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Some features of the operation of a dense bed at high gas velocities 
are examined, together with the conditions of suspension of the charge 
in a furnace. The maximum permissible gas velocities in the bed are 
obtained. The flow friction is determined fo~ loose material in the 
moving and stationary beds. 

The ae rodynamics  of a dense bed at high gas ve loc -  
i t ies  have an impor tant  influence on the operat ion of 
shaft and b las t  furnaces ,  cer ta in  combustion cham- 
be r s ,  gas gene ra to r s ,  and var ious  drying equipment. 

Fig.  1. Schematic of 
cold counterflow shaft  

f u r  n a c  e .  

However,  at suff iciently high gas ve loc i t i es  the bed 
of loose  m a t e r i a l  ceases  to descend and becomes  
suspended in the shaft. Below, we p re sen t  the r e -  
sul ts  of exper imen t s  to de te rmine  the gas ve loc i t i es  
in the bed that ensure  maximum intensif icat ion of 
the p r o c e s s  and normal  descent  of the ma te r i a l .  

The expe r imen t s  were  pe r fo rmed  on a cold model  
of a counterflow shaft  furnace (Fig. 1). 

The m a t e r i a l  was pe r iod ica l ly  loaded into a hopper 
1, whence i t  pa s sed  through throa t  2 into shaft 4 and 
encountered an ascending flow of a i r  supplied to the 
model  through a gas d i s t r i bu to r  6. The a i r  was 
exhausted f rom the model  through a mesh 3 with open- 
ings 3 mm in d i ame te r .  The m a t e r i a l  was continu- 
ously d i scha rged  f rom the model  by a feeder  7 into 
hopper  8. In o r d e r  to observe  the s ta te  of the bed 
above the d i s t r i bu to r  6 we ins ta l led  inspect ion win- 
dows 5. The height of the model shaft could be va r i ed  
f rom 350 to 3050 ram, and the d i a m e t e r  f rom 75 to 

120 mm by inse r t ing  interchangeable cyl inders  of 
different  heights and d iameters .  So as to be able to 
observe  the state of the bed in the model shaft we 
se lec ted  cy l inders  of t r ansparen t  plexiglas .  

In the exper iments  the models  were loaded in dif-  
ferent  ways: in the form of n ra in , "  f rom a hopper,  
through a cone, etc. The loading method was not 
observed to have a signif icant  influence on the r e -  
sults.  

The s ta t ic  p r e s s u r e s  were  measu red  with mi -  
c romanomete r s .  The a i r  f lowrate  was measu red  by 
means of double or i f ices .  

The poros i ty  of the moving bed was determined by 
weighing a fixed volume of the moving bed in the 
shaft of the t r anspa ren t  model. The c h a r a c t e r i s t i c s  
of the loose  m a t e r i a l s  invest igated a re  presented  in 
Table 1. 

Al together  we conducted more  than one hundred 
exper iments .  Each set  of conditions was repeated  
4 - 5  t imes .  The agreement  of the r e su l t s  fell  in the 

range 5-6%. 
Visual  observa t ions  of the moving bed showed that 

for  a gradual  i n c r e a s e  in the a i r  veloci ty  W 0 in a 
bed of peas  f rom 0 to 0.98 m / s e c  over the f ree  c ros s  
sect ion of the shaft, the Peas descend normal ly  with- 
out apprec iab le  changes in the s t ruc tu re  of the bed. 
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Fig.  2. P r e s s u r e  loss  Ap p e r  1 m of bed thickness  
(N/m 2) as a function of gas veloci ty  W 0 for  the f ree  
sect ion (m/sec) :  1' and 2') for  peas in the s ta t ionary  
and the moving bed, r e spec t ive ly ,  3' and 4') the 
same for  pe l le t i zed  iron ore  4 -15  mm in size,  1 and 
5) for  Aglopor i t  8 -12  mm, 2 and 4) Aglopori t  4 -20  

mm, 3 and 6) Aglopor i t  12-20 mm. 

