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M E C H A N I C S  O F  J E T  F L O W S  IN G R A N U L A R  L A Y E R S .  

C O A L E S C E N C E  O F  B U B B L E S  I N  C O N S T R A I N E D  

F L O W  C O N D I T I O N S  

Y u .  A .  B u e v i c h  a n d  G .  A .  M i n a e v  UDC 532.545 

The coa lescence  of bubbles forming during the injection of a s y s t e m  of pa ra l l e l  je ts  into a 
high fluidized l a y e r  is invest igated.  The effect  of the p a r a m e t e r s  of pe r fo ra t ed  g a s - d i s -  
t r i bu to r  a r r a y s  on the fo rmat ion  of the l aye r  s t ruc tu re  is  br ief ly  d i scussed .  

A s y s t e m  of pa ra l l e l  je ts  is ve ry  often used  for  fluidization of g ranu la r  l aye r s  and also for  improving  the 
c h a r a c t e r i s t i c s  of l aye r s  fluidized by an independent homogeneous flow. In both cases  the c h a r a c t e r i s t i c s  of 
these  je t s  have a m a r k e d  effect  on the format ion  of the l a y e r  s t ruc tu re  as well  as  on the intensi ty  of the p r o -  
c e s se s  of heat  and m a s s  t r a n s f e r  r ea l i zed  in the l ayer .  F r o m  the point of view of applicat ions the main in te res t  
l ies in the in te rac t ion  of je ts  and the bubbles fo rming  in them and in the i r  dependence on the c h a r a c t e r i s t i c s  of  
the l aye r  i t se l f  as well  as on the init ial  p a r a m e t e r s  of the jets  (shape and s ize  of nozzles  or  a p e r t u r e s ,  veloci ty,  
the s tep  between adjacent  a p e r t u r e s ,  and so forth).  It is just  this  in terac t ion  that p r i m a r i l y  de te rmines  the 
nature  of gas  dis tr ibut ion and the requi red  s t ruc tu re  of the fluidized l aye r  so that i ts  invest igat ion is ent i re ly  
n e c e s s a r y  fo r  developing methods of l ayer  s t ruc tu re  control  and engineer ing techniques of i ts  computat ion,  as 
well as for  the construct ion of g a s - d i s t r i b u t o r  units .  

In spi te  of the obvious p rac t i ca l  s ignif icance of this p rob l em,  i ts  meaningful  investigation is s t i l l  in a 
r u d i m e n t a r y  s tage (for example ,  see  [1]). There  a r e  only isolated empi r i ca l  or  purely  engineering inves t iga-  
tions of pa r t i cu l a r  p rob lems  encountered in the construct ion or  operat ion of ce r ta in  equipment.  Theore t ica l ly ,  
cons t ra ined motions in a fluidized l ayer  have been invest igated only in connection with the r e s t r i c t ing  effect  of 
the equipment  walls on the distr ibution of gas flows around a so l i ta ry  bubble [2], with the interact ion of two 
c lose ly  spaced  bubbles in an infinite l ayer  [3], and with the mutual  effect  of two s ta t ionary  adjacent  plane jets  
on gas injection and the pa r t i c les  in each of these  jets  [4]. Below, the resu l t s  of exper imen t s  on the inves t iga-  
tion of the interact ion of pa ra l l e l  je ts  in a high l ayer  and on the de terminat ion  of the height of p r i m a r y  coa l e s -  
cence of bubbles as a function of the physical  and r eg ime  p a r a m e t e r s  a r e  p resen ted  and d i scussed .  

A s y s t e m  of two semiinf ini te  ve r t i ca l  je ts  flowing out into a fluidized l ayer  of par t i c les  of polys tyr i l ,  
n i t r o a m m o p h o s p h  (a n i t rogen - -ammonium- -phosphorus  fe r t i l i ze r ) ,  a lumin0s i l ica te  ca ta lyzer ,  and sand of d i f f e r -  
ent g ranu lomet r i c  composi t ion was taken as the init ial  objects  for  invest igat ion.  In mos t  exper imen t s  the 
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Fig.  1. A schemat ic  d i a g r a m  of the expe r imen t -  
al  setup:  1) equipment;  2} nozz les ;  3) je t  f l a r e s ;  
4) gas bubbles;  5) manomete r ;  6) shut-off  de-  
vice;  7) f lowmeter ;  8) hea te r ;  9) plan of the equip- 
ment during the opera t ion  with two nozz les ;  10) 
plan of the equipment during opera t ion  with a set  
of v isua l  j e t s .  

