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Exper imental  studies of ver t ica l  forces  were  made with a turbulimeter .  A dimensionless  
express ion  was obtained for  the determinat ion of the average ver t ica l  forcing acting on 
horizontal  disks submerged in a fluidized bed. 

In setting up fragile hea t - t rea ted  components (ceramic forms intended for precis ion casting from 
fusible pat terns ,  thin-walled ~sovelite ~ sheets,  thin aluminum sheets) in apparatuses having a fiuidized 
bed, it is neces sa ry  to know the forces  acting on the components which can lead to their  rupture or  buckling 
in o rde r  to design components having the p roper  strength.  There  is little data on the forces  in the l i terature 
and no general ized resul ts .  The aim of the present  work is the study and general izat ion of data for the 
simple ncanonical ~ case  of horizontal  disks having an area  not exceeding 10% of the area of the apparatus. 

The ver t ica l  force K z acting on a body submerged in a fluidized bed can depend on the following in- 
dependent var iables  [1, 2]: 

Kz = f (w ,  D b Vfa Pfa'Pfm g, de, Hi, ilo, t, l). (1) 

Investigations of the pulsational cha rac te r i s t i c s  of heat t r a n s f e r  in a fiuidized bed [3] show that the 
viscosi ty  Vfa and the density Pfa of the fluidizing agent affect the hydrodynamic situation at the surface of 
the body around which flow occurs  only in so far  as they affect the c r i t ica l  velocity of fiuidization wf. Phy-  
ically this is understandable,  because f rom the position of the two-phase theory of nonuniform fluidization 
[4], the hydrodynamics  of the bed depend on the volume, number,  and velocity of the bubbles, which are  
determined by the excess  veloci ty  (w -wf )  of the fluidizing agent, the part icle  d iameter  de, and the height 
H t above the grid. In analogy with [3], therefore ,  it is convenient to se lect  the Froude number F r  = (w 
-wf )2 /gde  as one of the defining c r i t e r i a  without consider ing the effects of Vfa , Pfa, and w separately.  
With an increase  in the spacing t between the caps of the gas-dis t r ibut ion grid,  l a rge - sca le  circulat ion of 
ma te r i a l  because of deter iora t ion of the equilibrium of gas distr ibution over  the c ros s  section of the appa- 
ra tus  leads to a change in K z. The effect of the height H t of the turbul imeter  above the gas-dis t r ibut ion 
grid and the thickness H 0 of the bed is explained by the increase  in bubble size and velocity with height [5]. 
The accelera t ion of gravi ty g has an effect only in so far  as the rate of bubble r ise  depends on its value. 
The effects of d e, D b, and Pfm are  obvious. 

Besides the factors  mentioned, the size and shape of the c ros s  section of the device may have an 
effect, as well as the location of the body in the c r o s s  sect ion of the apparatus.  The res is t ive  force de -  
pends on the shape of the body and also on its orientation in the bed. In this paper,  we confine ourselves  
to considerat ion of forces  acting on thin {/= 0) horizontal  disks located at the center  of the c ros s  section of 
the apparatus.  

The studies were  made in an apparatus with a rec tangular  c ro s s  section 0.3 • 0.15 m in size and 
i m high. The gas--distribution sys tem consisted of 32 caps with a 1% fract ional  useful c ross  section. The 
turbul imeter  [6, 7] used for  measu remen t  of dynamic forces  consisted of a steel (US steel) u n i f o r m - r e s i s -  
tance a rm rigidly fastened at its base having s t ra in  gauges with 'a  10-mm base and 180-~2 res is tance  glued 
to it. Tes t  disks w e r e  rigidly fastened to the free end of the arm.  The s t ra in  gauges were connected in 
the bridge c i rcui t  of a s t ra in  test stand, the output of which was sent to the input of an MN-7M analog c o m -  
puter.  The signal was sent in paral le l  to the galvanometer  of an N-700 loop oscil lograph,  where it was 
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Fig. 1 Fig. 2 

Fig. 1. Dependence of average  force K z, N, on Froude number  for various 
corundum fract ions:  H t = 0.35 m; H 0 = 0.5 m; D b = 0.03 m; 1) d e = 74 #; 2) 
196 p; 3) 212 p; 4) 245 #; 5) 290 t~; 6) 400 #; 7) 695 p. 

Fig. 2. Comparison of some experimental  data with the theoret ical  relat ion 
(4): 1) d e = 400 p, H t = 0.35 m, H 0 = 0.5 m, t = 0.033 m, D b = 0.03 m; 2) 
corresponding values are  400, 0.35, 0.5, 0.033, 0.08; 3) corresponding val-  
ues are  196, 0.5, 0.5, 0.033, 0,03; 4) corresponding values are  196, 0.15, 
0.15, 0.033, 0.03; 5 )co r r e spond ing  values are  196, 0.15, 0.15, 0.033, 0.06; 
6) corresponding values are  400, 0.5, 0.5, 0.033, 0.02; 7) corresponding 
values are  212, 0.35, 0.5, 0.033, 0.03; 8) corresponding values are  290, 0.35, 
0.5, 0.099, 0.03; 9) corresponding values are  760, 0.35, 0.5, 0.033, 0.03; 
1-8) corundum; 9) chamotte.  

recorded  on photographic paper for 10 sec. Fo r  the selected integration time of the MN-7M (2 min), the 
mathemat ica l  expectation with respec t  to various real izat ions differed by no more  than 3%, which also 
determined the accuracy  of the ver t ical  force measurements .  We investigated the forces  which acted on 
horizontal  disks with d iameters  Db= 0.02, 0.03, 0.04, 0.06, and 0.08 m located in the bed at heights Hf 
= 0.15, 0.35, and 0.50 m from the exit openings in the caps for bed thicknesses H 0 = 0.15, 0.35, and 0.50 m 
(the useful c ro s s  section of the openings remained unchanged and was equal to 1%; when the spacing t be -  
tween caps was increased from 0.033 to 0.099 m, the number of openings in the caps was increased).  We 
used corundum par t ic les  with equivalent d iameters  d e = 74, 196, 212, 245, 290, 400, and 696 p and a 
density Pfm = 3880 k g / m  3, chamotte par t ic les  with d e = 760 p and Pfm = 1810 k g / m  3, and magnesium 
oxide par t ic les  with d e = 500 p and Pfm = 3270 k g / m  3. 