At a veloci ty  of 0.98 m / s e c  individual p a r t i c l e s  s t a r t  
to "boi l  ' (the individual peas tend to shoot upwards).  
A fur ther  i n c r e a s e  in veloci ty  leads  to an inc rease  
in the number  of nboiling~ peas ,  and at a veloci ty  
of 1.10 m / s e c  the en t i re  bed of peas  is observed  to 
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Table  1 

C h a r a c t e r i s t i c s  and Suspens ion  Ve loc i ty  of L o o s e  M a t e r i a l s  

Mate r i a l  

Pe l le t ized  iron ore 

4 -15  ram, 
Peas ~ 4 .6 -6 .0  mm 
Agloporit  (spherical 

cinders) ~ 4 - 2 0  mm 

Agloporit  (spherical 

cinders) ~) 8 -12  m m  

Agloporit  (spherical  

cinders) r 12-20  mm 

Agloporit  (spherical 

cinders) q~ 4 - 8  mm 

Steel balts 
12.6-12.9  mm 

Si l ica  get  ~ 4.5 m m  

a} 

3640 
t386 

1753 

1949 

1746 

1987 

7778 
777 

10.56 
5.03 

11.80 

9.55 

15.50 

5.45 

12.7 
4.73 

0 aS 

11.4 
23.9 

10.2 

12.6 

7.8 

22.0 

9.5 
25.4 

3 3 . 0 ~ 2 8 9  
70--607 

30--259 

37--319 

23--.197 

64--560 

28--240 
74--644 

o 
2 

3.497 
~.415 

0.517 

0.549 

0.553 

0,583 

O. 42~ 

O. 32 ~. 

r  ~.a 

31,20 
13.35 

23.10 

21.80 

26.20 

! 

( / 9  

3.90 
'1.65 

2.55 

3.30 

3.55 

3.85 
l .50 

2.10 

2.45 

3.0 

.2 

O. t25 O. 123 
O. 124 0 .123 

O. 110 0.091 

0.t511 0.112 

0.136 0.1t4 
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Table 2 

steel balls, 
12.6-12.9 

mm 

0.428 

0.487 
0.470 
0.494 
0,485 
0,496 
0.482 

Effect of Motion of Material on Swelling of Bed 

peas, 
4.6-6.0 mm 

Porosity ofmaterial 

gravel, gravel,  
4-6mm 6-10mm 

coke, 
6-10  m m  

Stationary bed 

0 , 4 1 5 [  0.470 I 0,495 0.441 

Moving bed (rate of descent 20-120 cm/min )  

0.473 0.533 0.526 0.541 
0.445 0,522 0.503 0.556 
0,475 0.518 0.503 0,530 
0.465 0.511 0,528 0.541 

0.504 0.519 
0.525 0.505 

chamotte 
pellets, 

6-13  m m  

0.450 

O. 473 
0,463 
0,454 
0,485 
0.484 

boil. This process  does not appear to complicate �9 
the descent of the material  (the boiling particles 
are normally discharged from the model). At a 
velocity of 1.15 m/ sec  individual c en t e r s  of swelling 
appear due to the intense boiling. This swelling of 
the bed gradually increases  and at 1.20 m/sec  be- 
comes massive in character  (intense mixing of the 
material  in the lower part  of the model is observed). 
A velocity of 1.24 m / s e c  marks  the beginning of the 
piston regime, which gradually becomes more  and 
more  intense. At a velocity of 1.65 m/see  the bed is 
suspended at the top of the model (in the region of 
the head). A further  increase in gas velocity leads  
to the squeezing up (suspension) of the entire column 
of material .  The part icles  located below the dis t r i -  
butor run into the hopper, and those above the dis" 
tr ibutor form a stationary dense column of material  
compressed  by the air flow. The gas velocity at 
which the bed is suspended will henceforth be called 
the suspension velocity W s. 

As the gas velocity is gradually reduced, normal 
descent of the peas recommences  only at 1.50 m/sec ,  
i.e., at a velocity less  than the suspension velocity. 
This velocity will henceforth be called the settling 
velocity Wl. 

A s imilar  picture is observed for beds of other 
loose materials .  

The experiments showed that the suspension ve- 
locity calculated for  the free c ross  section of the shaft 
is more  than 8 t imes smal ler  than the suspension 
velocity under free conditions (see Table 1). 

The experiments were conducted at Re b > 500, 
i.e., in the se l f - s imi la r  region. 

