
We have also inves t iga ted  hydraul ic  r e s i s t a n c e  in cu rved  bends.  For  bends with a radius  of cu rva tu re  
R /D  > 4, no m a r k e d  influence of cu rva tu re  on the r e s i s t a n c e  could be found. Under  these  conditions, the 
r e g i m e  of m a t e r i a l  movemen t  was not d isrupted.  With a bend with R/D = 2, the expe r imen ta l  values  of p r e s -  
su re  loss  proved  to be about twice as high as those ca lcula ted  f r o m  the fo rmula  for  a s t r a igh t  sect ion of the 
s a m e  length. Thus,  i t  is advisable  to avoid the use  of  bends with radius  l e s s  than R /D  = 4. 
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EXPANSION AND LIMITING HEIGHT 
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OF INJECTOR BED 
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In contact ing solid pa r t i c les  in the suspended s ta te  with gases ,  there  is cons iderab le  in te res t  iu the in-  
j e c to r  bed [1], the bas ic  p rope r t i e s  of which a r e  governed by the high ( t r ansson ic )  efflux veloci t ies  f rom the 
d i s t r ibu to r  grid,  along With modera t e  ve loci t ies  above the bed (including veloci t ies  lower  than the initial fluid- 
ization ve loc i ty) .  Owing to the high ve loc i ty  heads in the gas medium,  in accordance  with Bernoul l i ' s  equa-  
tion, l o w - p r e s s u r e  zones a re  c r ea t ed .  Solid pa r t i c les  tend to move into these  zones f rom the sect ions  located 
between jets,  where  the p r e s s u r e  is  somewhat  lower;  the pa r t i c l e s  a re  cap tured  by the gas jets  and a re  moved 
upward.  In a c o r r e c t l y  o rgan ized  in jec to r  bed, there  a r e  no s tagnant  zones;  the gas flow is ve ry  nea r ly  uni-  
f o r m l y  dis t r ibuted throughout the c r o s s  sect ion of the bed, and the mixing of the solid par t i c les  is nea r  ideal.  

The cons iderab le  d i f ferent  in veloci t ies  of the phases  n e a r  the gr id  leads to a sha rp  intensif icat ion of 
m a s s  t r a n s f e r .  F o r  example ,  when drs~ing a moi s t  d i spe r se  m a t e r i a l  containing f ree  water ,  the phenomenon 
of  mechan ica l  s t r ipping  of w a t e r  f r o m  the par t ic le  sur face  is observed .  This  p e r m i t s  the r emova l  of cons id-  
e r ab l e  quant i t ies  of wa te r  without the expendi ture  of  ene rgy  in vapor iz ing the wa te r .  

In us ing  an in jec tor  bed, i t  is impor t an t  to know the Hmits  of  exis tence of the s y s t e m  and its hydrody-  
namic  cha rac t e r i s t i c s ~  Cer ta in  p r o p e r t i e s  of  the in jec to r  bed have been desc r ibed  prev ious ly  [1]o The ob- 
jec ts  of  inves t iga t ion  in the p resen t  work  have been the l imit ing height and expansion of the s y s t e m  under  study. 

The t e s t  vesse l ,  with a d i a m e t e r  of  180 m m  and 2000 ram, ~ was fitted with a pe r fo r a t ed  grid,  in the 
openings of  which there  were  mounted Lava l  nozzles  with a n a r r o w - s e c t i o n  d i a m e t e r  of 1.0 m m  and a wide-  
sec t ion  (upper)  d i am e t e r  of 1.27 mm,  or  cy l indr ica l  nozzles  with d i ame te r  of 1.5, 2, 3, o r  5 mm.  The number  
of  openings in each gr id  was se lec ted  so that  the open a r e a  would be 0.25%; this means  that  for  the five nozzles  
indicated above, the r e spec t ive  spacings  of the gr id  openings were  t = 20, 25, 31, 47, and 75 ram; and the r e -  
spec t ive  number s  of  openings were  n = 80, 58, 33, 15, and 5. The expe r imen t s  were  conducted with po lycapro-  
amide  granules  with equivalent  d i a m e t e r  (weight ave rage )  d e = 1.25, 2.2, and 4.5 m m  and densi ty  Ys = 1200 
k g / m  3. The po lymer  granules  with the indicated equivalent  d i ame te r s  were ,  respec t ive ly ,  cyl inders  with a 
d i a m e t e r  of  0.66 m m  and a length of 3.2 ram, and el l ipt ical  cy l inders  in two dif ferent  s izes ,  the s m a l l e r  with 

