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A phys ica l  m o d e l o f  a s teady jet  d i scharg ing  into a fluidized bed in a ve r t i ca l  d i rect ion is  ex-  
amined on the example  of  p lane  flow, and the quanti t ies  cha rac t e r i z ing  the exchange of p a r t i -  
c les  and the fluid phase  between the jet  and the bed a re  es t imated .  

The types  of  j e t s  obs e rved  in fluidized beds  a re  ve ry  d ive r se  (see  the descr ip t ion  of expe r imen t s  in 
[1, 2], for  example) ,  but among them one can dis t inguish two bas i c  l imit ing modes .  If the bed is  deep and the 
ini t ial  veloci ty  of the jet ,  en ter ing  in a ve r t i ca l  d i rec t ion  f rom below, is  low enough, then the tongue of the 
je t  does not r each  the f r ee  su r face  of the bed and the je t  p r o v e s  to be  unstable,  so that  a pecu l i a r  s e l f - o s c i l -  
la t ing mode  of d i scha rge  i s  r ea l i zed  with separa t ion  of the tongue and the fo rmat ion  of a bubble at the end of 
each cycle  [1, 2]. Converse ly ,  i f  the  bed is  shallow o r  the ini t ial  veloci ty  of the jet  is  high, the je t  "p i e r ce s "  
the  bed  and the s table  s teady mode i l l u s t r a t ed  in Fig. 1 is  real ized.  With i n t e rmed ia t e  values  of  the bed 
height and d i scha rge  ve loc i ty  ce r ta in  superpos i t ions  of the steady and se l f -osc i l l a t ing  types  of flow a re  pos -  
sible, such as the  s o - c a l l e d  " local  spouting mode"  [1]. Only s teady j e t s  a re  cons idered  below. 

In connection with the fact  that  a r ep resen ta t iona l  model of  jet  flows is  essen t ia l ly  absent we p e r f o r m e d  
a thorough ana lys i s  of the known exper imen ta l  r e su l t s  (pa r t i cu la r ly  those  desc r ibed  in [1]) and also set up 
specia l  expe r imen t s  on the d i scharge  of s teady p lane  and a x i s y m m e t r i c  gas  j e t s  into fluidized beds  of  d i f fe r -  
ent heights.  The  l a t t e r  made it poss ib l e  to c la r i fy  the  phys ica l  pa t t e rn  of the motion,  which is r equ i red  for  
the  cons t ruc t ion  of i t s  model .  

The de l ive ry  of an excess  of gas  through an opening in the gas -d i s t r ibu t ion  gr id  leads  to the fo rmat ion  
of a s table  jet  channel whose c r o s s - s e c t i o n a l  a r e a  i n c r e a s e s  monotonical ly  with an i n c r e a s e  in dis tance f rom 
the opening. The  volume of gas flowing in th is  channel also i n c r e a s e s  in compar i son  with that blown into the 
bed  owing to the  inject ion of some  of the gas  f rom the sur rounding  spaces  of the bed, with th is  "draining" ef-  
fect  of  the je t  leading to a cons iderab le  d e c r e a s e  in the amount of gas  moving in the  bed in the bubble phase.  
The  pene t r a t ion  of s epa ra t e  p a r t i c l e s  into the  channel occu r s  in addition, e spec ia l ly  not iceable  nea r  the  gr id  
and gradual ly  weakening with an i n c r e a s e  in height above it. T h e s e  p a r t i c l e s  a re  en t ra ined  by the ascending 
gas  s t r e a m ,  move  in it in a mode  of pneumat ic  t r anspo r t ,  and a re  u l t imate ly  c a r r i e d  into the space  above the 
bed  ( Fig. i a, b, c). 

