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An experimental  study is made of the discharge of a gas jet  into a stat ionary bed of granular  
mater ia l .  The physical pattern of development of the jet is established and an approximate 
method is developed for calculating the dimensions of the gas tongue. 

In a number of cases  in the development of equipment containing a s tat ionary bed of solid mater ia l  it 
becomes necessa ry  to know the conditions of entry of gas into the bed, since they have an important effect 
on the p roces se s  being ca r r i ed  out [1, 2]. In connection with this the interest  of invest igators  in the study 
of the development of jets  in a s ta t ionary bed of granular  mater ia l  increases  more  and more [I, 3-6]. The 
published data are  ent irely inadequate for  the development of engineering methods of calculation, however, 
and therefore  it is necessa ry  to extend the experimental  studies of a gas jet in a s tat ionary bed of granular  
mater ia l .  

The study was per formed on a labora tory  installation with two pieces of apparatus:  of rectangular  
c ro s s  section 95 • 125 mm in size and cylindrical  with a d iameter  of 125 ram. A semibounded a i r  jet d is -  
charging along a t ransparen t  wall was studied in the apparatus of rectangular  c ross  section. Unbounded 
air  jets  d ischarging from nozzles of d o = 4, 6, 8, and 10 mm mounted at the center  of the apparatus were 
studied in the cyl indr ical  apparatus.  In both cases  the jet  was isothermal.  

The study provided for  visual observat ions  of the behavior of the semibounded jet and velocity mea-  
surements  with an accuracy  of 2.6(~ with pneumatic measuring" tubes which could be moved with a coord i -  
nating mechanism [6, 7] along the c ross  sections and the axes of the semibounded and unbounded jets.  The 
discharge velocity of the jets  was var ied  from 2 to 200 m/sec  and the height of the s tat ionary bed was varied 
from 50 to 250 ram. The discharge velocity was measured  with ro tamete r s  with an accuracy  of 3%. The 
height of the bed was determined with a measur ing  rule with an accuracy  of 0.5 ram. The cha rac te r i s t i c s  
of the solid par t ic les  used are  presented in Tablelo 

Visual observat ions  showed that at a cer ta in  discharge velocity for  the given par t ic les  a spherical  
cavern with circulat ing movement  of the solid par t ic les  within it forms  near the nozzle (Fig. la) .  We call 
the jet d ischarge veloci ty at which this effect appears  the velocity of circulation onset (Uc). A further  in- 
c rease  in the discharge velocity of the jet leads to the formation of a gas tongue almost  free of solid pa r -  
t ic les  and around this tongue a zone of circulat ion of the solid par t ic les  (Fig. lb). The movement of the 
par t ic les  in the circulat ion zone occurs  owing to the ejecting action of the jet. Drawn in near  the mouth of 
the jet,  the par t ic les  move along the boundaries of the gas tongue, being thrown back into the upper part  of 
the circulat ion zone, and then slowly settle into its lower part and are  again drawn in by the jet. Special 
studies using marked par t ic les  showed that the exchange of solid part icles  between the circulat ion zone 
and the res t  of the stat ionary bed is slight and occurs  only through the par t ic les  immediately adjacent to 
the boundaries of the zone. 

A fur ther  increase in the discharge velocity leads to growth in the size of the gas tongue and the for -  
mation of a local fountain effect, which is preceeded by the appearance at the surface of the s tat ionary bed 
of a charac te r i s t i c  "hill" (Fig. lc) .  This is observed when the length of the gas tongue becomes equal to 
half the height of the bed: 
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T A B L E  1. C h a r a c t e r i s t i c s  of G r a n u l a r  M a t e r i a l s  

Material 

Aluminosilicate 
catalyzer 

The same 
The same 
The same 
Polystyrene 
The same 
The same 
Polyethylene 

Equivalent Density 
Sereengrade diameter,.m kg/,n 3 ' 

