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The appearance of a pronounced veloci ty-f ie ld  nonuniformity beyond the granular  bed has been 
establ ished exper imental ly  for the case in which a s t r eam c o m p r e s s e s  the bed. This effect is 
absent  in the opposite case ,  when the bed is made friable by a s t ream.  

The nonuniformity of the s t r eam beyond the cata lyst  bed in a chemical  r eac to r  was observed  a ra ther  
long t ime ago [1, 2]. This subject  was d iscussed  at the conference on aerodynamics  of chemical  r eac to r s  in 
Novos ib i rsk  (1975) [3] by Myasnikov [4], Abaev [3], and the authors of this a r t ic le ,  who ca r r i ed  out the ex-  
per imenta l  investigations in 1966. This ar t ic le  presents  the data explaining the mechanism of this pheno- 
menon. 

The exper imenta l  apparatus (Fig. 1) consis ts  of a cyl indrical  channel 3, 40 mm in d iameter .  Air  is sup-  
plied to the channel e i ther  f rom the top or  f rom the bottom. A fine metal l ic  or  caprone sc reen  9 is mounted 
on its lower par t ,  which supports  the bed 8 of the height h. The del ivery of a i r  is measured  by a Pitot  tube 2 ,  
the stat ic  p r e s s u r e  take-off  device 4 and a differential  manomete r  5. The veloci ty profile before the bed was 
measured  with a t he rmoanemomete r  7. 

Copper balls with d = 1.5 ram, steel ball bear ings with d = 1 mm,  screened farina with a grain size d = 
0.3 to 0.5 ram, and a powder consis t ing of nickel beads with d = 0.25-0.30 m m  were  used as f i l lers .  

The velocity profile at the exit of the bed was measured  by a Prandt l  tube 10 or  a the rmoanemomete r .  

The exper iments  showed that when the a i r  blast  is d i rec ted  downward and the velocity profile is uniform 
at the inlet, the velocity profi le at the exit of the bed is highly nonuniform. This is shown in Fig. 2 where  
curves  1-3 r ep resen t  the veloci ty profi les  for var ious  values of d at  a constant value of h = 15 mm and the 
p r e s s u r e  before the bed P0 = 3- 105 N/m 2. They have sharp  maxima at the walls  of the channel and a minimum 
at its axis. The ra t io  vmax/Vmin reaches  7. 

A s imi la r  nonuniformity is cha rac te r i s t i c  only of f i l lers  consist ing of loose,  f ree-f lowing par t ic les .  
Blowing through sc reens  and plates of porous graphite exhibited a uniform velocity profile at the ou t le t  (curve 
4). F r o m  this it follows, in pa r t i cu la r ,  that the reason for nonuniformity at the exit cannot be the possible 
nonuniformity of the s t r eam at the inlet to the bed. Never the less ,  in o rder  to evaluate the effect of the inlet 
nonuniformity,  the velocity profile was var ied  with the aid of d iaphragms 11 (Fig. 1) and disks of var ious  
d iameters .  According to Lev [5], when the res is tance  coefficient of the grid ~ > 2, the grid mus t  change the 
nonuniformity of the veloci ty profile.  The res i s t ance  coefficient of a bed consist ing of beads with d = 1 mm 
and h = 5 ram, calculated according to [6], equals 12.8. However,  introduction of a disk, i .e . ,  at the layer  
inlet c rea t ing a velocity profi le with a maximum at the per iphery  and a dip at the axis does not cause a change 
of nonuniformity at the outlet of beds 15 and 5 mm thick. The same situation of nonuniformity is observed as 
in Fig. 2. 

In forming the velocity profi le at the bed inlet with the maximum in the center  and the minimum (or even 
a counterflow) at the per iphery  with the aid of sufficiently sma l l -d i ame te r  d iaphragms,  boiling develops in the 
upper par t  of the bed. In this case the bed is distinctly divided into the s ta t ionary central  and boiling pe r i -  
pheral  par ts .  Any fur ther  dec rease  of the diaphragm orif ice leads to the increase  of the boiling zone volume 
r ight  up to the d iaphragm,  while a c r a t e r  is fo rmed in the s ta t ionary part .  