The  abrupt expansion of the  jet  above the bed leads  to a rapid  drop in i t s  veloci ty,  which b e c o m e s  l e s s  
than  the veloci ty  of pa r t i c l e  hovering,  and to the radia l  d i sp lacement  of  p a r t i c l e s  away f rom the core  of the 
jet .  As a r e su l t  the p a r t i c l e s  fall onto the upper  su r face  of the bed  at different d i s tances  f rom the jet ,  c o m -  
pensa t ing  for  the loss  of  p a r t i c l e s  at this  sur face  due to the slow descending movemen t  of  the  d i s p e r s e  phase  
of the bed  in the  vicini ty  of the jet .  Such "se t t l ing"  of  the d i s p e r s e  phase  leads  to the supply of new p a r t i c l e s  
to the su r face  of the je t  channel,  which in tu rn  a r e  ent ra ined  by the s t r e a m  and t r a n s p o r t e d  by it to the f ree  
sur face .  

The  dis t r ibut ion of p a r t i c l e s  o v e r  the  lower  c r o s s  sec t ions  of  the channel is  v e r y  uneven and has  a 
m in imum at the cen te r  of the channel, with the p r inc ipa l  m a s s  of p a r t i c l e s  moving upward in a re la t ive ly  
na r row "boundary l a y e r "  adjacent to the wal ls  ( this l a y e r  has a l ready been taken into account in [3] in an 
analys is  of the gas  veloci ty  dis t r ibut ion in the jet).  As the  height above the  gr id  i n c r e a s e s  th is  dis t r ibut ion 
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Fig. 1. Typica l  pa t t e rn s  of  s teady j e t s  d ischarg ing  into a 
"fluidized bed." The  photographs  a re  a r r a n g e d  in o r d e r  of 
d e c r e a s i n g  d i scharge  velocity.  

l eve l s  out, while the ave rage  pa r t i c l e  concent ra t ion  in the  je t  channel i n c r e a s e s .  I f  the  bed  is  not too deep and 
the  opening through which the  je t  d i scha rges  is  l a rge  enough, then the indicated concentra t ion at the exit of  the 
je t  f r o m  the bed  p r o v e s  to be  cons iderab ly  l e s s  than the pa r t i c l e  concentra t ion  in the compact  phase  of the 
bed. With an i n c r e a s e  in the  height of  the bed  and a d e c r e a s e  in the s ize  of  the  opening the  concentra t ion of 
p a r t i c l e s  in the  channel b e c o m e s  c o m p a r a b l e  with the i r  concentra t ion  in the bed  and a local  spouting mode 
se t s  i n ( F i g ,  i c ) .  

Below we will  be  confined to an ana lys i s  of  j e t s  with a low concentra t ion  of suspended pa r t i c l e s .  In tMs 
case  the p r e s s u r e  drop along the length of the je t  channel i s  cons iderably  l e s s  than that  o v e r  the height of the 
compact  phase  of  the  bed, so that  the p r e s s u r e  a t t he  channel boundary  can be  taken  as constant  in a f i r s t  ap-  
p rox ima t ion  and as coinciding with the p r e s s u r e  at the  f r ee  su r face  of the  bed. Also neglect ing the boundary  
l a y e r  at the channel wal ls ,  we a r r i v e  at the p a t t e r n  i l l u s t r a t ed  schemat ica l ly  in Fig. 2. T h e r e  is  a region D1, 
occupied by  the  compact  phase  of  the bed, and a reg ion  D2, occupied by  the  r a r e f i e d  suspension,  with the 
boundary  be tween t he se  reg ions  being f o r m e d  by the  su r face  AB of. the je t  channel and the f r ee  sur face  BC. 
The  point B sepa ra t ing  these  su r f aces  in Fig. 2 can be  de t e rmined  a r b i t r a r i l y  as the point at which the ve loc -  
i ty of  the d i s p e r s e  phase  n o r m a l  to the su r f ace  is  reduced  to zero.  