f lu idizat ion number  was c lose  to unity.  A schemat ic  d i a g r a m  of the expe r imen ta l  setup with equipment  of 
r ec t angu la r  c r o s s  sect ion (area of the a r r a y  0.025 m 2) is  shown in Fig .  1. The equipment was provided  with 
the n e c e s s a r y  measu r ing  and cont ro l  ins t rumenta t ion  and a lso  with a s y s t e m  of s e p a r a t e  supply of a i r  under  
the a r r a y  and to the nozz les .  Semiinf ini te  nozzles  of 6 - r am d i a m e t e r  were  p laced d i r e c t l y  at the t r a n s p a r e n t  
wall  of the equipment  with the plane face aga ins t  the wall;  th is  p e r m i t t e d  v isua l  obse rva t ions  and motion p ic -  
tu res  of the flow p r o c e s s  (with f requency f rom 32 to 3000 f r a m e s / s e c ) .  The const ruct ion  of the equipment 
had provis ion  fo r  m e a s u r i n g  the s teps  between nozz les ;  the uni formi ty  of gas d i s t r ibu t ion  between the nozzles  
was regu la ted  by a d i f fe ren t i a l  manome te r .  

The development  of two adequate ly  spaced je t s  (at d i s tances  exceeding twice the f l a r e  height x of a s ingle  
jet) in a f luidized l a y e r  occurs  in the s ame  way as the development  of s ingle je t s  inves t iga ted  in [5]. The o v e r -  
a l l  in tensifying effect of intense s t a t iona ry  je t s  exiting a lmos t  to the su r face  of the l a y e r  on the in te rna l  hydro-  
dynamics  of the l a y e r  extends to a d is tance  f rom t h e i r  axes that approx imate ly  coincides  with x. However,  
intense c i rcu la t ion  of p a r t i c l e s  induced by each jet  extends to a d is tance  of about x /2 .  In p a r t i c u l a r ,  for  the 
s tep between je t s  equal to x o r  s m a l l e r  the nature  of motion of p a r t i c l e s  in the i n t e r f l a r e  zone is  de t e rmined  
exc lus ive ly  by the outflowing j e t s .  These  conclus ions  a r e  in comple te  ag reemen t  with the ana lys i s  in [4]. 

These  effects  tend to d e c r e a s e  with the de c r e a s i ng  s t reng th  of the j e t s ,  i . e . ,  in t r ans i t ion  to the s e l f -  
o s c i l l a t o r y  outflow reg ime .  In this  c a s e ,  the hor izonta l  extension of the zone of influence of the je ts  on the 
sur rounding  sol id  phase  is no longer  de t e rmined  by the total  height of the f l a r e  but by the height of i ts c o n s t r i c -  
tion above the end of the nozz le ,  which is about (0.55-0.60)x [5]. The intensifying effect of the je ts  in the 
v e r t i c a l  d i r ec t ion  extends to a d is tance  of the o r d e r  of the coordina te  of the zone of p r i m a r y  coa lescence  of 
the bubbles .  

On d e c r e a s i n g  the d i s tance  between the j e t s ,  the in tens i ty  of the motion of p a r t i c l e s  in the i n t e r f l a r e  zone 
as a whole i n c r e a s e s  and for a s m a l l  f lu idizat ion number  the s ize  of the stagnant  zone,  which fo rms  between 
the je ts  as a r e su l t  of deplet ion of the sol id  phase  by the gas due to i ts  p redominant  inject ion into the jet  f l a r e s ,  
d e c r e a s e s .  Wi.th fu r the r  d e c r e a s e  of the d is tance  between the j e t s  the je t s  begin to m e r g e .  

