamics  and heat t r a n s f e r  
in a bed with t r a n s v e r s e  blowing. 

In this paper  we p r e sen t  the bas ic  r e su l t s  of an in -  
ves t iga t ion  of the effect of va r ious  fac tors  on the long-  
i tudinal  and t r a n s v e r s e  nonuni formi ty  of motion of a 
d i s p e r s e  medium.  This in format ion  is impor tan t  in 
i t se l f ;  it  is also n e c e s s a r y  for  s tudying the d i s t r ibu t ion  
of the gas flow in the bed and the in tens i ty  of the p ro -  
ce s se s  taking place in such s y s t e m s .  Data on the a e r o -  
dynamics  and heat t r a n s f e r  in a moving bed with t r a n s -  
v e r s e  blowing were  obtained in an independent  study 
which wil l  be repor ted  in a subsequent  paper .  

EXPERIMENTAL METHOD AND TEST RIGS 

Basical ly ,  the exper imen t s  cons is ted  in s tudying the 
va r i a t i on  with t ime and over  the height of the apparatus  
of a colored in t e rmed ia t e  l aye r  of g r a n u l a r  m a t e r i a l  

moving with the bed in a ha l f -channe l  with a glazed 
wall,  through which it  was poss ib le  to make v i sua l  ob-  
se rva t ions  and m e a s u r e m e n t s  of the t r a n s i t  t ime  and 
t r a j e c t o r y  of the marked  pa r t i c l e s  and thus to obtain 
veloci ty  d i ag rams  in the c e n t r a l  longi tudinal  sec t ion  of 
the channel .  The un impor tance  of the so -ca l l ed  " c o r -  
ne r  effect" and the absence  of s ign i f ican t  d i s to r t ions  of 
the sol ids  flow pa t te rn  connected with the p r e sence  of a 
glazed wall  have been noted by a n u m b e r  of authors  and 
conf i rmed by rad ioac t ive  [2, 3] and X - r a y  [4] methods .  

The veloci ty  field was studied by this method on cold 
models  of ve r t i c a l  r e c t a n g u l a r  channels  without blow- 
ing by va ry ing  the flow ra te  (mean ve loc i ty) ,  m a t e r i a l  
and par t i c le  s ize,  wall  roughness ,  channel  d imens ions ,  
etc. All the data were  obtained for cont inuous mot ion 
of the bed and the m e a s u r e m e n t s  were  repea ted  not 
l ess  than three  t imes .  M e a s u r e m e n t s  (Fig. 1) over  
the height of the channels  were  made every  100 mm and 
at five points in each sec t ion  (in the wall  l a ye r  and in 
the core)  �9 At the end of each expe r imen t  the flow ra te  
was de te rmined  by weighing, the specif ic  bulk weight 
of the moving bed (mean for  the en t i re  channel  and at 
typical  sec t ions)  by the cut-off  method. 

In o rde r  to study the mechan ics  of motion we con-  
s t ruc ted  two tes t  r igs .  The f i r s t  was a cold model  of 
a heat t r a n s f e r  c ha mbe r  and was the re fo re  made of 
c h r o m e - m a g n e s i t e  b r ick .  The r i g  was equipped with a 
bucket  e leva tor  for  r e t u r n i n g  the packing.  The second 
r ig  had a channel  with movable  and in te rchangeab le  
wal ls  and was equipped with d i f fe rent  d i scharge  de-  
v ices .  The side walls  of the second r ig  were  of glass  
or  wood and a r t i f i c i a l ly  roughened by gluing e m e r y  
paper  of d i f ferent  degrees  of roughness  to the s ide 
wal ls .  The d imens ions  of these r igs ,  the c h a r a c t e r i s -  
t ics  of the d i spe r se  ma te r i a l  employed and the e x p e r i -  
menta l  condit ions a re  given in Table  1, Here, to 
c h a r a c t e r i z e  the degree  of cons t r a in t  imposed on the 
motion of the bed, together  with the ra t io  Deq/d T 
adopted in [1], we have used for each pa r t i c l e  s ize  the 

Table  1 

Cha rac t e r i s t i c s  of Invest igated Channels  and Moving Bed 

Channel dimensions, M [ Constraint factors 
Packing Particle Bed velocity, 2) 

Rig thicknes., width height material size fl dT, mm m/see Deq/d T 
A I H 

First 0-3~ 0.t7 .8 0.0009--0.00331 175 [ O.5 
Second 0 .1[  0.10 .0 0.0009--0.0O331 85.7 I 1.5 

vary vary .0 0 . 0 0 2 5 - - 0 . 0 3 5  I 2 0 ~ 5 0  I ( L 6 - - 2 - 5  
,, vary vary ~small [ 1) I I 