Neglect ing the i n e r t i a  of  the  gas  and the  shea r  s t r e s s e s  caused by the  m o l e c u l a r  v i scos i ty  of  the gas  
and the  chaotic  pu lsa t ions  of  the two phase s ,  we can  wr i t e  the equations of  mot ion  in region D1 in the fo rm 

- - V P - - ~ u = 0 ,  d iv(ev)=0,  u ~ v - - w ,  p =  l m e ,  

Pdl(wv) w ----- - - V  p -}- ~u - -  pdi g, div(pw) = 0, ~ = ~(e). (1) 

T h e s e  equat ions di f fer  f r o m  those  obtained r igo rous ly  in [4] by the p r e s e n c e  of a t e r m  containing the p r e s s u r e  
P of the d i s p e r s e  phase .  T h e  l a t t e r  i s  due main ly  to the effect  of  the spread ing  fo rces  in the bed, which ac-  
company the " ro l l ing"  of  the  p a r t i c l e s  o v e r  one another  and a r e  v e r y  impor tan t  for  d i s p e r s e  s y s t e m s  which 
a r e  c lose  to be ing  t ight ly  packed  [5, 6]. I t  i s  c l e a r  that  in the  genera l  c a se  P r e p r e s e n t s  some function of the 
po ros i t y  and the o the r  p a r a m e t e r s .  T h e  f i r s t  equat ions in (1) desc r ibe  the  f i l t ra t ion  of gas  in the mobi le  po :  
rous  subs tance  f o r m e d  b y t h e  moving  p a r t i c l e s  and they coincide in fo rm with the equations in [7], used  to 
de sc r ibe  je t  f lows in an i m m o b i l e  g r anu la r  bed. In a f i r s t  approximat ion  it i s  admiss ib le  to take  the poros i ty  
in region D1 as constant ;  then P mus t  be  cons ide red  as some  unknown function which is  subject  to d e t e r m i n a -  
t ion f r o m  the  solution of  the  p rob lem.  

Let  us  d i scuss  the  boundary  conditions i m p o s e d  on the  solution of (1). The  f i r s t  group of  conditions fol -  
lows f rom the  r equ i r emen t  of  app rox ima te  cons tancy of the p r e s s u r e  at the  i n t e r f ace  ABC, the condition of 
nonpenet ra t ion  of the ou t e r  boundary  x = L, which can  consis t  e i t he r  of  the wal l  of  the  appara tus  o r  of  the 
su r face  of  s y m m e t r y  sepa ra t ing  the  reg ions  of  inf luence of  neighboring j e t s  ( see  [7]}, and f r o m  the  r e q u i r e -  
ment  of cons tancy of  the  flow r a t e  of  the  f luidizing gas  through the  gas -d i s t r ibu t ion  grid.  The  ma thema t i ca l  
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Fig. 2. Sketch explaining the 
s t a tement  of the p rob lem.  

r ep r e sen t a t i on  of t hese  conditions can be fo rmula ted  in complete  analogy with [7]. By in t roducing  the p r e s -  
sure  p0 a n d t h e  gas  veloci ty  u ~ undis turbed by the je t  

P ~ 1 7 6  pdlg(H--z) ,  uo=O, uOz=uO (2) 

and the excess  p r e s s u r e  ~p = p - p0  we obtain the p r o b l e m  

hq)=O, u = u ~  ', u'=--~-lV(p,  (3) 

OqD = 0  (z=O); &P-  = 0  (x=L) ;  (O = - -  ~u~ (g  - -  z) (rEABC), 
Oz c?z 

the  solution of  which allows one, in pr inc ip le ,  to find the f ields of p r e s s u r e  and r e l s t i ve  gas  veloci ty  in the 
spaces  be tween p a r t i c l e s  in the  p r e s e n c e  o~ a jet.  

The  ve loc i ty  and p r e s s u r e  of the d i s p e r s e  phase  mus t  be  de te rmined  f rom the solution of the  supple-  
m e n t a r y  bounda ry -va lue  p rob l em,  which follows f r o m  (1). The  boundary  conditions for  th is  p r o b l e m  a re  ob-  
ta ined f r o m  the r e q u i r e m e n t s  of continuity of  the no rma l  components  of the fluxes of pa r t i c l e  m a s s  and m o -  
men tum at the  boundary  ABC, which r e p r e s e n t s  the f r ee  boundary  with r e spec t  to the d i spe r s e  phase ,  and the 
reduct ion to ze ro  of the  no rma l  component  of the pa r t i c l e  ve loci ty  at the gas -d i s t r i bu t ion  gr id  and at the 
ou t e r  flow boundary  x = L. We have 

pdl (wv) w = - -  V P + ccu - -  pd 1 g, div w = O, 

w~=O (x=L) ;  w~=O (z=O); P = O  (rEAB), (4) 

pw~ = Q~ (r), - -  P + pd~w~ = d~n, (r) (r E BC). 

