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The gas-f low dis t r ibut ion is examined for  a se t  of identical  equidistant  f lat  je t s  en ter ing  a deep 
immobi le  or  fluidized bed. 

The re  is cons iderable  engineer ing in t e re s t  in the dis tr ibut ion of the gas injected as je t s  into a granular  
bed; this appl ies  pa r t i cu l a r ly  in the s imulat ion of exchange in catalyt ic  r e a c t o r s  and other  equipments .  Also ,  
the gas dis t r ibut ion is e x t r e m e l y  impor tan t  to je t  f luidization,  which tends to occur  with many exis t ing gas -  
d is t r ibut ing gr ids ,  and a lso  has a bear ing  on the s t ruc tu re  of the bed near  the wall  in the fluidized s ta te ,  as 
well  as on the shape of any stagnant  zones ,  and so on. 

A genera l  method has  been given [1] for  solving two-dimens ional  p rob l ems  in gas dis tr ibut ion.  Here  s 
we use  the bas ic  assumpt ions  of [1]: i t  is supposed that we can neglect  the var ia t ion  in the dynamic  gas p r e s -  
sure  along the je t s  by compar i son  with the p r e s s u r e  change within the dense phase  of the bed,  in which case the 
p r e s s u r e w i t h i n  a j e t  may  be taken as constant.  The hydraul ic  r e s i s t ance  to the flow enter ing  the dense phase  
is taken as a l inea r  function of the inf i l t rat ion speed,  while the coefficient  of propor t iona l i ty  is independent of 
the coord ina tes ,  i . e . ,  we consider  a l inear  case  in inf i l t rat ion theory.  Since the gas speed is usual ly  much 
g r e a t e r  than the speed of the r egu la r  pa r t i c le  motion in the dense phase ,  we consider  the l a t t e r  as an immobi le  
porous  body. The effects  of the upper  boundary of the bed a r e  neglected,  which is just i f ied if the height of each 
je t  is much l e s s  than the height of the bed. 

The je t s  a re  cons idered  as enter ing f r o m  the bottom upward and may be s imula ted  [1] by means  of a s y s -  
tem of sect ions  x '  = 2nLh, 0 <- y '  -< h (n = 0, +1, +2, ... ) in the complex plane z' = x '  + iy ' ;  within the f r a m e -  
work  of this ex te rna l  t r e a t m e n t  [1], the length h of a sec t ion ,  which c h a r a c t e r i z e s  the height of the j e t s ,  is 
taken as given a p r io r i .  Some informat ion has been published [2] on the dependence of h on the d imensions  of 
the injection s lo ts ,  the bed p a r a m e t e r s ,  and the gas speed at  the slot  level .  Also ,  Lh is equal to half  the d i s -  
tance between the je ts .  
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I t  i s  conven i en t  to u se  the d i m e n s i o n l e s s  c o o r d i n a t e s  z = x + iy ,  which  have  a s c a l e  h ,  in which  the length  
of  the s e c t i o n s  is  un i ty ,  wh i l e  the d i s t a n c e  be tween  the a d j a c e n t  j e t s  i s  2L.  Then  by ana logy  with  [1] we  ob ta in  
the fo l lowing  p r e s s u r e  d i s t r i b u t i o n  in the  d e n s e  p h a s e :  

A p = 0 ,  ap/Ox=O ( x = 0 ,  y > l ;  x=L ,  y>/O), 

p = const (x = O, 0 ~< y ~< 1), @lay -= - -  ahu ~ (0 < x < L, y = 0), (1) 

and the gas  p r e s s u r e  in the  bed  u n p e r t u r b e d  by the j e t s  i s  

p~ --ahu~ (2) 

wh i l e  the  v e l o c i t y  u ~ Of the u n p e r t u r b e d  flow m a y  be g r e a t e r  o r  l e s s  than the m i n i m u m  f l u i d i z a t i o n  v e l o c i t y  
U , .  

The  p o t e n t i a l  fo r  the i n f i l t r a t i o n  v e l o c i t y  i s  

and  f r o m  (1) we ob ta in  

P--P~ - - ,  u = u ~  v = v q ~ ,  (3) 
ah 

A T=O, Oep/Ox=O (x=O, y > l ;  x = L ,  y~O),  

q:=--u~ O ~ y ~ l ) ,  a,~/@=O ( 0 < x < L ,  y = 0 )  
(4) 

(the p r e s s u r e  wi th in  the j e t  i s  t aken  a s  z e r o  fo r  r e c k o n i n g  the p r e s s u r e ) .  