.0 I . . . .  m c  7.5 16.5 0 . 0 1 3 - 0 - 0 5  I 9 - - ~ 3  1 0 - t - - 2 . 0  
Icylinders 5 5"11 51~ . , . 0 . 0 0 3 3 - - 0 . 0 4  112 .5 - -31 .0  I 

Remarks. l) Numera to r -ou t s ide  diam., denomina to r - l eng th  of cylinder. 2) Limits of variation of  
mean bed velocity in the tests. 
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| 1  

Fig .  1. D i a g r a m  showing g e o m e t r y  
of c o l o r e d  l a y e r s  (walls,  wood; 
m a t e r i a l ,  p e r i c l a s e ;  V b = 0. 00975 
m / s e c ;  shaf t  s e c t i on  A X l = 0.1 X 
0 .1  m 2) : 1) channel  wa l l s ,  2) hop- 
per; 3, 4, 5, and 6) c o l o r e d  l a y e r  
a t  c o m m e n c e m e n t  of motion,  a t  
beginning  and midd l e  of s t a b i l i z e d  
zone, and a t  beginning  of out le t  

zone.  
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geomet r i ca l  ra t io  A/l ,  which takes into account  the 
" s l i t l i k e n e s s '  of the channel  (A is the th ickness  of the 
blown layer ,  l the width of the channel) .  Then the 
equivalent  channel  d i a m e t e r  and the mean  par t i c le  v e -  
loci ty are  as follows: 

Deq = 4F/H = 2A l/(h + l), lib =Gb/A/~sp. 

For  pa r t i c l e s  of c h r o m e - c o n c r e t e  and pe r i c l a s e  
(magnes ium oxide) of i r r e g u l a r  shape the par t i c le  d i a -  
m e t e r  d T was de te rmined  as a weighted mean  value .  
The local  veloci ty  of the observed  colored par t i c le  was 
de te rmined  f rom the m e a s u r e d  t r a j ec to ry  and t ime of 
motion.  Since, apar t  f rom the geomet r i ca l  ra t ios ,  the 
r e l a t ive  roughness  of the walls ,  and the pa r t i c l es ,  the 
mos t  impor t an t  s i m i l a r i t y  c r i t e r i o n  is the Froude  
n u m b e r  F r  [1], this n u m b e r  was de te rmined  for each 
case  f rom the exp res s ion  

--2 
Fr = gDeq/V b. 

Obviously, the longi tudinal  and t r a n s v e r s e  nonun i f o r m-  
ity of pa r t i c le  mot ion is de t e rmined  by the coeff icients  
of in te rna l  and ex te rna l  f r ic t ion  of the moving bed, 
which, in the i r  turn,  a re  de t e rmined  by the r e l a t ion  
[1] (in the absence  of blowing, i . e . ,  when Re = 0) 

w h e r e f ' i n ,  fTex, f i n ,  f e x  a re  the coeff icients  of i n -  
t e rna l  and ex te rna l  f r ic t ion  of the fixed (prime) and 
moving beds, and PT, P are  the dens i t i es  of the solid 
and gaseous components .  

De te rmina t ion  of the coeff icients  f i n '  f e x  involves 
cons ide rab le  technical  diff icul t ies  [1, 5, 7, 8]. T h e r e -  
fore it  is convenient  to c h a r a c t e r i z e  the nonuni formi ty  
of pa r t i c l e  motion d i rec t ly  in t e r m s  of the change in 
the veloci ty  field. We adopted the following method of 
reduc ing  the expe r imen ta l  data. To judge the s t ab i l i z a -  
t ion of the veloci ty  field, i. e o, the longi tudinal  non-  
un i fo rmi ty  of pa r t i c le  motion over  the channel  height, 
we used data on the va r i a t ion  of the th ickness  of the 
wall  l ayer  and the conf igura t ion and height of the co l -  
ored layer  in the flow core .  The un i fo rmi ty  of pa r t i c le  
motion in t r a n s v e r s e  sec t ions  of the channel  was e s -  
t imatcd f rom the dependence of the ra t io  of mean  to 
max imum par t i c le  veloci ty  on the rat io /x/l at d i f fer -  
ent Froude n u m b e r s .  In this ease the max imum p a r -  
t ic le  veloci ty was observed  on the axis of the channel,  
the m i n i m u m  par t i c le  veloci ty in the wall l aye r .  