Shape and surface of 
particles 

2,0--2,5 
2,5--3,0 
3,0--4,0 
4,0--5,0 

0,63--0,74 
0,8--1,0 
1,0--2,0 

2,24 
2,64 
3,46 
4,46 
0,68 
0,89 
1,41 
4,3 

1136 
1126 
1136 
1142 
1050 
1050 
1050 
950 

Spherical smooth 
TEe same 

Cylindrical smooth 

! !a I. lh 

o 

- O 0 "  . �9 

I. Ic 
F i g .  1. P h y s i c a l  p a t t e r n  of d e v e l o p m e n t  of a g a s  j e t  in 
a s t a t i o n a r y  bed  of g r a n u l a r  m a t e r i a l :  a) u 0 = Uc; b) u 0 

> Uc; c) u 0 =ut~  

l t = 0 .5/be d �9 (1) 

The j e t  d i s c h a r g e  v e l o c i t y  a t  which  the a p p e a r a n c e  of t h i s  "h i l l "  i s  o b s e r v e d  we have c a l l e d  the m i n i m u m  
f o u n t a i n - e f f e c t  v e l o c i t y  [8]. F o r  the g iven  p a r t i c l e s  i t s  v a l u e  d e p e n d s  on the he igh t  of the bed .  

M e a s u r e m e n t  of  the  v e l o c i t y  of  c i r c u l a t i o n  o n s e t  with a g r a d u a l  i n c r e a s e  and d e c r e a s e  in the f low r a t e  
of g a s  t h rough  the nozz l e  showed tha t  t h i s  v e l o c i t y  d o e s  not  depend  on the he igh t  of the bed if it  i s  d e t e r -  
m i n e d  t h rough  a d e c r e a s e  in the  g a s  f low r a t e ,  wh i l e  i t  does  depend  on the he ight  of the bed if  i t  i s  d e t e r -  
m i n e d  th rough  an i n c r e a s e  in the g a s  f low r a t e .  The r e s u l t s  of such m e a s u r e m e n t s  d u r i n g  d i s c h a r g e  of a 
j e t  f r o m  a n o z z l e  wi th  d o = 6 m m  into a bed of  s p h e r i c a l  p a r t i c l e s  of p o l y s t y r e n e  with dp  = 1 .0-2 .0  m m  a r e  
p r e s e n t e d  in Tab le  2. The d i f f e r e n c e  in the  v e l o c i t i e s  of c i r c u l a t i o n  onse t  du r ing  an i n c r e a s e  and a d e c r e a s e  
in the  f low r a t e  of g a s  t h rough  the n o z z l e  can  be e x p l a i n e d  by  the i n e r t i a  of the so l id  p a r t i c l e s  and by f r i c -  
t ion be tween  the p a r t i c l e s ,  ~r d e p e n d s  on the p r e s s u r e  of the u p p e r  p a r t  of the bed .  It was  a l s o  e s t a b -  
l i s h e d  tha t  the  v e l o c i t y  of  c i r c u l a t i o n  o n s e t  d e p e n d s  on the s i z e ,  s h a p e ,  and d e n s i t y  of the  p a r t i c l e s .  An 
a n a l y s i s  of  the  da t a  on the d e t e r m i n a t i o n  of  the  v e l o c i t y  of  c i r c u l a t i o n  o n s e t  d u r i n g  a d e c r e a s e  in the  v e l o c i t y  
of d i s c h a r g e  of a j e t  f r o m  a s e m i b o u n d e d  nozz l e  with d o = 6 m m  f o r  p a r t i c l e s  with abou t  the  s a m e  s u r f a c e  
r o u g h n e s s  m a d e  it p o s s i b l e  to ob ta in  the  func t ion  

Frc =: 11.4.10-5Art-% (2) 

which  was  v e r i f i e d  with  

1.1-103 -4 Frc -4 112.5. 103; 1.17.105 ~ At" ~ 34.0. l05. 

The e r r o r  in c a l c u l a t i o n s  b a s e d  on the func t ion  (2) d o e s  not e x c e e d  15%. 