The min imum dis tance  between the cen te r s  of the nozzles  o r  a p e r t u r e s ,  at which the m e r g e r  of je ts  or  
the coa l e scence  of the forming bubbles does not begin r ight  up to at taining a ce r t a in  level  above the end of the 
nozz le s ,  is  of spec i a l  i n t e r e s t  both f rom pure ly  sc ient i f ic  and appl ied points of view. This d i s tance  was d e t e r -  
mined as a function of the condit ions of je t  outflow and the l a y e r  p a r a m e t e r s .  Expe r imen ta l  data show that  this  
d is tance  is de t e rmined  by. the condition of contact  of the regions  of c lose  c i rcu la t ion  of pa r t i c l e  s around the 
bubbles gene ra t ed  by the j e t s .  Thus,  the d i f ferent  p a r a m e t e r s  {fluidization number ,  flow ra t e  of gas  into the 
j e t s ,  the dens i ty  and p a r t i c l e  s i z e ,  and so forth) affect  this d is tance  to the s ame  extent  as they affect the s ize  
of the forming bubbles and ra te  of t h e i r  gro~r as they r i s e  in the l a y e r .  
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Fig. 2. Mechanism of coalescence of jets and bubbles: 
a) coalescence of jets with generat ion of a single bub- 
ble; b) radial  coalescence of identical bubbles; c) cap- 
ture  of a smal l  bubble in the wake zone of a large bub- 
ble. 

One can distinguish the three basic mechanisms of coalescence of jets o r  bubbles i l lustrated in Fig. 2. 
F i r s t ,  there is a random m e r g e r  of the jets themselves with the formation of a single bubble (Fig. 2a). This 
mechanism is especial ly charac te r i s t ic  for  c losely spaced jets for  t ~ D O and also for  jets in the s ta t ionary 
regime or  regime of local gushing. Secondly, there  is the radial coalescence of synchronously forming bub- 
bles (Fig. 2b); thirdly,  there is the coalescence caused by the capture of a sma l l e r  bubble in the wake zone of 
a large bubble observed in the case of appreciable asynchronous flow of adjacent jets (Fig. 2c). These mecha-  
nisms operate  for jets flowing out into a high fluidized layer  in the se l f -osc i l l a to ry  regime if the step between 
the jets sat isf ies  the inequality t > kD 0, where k is a coefficient which represents  the ratio of the diameter  of 
circulat ion zone to d iameter  D o of the generated bubble. There  a re  many theoret ical  and empir ica l  es t imates  
of k in the l i terature  (a review is given in [6]); for  engineering purposes  one can take k ~ 1.2-1.5. We note 
that the condition of absence of coalescence caused by the m e r g e r  of identical bubbles is more  rigid than the 
condition of absence of coalescence during asynchronous development of adjacent jets .  

The typical nature of the minimum step tm between jets ,  at which the coalescence in a given layer  is 
general ly  absent,  is shown in Fig. 3 as a function of the layer  height. For  smal l  values of H, t m is almost  
constant.  This indicates that in this case the coalescence occurs  due to d i rec t  contact of the jet f lares  near  
the upper boundary of the layer  at the t ime of the generation of the bubbles. On increasing H, t m increases .  
This means that the bubbles forming over  adjacent nozzles do not coalesce at the moment of generation but 
begin to r i se  in the layer  as independent format ions.  As they r i se  in the layer ,  their  s ize grows (the growth 
of moving bubbles has been investigated in [7, 8]) and, finally, comes the instant when their  outer shells bound- 
ing the zone of close circulat ion of par t ic les  touch each other,  which also denotes the s tar t  of coalescence of 
the bubbles. For  a layer  of a given height H the step tm is determined as that distance between the axis of 
the nozzles at which the coalescence begins exactly at the upper boundary of the layer ,  i . e . ,  at a height H 
above the a r r ay  (in this c a s e H  plays the role of the height of the zone of p r ima ry  coalescence).  We note that 
here we are  considering coalescence  of identical bubbles (see Fig. 2b); the coalescence  of bubbles of different 
s izes occurs  ea r l i e r ,  other conditions remaining unchanged, i . e . ,  at higher distances above the a r r ay .  