BASIC RESULTS OF INVESTIGATION 

Our obserw~tions showed that in genera l  the motion 
is s i m i l a r  to that in cy l indr ica l  channels .  A wall l aye r  
is formed~ This l aye r  is cha rac te r i zed  by an a pp r e c i a -  
ble t r a n s v e r s e  veloci ty gradient ,  rotat ion,  mixing, rind 
sl ippage of the par t ic les ,  and a dec rease  in packing 
densi ty .  In the flow core.  owing to the i r  roughness ,  the 
motion of the pa r t i c l e s  is a lmos t  of the "piston" type. 
I,'rom data on the change in th ickness  of the wall l aye r  
6, obt ' l ined under  di f ferent  condi t iens ,  we can, by ana -  
loggy with the motion of a liquid, disting~uish three  zones 
of moti(m over the height of the channel  (Fig. 1): an 

in i t i a l  s t ab i l i za t ion  zone in  which the veloci ty  field is 
formed and 6 i n c r e a s e s  f rom zero at the inle t  to some 
cons tan t  va lue ;  a zone of s tab i l ized  mot ion in which 
the th ickness  of the wall  l a ye r  and the conf igura t ion of 
the veloci ty  profi le  in the core  of the flow do not change, 
and an outlet  zone affected by the d i scharge  condit ions,  
in which the th ickness  of the wall  l aye r  i n c r e a s e s  and 
the mot ion of the pa r t i c l e s  in the flow core  becomes  
s igni f icant ly  l e s s  "pis tonl ike  ~ (a funnel ing effect is ob-  
s e r v e d ) .  This is i l l u s t r a t ed  in Fig.  2, which is typical  
of other  g r a n u l a r  m a t e r i a l s  (al together 176 d i ag rams  
were  plot ted) .  

Clear ly ,  the s t ab i l i za t ion  zone is sma l l  and does not 
exceed the equivalent  d i ame te r  of the channel  (Hst/Deq -< 
-< 1). The extent  of the zone of s tab i l ized  mot ion is 
bas ica l ly  de te rmined  by the inf luence of the d i scharge  
condi t ions .  In accordance  with Fig.  2, the g rea t e s t  

nonuni formi ty  occurs  in the in le t  and outlet  par ts  of 
the channel ,  whereas  in the s tab i l ized  zone there  is 
no longi tudinal  nonuni fo rmi ty .  

Table 2 gives data on the re l a t ive  height of the out -  
le t  zone of inf luence Hout/Deq obtained on the second 
r ig  with an o rd ina ry  hopper d i scharge .  According to 
these  data the extent  of the d i scharge  inf luence  zone 
depends on the width and th ickness  of the bed, which 
de t e rmine  the value of Deq, and on the shape and 
roughness  of the pa r t i c l e s .  The data p resen ted  a re  in 
a g r e e m e n t  with the data obtained by Zenz [6]~ Thus the 
ra t io  Hout/Deq for pe r i c l a s e  (rough par t i c l es )  is c lose  
to 2. For  smooth pa r t i c l e s  (ceramic  c y l i nde r s ) ,  where  
the angle of in te rna l  f r ic t ion  is much sma l l e r ,  this 
ra t io  also dec reases ,  which co r re sponds  to the conc lu-  
s ions of [6] conce rn ing  the na tu re  of the effect of the 
angle of i n t e rna l  f r i c t ion  on Hout/Deq~ In any case with 
dec rea se  in Deq the va lues  of Hou t and Hout/Deq fall .  
The above data a re  p rac t i ca l ly  independent  of the rough-  
ness  of the walls  and the veloci ty  of the dense -phase  
bed. In the expe r imen t s  the veloci ty was var ied  f rom 
0. 0009 to 0.0033 m/sec  for c h r o m e - c o n c r e t e  par t i c les ,  
f rom 0. 0025 to 0. 035 m/sec  for pe r ic lase ,  and f rom 
0. 0013 to 0.05 m/sec  for c e r a m i c  cy l inde r s .  

As a rule ,  Hout/Deq > 1 and, consequently,  the ex-  
tent  of the outlet  zone is g r e a t e r  than that of the in i t ia l  
s t ab i l i za t ion  zone. Obviously, for a blown bed, f rom 
the s tandpoint  of the un i fo rm d i s t r ibu t ion  of gas in the 
bed, it  is most  ra t iona l  to use the s tab i l ized  zone, and 
m e a s u r e s  should be taken to reduce  the s ize  of the 
par ts  of the channel  c ha r a c t e r i z e d  by s ign i f ican t  non-  
un i formi ty  of motion.  Bas ica l ly  this means  the d i s -  
charge inf luence zone. 