*As in Russ ian  or iginal ;  p r e s u m a b l y  the v e s s e l  is 180 m m  in d i ame te r  and 2000 m m  in h e i g h t -  T r a n s l a t o r .  
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Fig.  1~ Limi t ing  height  of i n j ec to r  bed Hli m as a 
function of ve loc i ty  of f luidizing agent  in nozzles  
w n. Numbers  on curves  indicate  number  of 
nozz les  in gr id ;  numbers  in pa ren theses  indicate  
nozzle  d i a m e t e r  in mm. P a r t i c l e  s i ze  d e in mm 
as  follows: a) 1.25 mm; b) 2.2 mm; c) 4.5 mm. 
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Fig.  2. Function Hl imn/de  -- f(Wn). Numbers  on 
cu rves  indicate  pa r t i c l e  in s ize  de, ram. 

with s e m i a x e s  1.4 • 1.1 mm and length 2 ram, the l a r g e r  with s e m i a x e s  3.5 • 2.5 mm and length 4 mm. A i r  
was used  as  the in jec ted  agent,  the flow ra te  vars~ng in the cour se  of the expe r imen t s  f rom 15 to 170 mm3/h ~ 
(ve loc i ty  at  nozzle ex i t  w n f rom 40 to 450 m/ sec ) o  

L imi t ing  Height of Bed. It was e s t ab l i shed  through p r e l i m i n a r y  expe r imen t s  that  an in j ec to r  bed can be 
r e a l i z e d  only when the height of the o r ig ina l  (undis turbed)  bed does not exceed  a c e r t a i n  l imi t ing  value Hli m 
that  depends on the p r o p e r t i e s  of the so l id  pa r t i c l e s  and the in ject ing agent,  the ve loc i ty  of the in ject ing agent, 
and the geome t r i c  c h a r a c t e r i s t i c s  of the gr id .  With an undis tu rbed  bed height  H 0 > Hlim, in ject ion is not ob- 
se rved ;  s e v e r a l  ( th ree  to eight) focal zones (spouts)  a re  fo rmed  in the bed; the main mass  of pa r t i c l e s ,  r e l -  
a t ive ly  unfluidized,  r ema ins  in the zones between the spouts .  

In pe r fo rming  the expe r imen t s ,  the r equ i r ed  a i r  r a te  was es tab l i shed ,  and, with the p a r t i c u l a r  sol id  
p a r t i c l e s  and g r id  being tes ted ,  the l imi t ing  bed height Hli m was de t e rmined  through v isua l  obse rva t ion  of the 
moment  at  which the i n j ec to r  bed degenera ted .  The expe r imen ta l l y  de t e r m i ne d  values  of Hli m a re  shown in 
Fig.  1~ 

An analysis of these results shows that, regardless of which grid is used, extrapolations of the curves 

for Hli m vs w n to the level Hli m d e will lead to identical values of " = ~n '  as ind ica ted  on the cu rves .  It can be 
seen that Hli m i n c r e a s e s  with i n c r e a s i n g  Wn, at  f i r s t  r ap id ly  and then more  s lowly.  F o r  ident ica l  re la t ive  
ve loc i t i e s  w n = Wn/~V~,f the co r r e spond ing  values of Hli m a re  very  n e a r l y  ident ica l .  