The g e o m e t r i c a l  c h a r a c t e r i s t i c s  of the  g a s  tongue and the  c i r c u l a t i o n  zone w e r e  a l s o  d e t e r m i n e d  in 
t h e s e  s t u d i e s .  F o r  the  s e m i b o u n d e d  j e t  t h e s e  c h a r a c t e r i s t i c s  w e r e  m e a s u r e d  with  an  a c c u r a c y  of 0.5 m m  
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Fig .  2. V e l o c i t y  v a r i a t i o n  a long  the  a x i s  of an unbounded j e t  d i s -  
c h a r g i n g  f r o m  a nozz le  with d o = 8 m m  a t  a v e l o c i t y  u 0 = 92 m / s e c  in -  
to a s t a t i o n a r y  bed of s p h e r i c a l  a l u m i n o s i l i e a t e  c a t a l y z e r  with dp 
= 2 .0 -2 .5  m m  (a) and c o m p a r i s o n  of the c a l c u l a t e d  and e x p e r i m e n t a l  
c o n t o u r s  of the  g a s  tongue of a j e t  d i s c h a r g i n g  f r o m  a nozz l e  with d o 
= 8 m m  at a v e l o c i t y  u 0 = 108 m / s e c  into a s t a t i o n a r y  bed of  a l u m i n o -  
s i l i c a t e  c a t a l y z e r  wi th  dp = 2 .0 -2 .5  m m  (b). u, m / s e c ;  x,  y ,  r am.  

F ig .  3. V e l o c i t y  v a r i a t i o n  in c r o s s  s e c t i o n s  of an unbounded j e t  d i s -  
c h a r g i n g  f r o m  a nozz le  with d o = 8 m m  a t  a v e l o c i t y  u 0 = 92 m / s e c  i n -  
to a s t a t i o n a r y  bed  of a l u m i n o s i l i c a t e  c a t a l y z e r  with dp = 2 .0 -2 .5  ram:  
1) x = 10 m m ;  2) 20; 3) 25; 4) 30.  

t h rough  the t r a n s p a r e n t  wa l l  of the a p p a r a t u s  us ing  a m e a s u r i n g  r u l e ,  whi le  fo r  the  unbounded j e t  they  a r e  
d e t e r m i n e d  f r o m  the m e a s u r e m e n t  d a t a  on i t s  v e l o c i t y  f i e ld .  The l a t t e r  b e c a m e  p o s s i b l e  a f t e r  i t  was  e s t a b -  
l i shed  tha t  the v e l o c i t y  a t  the  b o u n d a r y  of the g a s  tongue i s  c l o s e  to the  v e l o c i t y  of w a n d e r i n g  of the  so l id  
p a r t i c l e s .  On the b a s i s  of th i s  fac t  the length  of the  g a s  tongue and i t s  h a l f - w i d t h s  in d i f f e r e n t  c r o s s  s e c -  
t ions  of  the  j e t  w e r e  found f r o m  g r a p h s  of the v e l o c i t y  d i s t r i b u t i o n  a long the a x i s  of the j e t  and in i t s  c r o s s  
s e c t i o n s  (F igs .  2 and 3) a s  the a b s c i s s a s  of the po in t s  hav ing  a v e l o c i t y  equal  to the v e l o c i t y  of w a n d e r i n g .  