E q u a t i o n s  (1) and  (4) a r e  d i s c u s s e d  wi th in  the h a l f - s t r i p  0 -< x -< L ,  y - 0, wh ich  i s  qu i t e  su f f i c i en t  by 
v i r t u e  of  the obv ious  s y m m e t r y .  Th i s  h a l f - s t r i p  in the z = x + iy p l a n e  i s  m a p p e d  c o n f o r m a b l y  on the u p p e r  
h a l f - p l a n e  of  the ~ = } + iT c o m p l e x  p l ane  by the a n a l y t i c a l  func t ion  

~Z 
= --  cos - - ,  (5) 

L 

in which the line of section x = 0, 0 -< y -< 1 becomes the part -/3-< ~ -< - 1  of the real axis in the ~ plane, where 
/3 = cosh  7r/L. 

We fo l low [1] and  i n t r o d u c e  the c o m p l e x  flow p o t e n t i a l  4~ = ~0 + i r  w h e r e  @ is  a func t ion  h a r m o n i c a l l y  c o n -  
j uga t e  to ~0, a s  w e l l  a s  the func t ion  F(~) = d4P/d~, fo r  which  we have  the fo l lowing  H i l b e r t  p r o b l e m :  

(6) 
I m F ( ~ ) = 0 ,  ~ < - - ~ ,  ~ > - - I ,  ' l = 0 ;  [~=ch  - , 

L 

w h e r e  F(~) is  an a n a l y t i c  func t ion  tha t  i s  e v e r y w h e r e  bounded e x c e p t  p o s s i b l y  a t  the  po in t s  ~ = - 1  a n d  ~ = - B ,  
w h e r e  the  i n t e g r a l  i s  bounded  [3]. In (6) w e  have  the fo l lowing  func t ion  [1]:  

am am @ _ u ~ 

w h e r e  the c o r r e s p o n d i n g  b o u n d a r y  cond i t ion  f r o m  (4) i s  to be used .  

The  K e l d y s h - S e d o v  f o r m u l a  [3] p r o v i d e s  the so lu t i on  to th i s  p r o b l e m ;  we have  

--1 

F ( ~ ) :  z~ z ~ ( t - - I ) ( / - - [ 3 )  ( t - - t )  d - F ( e o )  ~ 1 
-6  

w h e r e  C and F(~o) a r e  c o n s t a n t s .  

The  c o m p l e x  v e l o c i t y  U = u x -  ivy i s  put  in the f o r m  

_ _  ( oz) (9, U (z)= d ~ _  dCD dE ~ sin ~z F - - c o s - - -  . 
dz dE dz L L L , 

Since U(z) is bounded at infinity, we obtain from (8) and (9) that F(~) = 0; the constant C in (8) can be de- 
rived from the obvious condition 
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l imv u = - l i m l m U =  Q - 
y~ | u~ ~ 2hL ' 

(1 O) 

wh ich  r e f l e c t s  the f ac t  tha t  the  gas  f low r a t e  in e a c h  j e t  i s  Q. 
r i v e  the  i n t e g r a l  to ob ta in  f r o m  (10) t ha t  

C - -  Q § 2u~ 
2~h  r~ 2 

We p a s s  to the  l i m i t  y --* ~ in (8) and (9) and  d e -  

- - a r c t g  (sh 2-~-) ' (11) 

which  c o m p l e t e s  the  d e r i v a t i o n  of (8) and  (9). 

In  the  v e r y  s i m p l e  c a s e s  u ~ = 0, i . e . ,  a j e t  e n t e r i n g  an i m m o b i l e  g r a n u l a r  bed ,  w e  have  

U (z) - -[( Q sin nz 1 - -  cos eh ~ - -  cos . 
2hL L " L , 

We separate the real and imaginary parts in (12) to obtain expressions for the dimensionless velocity 
components: 

. ,,~ ~--  ~os ~ - -~-  - ~ U  ---~- - - ~ -  
(13) 

% u~ _ V 2 [ (  - ~ - - )  I ~y ) ," ~x ,,sh ( ~ Y )  ] cos~, , 

w h e r e  the  fo l lowing  q u a n t i t i e s  have  been  i n t r o d u c e d :  

R 4 =  ch L _ _  

= 1 arctg sin ( ~ x / L )  sh (~H/L)  , u| = Q--~- 

2 ch (~/L) -- cos (-~) ch (-~) 2hL 

If  L --* ~ ( i . e . ,  f o r  a s ing le  j e t ) ,  the above  f o r m u l a s  r e a d i l y  give e x p r e s s i o n s  fo r  the v e l o c i t y  c o m p o n e n t s  
p r e v i o u s l y  d e r i v e d  [1 ]. 