Here  w n i s  the  no rma l  component  of  the veloci ty ,  while Qs(r) and dl I Is ( r )  a re  the no rma l  volume and 
m o m e n t u m  flux dens i t ies  of  the p a r t i c l e s  a r r i v ing  at the su r face  BC f rom the space  above the bed. 

The  p r o b l e m s  (3) and (4) can be  cons idered  as independent if  the unknown boundary ABC is  roughly ap- 
p r o x i m a t e d  by some  known sur face .*  In the solution of (3) it  i s  na tura l  to neglect  the depa r tu r e s  of  BC f rom 
the hor i zon ta l  p lane z = H and the dependence on z of  the coordinate  x = R(z) which desc r ibe s  the su r face  
AB. Then Lhe p r o b l e m  (3) is  eas i ly  solved by the  method of separa t ion  of va r i ab les .  For  a p lane  je t  we have 

8r u~ Z cos ~%z 
q~ ~-~ ( 2 n -  l) 2 

n ~ l  

u ~ -  .n4 u~ 2 
t l=1 

, 'z~l 

COS fDnZ  , 

exp (--c%x) ,'-- exp [--~% (2L--x)] 
exp (--  o)~R) @ exp [-- (% (2L - -  R)] 

exp ( - -  %x) - -  exp [-- % (2L - -  x)] 
2 n - - 1  exp (--o~R) -k exp [--o),~ (2L--  R)] 

sinc%z exp (--  0~x) --  exp [-- c,), (2L--  x)] 
2n- -  1 exp ( - -  o,~R) ~ exp [ a)~ (2L--  R)1 

(2n - -  1) 

2H 

(5) 

*The  shape of the  su r face  BC can be  found in p r inc ip l e  f rom the  solution of (4). The  shape of the s u r f a c e  AB 
mus t  be  de t e rmined  f r o m  the  solution of the p r o b l e m  of in terna l  flow in the jet  channel. 
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Fig. 3. Fig. 4. 

Fig. 3. Dimensionless  gas veloci ty  at exit  f rom bed in vicinity 
of je t  ( curve  1) and veloci ty  of  inflow of g a s  toward base  of je t  
along gas-d is t r ibut ion  gr id  (curve  2) as functions of the dimen- 
s ionless  hor izontal  coordinate.  

Fig. 4. Distr ibut ion of  hor izonta l  components of  re la t ive  gas 
veloci ty  and pa r t i c l e  veloci ty  at sur face  of je t  channel: 
1) ~ =  [Ux/U~ 2) r = lWx/W, [; 3 ) ~ = Q u / u ~  4) * =  
% / w , n o .  

Adding the las t  two se r i es ,  in the c a s e  of  a single jet  ( L -~ oo)we obtain 

u~ 1 u01n {[1 --exp (-- ~)]~ + 4exp (--= ~ )  sin~ (~/2)} __, 
~z [1 + exp (-- ~ )  - -  2exp (--~z~/2) cos (~/2)] 2 

(6) 
u~-- _ _ 2  u ~ exp ( - -~ /2 )  sin(n~/2) , ~ _  - - , x - - R  ~ =  z . 