The dependence tin(H) in the Mgh layer  can be est imated making use of the new theory of motion of gas 
bubbles in a fluidized layer  presented in [9,10]. For  large values of H, when the path t raveled by the bubbles 
before coalescence is large compared to the distance at which the stat ionary charac te r i s t i cs  of their  motions 
are  established, one can neglect the deviations of the initial velocity of the bubbles f rom their s tat ionary value 
[11]. Then f rom [9,10] we get the equation for  the change of volume v of the bubble with the height of r ise :  

d____~v = C V~, (I) 
dH 

where the coefficient C depends on the physical  pa ramete r s  of the phases of the layer  and rate of fluidization; 
in par t icu lar ,  it increases  with the density and the size of the par t ic les .  The equation for  the equivalent 
d iameter  D of the bubble analogous to Eq. (1) is of the form 

do c' c , =  
d H  - -  ~ - D - '  3 ~  ] C. (2) 

The solution of this equation for the initial condition D = D O for  H = H0, where H 0 is the coordinate of the center  
of the generated bubble, is 

D 3,'2 - -  DSo/2 = 3/2 C' (H - -  Ho). (3) 
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F~g. 3. The dependence of minimum step between jets on the height of p r imary  coalescence for  
a layer  of ni t roammophosph:  d = 3.24 mm; U = 47.2 m / s e c ;  the continuous line corresponds  to 
Eq. (4). 

Fig. 4. Dependence of the minimum step tm on the pa ramet r i c  c r i t e r ion  x/H: a) layer  of 
aluminosil icate ca ta lyze r  for  d = 2.83 mm [ 1) U = 26.4, 2) 39.5, and 3) 52.7 m/sec ] ;  b) layer  
of ni t roammophosph for  U = 30 m / s e e  [ 1) d = 1.41, 2) 2.24, and 3) 3.24 mm]. t m, cm, 

For  bubbles in the very  high layer ,  the relat ions D >> D O and H >> H 0 hold, so that we have 

t m -~ kD ~ cH ~'13, c = k (3C'12) 2/3. (4) 

A function of form (4), giving the asymptotic form of the true function tin(H) for  large values of H, is also 
shown in Fig. 3. 

The above discussion shows that the minimum step t m depends substantially on the relationship between 
the layer  height and the maximum height of the jet f lare.  Therefore ,  it is advisable to investigate the depen- 
dence of tin on the pa ramet r i c  cr i ter ion x/H; this dependence is i l lustrated in Fig. 4 for  different exit velocities 
of the jets (a) and different par t ic le  d iameters  (b) for  fluidized layers  of par t ic les  of aluminosil icate ca ta lyzer  
and ni t roammophosph.  The curves  in Fig. 4 have kinks corresponding to a cer ta in  cr i t ical  value of x/H,  whose 
dependence on the different pa rame te r s  is determined in an obvious manner  by the dependence of the d iameter  
Do of the generated bubble on these pa ramete r s ;  this dependence has been discussed in detail in [5] and, there-  
fore ,  is not d iscussed here .  For  the values of x/H exceeding the cr i t ica l  value, the coalescence occurs  due to 
d i rec t  contact of the jets or  the c i rculat ion sheets around the bubbles at the time of generation; for small  va l -  
ues of x/H the bubbles coa lesce  af ter  t ravers ing  a cer ta in  path in the layer  (comparable with curve in Fig. 3). 
F rom (4) we obtain the following asymptotic representa t ion near  the coordinate origin in Fig. 4: 

t m =  cx 2/3 (xlH) -z~3. (5) 

Hence it is c lear  that the slope of the curve in Fig. 4 in the region of smal l  values of x/H is s teeper  for  larger  
hitting range of the jets x and for l a rge r  values of pa r ame te r  c (i. e . ,  for  example, for l a rge r  initial exit ve loc-  
ity U and l a rge r  or  heavier  par t ic les) .  The data in Fig .4  and also other experimental  resul ts  of the same 
type substantiate this conclusion; the expected increase  of t m with the increase  of the part icle  density of the 
layer  is also observed.  

We note that along with formulas (4) and (5), for engineering purposes  we can recommend a simple em- 
pir ical  relationship 

tm 1.1 (6) 
D* x / H  

which has been confirmed by the experiments for  0.2 ~ x/H ~ 0.6 with an accuracy  up to 25%. In (6), D R is 
the d iameter  of the bubble whose volume is equal to the maximum volume of the f lare .  