P lac ing  var ious  baffles in the hopper in o rde r  to 
r e t a rd  the motion of the p a r t i c l e s  in the flow core  
produced v i r tua l ly  no reduc t ion  in the longi tudinal  
nonuni formi ty  in the d i scharge  inf luence zone (diagram 
1, Fig. 3).  The use  of a per fora ted  baffle in the p r e -  
sence  of a lower hopper (dense-bed d ischarge)  also 
failed to produce the des i red  effect.  The bes t  r e su l t  
(ttout : 0) is obtained with f ree  d i scharge  of the bed 
f rom the channel  (beyond a per fora ted  ba f f l e - f r ee -  
fa l l ing low-dens i ty  b e d - d i a g r a m  3).  Hou t can be 
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Fig .  2. V a r i a t i o n  of t h i ckness  6, ram, of wal l  l a y e r  of 
moving  p a r t i c l e s  of p e r i c l a s e  o v e r  height  of channel  H, 
ram,  (wood w a l l s )  at  Vb = 0.0027 m / s e c  (1 -5 )  and 
0.009 m / s e c  (6-10)  : 1) at  A - 150 m m  and I = 250 ram; 
2) 1 5 0 m m a n d  2 0 0 m m ;  3) 150 and 150; 4) 150 and 
5) i00  and 100; 6) 100 and 200; 7) 150 and 250; 8) 150 

and 200; 9)150 and 150; 10) 150 and 100. 
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Fig .  3. Va r i a t i on  of g e o m e t r y  of c o l o r e d  l a y e r  con -  
f igu ra t ion  ove r  height  of channel  in r e l a t i o n  to v a r i o u s  
m e a s u r e s  a i m e d  at  r educ ing  the d ime ns ions  of the d i s -  

cha rge  inf luence zone.  
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Table  2 

Re la t ive  Influence of D i s c h a r g e  Conditions fo r  Var ious  Channeis  

Par t i c l e  m a t e r i a l  

Periclase 
Periclase 
Periclase 

Ceramic cylinders 5.5/11.5 mm 

Ceramic cylinders 7.5/16, 5 mm 
The same 

Channel dimensions, m, 

A l Deq 

0.25 0,25 0.25 
0,25 0-1 0,143 

0.1 0.1 0.1 

0.25 0.25 0.25 

0.20 0.20 0.20 
0.15 0.1 0,12 

Hotlt, m Hoa t ,Deq  

0.45 1.8 
0.25 1,75 
0 .15 1,5 

0 .25 l.O 

0 .20 1.0 
0.101 0 .84 

halved by using a hopper  with two d i s c h a r g e  o r i f i c e s  
(d iagram 2).  The p r e s e n c e  of the above th ree  c h a r -  
a c t e r i s t i c  zones of motion of the dense bed was e s t a b -  
l i shed on the bas is  of a study of the k inemat ic  p r o p e r -  
t ies  of the pa r t i c l e s ,  mani fes ted  in the i r  longitudinal  

nonuniformity  of motion.  In [2] Platonov cons ide r s  
the fo rmat ion  of s i m i l a r  zones f r o m  the standpoint  of 
the dynamics  of the moving  bed. In this ca se  it  is 
shown that i r r e s p e c t i v e  of the p rev ious  h i s to ry  of the 

bed, at the c o m m e n c e m e n t  of motion its densi ty  fa l l s  
to a ce r t a in  c r i t i c a l  value,  subsequent ly  r e m a i n s  un-  
changed (in the zone of s tab i l i zed  motion) and changes 

again in the out let  zone. Accord ing  to our  data, in the 
s tab i l i zed  zone the packing densi ty  r e m a i n s  cons tant  
and i n c r e a s e s  somewhat  in the d i s c h a r g e  inf luence 
zone. Thus, for  c h r o m e - c o n c r e t e  Tst = 1750 kg/m 3, 

and Tout = 1850 kg/m 3. 
The ef fec t  of roughness  of the wal ls  was e x p r e s s e d  

in an i n c r e a s e  in the th ickness  of the wall  zone.  Thus, 
for  c h r o m e - c o n c r e t e  on the s tab i l i zed  sec t ion  on 
t r ans i t ion  f rom glass  and smooth  wood wal ls  to b r i ck  
6 i n c r e a s e d  f rom 5 d T to 35 d T, and on t r ans i t ion  
f rom wood wal ls  to wal ls  with a r t i f i c i a l  roughness  f r o m  
5 dT to 10 d T. 