An i n c r e a s e  in the spac ing  t, while holding the percentage  open a r e a  of  the g r id  at  a constant  level,  leads 
to an i n c r e a s e  in l imi t ing  height  of the in j ec to r  bed; this  is explained by the accompanying i n c r e a s e  in kinetic 
energy  of a s ingle  jet ,  which i n c r e a s e s  i ts  c a r r y i n g  capac i ty .  However,  when t is  i n c r e a s e d  beyond a ce r t a in  
maximum,  t h e  i n j ec to r  bed d e g e n e r a t e s  into a r e l a t i v e l y  unfluidized bed with individual  spouts,  the same as 
when H 0 > Hli~ n. Under  the condit ions of these  p a r t i c u l a r  expe r imen t s ,  this l imi t ing  value of t is  45-50 ram, 
i~ 16-20 cm ~ of c r o s s - s e c t i o n a l  a r e a  of the g r id  pe r  opening; x~ith n = 5, the in j ec to r  bed degenera tes .  

~AS in Russian or ig ina l .  

$As in Russ ian  o r ig ina l ,  the symbol  w n is used  for  both absolute  and r e l a t ive  ve loc i t i es  l a t e r  in the a r t i c l e  - 
T r a n s l a t o r .  
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Fig. 3. Influence of inject ing-agent  velocity on 
bed expansion. Numbers to the right of  curves  
indicate nozzle d iameter  in mm; numbers  to left 
of curves  indicate height of undisturbed bed H0 
in ram. Par t ic le  size d e in mm as follows: a) 
1.25; b) 2.2; c) 4.5: 

In cor re la t ing  the experimental  data (see Fig. 1), it was f i rs t  neces sa ry  to determine the initial velocity 
w~. With the flow around the solid par t ic les  near  the gr id  known to be turbulent in cha rac te r  (sufficiently 
large par t ic les ,  high gas veloci t ies) ,  we can assume [21 proport ionali ty between the Reynolds number Reh = 
w~ = w' - d e 7/~ and the square root of the Archimedes  number  n 

g" d3 Ys--7 
Ar = ~ .  

v 2 y , 

where v and 7 are  the v iscos i ty  and density of the gas. With numer ica lcoef f ic ien ts  inthe range Ar = 6 �9 104 
to 3 . t 0  s, we have 

Re n-- I0. V~r. (1) 

The dependence of  Hli m on w n is l inear  when the experimental  data are plotted on semilogar i thmic co-  
ordinates  of  Hl imn/d  e vs log w n within the limits of each particle size (Fig. 2) .  

The exper imenta l  data shown in Figs.  1 and 2 can be approximated by a general  empir ica l  relation that 
has been verif ied for w n = 1.5-8:  * 

Hlim= 2,1.105.Ar~ lg~on~-. ( 2 )  
de 

The average deviation of the experimental  data f rom the cor re la t ion  equation (2) is 6.5%, with a maximum 
deviation of no g r ea t e r  than 9%. 

The relation (2) was obtained on the basis  of exper iments  in a vessel  with a d iameter  D = 180 mm. It 
is probable that, in making the t ransi t ion to vesse ls  with o ther  d iameters ,  the system will be modeled by hold- 
ing constant  the c ro s s - s ec t i ona l  a rea  [of the vessel] per  opening, i.eo, D2/n = idem. 

Expansion of Bed. An injector  bed, in con t ras t  to a normal  fluidized bed, does not form inhomogeneous 
sys tems  with gas bubbles, the void fract ion of which is usual ly g rea t e r  than 0~176 and the solid par t ic les  
are  a d iscre te  phase f rom the ve ry  s tar t .  Only at a high expansion ratio will the concentrat ion of part icles 
at  and near  the free surface of  the bed be g rea t e r  than the concentrat ions in the other  parts  of the bed. If a 
polydisperse  mixture is used in an injector  bed, no separat ion of  part icles  according to size o r  density is ob- 
served.  