The s t u d i e s  showed tha t  the l aws  of the d e v e l o p m e n t  of  a j e t  in a s t a t i o n a r y  bed a r e  c l o s e  to the l aws  
of d e v e l o p m e n t  of a j e t  in a f lu id i zed  bed [9, 10]. Thus ,  f r o m  the a n a l y s i s  of the e f fec t  of the p a r a m e t e r s  
of the  j e t  and the bed on the d i m e n s i o n s  of the g a s  tongue it fo l lows  tha t ,  a s  in the  c a s e  of a f l u i d i z e d  bed,  
i t s  d i m e n s i o n s  i n c r e a s e  with an i n c r e a s e  in the  d i s c h a r g e  v e l o c i t y  and the nozz le  d i a m e t e r  and with a d e -  
c r e a s e  in the p a r t i c l e  d i a m e t e r .  The v e l o c i t y  p r o f i l e s  in c r o s s  s e c t i o n s  of a j e t  in a s t a t i o n a r y  l a y e r  have 
the s a m e  f o r m  as  in the c a s e  of a j e t  in a f l u id i zed  bed (F ig .  3),  and they  a r e  a l s o  s i m i l a r  in d i m e n s i o n l e s s  
c o o r d i n a t e s .  The v i s u a l  o b s e r v a t i o n s  of  the  n a t u r e  of the d e v e l o p m e n t  of a j e t  in a s t a t i o n a r y  bed a l s o  p e r -  
m i t  one to a s s u m e  i ts  c o i n c i d e n c e  with the d e v e l o p m e n t  of  a j e t  in a f lu id i zed  bed.  In f ac t ,  with the d i s -  
c h a r g e  of a j e t  into a s t a t i o n a r y  bed a c i r c u l a t i o n  zone whose  d e n s i t y  is  c o n s i d e r a b l y  l e s s  than  the d e n s i t y  
of the  m a i n  p a r t  of the bed f o r m s  a round  the gas  tongue.  The so l id  p a r t i c l e s  which l i e  wi th in  i t  move  with  
high v e l o c i t y  a long  the  g a s  tongue ,  f o r m i n g  a n a r r o w  t w o - p h a s e  b o u n d a r y  l a y e r  a n a l o g o u s  to the g a s - s o l i d  
p a r t i c l e  zone  o f  a j e t  in a f l u i d i z e d  bed [9, 10]. At  s o m e  d i s t a n c e  f r o m  the g a s  tongue the p a r t i c l e s  move  in 
the o p p o s i t e  d i r e c t i o n ,  i n t e r a c t i n g  now with  the s t r e a m  of g a s  f i l t e r i n g  f r o m  the j e t .  

On the b a s i s  of such  c o n c e p t s  a j e t  in a s t a t i o n a r y  bed under  the  c ond i t i ons  of f o r m a t i o n  of a c i r c u l a -  
t ion zone can  be c o n s i d e r e d  in a f i r s t  a p p r o x i m a t i o n  a s  d e v e l o p i n g  in a r e g i o n  of " locaI  f l u i d i z a t i o n "  of  the  
s t a t i o n a r y  bed,  Then the l eng th  of  the  g a s  tongue  can  be d e t e r m i n e d  with an  a c c u r a c y  of 20% f r o m  the e x -  
p r e s s i o n  

l t - u ~ 1 7 6  , (3) 
1 , 6 u  c n 

W 

1091 



"o  sults o foaIo . -  
rations I * / k  

�9 ~ t 

o 1 ! 

�9 - -  f 

Is - I : - ;  
20.20.4 20 ~ ~ 

/ ' ~  I Experimental data 

. 0 ~ ~  o .o .o q ea ~ ~a , t t  

o , e ,  q ,q 
O 20 4,0 ~ 80 de  

= , m a 

O 20 4'0 60 u e 

Fig .  4. C o r r e l a t i o n  g raph  of r e s u l t s  of c a l c u l a -  
t ion based  on Eqs .  (2), (3), (5), and (6) and ex -  
pe r imen ta l  data:  1) Eq. (2); 2) (3); 3) (5); 4) (6). 
u c ,  m / s e c ; / t ,  r t ,  dc,  m m .  

T A B L E  2. Ef fec t  of Height  of S ta t iona ry  Bed 
on Veloc i ty  of C i r cu la t ion  Onse t  

Veloe ity of circu Lation onset, m/sec 
Height of bed, increase in g~ de--crease in g 
mm [flow rate 'flow rate 

50 39,1 16,2 
60 46,0 16,4 
90 92,5 17,3 

120 92,0 16,7 
160 96,0 16,0 

which d i f fe rs  f r o m  the ana logous  e x p r e s s i o n  for  a je t  in 
a f lu idized bed [9, 10] in the value  of the n u m e r i c a l  
coef f ic ien t  in the denomina to r .  In the p r e sen t  c a s e  the 
value of this coef f ic ien t  was  d e t e r m i n e d  through e x p e r i -  
ment .  

