
P R E S S U R E  D I S T R I B U T I O N  A R O U N D  A S I N G L E  

B U B B L E  MOVING IN A F L U I D I Z E D  BED 

V~ G.  K u l ' b a c h n y i  a n d  K. E .  M a k h o r i n  UDC 532.546 

Results are presented on the pressure distribution within a bubble and around it, the bubble 
being in a fluidized bed. 

The structure of a fluidized bed changes appreciably when gas bubbles appear. The dynamic param- 
eters  are determined in the main by the hydrodynamics of the fluidization, and the result is t ransient-state 
motion of the solid phase and gas, together with pressure  pulsations and local variations in the density. 

The stability of the gas bubbles (discrete phase) and the ejection of material  when they break up at 
the surface indicate that the cavity within the bubble is at a pressure  higher than that of the surrounding 
medium (continuous phase). 
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Fig. 1. P ressure  distribution in a bed with: 1) uniform fluidization; 2) a 
gas bubble within it. 

Fig~ Effects of bubble size on the pressure  distribution in a fluidized 
bed of graphite part icles:  1) 0.106 ram; 2) 0.172 ram; 3) 0.3 ram; a) Ap' 
and Ap" {ram water) as functions of bubble volume V b (cm~; b-d) 6/~Ib, 
Hr/Hb, and h/H b as functions of Vb; ~ is the slope of the tangent. 
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F i g . 3 .  Ef fec t s  of speed w (m/sec)  of fluidizing agent on 
the dis t r ibut ion of the p r e s s u r e  Ap (mm water)  in and 
around the bubble for  pa r t i c l e s  with d e = 0.2 54 mm and 
V b = 16 cmS; a) Ap n (curve 1) and Ap, (curve 2) as func-  
t ions of w; b) 5/I-I b (curve 1), h /H  b (curve 2), and H r / H  b 
(curve 3) as functions of w. 

Expe r imen ta l  r e su l t s  [1-3] and theore t i ca l  s tudies [4-7] show that only the upper  pa r t  of the bubble 
cavi ty  is under excess  p r e s s u r e ,  whereas  the lower  pa r t  shows reduced p r e s s u r e ,  i .e . ,  the leading edge has 
a posi t ive  p r e s s u r e  gradient  while the t ra i l ing  one has a negat ive one. 

These  different  signs for  the p r e s s u r e  gradient  along the ver t ica l  axis go with the g a s - p e r m e a b l e  s u r -  
face to fac i l i ta te  gas  t r a n s f e r  between the d i sc re t e  and continuous phases .  

The ra t e  of gas  flow through the cavi ty  de t e rmines  the type of motion of the d i sc re te  phase  [4, 8] and 
is i t se l f  dependent on the p r e s s u r e  gradient  and the po ros i ty  of the surrounding medium.  

Here  we r epo r t  t e s t s  on the p r e s s u r e  around and within a bubble.  

The t e s t s  were  done on a l abo ra to ry  s y s t e m :  in a column 75 m m  d iame te r  we used  pa r t i c l e s  of con-  
ducting m a t e r i a l  {graphite) with a na r row  g r a i n - s i z e  dis t r ibut ion and an equivalent d i ame te r  of 0.106, 0.172, 
0.254, or 0.3 ram.  Ai r  was the fluidizing agent .  The expe r imen t s  were  done under no rma l  condit ions.  The 
height of the fluidized l aye r  was equal to the column d i a m e t e r .  Into the fluidized l ayer  we injected an addi-  
t ional  volume of a i r ,  which was used  to produce a single bubble.  We obse rved  the motion of the bubble with 
a p robe ,  which cons is ted  of two graphi te  e l ec t rodes  1 m m  in d i ame te r  and a p r e s s u r e  de tec tor  in the f o r m  
of a tube 3 m m  in d i a m e t e r .  The e lec t rode  lengths and dis tance between them were  3 r am.  The e lec t rodes  
were  connected in the c i rcu i t  of a type M001 ga lvanome te r .  The p r e s s u r e  detec tor  was connected to an 
optical  p r e s s u r e  t r a n s d u c e r .  The  ga lvanomete r  and the p r e s s u r e  t r ansduce r  were  connected to an N700osc i l -  
lograph.  The pa s s age  of the gas  bubble pas t  the point of observa t ion  was accompanied  by in te r rupt ion  of the 
ga lvanomete r  c i rcui t  and change in the p r e s s u r e ;  the readings  of the ga lvanomete r  and p r e s s u r e  t r ansduce r  
were  r e c o r d e d  on photographic p a p e r .  