I - -  exp (--  a~) H H 

A study of Eqs. (6) shows that t h e r e  i s  cons iderable  inject ion of gas into the jet.  The  dependence on the 
d imensionless  hor izontal  coordinate  ~ of the  quanti t ies Uz/U ~ l z =H and Ux/U ~ [z =0 obtained f rom (6) is  
shown in Fig. 3. The  f i r s t  of these  cha r ac t e r i z e s  the re la t ive  veloci ty of the gas at the exit f rom the fluidized 
bed and the second c h a r a c t e r i z e s  the inflow of gas toward  the base  of the je t  channel along the gas -d i s t r ibu-  
t ion grid. It i s  seen that r ega rd l e s s  of  i t s  hor izonta l  s ize  R the je t  exe r t s  a considerable  influence on the 
in terna l  hydrodynamics  of the bed, extending to d is tances  having the o r d e r  of the bed height It. 

The  re la t ive  veloci ty  of the gas at the boundary x = R of the je t  channel is  of  pa r t i cu l a r  in teres t .  From 
(3) and (6) we have 

u,~/~_ R = u~[x= R = - -  ~ u ~ In Ctg ~ u=lx=~ = 0. (7) 

Th is  equation also de te rmines  the  density of  the  gas s t r eam in the je t  due to i ts  motion re la t ive  to the d is-  
p e r s e  phase.  For  a plane je t  the total  vo lumet r ic  flux of  in jected gas enter ing the section of the je t  channel 
f rom the gr id  to the level  z and connected with the re la t ive  gas flow equals 

z ~ / 4  

- - b - - L  - - L  - -  . ( s )  
2 4 

0 0 

In pa r t i cu la r ,  

2Qu (H) = 16__GG uOHe ' G ~ 0,916. (9) 

Here  L(t) i s  the Lobachevskii  function and G is  the Catalan constant. The  dependence of the quantity u x 
f rom (7) and Qu f rom (8) on ~ i s  shown in Fig. 4. It i s  seen that  the gas flux density in the je t  channel de- 
c r e a s e s  monotonical ly with an i n c r e a s e  in height above the  grid. 

The  solution of p rob lem (4) is  compl ica ted  by the fact that ne i ther  the shape of the boundary surface  
ABC no r  the  functions Qs( r )  and IIs(r)  cha rac te r i z ing  the a r r iva l  of pa r t i c l e s  at the f r ee  sur face  of the bed 
a re  known. However,  an approximate  es t imate  can be  obtained for  the  pa r t i c l e  veloci ty  at the boundary of the 
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j e t  channel without r e s o r t i n g  to an exact  solution of (4). Using (3) and the  definit ion of u0 in (2) and in teg ra t -  
ing the  f i r s t  equation of (4) along the s t r e a m l i n e s  of  the d i s p e r s e  phase ,  we obtain the following analog of the 
Bernoul l i  equation: 

w 2 = - -  ~ (P + ep) + F(~) = 2g(H--z)  ~ 2P__P_ + F(~?), (10) 
pdi Pdl 

w h e r e  F(r i s  some function of the s t r e a m  function r of  the d i s p e r s e  phase  which is  reduced  to zero  fa r  
f r o m  the jet .  According  to the boundary  condition in (4), at the boundary  AB the quantity P is  equal to zero,  
so that f rom (10) we get the e s t i m a t e  

Wlx=R= [2gH (1"-- ~) + F (~2)1 a/' ~ w, V 1 - ~, w, = V2-~- .  (11) 

The  approx imate  equali ty in (11) is  obtained with neglect  of  F(~), which is  jus t i f ied  for  the lower  and cent ra l  
p a r t s  of the channel (1 - ~ ~ 1), into N~hich mos t  of  the m a s s  of in jec ted  p a r t i c l e s  enters .  

Because  of the i ne r t i a  of  the p a r t i c l e s  the  s t r e a m l i n e s  of  the  d i spe r s e  phase  deviate  f rom the s t r e a m -  
l ines  of the  flow whose veloci ty  components  a r e  de t e rmined  in (5) and which is  supe r imposed  on the undis-  
t u rbed  flow of a gas  with u ~ = 0 and u ~ = u ~ In obtaining o r d e r - o f - m a g n i t u d e  e s t i m a t e s  of the veloci ty  com-  
ponents  of  the  d i s p e r s e  phase  at the channel boundary  these  deviat ions,  l ike the inf luence of the fo r ce s  of  ad- 
hes ion be tween p a r t i c l e s ,  can be  neglected.  Then f rom (7) and (11) we obtain the exp re s s ions  