The coef f ic ien t  of expans ion  of  the je t  (Cn) which 
e n t e r s  into (3) was ca lcu la ted  f r o m  an equat ion of the 
app rox ima te  t h e o r y  of d i s c h a r g e  of a j e t  into a f luidized 
bed [9, 10]: 

b t ua-F u w ro 
c n -  - -  - -  (4) 

X U a - -  U w X 

In th is  c a s e  the width of the g a s  tongue (bt) and the ve loc i ty  at  the je t  ax is  (Ua) were  d e t e r m i n e d  f r o m  the 
expe r imen t a l  ve loc i ty  p ro f i l e s  in d i f fe ren t  c r o s s  sec t ions  of a je t  d i s cha rg ing  into a s t a t i ona ry  bed. It  w a s  
e s t ab l i shed  that  within the r anges  of v a r i a t i o n  of  the p a r a m e t e r s  of  the je t  and the bed which o c c u r  in these  
e x p e r i m e n t s  the coef f ic ien t  of expans ion  of  the j e t  is a p p r o x i m a t e l y  equal  to c a = 0.8.  

The r ad ius  of  the gas  tongue of  a jet  in a s t a t i ona ry  bed at  the d i s tance  f r o m  the nozzle  to the m a x i -  
m u m  c r o s s  sec t ion  can  be d e t e r m i n e d  a s  (see F ig .  2b) 

rt =It ca.--a 1 (5) 
1 -+-c n + r ~  1 +c-------~ ' 

where  a i s  a coef f ic ien t  which a l lows fo r  the c u r v a t u r e  of  the boundary  of the gas  tongue.  I ts  n u m e r i c a l  
va lue  is about  0.4. The funct ion (5) p e r m i t s  one to ca lcu la te  with an a c c u r a c y  of 30%. 

The s tudy of the semibounded  jet  a l so  showed that  the height  of the c i r cu la t ion  zone is c o m p a r a b l e  
with the length of the gas  tongue (Fig. lb)  (the d i f fe rence  does  not exceed  1-2de) .  F o r  the de t e rmina t ion  of 
the m a x i m u m  d i a m e t e r  of the c i r cu l a t i on  zone with an a c c u r a c y  of 25% we obtained the e m p i r i c a l  equat ion 

d e = 2.5.10-~doFr ~ Ar =~ , (6) 

which is ve r i f i ed  with 

2.04.10' ~ F r ~  88.7.10*; I. 17. 105~ Ar ~ 34.0.105. 

A c o m p a r i s o n  of  the ca l cu la t ed  and e x p e r i m e n t a l  c o n t o u r s  of  the gas  tongue,  which shows s a t i s f a c t o r y  
c o n v e r g e n c e ,  is p r e s e n t e d  in F ig .  2b. A c o m p a r i s o n  between the r e s u l t s  of  ca l cu l a t i ons  based  on E q s .  (2), 
(3), (5), and (6) and the e x p e r i m e n t a l  data  is p r e sen t ed  in the c o r r e l a t i o n  g r a p h  of  Fig .  4. 
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N O T A T I O N  

do, dp, de 

d o 

/bed, It 
U, U0~ Ue, u w 

r0, rt  
X 

Y 
Ps, Pg 
P 

F r  = u~gd 0 
F r  c = u~/gd 0 
Ar  = gd3 e (0 s -pg) /v2pg  

a r e  the nozzle d i ame te r ,  d i a m e t e r  of solid pa r t i c l e s ,  and equivalent  d i a m e t e r  
of solid par t i c les ;  
is the m a x i m u m  d i ame te r  of c i rcula t ion  zone; 
a r e  the height of bed and length of gas tongue; 
a r e  the veloci ty  in c u r r e n t  c r o s s  sect ion of jet ,  j e t  d i scharge  velocity,  ve loci ty  
of c i rcula t ion  onset ,  and ve loc i ty  of wandering of solid pa r t i c l e s ;  
a r e  the nozzle radius  and max imum radius  of gas tongue; 
is the longitudinal coordinate ;  
is the cu r r en t  radius  of jet; 
a r e  the densi ty  of solid m a t e r i a l  and gas  density; 
is the k inemat ic  v i scos i ty  of gas;  F r  = u~/gd 0, 
is the Froude number ;  
is the c i rcu la t ion  Froude number;  
is the A r c h i m e d e s  number .  
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