The physical  picture of interaction jets descr ibed above is qualitatively confirmed also by analogous 
experiments  conducted with a set of two or  more  plane jets flowing into a prefluidized two-dimensional  granu-  
la r  layer .  Fu r the rmore ,  the charac te r i s t i c s  of coalescence of bubbles -- the est imates  of the height of the 
zone of p r ima r y  coalescence H and the step tm between the jets required for ensuring a given value of this 
height -- remain pract ical ly  unchanged even in situations when there  is a sys tem of three-dimensional  or  
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plane jets injected into a s tat ionary granular  layer  f rom aper tures  of a perfora ted  a r ray  and leading to the 
transit ion of the layer  into a fluidized state.  This fact enables us to automatically use laboratory resul ts  
of the type descr ibed above for  di rect  modeling and computation of the zone of coalescence in rea l  equipment 
with different construct ion of the gas dis t r ibutor  and to compare  the efficiency of gas distributing a r rays  of 
different types. 

This s imi lar i ty  of phenomena observed in a prefluidized layer  and a s tat ionary layer  is entirely natural .  
Actually,  t h e  interaction of jets and generation of bubbles begins at a height comparable  with x where the par -  
t icles a re  in an approximately identical fiuidized state in both the cases .  At the same t ime,  there are  also 
some significant differences.  F i r s t ,  during the blowing-in of jets into a s tat ionary layer ,  stagnant zones are  
formed in the intermediate  space between the jets ,  and an additional injection of the gas into the lower par t  of 
the jet f lares  does not occur;  this must  lead to a lowering of the height of the f lares  compared to jets in the 
fluidized layer.  Secondly, the constrained nature of the flow slows down the injection of gas f rom the f la res ,  
which must  cause a relat ive increase  of the height. On the whole, as special  experiments  on fluidized granular  
layers  above perfora ted  a r r a y s  of four types showed, the difference between jets form. ing above the aper tures  
of the a r r a y  for  fluidization of the layer  and jets flowing out f rom aper tures  of the same diameter  in a p re -  
fluidized layer  is very  smal l  and usually lies within the experimental  e r r o r .  

These experiments  were ca r r i ed  out on equipment of the same type as the experiments  whose resul ts  
are  shown in Fig. 1; for visualization of the p rocess ,  the equipment was placed with its t ransparent  internal 
face along the axis of the end row of the aper tures  of an a r ray  lying along the co rne r  of a square.  As a resul t ,  
half the a rea  of the aper ture  was covered by the wall and a sys tem of semiinfinite nozzles (apertures) with the 
plane face toward the equipment wall was formed.  The used a r r a y s  differed in the d iameter  of the aper tures  
and the steps between them and, therefore ,  in their  useful c ross  section; sandandni t roammophosphofd i f fe ren t  
fract ions were used as the mater ia l  of the layer .  

A detailed descript ion of the resul ts  of these experiments and purely engineering conclusions and r e c -  
ommendations,  which follow from them, is beyond the scope of the present  work and will be discussed in a 
subsequent ar t ic le .  Here it is pert inent  to s t r e s s  only that the development of jets forming above the aper-  
tures  of a r r ays  proceeds according to the same general  scheme as the development of a sys tem of jets injected 
into an independently fluidized layer .  The results  obtained in experiments with these a r r ays  can be actually 
used with high accuracy  in the analysis  of the zone near  the a r ray  and of the p rocesses  of p r imary  coalescence 
of bubbles and formation of piston-type gas layers  in real  equipment. 

N O T A T I O N  

C, C' ,  c,  pa ramete r s  in (1)-(4); D, instantaneous d iameter  of the bubble; D 0, initial d iameter  of the 
bubble; d, d iameter  of the par t ic les  of the layer ;  H, height of the layer  or  height of the level of p r imary  co-  
alescence;  H 0, height of generation of bubbles; k, the rat io of the d iameter  of zone of circulat ion of par t ic les  
to the bubble diameter ;  t,  step between aper tures  o r  nozzles;  tm,  minimum step corresponding to coalescence 
at level H; U, initial velocity of the jet; v, volume of the bubble; x, height of jet f lare.  
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