The study of t r a n s v e r s e  nonuniformity  was based on 

data obtained in the s tab i l i zed  zone~ In acco rdance  with 
Fig. 4, the Froude  number  was va r i ed  within wide 
l imi t s  (from 103 to 3.10 s for  p e r i c l a s e  and f rom 600 to 

2"105 for  c e r a m i c  c y l i n d e r s ) .  The c r i t i c a l  value  of F r  

at which the dense -bed  r e g i m e  goes o v e r  into the low-  
densi ty  ( f ree- fa l l ing)  r e g i m e  [1] was not a t ta ined.  The 
ra t io  A/l was also v a r i e d  within wide l imi t s .  In ac -  

co rdance  with Fig.  4, the g r e a t e s t  nonuniformity  o c -  
c u r r e d  in na r row s i i t l ike  channels  with A/l < 1. In 
this ca se  Vb/Vma x may r e a c h  0 . 5 - 0 . 7 .  With b roaden-  

ing of the channel  the nonuniformity  d e c r e a s e s  and at 
A/l = 1.5 fo r  p e r i c l a s e  p a r t i c l e s  and A/l  =1 for  c e -  

r a m i c  cy l inde r s  r e aches  a ce r t a in  va lue  (Vb/Vma x ~- 
~- 9) which r ema ins  p r a c t i c a l l y  constant  with fu r the r  

i n c r e a s e  in the g e o m e t r i c a l  d imens ions  of the channel 

and the ra t io  A l l .  If we t r a c e  the change in t r a n s v e r s e  

nonuniformity  o v e r  the en t i r e  height  of the channel for  
f ixed All (Fig. 4), we obse rve  that  it r e m a i n s  con-  

stant  in the s tab i l ized  zone and i n c r e a s e s  sharply  in 

the d i s cha rge  inf luence zone. Here  it should be noted 

that in the out let  zone the pa r t i c l e  ve loc i ty  in the wall 
l aye r  sharp ly  d e c r e a s e s ,  while the ve loc i ty  in the flow 

co re  s igni f icant ly  i nc r ea se s ,  as compared  with the 
wdues  c h a r a c t e r i s t i c  of the s tab i l i zed  zone. This e f -  

fect,  due to the inf luence of the d i s cha rge  o r i f i ce ,  is 

the m o r e  pronounced,  the g r e a t e r  the flow ra t e  and 
hence the mean  p a r t i c l e  ve loc i ty .  

Vm 

Vma x - -  

4,n~ 

0.5 
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�9 - - [  

/ . - - e  , - - 7  I 
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0 - - 5  § --I0 I 
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O5 zo (5 ~/l 
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Fig .  4. Ef fec t  of cons t r a in t  condit ions on uni-  
fo rmi ty  of p a r t i c l e  mot ion for  c e r a m i c  cy l in-  
d e r s  (1) F r  = 600-4600;  2) 4600-24  900; 

3) 33 000-205 000)--I and p e r i c l a s e  (4) Fr  = 
= 103-8 �9 103; 5) 8" 102-6 �9 104-30 �9 104)-II and 

va r i a t ion  of nonuni formi ty  of p a r t i c l e  mot ion 
over  height  of channel  ( m a t e r i a l  - c h r o m e -  
concre te ,  shaft  sec t ion  A x l = 0.15 • 0.1 m 2) 

with smooth  wal ls  (7) V b = 0.0009 m / s e c ,  
8) 0.0033) and with wal ls  a r t i f i c a l l y  roughened 

(9) V b = 0.0009 m/sec ,  10) 0.0015, 11) 0 .0033) - t i i .  

The above data a r e  v i r t ua l l y  independent  of the 
Froude  n u m b e r  {Fig. 4),  which is a t t r ibu tab le  to the 

cons tancy of the condi t ions  of mot ion of the bed in al l  

the e x p e r i m e n t s .  

NOTATION 

Deq is the equiva len t  d i a m e t e r  of channel,  d T is the 

p a r t i c l e  d i a m e t e r ,  A is the th ickness  of blown layer ,  
l is the channel width, Gb is the m a s s  flow r a t e  of 

packing, V b is the mean pa r t i c l e  ve loc i ty ,  6 is the 

th ickness  of wail l ayer ,  Hst is the height  of s tab i l i zed  
zone, Hou t is the height  of d i s c h a r g e  inf luence zone. 
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