The function K z = f(Fr) which was obtained for a large range of fluidizing-agent velocit ies with the 
d iameter  of corundum part ic les  varying from 74 to 695 p, is expressed by the following power function: 

K = ~ [  (tv--wf)2 ] ~ 
gd e (2) 

The equivalent par t ic le  d iameter  d e is calculated from 

1 ~ X~ (3) 

where X i is the mass  fraction of par t ic les  in a narrow band around the d iameter  di. The minimum fluid- 
i z a t i on  velocity wf was determined from the Todes formula [8] for a porosi ty  % = 0.4. Since all expe r i -  
mental  points are  well described by Eq. (2) (Fig. 1) independently of part icle  d iameter ,  one need not addi-  
tionally take into account the effect of d e on Kz, other  conditions being equal. 

Having constructed the corresponding dependences of K z on Froude number for  varying Db, Hi, H0, 
and t, and having determined the numerica l  values of the slopes of the corresponding s t ra ight  lines passing 
through the experimental  points, we have succeeded in obtaining the following dimensionless  formula for  the 
determinat ion of the average ver t ical  force on a body submerged in a ftuidized bed: 

gD~pfm gde " , -~b  / \ - ~ b  ] \ Db , " (4) 
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Some expe r imen ta l  data  shown in Fig. 2 for  c o m p a r i s o n  a re  in good a g r e e m e n t  with the theore t ica l  
re la t ion  (4). He re  

y =  K~ 

gD~ pfm' 
( ,o ? ' t ' •  

X = Fr o.` \ - ~ b  ] \ -~ -b ]  k Db ] 

(5) 

(6) 

The approximat ion  obtained is valid fo r  the following l imits  on p a r a m e t e r  ranges :  F r  = 1-250; H t / D  b = 2-  
�9 25; t / D b = 0 . 4 - 5 ; H 0 / D  b = 2 - 2 5 .  The range o f K  z i s  6 . 5 m . k g / s e c  2. 

It should be p a r t i c u l a r l y  emphas ized  that Eq. (4) is only valid for  the calculat ion of the t i m e - a v e r -  
aged ve r t i c a l  force  act ing on a body located in the cen t e r  of the c r o s s  sect ion of the appara tus .  When the 
body is shifted c l o s e r  to the walls  of the appara tus ,  the force  K z is cor respondingly  reduced and is d i rec ted  
downwards where  there  is  a descending mot ion of the ma te r i a l .  This  is typical  of appa ra tuses  with a f luid-  
ized bed in which the solid pa r t i c l e s  a r e  displaced upwards by the r i s ing  bubbles predominant ly  in the 
cen t e r  of the appara tus  and descending motion of the m a t e r i a l  occu r s  at the wal ls .  

In s t rength  design for  bodies  submerged  in a bed, i t  is n e c e s s a r y  to keep in mind the max imu m 
s h o r t - t i m e  loading, which is  g r e a t e r  than the ave r age  force.  The ra t io  between the m a x i m u m  load act ing 
on a submerged  body in the upward d i rec t ion  and the ave rage  force  d e c r e a s e s  f rom 15-11 to 8-7,  r e s p e c -  
t ively,  for  hor izonta l  d isks  0.02-0.04 m in d i a m e t e r  as  the fluidization veloci ty i nc reases .  F o r  hor izontal  
d isks  0.06 and 0.08 m in d i ame te r ,  this ra t io  becomes  prac t ica l ly  constant  and is 5.5-6.5. The ra t io  b e -  
tween the m a x i m u m  load act ing on a submerged  body in the downwards d i rec t ion  and the ave rage  force  
changes  f rom 6.5-3 to 3-2,  r e spec t ive ly ,  fo r  hor izonta l  d isks  0.08-0.02 m in d i a m e t e r  as the fluidization 
veloci ty  i nc reases .  

Kz 
w 
Db 
Vfa 
Pfa, Pfm 
g 

de 
Ht 
H0 
l 
t 

N OTA T I O N  

is the mean  ve r t i ca l  fo rce ,  m -  k g / s e c 2 ;  
is the fluidization veloci ty  at f r ee  sec t ion  of the appara tus ,  m / s e c ;  
is the d i a m e t e r  of body, m; 
is the k inemat ic  v i scos i ty  of fluidizing agent,  m 2 / s e c ;  
a r e  the densi ty  of fluidizing agent  and fluidized m a t e r i a l ,  k g / m 3 ;  
is the acce l e r a t i on  of g rav i ty ,  m / s e c ;  
is the equivalent  par t ic le  d i a m e t e r ,  m; 
is  the height  of t u rbu l ime te r  posit ion in the bed calculated f rom exit  holes  in caps ,  m; 
is  the height  of packing,  m; 
is the th ickness  of body, m; 
is the space  between caps ,  m.  
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