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For  a tall and nar row vesse l  with an opening in the bottom - through which granular  mater ia l  
is d ischarged under conditions of a gas countercurrent  - we have experimental ly confirmed 
the equality of the res i s tance  fac tors  for a moving and a nonmoving layer .  We have es tab-  
l ished the prac t ica l  equality for the porosi ty  of a dense l ayer  - at the threshold of fluldization 
- and the porosi ty  of a moving bed. 

The res i s t ance  of a moving bed differs (given the same gas flow rate) f rom the res i s tance  of a fixed 
bed [1-7]. However,  in pract ica l  t e rms ,  all of the above-ci ted re fe rences  descr ibe  the change in the r e -  
s is tance of a moving bed relat ive to that of a fixed bed by means of empir ical  formulas .  An exception is 
the work by Happel [1], in which an attempt is made to determine the res i s tance  coefficient for a moving 
bed. The data f rom that re ference  can be used for the laminar  reg ime of motion in the case of mater ia ls  
that are  approximately spherical  in shape. In a turbulent reg ime of motion, the author makes no provis ion 
for the change in the function of porosi ty  with a change in the Reynolds number,  thus making unlikely the use 
of the derived resul ts  for conditions different f rom those under which the experiments  were  car r ied  out. 

In this paper  we determine the effect of mater ia l  motion on the res i s tance  coefficient for a turbulent 
f i l t rat ion regime.  

The res i s tance  of a fixed bed in a vessel  of constant c ross  section can be determined from the Leva 
equation [8] 

h wo ~ ~g  [(1 - -  8) ~ !  3-~ 
ap = ~, ~ ~-- ~, �9 (1) 

We can also use this equation to determine the res is tance  of a moving bed, assuming that ~ = ~m, 
w 0 = w + u, since the sum of the forces  acting on the par t ic les  and governing the res i s t ance  to the passage 
of the gas is no different for a bed in uniform motion than for a fixed bed. However, we can expect changes 
in the res i s tance  coefficient as a resul t  of changes in the posit ions of the par t ic les  during the motion. The 
res i s tance  of the bed in the tube whose bottom has been fitted out with a diaphragm (Fig. 1) differs  from 
the res i s tance  of a column of a mater ia l  of equal c ross  section and can be determined in the form 

~'hp ,= Ap I + Ap2, (2) 

where Apt is the res i s tance  of a bed of height h t and, according to (1), is defined as 

hp, = ~,, -d-  ~ Yg ,~ (3). 

The res i s t ance  of the bed in the segment  h 2 is determined from a s imi lar  relationship in the following man- 
ner ;  

h= 
Ap 2 =  ;~ h w ~ [(I--~)~13-" 

dh, (4) 
�9 d 2 g  e ~ 
0 
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Fig. 1 Fig. 2 

Fig. 1. Working section of the model (D 2 = a x b; 17.8 x 17.8; 14.5 x 14.5; 12.5 x 12.5; 8.5 
x 8.5). 

Fig. 2. Dependence of ~ = f(Re) for l imestone day = 1.025 mm (I) and day = 1.426 mm (II) 
(a), quar tz i tes  (III) and for f i rec lay  (IV) (orifice 12.5 x 12.5 ram) (b),and for l imestone 
d = 1.025 mm (c): a -  1) orif ice 17.8 • 17.Sfor al lheights;2)  14 .5x14.5 ;  3) 12.5 x 12.5; c: 
1) or i f ice d iameter  14.1 mm (roughness "~0, all heights); 2) the same (roughness -~0.205 
m); 3) t r iangular  or i f ice (area 156 mm 2, all heights), For  a and b the filled symbols in- 
dicate the fixed bed and the open symbols  denote the moving bed. 

where 

w = w 2 -D2 _F 2h tg  a " 

Under pract ica l  conditions, when we know the overal l  height h of the bed and the velocity w 1 of gas 
motion,  determinat ion of the res is tance  in the form of 

Ap = ~, h _  w_~, ~ [(1 - q)  ~13-n, (6) 
d 2g ~'g ~ 
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TABLE 1. Charac te r i s t i cs  of the Materials  Being Tested 

Material Fraction, mm Average Density, 
diameter, mm kg/m s Forosity 

Limestone 

Fireclay 
Quartzites 
Millet 

0,45--0,8 
0,8 ~1,25 
1,25--I ,6 
0,45--0,8 
0,45--0,8 
2,025 

0,625 
1,025 
1,425 
0,625 
0,625 
2,025 

2520 
2500 
2540 
1825 
2850 
1350 

0,464 
0,453 
0,476 
0,482 
0,500 
0,428 

leads to an e r r o r  whose; re la t ive magnitude is 

hp _ {'i~ h w~ 7g](1--s)~]3-n! / 

Ehp \ '~ :  2--g- ~,, / 

- -  h w = [ ( l - - s )  ~13-,, (7)  

o 

To impart  a final form to (7) we determine the value of Ap2 from (1) by substituting into the la t ter  the av-  
erage integral velocity 

h,., 

1 D ~  d h  = w.~ - ~  " �9 ( 8 )  
Wav= -tz- 2- w2 D~ + 2htga " 2htga D2 Di 

0 

Here the quantities X and h are  taken with respec t  to the same velocity. With considerat ion of the a s sump-  
tion, the relat ive change in the res i s t ance  of the bed amounts to 

5__~p = h (9) 
k 2 D 2 1 1 - " 

Consequently, in calculating the res i s t ance  coefficient with the usual formula  

k =  hP 
h .  ~ ( lo )  ~A [(1 - -  s,) q~]3-,,, 
d 2g ~g e 3 

we can note a dependence of the res is tance  coefficient on the height of the dense layer  and on the geometr ic  
dimensions of the installation. 