w~lx=R --~ - -  w ,  1/-I - - - ~  In d g  - ~  ln2ctg -~- - -  -i- ~ / 

w.lx=R ~ - -  - -  w, 1/'1----~ In ~ ctg § - - ~  (12) 
2 

The  flux of the  d i s p e r s e  phase  within the sect ion of the jet  channel f rom the gr id  to the level  z tu rns  
out to equal 

i C V ' l - - t l nc tg~ t /4  
2Qv(z).~ --2p w~lx=Rdz = 2w,Hp . (ln~ctg ~tt/4 + ~/4)w 2 d/. (13) 

0 0 

In pa r t i cu l a r ,  the total  vo lumet r i c  flux of p a r t i c l e s  into the je t  i s  

1 / t  - - t  lnctg zt/4 dt ~ 0.77w.Hp. (14) 
2Qp (H) .~ 2~,.Hp (ln ~ ctg rtt/4 + n2/ 4) l/~ 

o 

The  dependence of w x f rom (12) and Qp f r o m  (13) on ~ a re  also p r e s e n t e d  in Fig. 4. We note that the 
quantity Qp ,  which c h a r a c t e r i z e s  the in tensi ty  of pa r t i c l e  c i rcula t ion  induced by the gas jet ,  is  p ropor t iona l  
to H ~/2. The  total  gas  flux into the jet  channel i s  made  up of the re la t ive  flux 2Q u de te rmined  in (8) and the  
flux co r respond ing  to flow with the veloci ty  of the d i spe r se  phase.  Thus,  

2Q s (z) = 2Q~ (z) + . ,  ~ - 2Qp (z). (15) 
P 

Let  us analyze qual i ta t ively the dependence of the d imension R and the gas  veloci ty  V in the je t  chan-  
nel on the ve r t i c a l  coordinate ,  using for  this pu rpose  the  conditions of in tegra l  ba lance  of volume and impu l se  
in the channel c r o s s  sect ions.  The  equation of volume ba lance  has  the fo rm 

< e'V ) R + ( P' (Y- -  U) ) R = VoRo + Qt + Qp, (16) 

whe re  the  angular  b r a c k e t s  denote averag ing  o v e r  a c r o s s  sect ion of the  je t  channel. 

S imi lar ly ,  the ba lance  equation for  the  ve r t i ca l  component  of the impulse  has  the  fo rm 

do < e'V s ) R + d~ ( p' (V --  U) ~ ) R = doV~Ro - -  d~II w (17) 

Hp (z) = p w~wj~=~ dz ~ In ctg ~z[/ 4 = pw 2 H dr, 
2 * . In ~ ctg ~rt/4 + ~2/4 

0 0 

where  the vec to r  sum of  the ini t ial  impulse  of the je t  and the impu l se  i m p a r t e d  to it  by the p a r t i c l e s  (the in-  
j ec ted  gas  flows into the channel no rma l  to i t s  boundary,  so that the ve r t i ca l  component of the  impu l se  i m -  
p a r t e d  by  it i s  approx imate ly  equal to zero) f igures  in the r ight  side of (17). We note that in (16) and (17) it  i s  
a s sumed  that  p'  << 1 and that  the dynamic  re laxa t ion  t i m e  of the p a r t i c l e s  i s  smal l ;  t he re fo re ,  one can a s -  
sume that  the p a r t i c l e  ve loc i ty  i s  equal to the  local  gas  veloci ty  a f t e r  sub t rac t ion  of the  veloci ty  of  floating of 
a s ingle pa r t i c l e  in a un i form s t r eam .  Equations (16) and (17) mus t  be  supplemented  by the condition of p a t t i -  
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cle balance in the jet channel: 

( p' (v --w) ) R = Qp. (is) 

The calculation of the average quantities in (16) -(18) requires knowledge of the details of the particle 
distribution over the cross section of the jet channel and of the gas velocity profile in it. With the intention 
of obtaining order-of-magnitude estimates, we take 

( 8'V > ,-, e'V, (e'V ~ > ~ e'V ~', 

henceforth understanding e, and V to be averages over the channel cross section of the porosity and gas 
velocity. 