The  d i m e n s i o n l e s s  q u a n t i t i e s  of  (13) a r e  shown a s  func t ions  of the  c o o r d i n a t e s  fo r  L = 1 in F ig .  l a ;  the  
f low tends  to b e c o m e  u n i f o r m  a s  y i n c r e a s e s ,  and  th i s  then  h a s  a v e l o c i t y  u x = 0, Uy = u ~ ;  the f low is  e x -  
t r e m e l y  c l o s e  to u n i f o r m  even  fo r  y of  1 . 5 - 2 ,  i . e . ,  a t  a h e i g h t  above  the g a s - d i s t r i b u t i n g  s y s t e m  1 .5-2  t i m e s  
the he igh t  of  e a c h  i nd iv idua l  j e t .  The  c u r v e s  of F ig .  l a  c l e a r l y  c h a r a c t e r i z e  the  e s t a b l i s h m e n t  of  the f l u i d i z e d  
s t a t e  o v e r  a s l o t  g r i d  if  Uy > u . -  

In the g e n e r a l  c a s e ,  we  have  u ~ # 0, and  the d i m e n s i o n l e s s  v e l o c i t y  c ompone n t s  can be put  a s  

~ = (,~ = u~/u,~ = ~v~ + ~.~ (1 + AG), (15) 
uy = G + v u --- uu/u~. = G (I  + Vu) + u u ( 1 + AG),  

w h e r e  the r i g h t  s i d e s  con ta in  the  d i m e n s i o n l e s s  q u a n t i t i e s  of  (13) c h a r a c t e r i s t i c  of an  i m m o b i l e  bed  wi thou t  
i n j e c t i o n  (u ~ = 0), wh i l e  the p a r a m e t e r s  a r e  

u ~ 2 ('sh ~ ) (16) G - -  ; A = - -  arctg 
u| ~ 2L 

and the v e c t o r  V i s  de f i ned  by 

- - 1  

Vx . i S~l ( ~z ) [ ~--c~ ] I/2 
t V y =  - -  -~- ~ 1 - -  cos ( n z / L )  

dt  - -  (17) 
V - ( t - - 1 ) ( t  + - ~ [ t  + c o s ( ~ z / L ) l  ' [ ~ = c h  nZL 

P a r a m e t e r  G i s  the r a t i o  of the f lows due to i n i t i a l  u n i f o r m  i n j e c t i o n  wi th  v e l o c i t y  u ~ and j e t  i n j e c t i o n ,  r e s p e c -  

t i v e l y .  
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Fig .  1. Behavior  of the d imens ion l e s s  compo-  
nents of the gas ve loc i ty :  a) in an immobi le  bed 
with G = 0 and L = 1; b) in an immobi le  or  f lu id i -  
zed bed (G = 1 and L = 1). 

In p r i nc ip l e ,  the in teg ra l  in (17) can be ca lcula ted  by reduct ion  to e l l ip t i c  functions;  however ,  i t  is more  
convenient for  p r a c t i c a l  ca lcula t ions  to s e p a r a t e  the r e a l  and imag ina ry  p a r t s  in (17) and de r ive  the r e a l  in t e -  
g ra l s  numer i ca l ly .  F igu re  l b  shows c h a r a c t e r i s t i c  r e s u l t s  f rom (15) for  x and y for  L = 1 and G = 1 which 
we re  de r ived  numer i ca l l y  with a BI~SM-4 computer .  As  in the in ject ion of a s ingle j e t  into a bed  [1]~ we have 
here  a fo rm of gas in ject ion in which the j e t s  en te r  a bed unper turbed  by the flow, with j e t  spaces  in the lower  
p a r t  and gas escap ing  f rom the upper  par t .  As  a r e s u l t ,  the v e r t i c a l  component of the speed of the ove ra l l  
flow is l e s s  than u 0 at heights  above the gr id  l e s s  than h; Fig .  2 shows the c r i t i c a l  leve l  a t  which inject ion is 
r ep l aced  by e jec t ion  in r e l a t ion  to the p a r a m e t e r s  G and L (these r e s u l t s  were  a lso  de r ived  numer ica l ly ) .  

The zones of loca l  f lu id iza t ion  in an o therwise  immobi le  bed may be examined along with pos s ib l e  s t a g -  
nant zones in a f lu id ized bed in t e r m s  of the i so t achs ,  i . e . ,  l ines  in the (x, y) plane at  which the v e r t i c a l  com-  
ponent of the ve loc i ty  takes  fixed va lues .  These  i so tachs  a re  defined in inexpl ic i t  fo rm by 

%(x, y; G, L)---r, (18) 
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Fig. 2. Crit ical  level y* for replacement  of injection by ejection in 
a jet  as a function of 2L/G for various L: 1) L --* ~o; 2) L = 1. 