For  the case of mater ia l  motion, relationship (9) remains  valid; however,  a further  change in the 
res i s tance  coefficient is possible because of a change in the poros i ty  in segments 1 and 2. 

The res i s tance  of a moving bed was studied on a plast ic model (Fig. 1). The main par t  of the model 
is a rectangular  tube with dimensions 31.5 • 31.5 ram, with a plate containing a variety of or i f ices  attached 
to the end of the tube. Air was used as the counterflow agent. The charac te r i s t i c s  of the mater ia ls  used 
in the tes ts  a re  given in the table. The res i s tance  of the moving bed was determined for var ious  heights of 
the bed in the tube (145, 205, and 270 ram) by the following method. For the selected air  flow rate the 
feeder  provided for an influx of mater ia l  such that the bed was kept at the required height in the tube. The 
res i s t ance  of the moving bed, the air  flow ra te ,  and the flow rate of the mater ia l  were measured as soon 
as a s teady-s ta te  d ischarge  regime was established. 

We determined the res i s tance  of the fixed bed on the same model, with the same orif ices  at the 
bottom of the tube; these or i f ices  were covered With a b r a s s  grid whose cells had dimensions of 0.2 • 0.2 
ram. The sequence of the experiment  was the following: the tes t  mater ia l  was poured into tube 1 of the 
model to the requi red  height. The bed was brought to a state of fluidization. 

Since the poros i ty  of the moving bed was not measured,  we assumed that 

k' --- k / ( ~ )  = ~, [ ( I  - -  ~ , ) s  3-'' 

4 
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r e p r e s e n t e d  the r e s i s t a n c e  coeff icient  for  both the moving and thenonmoving  beds.  For  the r e s i s t a n c e  of 
the bed we a s sumed  a quantity equal to the di f ference between the measu red  magnitude of the r e s i s t ance  in 
the case  of a bed and the r e s i s t a n c e  of the tube without a bed, given the identical  a i r  flow ra te .  

Typica l  expe r imen ta l  data in the coordinates  logX' - logRe  a re  given in Fig. 2a-c .  The solid l ines  
have been drawn f rom the exper imenta l  data for  a dense l ayer .  

As follows f rom (9), the re la t ive  change in the r e s i s t a n c e  of the dense l aye r  depends on the geome t r i c  
d imens ions  of the ins ta l la t ion (D 1 and D2) , o n  the height h of the dense l aye r ,  and on the angle c~. However,  
in the expe r imen t s  the change in the r e s i s t a n c e  coeff icients  for  all of the m a t e r i a l s  and or i f ice  d imensions  
does not exceed the e r r o r  of the exper iment ,  which on ~he average  is equal to 5%, thus indicating t h a t  it 
has  l i t t le  effect  on the r e s i s t a n c e  of the segment  h 2. F rom the r e su l t s  of the t e s t s  the angle a = 60 ~ and 
more .  

The exper imen ta l  data  on the r e s i s t a n c e  coeff icient  for the moving bed a r e  plotted on the s ame  curves  
(Fig. 2). In p rac t i ca l  t e r m s ,  they coincide with the data for  the fixed bed over  the ent i re  r a n g e  of v a r i a -  
t ions  in the veloci ty  of the g ranu la r  ma te r i a l .  The slight deviat ion toward a reduct ion for  l imes tone  d 
= 1.025 and for  the qua r t z i t e s  can be explained by the sl ight (1-2% for  the l imes tone  and 4% for  the q u a r t -  
ites) change in poros i ty  during" motion. Happel [1] sugges ts  a change in poros i ty  within l imi t s  of 1%. 

Other authors  a lso  found that  the r e s i s t a n c e  coeff ic ients  for  the fixed and moving beds were  equal. 
The Happel [1] expe r imen ta l  data conver ted  for  the l amina r  r eg ime  yield ag reemen t  for 15-20% of the 
coeff ic ients  of the moving and fixed beds  (without considera t ion  of the fo rm factor) .  With cons idera t ion  of 
the fo rm fac tor  the convergence  is improved .  The equality of  the r e s i s t a n c e  coeff icients  is conf i rmed by 
the Durnov [6] and Chukin [5] data ,  which have also been  converted.  The authors  of [7] a lso  s ta te  that the 
r e s i s t a n c e  coeff icients  a re  equal. 

The geome t r i c  d imens ions  of the or i f ice  have vi r tual ly  no effect  on the r e s i s t a n c e  coefficient of a 
moving bed (Fig. 2c), s ince the h 2 zone is smal l  for  the conditions of the test .  A change in the roughness  
of the ve s se l  wal l s ,  leading to a change in poros i ty ,  has  a marked  effect  on X' and, in all  probabi l i ty ,  will 
not af fec t  the magnitude of the r e s i s t a n c e  coefficient.  

Ap is the 
d is the 
g is the 
7g  is the 
q~ is the 
n is the 
w is the 
u is the 
h is the 
h 1 is the 
h 2 is the 

N O T A T I O N  

r e s i s t a n c e  of thebed ,  N/m2; 
ave rage  d i a m e t e r  of the g ranu la r  ma te r i a l ,  m; 
f r e e - f a l l  acce le ra t ion ,  m/sec2;  
specif ic  weight of the gas ,  N/m3; 
fo rm factor;  
exponent in (1); 
gas  veloci ty ,  m / s e c ;  
ma t e r i a l  ve loc i ty ,  m / s e c ;  
overa l l  height of the dense l aye r ,  m; 
height of the dense l aye r  in a tube of identical d i a m e t e r ,  m; 
height of the dense l aye r ,  of va r i ab le  c ro s s  sect ion,  m. 

S u b s c r i p t s  

1 and 2 r e spec t ive ly ,  pe r t a in  to the quant i t ies  de te rmined  in segments  h 1 and h 2. 
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