In the exper iments ,  the bed thickness in the center  of the c ra t e r  was reduced to 2 mm at the initial height 
of the f i l ler  of 10 mm. But even under these conditions,  the flow charac te r  at the exit f rom the bed did not 
change. 
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Fig. 1. Exper imenta l  layout: 1) supply channel; 2) Pitot  tube; 
3) worMng channel; 4) static p ressu re  take-off  device; 5) dif- 
ferent ial  manomete r ;  6) s tat ic  p re s su re  manometer ;  7) the r -  
moanemomete r  probe;  8) part icle  bed; 9) screen;  10) Prandtl  
tube; 11) diaphragm or disk. 

Fig. 2. Velocity fields behind the granular  bed: 1, 2, and 3, 
P0 = 3 " 1 0 5 N / m  2, h =  1 5 m m ; 1 )  d = l . 5 m m ,  2) d = l r a m ,  3) 
d = 0.3-0.5 nun; 4) graphite,  e = 0.25, h = 5 ram, P0 = 4" 105 
N/m 2. 

It is well known [5] that near  a solid wall,  due to its regulating action, the s t ructure  of the granular  bed 
is somewhat al tered in compar i son  to the a reas  fa r ther  away f rom the wall. The size of the zone subject to 
the wall effect  is on the o rde r  of severa l  d. There fore ,  it is a pr ior i  c lear  that  nonuniformity at the wall can-  
not be the reason for  the nonuniformity of the discussed velocity profi le,  the extent of which is determined by 
the size of the channel and is pract ica l ly  independent of the d iameter  of the par t ic les  as can be seen f rom 
Fig. 2. Never the less ,  in o rder  to eliminate the porosi ty  increase  at the wall,  experiments  were  set up in 
which the walls of the channel were  lined with soft shee t - rubber  and the beads were imbedded into the wall 
as a resu l t  of p r e s s u r e .  At the same t ime,  the charac te r  of flow did not change. The shape of the channel 
c ross  section has also no effect  on the nonuniformity charac te r  of the velocity profile.  This was confirmed 
by special  exper iments  in a channel with a rec tangular  68 • 30 mm cross  section. 

In o rde r  to study the interact ion of the bed with the sc reen  we used an apparatus consist ing of a rec tangu-  
lar  column with 150 x 340 m m  cross  section,  600 mm high, filled half-way with balls (d = 36 ram), and r e -  
s t r ic ted at the top and at the bottom with rigid grids f rom the same kind of balls. Air  was blown through the 
bed of balls f rom the bottom toward the top and the p re s su re  drop in the bed, the air  consumption, and the 
height of the bed were  measured .  The coefficient of bed res is tance  ~ was determined f rom these data. When 
the velocity of f i l t rat ion reached the velocity of hovering,  the balls were  lifted and "stuck" to the upper grid. 
At the same t ime,  a possibil i ty a rose  to again significantly reduce the a i r  consumption and to obtain the upper 
grid at the same p a r a m e t e r s  as for the rigid filling on the lower grid. The res is tance  coefficient of the bed 
p ressed  against the upper grid turned out to be in all cases  significantly higher than for the bed on the lower 
grid,  whereupon it was higher the slower the balls were  lifted. In order  to find a maximum in a bed res t r i c ted  
at the top, the upper and the lower grids were  drawn together in such a way that room for  only one ball r e -  
mained between them. Each ball in the inter ior  row was capable of being displaced upward by about 1 ram, 
whereupon the number of balls in the "free" bed was equal to the number of spaces between the bails in the 
upper grid. The dependence of the res is tance  coefficient of such a bed on Reynolds number is shown in Fig. 3 
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Fig. 4. Expe r imen ta l  layout:  1) bear ing;  2) coun- 
te rweight ;  3) d is t r ibut ing  helix;  4) b lades ;  5) hous -  
ing; 6) ro ta t ing  chamber ;  7) pa r t i c l e  bed; 8) w o r k -  
ing channel;  9) sc reen ;  10) adjust ing ring; 11) de -  
f lec tor ;  12) Pi to t  tube; 13) liquid seal .  

(curve 2). The sha rp  jump of the r e s i s t a n c e  indicates  the closing of p a s s a g e s  in the upper  grid.  F o r  c o m p a r i -  
son,  Fig.  3 p r e s e n t s  the r e s i s t a n c e  coeff icient  of the s ame  bed, but r igidly fas tened between the gr ids  with the 
help of knitt ing needles  (curve 1). 

This  way the f r ee  bal ls  adher ing  to the upper  grid ac t  ve ry  much like va lves .  