The theoret ical  suspension velocity (critical ve-  
locity for a free individual particle) was calculated 
f rom the equation 

Wt s = / 4 @  Yp d ~  3.62V/- Yp d. (1) 
3 fp v fp v 

In the experiments we investigated loose mater ia ls  
of approximately spherical  shape (fp = 0.43). For  
nonspherical loose m a t e r i a l s f p  can be taken, for ex- 
ample, in accordance with Vakhrushev's  equation [6]. 

Table 1 shows that W s slightly exceeds the ve- 
locity of onset of fluidization. Thus, for example, for 

the peas tested in the experiments the velocity of 
onset of fluidization is 1.1-1.2 m/sec ,  while the sus-  
pension velocity is 1.65 m/sec .  The nclear section" 
for the passage of gases in the bed is probably very  
small, and close to the edge of the suspended bed, a 

veloci ty field {s formed that considerably exceeds the 
velocity calculated for the free c ross  section of the 
shaft. 

The suspension coefficient K s, determined experi- 
mentally (Table 1), enables us to pass from the theo- 
retical to the real  suspension velocity 

W s = K s �9 3.62 l/~/p dJ[p ? (2) 

Correspondingly, the settling velocity 

WI = K 1.3.62 ]/ypd~/tp y �9 (3) 

The maximum permissible gas velocity in the bed 
is apparently a gas velocity close to the piston re- 
gime. As the experiments showed, the descent of 
material then proceeds without any difficulty, and the 
gas velocity in the bed is quite high. 

The experiments established that this velocity is 

Wop t -- 0.75Ws = Ks.2.72]/ ypdJ[pV (4) 

It was experimentally established tha tW s, W l, 
and Wop t do not depend on the heights and diameter 
of the apparatus. 

We also investigated the flow frict ion for different 
mater ia ls  in both stationary and moving beds at or-  
dinary and elevated gas velocities (Fig. 2). The ex- 
perimental  data for the stationary bed are in good 
agreement  with resul ts  of other investigators [1-5].  
The figure shows that the quantity Ap is to a con- 
siderable extent determined by the fractional com- 
position of the material :  for fine mater ia ls  (peas) it 
is considerably higher than for coarse  ones. More- 
over, for all the mater ia ls  tested discontinuities of 
the Ap-W 0 curves were not observed for free and 
suspended stationary beds. The above-mentioned 
law is par t icular ly well expressed by the Ap-W~ 
curve for  peas , \whose suspension velocity, equal to 
1.65 m/sec ,  was exceeded by more than a factor  of 
2. It follows from these data that the s t ructure  of 
the suspended bed (its porosi ty,  the orientation of 
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the p a r t i c l e s )  i s  i den t i ca l  in  c h a r a c t e r  with the  f r e e  
s t a t i o n a r y  bed. 

The gas  p r e s s u r e  l o s s e s  in  the s t a t i o n a r y  bed a r e  
d e s c r i b e d  by the fo l lowing  equation:  

p = ~ ~ w~ I. (5) 
2gde 

As the e x p e r i m e n t s  showed,  the  r e s i s t a n c e  of 
the  moving  bed is  c o n s i d e r a b l y  l e s s  than tha t  of the 
s t a t i o n a r y  bed due to the i n c r e a s e  in  p o r o s i t y  (Table  
2) and the o r i e n t a t i o n  of the p a r t i c l e s  fo r  m i n i m u m  
r e s i s t a n c e  ( d e c r e a s e  in m i d - s e c t i o n ) .  T h e s e  da ta  
co inc ide  with r e s u l t s  of s e v e r a l  o the r  i n v e s t i g a t o r s  
[7 -9 ] .  

We sha l l  i n t roduce  into Eq. (5) the c o r r e s p o n d i n g  
c o r r e c t i o n  f a c t o r s  and obta in  the equat ion fo r  c a l c u -  
l a t ing  2xp in a moving  bed of loose  m a t e r i a l ,  

V W~ �9 
h p = Kor K n o r ~ - -  t, (6) 

" 2gd  e 

w h e r e  the quan t i t i e s  W e and d e can  be t aken  f r o m  the 
da t a  fo r  a s t a t i o n a r y  bed,  whi le  the  o r i e n t a t i o n  co -  
e f f i c ien t  K o r  and the p o r o s i t y  coe f f i c i en t  Kpo r ,  which 
depend on n u m e r o u s  f a c t o r s  ( p a r t i c l e  s i z e ,  shape ,  
e tc .  ), m u s t  be e x p e r i m e n t a l l y  d e t e r m i n e d  in each  
ind iv idua l  e a s e  by b lowing  through  the s t a t i o n a r y  
and mov ing  beds  of l o o s e  m a t e r i a l .  