The height of the expanded bed Hex under various operating conditions was determined visually. The 
influence of the velocity of  a i r  leaving the nozzle w n on the expansion of the injector  bed is i l lustrated in Fig. 
3. As would be expected, Hex inc reases  with increas ing Wn; here  Hex is independent o f  the height of undis-  
turbed bed H 0 (with H 0 ranging f rom 10 to 100 mm) but increases  with increas ing kinetic energy of the indi-. 
vidual jet, i .e.,  with decreas ing  number  of openings in the grid and correspondingly  l a rge r  openings. 

In studying the expension of the injector  bed, we may examine the equilibrium forces acting on a solid 
spher ica l  par t ic le  moving in a single jet of gas (or  liquid). In the general  case [3], 

~As in Russ ian  original;  probably intended to r e fe r  to relat ive velocity w_/wL (as in Fig. 2 ) ra ther  than to 
11 II 

absolute nozzle ve loc i ty (a s  in Fig. 1) -- Trans la to r .  
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Fig~ 4. Expansion of  injector  beds of part icles  
of different s izes .  Numbers  on curves  indicate 
part icle  size d e in mmo 

where Ou __g(l__ r.~) n_ IB.v._____~Y (w __ u ) 
0T - a~.','s + ~ ( ~ - - u ) ~ ,  ( 3 )  

where w and u are  the velocit ies of the gas through the part icle .  

Neglecting the laminar  component, i.e., the second t e r m  in the r ight-hand side of Eq. (3), and replacing 

- -~  OU udu l-  the t ime 7 by a ver t ical  coordinate z, and the part icle  velocity u ~ - oz _ , we obtain by means of 

scale t ransformat ions ,  with Y << Ys, the following compar ison:  

u ~ ',' (=-- u)"- (4) 
z - g -  7s.de " 

Whence, by the usual procedure,  we form dimensionless  groups charac te r iz ing  the process  of particle r ise 
(or,  as an end result ,  expansion of the injector  bed).  Of these groups for descr ibing the bed expansion, the 
most  interest ing proved to be the group y(w - u ) 2 / y s g d  e ,  which for the case under considerat ion in the initial 
zones of  the jet (z - -  0 and u - -  0, or  at least  u << Wn) assumes  the form F - Y W 2 n / y s g d  e .  This group was 
used as the basis  for t reat ing the experimental  data on expansion of the injector  bed. 

As can be seen f rom Fig~ 4, where the experimental  data are  shown for  n : 80, 33, and 15, the curves 
for  bed expansion, as the transi t ion is made f rom fine to coarse  part icles,  are  a r ranged in anomalous order .  
The explanation for this anomaly is the difference in shape and size among the three types of particles used 
in this stud3". The influence of shape is general ly  taken into account [4-6] through hydrodynamic shape factors  

for the par t ic les .  As such a factor  in the present  study, we selected the ratio of the length of the flow path 
around the part icle l [6] to the equivalent d iameter  of the part icle,  ~ = l / d  e .  

It is known [5] that, for the case  of turbulent flow around a particle,  the part icle  is oriented with its 
g rea tes t  c ross  section normal  to the flOWo This means that the par t ic les  (in a r is ing flow) will be oriented 
so as to maximize the horizontal  midsection for each particle.  F rom the geometr ic  dimensions of the par-  
t icles,  it is not difficult to obtain the values of l and to calculate the value of ~. For  the par t ic les  used in this 
study, with s izes  (equivalent d iameters )  of 1.25, 2.2, and 4.5 ram, the respect ive values of ~ are  0.83, 1.8, 
and 2 o2. 

The exper imental  data on bed expansion were represented  in the form of a relat ion of the dimensionless 
groups ~ Hexn/d e and F, 

~Hcx.n 
de --2 i~ (5) 

This relation approximates the experimental data with an average error of 12%. In view of the relatively 
low accuracy of the visual observations, such a deviation cannot be regarded as significant or serious. 
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