This  leads  to the conclusion that  the flow in the bed m u s t  va ry  depending on whether  the bed is c o m p r e s s e d  
by the s t r e a m  or  becomes  porous  a s ,  for  example ,  in the case of blowing through f r o m  the bottom. The c o m -  
pa r i son  of expe r imen ta l  r e s u l t s  in the v e r y  s ame  bed, 61 m m  high, consis t ing of pa r t i c l e s  with d = 0.25-0.3 
r am,  with the s ame  excess  p r e s s u r e ,  with va r ious  d i rec t ions  of the s t r e a m ,  shows that  when the bed is c o m -  
p r e s s e d ,  the tendency to f o r m  a typica l  nonuniformity  is observed .  However ,  this  nonuniformity is con-  
s ide rab ly  weake r  than that  of Fig. 2, which is a s soc ia t ed  with a substant ia l ly  lower  p r e s s u r e .  The excess  
p r e s s u r e  was  only 3.103 N/m 2, because  when it was  inc reased ,  the bed, which was purged f r o m  the bot tom,  
s t a r t ed  to boil. 

In o r d e r  to achieve the s a m e  s t r e a m  p a r a m e t e r s  as in the f i r s t  s e r i e s  of e x p e r i m e n t s ,  an a t tempt  was  
made  to r e s t r a i n  the bed,  which was  purged f r o m  the bot tom and cons is ted  of s tee l  p a r t i c l e s ,  through the use  
of a magne t ic  field. To do th is ,  pipe 3 was wound with a c u r r e n t - c a r r y i n g  winding. This  a t tempt ,  however ,  
did not succeed  due to the fact  that  the magne t ic  field exe r t ed  a s t rong  regula t ing  effect  on the pa r t i c l e s  which 
d is turbed the s t ruc tu re  of the bed. 

T h e r e f o r e ,  an appara tus  Was cons t ruc ted  in which the function of the force  of gravi ty  n e c e s s a r y  for  the 
suppor t  of the bed was  c a r r i e d  out by centr i fugal  fo rce  (Fig. 4). The appara tus  cons i s t s  of a housing 5 in 
which a ro ta t ing  cyl indr ica l  cham be r  6 equipped with blades 4, is suspended on bear ing  1. The chamber  con-  
ta ins  a radia l ly  a r r a n g e d ,  cyl indr ica l  working channel 8 the outside face of which,  covered  with sc reen  9, is 
p laced into an opening in the side su r face  of the chamber  i m p e r m e a b l e  in the r e s t  of i ts  pa r t s .  The a i r  en t e r s  
the dis t r ibut ing helix 3, p a s s e s  through the def lec tor  11 regula ted  by the ro ta t ing  r ing  10 into the working chan-  
nel 8, f i l t e r s  through the par t i c le  bed 7, and exi ts  downward through the cen t ra l  opening. The s t r e a m ,  
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involuted by the deflector 11, rotates chamber 6 with the working section 8 through the action of the blades 4, 
the weight 2 serves as a counterweight. 

The measurements were carr ied out by the rotating Pitot tube 12, the impulse line of which is connected 
with the liquid seal 13. The part icle bed was filled in advance into the working channel and was additionally 
supported by a screen placed on the inner face. The diameter of the working channel was 75 mm. The mea-  
surements of the velocity field behind the bed, which was 80 mm thick and consisted of particles with a diam- 
e te r  d = 1.5 mm, showed only minor nonuniformity connected with the wall proximity effect; the large scale 
nonuniformity disappeared. 

All of the presented data point to the fact that the reason for nonuniformity of the velocity field is the 
nonuniform s t ressed state of the bed itself. The bed is compressed by the s t ream,  the grid and the walls, 
whereupon the lat ter  eliminate the possibility of the part icle displacement. Deep within the bed the part icles 
become f r e e r ,  and under the action of the s t ream strive to decrease the size of the passages, thus closing off 
the central part  of the bed. Inasmuch as the s t ressed state of the bed nearly does not depend on the size of the 
part icles that compose it, but is determined by the geometry and the acting forces ,  the character is t ic  scale 
of nonuniformity is the size of the channel. 

The considerations presented here have, of course,  a purely qualitative character  and the theory of the 
s t ressed state of the bed is yet  to be worked out. 

d is the particle diameter;  
h is the height of the bed; 
P0 is the p ressure  before the bed; 
v is the flow velocity; 

is the bed resistance coefficient; 
Re is the Reynolds number; 
e is the porosity; 
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