Using the inequality p' = 1 - ~' << i ,  we then rewrite (16)-(18) in the form 

VR-- YoRe--Q j, 

V~R__V~Ro dl (V-I-W--U) Qp, W-- IIjp__, (19) 
do Qp 

where W is some effective velocity characterizing the impulse imparted to the jet channel by the injected 
particles,  and which depends, of course, on z. The solution of (19) gives 

V ,,(1..k d ~ U--W Q" ) ( 1 +  Q' q_ d~ Qp ,-~ 
Vo do Vo VoR~ V~ do VoRo ! ' 

Re V--~ YoRe do YoRe do Vo voR~ 
Using (20) and the other equations it is not hard to obtain the dependence of the average gas velocity in 

the jet and to construct the channel profiles for different values of the parameters.  As follows from (20), the 
quantities V/V0 and tVR0 are d e t e m i n e d b y  the independent dimensionless parameters  

d~ u - -  W O~ Op 
do Vo VoR~ VoR~ 

the physical meaning of which is obvious. 

If the initial velocity of the jet is high, so that one can take U ~ u  ~ <<V0, w .  << V0, u~ << VoR0, and 
w,H << VoR0, then Eqs. (20) are considerably simplified. We have 

V . ~ / 1 +  da Qv ~-* ~ l _ k  el Qp (21) 
Vo k do VoRo' ] " Re do VoRo 

The jet profiles for different values of V0 and w ,  are easily obtained using the Qp(z) curve in Fig. 4. 

In conclusion, we note that the analysis of axisymmetric jets  does not introduce complications of a 
fundamental order,  but the purely computational difficulties prove to be very considerable. Therefore, such 
an analysis, like the study of the constrained flow formed by a system of plane or axisymmetric jets, can 
comprise the subject of an independent report. 

N O T A T I O N  

do, dl, gas and particle densities; F, unknown function in ( i i ) ;  g, acceleration of gravity; I-I, height of 
bed; L, external dimension of bed; P, pressure  of disperse phase; p, gas pressure;  Qu, Qf, Qp, half-values 
of relstive gas flux and of total volumetric fluxes of fluid and disperse phases into jet, respectively; Qs, 
volumetric flux of particles onto free surface of bed; R, half-width of jet channel; U, velocity of floating; u, 
relative gas velocity in spaces between particles; V, gas velocity in jet; v, gas velocity in spaces between 
particles;  W, w, ,  characterist ic velocities introduced in (12) and (20) ; w, velocity of disperse phase; x, z, 
coordinates; ~, coefficient to resistance force in (1); ~, ~; porosities in compact phase of bed and in jet chan- 
nel; 4, ~, dimensionless coordinates determined in (6) ; Ils, IIp, functions introduced in (4) and (19), respec- 
tively; p, p', volumetric particle concentrations in compact phase and in jet channel; ~p, excess pressure;  ~, 
stream function of disperse phase; ~n, eigenvalues. Indices: zero superscript, gas flow in the bed undisturbed 
by the jet; zero subscript, initial parameters  of the jet. 
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E X P E R I M E N T A L  D E T E R M I N A T I O N  O F  T H E  

S T A T I S T I C A L  C H A R A C T E R I S T I C S  O F  G A S  

M O T I O N  I N  A F L U I D I Z E D  B E D  

N. ]3. K o n d u k o v ,  L .  I .  F r e n k e l ' ,  
a n d  B .  V. P a n k o v  

UDC 532.546:519.24 

A method is  p roposed  for  the de te rmina t ion  of the s ta t i s t i ca l  c h a r a c t e r i s t i c s  of  the gas mot ion 
in a f luidized bed by the  p n e u m a t o m e t r i c  method. The dependences of t hese  c h a r a c t e r i s t i c s  on 
the p a r a m e t e r s  of the p r o c e s s  a re  obtained. 