Fig. 3. Distribution of the isotachs for  the ver t ical  component of 
the velocity: a) bed with G = 0; b) bed with G = 1. 

Fig. 4. Zones of par t ic les  circulation for a single gas je t  
entering a bed of spherical  polystyrene par t ic les  of d iam-  
eter  2.5 mm,  slot width 1.2 mm,  and Q (m3/h) of 15 (a) 
20.8 (b) and, bed height, 150 ram; grid spacing, 1 cm. The 
dashed line is the theoret ical  boundary of the circulation 
zone constructed in a section represent ing  the effective 
height of the jet. 

where ~y is defined in (15) and F is a pa ramete r ;  the pat tern of the isotachs for an immobile bed (G = 0) is 
essential ly different f rom that of an infiltrated or  fluidized bed (G > 0). 

In the f i r s t  case (Fig. 3a), with F > 1, the isotachs are closed curves tangential at the upper points to 
lines that r ep resen t  the je ts ,  and they resemble  the lines of constant velocity discussed in [1]. The isotach 
corresponding to F = 1 recedes  to infinity and asymptotical ly approaches the s traight  lines x = ~L (for a jet  
along the line x = 0}. The isotach for F < 1 in tersects  these s t ra ight  lines at a finite value of the dimension-  
less  coordinate y,  where it meets  the isotachs ar is ing f rom adjacent jets .  Clearly,  the isotachs lie along 
the base y = 0 of the bed for F = 0. In u,  = F.u~o, the region within a closed isotach or  that above the unclosed 
isotach corresponding to the cr i t ical  value F.  may represen t  local fluidization and ascending motion of the 
granular  mater ia l .  

In the second case,  we have G > 0 and, therefore ,  u ~ ~ 0; closed isotachs a r i se  for  F sufficiently small ,  
which lie around the jets.  If F .  corresponds  to such an isotach,  the granular  mater ia l  will be fluidized eve ry -  
where outside the stagnant zones,  i .e. ,  a reas  within the isotachs that direct ly  adjoin the jets .  The mater ia l  
is such a stagnant zone is ei ther  immobile or  else slides downward as a body. Figure 3b shows the isotach 
pat tern for  G = 1. 
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If u ~ + u~ is less than u., a closed local-f luidization zone or circulation area is formed around each jet; 
these adjacent zones clear ly come together as u ~ + uoo increases .  It is then possible ,  in principle,  for the 
immobile par ts  between adjacent zones to be broken up on account of var ious random fac tors ,  i .e. ,  one obtains 
a part ial ly fluidized bed, with a granular  mater ia l  fluidized in a cer tain region direct ly  above the je ts ,  whose 
thickness is roughly equal to the ver t ica l  scale of the local fluidization zones,  while there is no fluidization 
above and below that area.  

We collaborated with G. A. Minaev and S. M. Ellengorn in per forming  a ser ies  of measurements  on the 
cavities and circulat ion zones formed near  single and multiple jets in o rder  to derive a fuller physical  picture 
of the p rocesses  occur r ing  in a granular  bed on jet  injection; t ransparent  models for immobile and fluidized 
beds were  used. The curves of Fig. 3 r epresen t  the shapes of the zones closely. Details of the resul ts  a 
these experiments  will be presented e lsewhere ,  but Fig. 4 shows resul ts  for a single jet  enter ing an immobile 
bed, along with the theoret ical  boundaries to the circulation zone. 
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N O T A T I O N  

Is the p a r a m e t e r  in (16); 
as the constant defined in (11); 
Is the analytical function f rom solution of Hilbert  equation in (6); 
,s the function defined in (7); 
is the effective jet  height; 
Is the half dimensionless  distance between jets ;  
~s the gas p r e s su re ;  
as the gas flow rate in jet; 
is the pa r ame te r  in (14); 
is the complex velocity;  
~s the total gas flow velocity;  
is the average  velocity of flow due to jets ;  
is the vector  defined by (17); 
is the flow velocity due to jets;  
are  the coordinates;  
xs the complex plane of dimensionless  coordinates;  
IS 

IS 

IS 

IS 

IS 

iS 

IS 

the hydraul ic  res is tance  coefficient of dense phase; 
the pa r ame te r  defined in (6); 
the pa rame te r  in (18); 
the complex plane of coordinates defined by function (5); 
the angle defined in (14); 
the f i l t rat ion flow potential;  
the function harmonica l ly  conjugate to 9. 

I n d i c e s  

~ is the flow unperturbed by jets;  
* is the minimal fluidization; 
- , A  are the dimensionless  velocit ies.  

1, 
2. 

3. 
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