F o r  the  m a t e r i a l  t e s t e d  the  p roduc t  Kor  Kpo r i s :  
p e a s  0.57, fo r  p e l l e t i z e d  i ron  o r e  0 . 7 5 ,  fo r  Ag lopo r i t  
8 - 1 2  m m  in d i a m e t e r  0.38, and fo r  A g l o p o r i t  4 - 2 0  
m m  in d i a m e t e r  0.64. In fact ,  as  i n d u s t r i a l  p r a c t i c e  
has  shown, c a l c u l a t i o n  of the  p r e s s u r e  l o s s  in  the  
bed f r o m  the f o r m u l a s  fo r  a s t a t i o n a r y  bed does  not 
co inc ide  with the  r e a l  v a l u e s  of the r e s i s t a n c e  of the 
moving  bed m e a s u r e d  in funct ioning a p p a r a t u s .  What  
has  been  s a id  i s  i l l u s t r a t e d  by Fig .  2, f r o m  which 
i t  i s  c l e a r  that  the d i f f e r e n c e  in Ap for  moving  and 
s t a t i o n a r y  beds  of c e r t a i n  l o o s e  m a t e r i a l s  a p p r o a c h e s  
50 % and m o r e .  

A s tudy of the  d i s t r i b u t i o n  of s t a t i c  p r e s s u r e s  o v e r  
the  he igh t  of the shaf t  showed that  the dependence  of 
Ap on the t h i c k n e s s  of the  bed has  a l i n e a r  c h a r a c t e r  
f o r  both mov ing  and s t a t i o n a r y  beds .  

SUMMARY 

1. We have  e x p e r i m e n t a l l y  e s t a b l i s h e d  the m a x i -  
m u m  p e r m i s s i b l e  gas  v e l o c i t i e s  in  a bed,  t o g e t h e r  
with the  cond i t ions  of s u s p e n s i o n  of the c h a r g e  in  a 

fu rnace .  
2. It ha s  b e e n  e s t a b l i s h e d  that  the gas  v e l o c i t y  

at  which the bed i s  suspended  is  a p p r o x i m a t e l y  1.5 
t i m e s  g r e a t e r  than the  ve loc i t y  of onse t  of f l u i d i z a -  
t ion,  which e xc e e ds  by m a n y  t i m e s  the ac tua l  work ing  
gas  ve loc i ty  in i n d u s t r i a l  appa ra tu s  and m a k e s  i t  p o s -  
s ib l e  to i n c r e a s e  by s e v e r a l  t i m e s  the  p r o d u c t i v i t y  of 
ex i s t i ng  equipment .  

3. It has  been  e s t a b l i s h e d  that  the flow f r i c t i o n  in 
the mov ing  bed is  much l e s s  than in the s t a t i o n a r y  
bed,  which i s  a t t r i b u t a b l e  to the o r i e n t a t i o n  of p a r -  
t i c l e s  for  m i n i m u m  r e s i s t a n c e  and the i n c r e a s e  in the 
p o r o s i t y  of the  bed when it  i s  in mot ion.  

4. Ca lcu la t ion  of the  flow f r i c t i o n  fo r  a mov ing  
bed  f r o m  f o r m u l a s  and d r a g  coe f f i c i en t s  ob ta ined  
for  a s t a t i o n a r y  bed of l o o s e  m a t e r i a l  i s  i n a c c u r a t e .  
The e r r o r  may  r e a c h  50% and m o r e .  

5. Motion of the bed  l e a d s  to an i n c r e a s e  in  i t s  
p o r o s i t y  even in the  a b s e n c e  of a gas  f low through 
the bed.  

NOTATION 

y~-apparent specific weight of material particle, kg/m 3. 
riM--weighted mean diameter of particle, m; fp-~particle drag 
coefficient; y--specific weight of gas flow, kg/m ; g--drag coef- 
ficient of bed according to N. M. Zhavoronkov [1] ; W e = W0/~0_ 
equivalent gas velocity in bed;de-- ~ - - e q u i v a l e n t  particle 
diameter; /--height of bed; ~O--porosity of bed; F--mid-section of 
particle. 
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