The exper imen ta l  de te rmina t ion  of the s ta t i s t i ca l  c h a r a c t e r i s t i c s  of  any random p r o c e s s  encounters  an 
impor tan t  difficulty consis t ing in the fact that the m e a s u r i n g  sy s t em d i s to r t s  the f luctuations of the p a r a m e -  
t e r  under  study becaus e  of the influence of i t s  f requency p rope r t i e s .  In many  cases  it is  imposs ib le  to r econ-  
s t ruc t  the actual  fo rm of the rea l iza t ion ,  even when one has data on the dynamic p r o p e r t i e s  of this sys tem.  

However ,  the p r o b l e m  of the exper imen ta l  de te rmina t ion  of the s ta t i s t ica l  c h a r a c t e r i s t i c s  of  the f luc-  
tuat ions of any p a r a m e t e r  can be  solved without r econs t ruc t ing  the actual f o rm of the real izat ion.  The  
methods  of ma thema t i ca l  s t a t i s t i c s  [1] allow one to find them f rom the s ta t i s t ica l  c h a r a c t e r i s t i c s  of the d i s -  
t o r t ed  rea l iza t ion ,  taking into account the dynamic  p r o p e r t i e s  of the m e a s u r i n g  sys tem.  

Fo r  the m e a s u r e m e n t  of  the ins tantaneous gas  veloci ty  in a fluidized bed we chose the pneuma tome t r i c  
method,  which is  dis t inguished by the s impl ic i ty  and access ib i l i ty  of  the fabr ica t ion  and cal ibra t ion of the 
p ickups  and the re l iabi l i ty  in operat ion.  But when using this method one mus t  allow for  the d is tor t ions  in t ro -  
duced by the  m e a s u r i n g  sys t em,  which can be  divided a r b i t r a r i l y  into two types.  The  f i r s t  type is  the d i s t o r -  
t-ions connected with the p r e s e n c e  of solid p a r t i c l e s  in the  s t r eam.  The ave rage  gas ve loci t ies  calcula ted 
f rom the readings  of  the p n e u m a t o m e t r i c  p robe  p r o v e  to be  o v e r s t a t e d  [2, 3, 4]. The  second type  of d i s t o r -  
t ions is  connected with the i ne r t i a  of the m e a s u r i n g  sys t em and can be  allowed for  by an exper imen ta l  d e t e r -  
ruination of i t s  a m p l i t u d e - f r e q u e n c y  c h a r a c t e r i s t i c  curve.  

A l o w - i n e r t i a  P i t o t - P r a n d t l  tube, whose length toge ther  with the connecting channels was  150 m m  and 
whose d i a m e t e r  was  2 m m ,  was  used in our  exper iments .  A m e m b r a n e  dif ferent ia l  m a n o m e t e r  made  in con- 
junction with the tube se rved  as the secondary  ins t rument .  The  m e m b r a n e  m o v e m e n t s  w e r e  m e a s u r e d  by an 
e lec t ron ic  s y s t e m  [5] using a 6MKhlS mechanotron.  The  pulsa t ions  were  r eco rded  on photographic  f i lm by a 
l i gh t -beam osc i l lograph.  The  g raphs  w e r e  quantified with a Silu~t automat ic  reader .  The  data obtained f rom 
the  Siluet i n s t rumen t  in f i v e - t r a c k  t e legraph ic  code w e r e  p r o c e s s e d  in an Odra-1204 computer .  The ampl i -  
t u d e - f r e q u e n c y  c h a r a c t e r i s t i c  curve  of the m e a s u r i n g  sy s t em was  taken by the method of supplying a unit 
jump to i t s  input. The  numer i ca l  va lues  of the a m p l i t u d e - f r e q u e n c y  c h a r a c t e r i s t i c  curve  a re  as follows: 

T r a n s l a t e d  f rom Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 30, No. 2, pp. 206-210, February ,  1976. Original  
a r t i c l e  submi t ted  April  1, 1975. 
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