The r e su l t s  f r o m  the o sc i l l og rams  showed that this was a sound method of pe r fo rming  the e x p e r i -  
ments  and provided some quanti tat ive re la t ionsh ips .  

F igure  1 shows the p r e s s u r e  d is t r ibut ion in height for  the ma in  body of the bed with uniform f lu idiza-  
tion (line 1) and with the single gas  bubble p re sen t  (curve 2). The upper  pa r t  of the bubble of height h and 
a ce r t a in  region above the bubble of extent 5 were  under  excess  p r e s s u r e  with re la t ion  to the surrounding 
medium,  while the lower pa r t  of the bubble of height (Hb-h)  and a zone beneath it of depth H r were  under  
reduced  p r e s s u r e .  Pa r t  b of the zone r e p r e s e n t e d  a sheath of pa r t i c l e s  with a po ros i ty  equal to that of the 
unfluidized bed.  

T h e r e  was a sma l l  p r e s s u r e  di f ference over  the height of the bubble; in the leading pa r t  of the bubble 
(point B) the p r e s s u r e  was higher  t han  that in the t ra i l ing  pa r t  (point D). This  type of p r e s s u r e  d i s t r ibu-  
t ion in a bubble has been r epo r t ed  before  [2]. 

The ve r t i ca l  p r e s s u r e  gradient  occurs  because  cu rve  ABCDE re f l ec t s  the change in the stat ic  p r e s -  
sure  d i f ference ,  whose dis t r ibut ion in the bubble cavi ty  is dependent on the gas  speed in the bubble.  The 
motion of the bubble is accompanied  by a t r a n s v e r s e  flow through the cavi ty  and a c i r c u l a t o r y  motion within 
it [4]. At point D, these  flows add up, and the speed of the overa l l  flow at ta ins  values such as to set  up a 
dynamic p r e s s u r e  head, which r e s u l t s  in reduced  s tat ic  p r e s s u r e  at this point.  In the pa r t  CB the re  is a 
d i s p e r s a l  of the je t ,  the gas  speed fa l ls ,  the stat ic  p r e s s u r e  i n c r e a s e s ,  and a point B is one of max ima l  
p r e s s u r e .  
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F i g . 4 .  Ef fec t s  of d e (ram) on Ap (ram water)  in and around 
bubble for  w = w0 and V b = 16 cmS: a) Ap'  (curve 1) and Ap" 
(curve 2); b) 5/H b (curve 1), h /H b (curve 2), and H r / H  b (curve 
3) as  functions of w. 

The excess  p r e s s u r e  Ap'  at point B re la t ive  to the surrounding medium is de te rmined  by the leakage 
of gas  f rom the bubble cavi ty ,  while the negat ive p r e s s u r e  Ap" at point D c h a r a c t e r i z e s  the influx of gas 
into the bubble.  The zone of excess  p r e s s u r e  5 above the bubble and the zone of r a r e f ac t ion  H r behind it 
r e f lec t  the hydrodynamic  s ta te  of the l ayer  around the bubble and the ra te  of t r a n s f e r  of gas  between the 
d i s c r e t e  and continuous phases ,  as does the propor t ion  h of the height under  excess  p r e s s u r e .  The values 
of Ap ' ,  Ap",  5, Hr ,  and h a r e  dependent on the bubble volume,  the speed of the fluidizing flow, and the p a r -  
t ic le  s i ze .  

F igure  2 shows how Ap' and Ap" a r e  dependent on the initial  volume V b of the bubble for  the th ree  
graphi te  f rac t ions  1-3having equivalent d i ame te r s  of 0.106, 0.172, and 0.3 ram.  

We see that Ap, and Ap,  inc rease  l inear ly  with the bubble volume in the range  D/D b _> 2.53; 
any subsequent  i nc r ea s e  in V b leads to l ess  pronounced i nc r ea se  in Ap" and an apprec iab le  reduct ion in Ap'  
for  D/D b -> 2.28, where  D and D b a r e  the d i ame te r s  of the tube and bubble.  D b was de te rmined  f rom the 
p rev ious ly  der ived  re la t ionship  V b = 0.453 D E. 

Tangents  drawn to the Ap'  and Ap" cu rves  through the or igin differ  in slope (a '  = a" )  for  c o r r e s p o n d -  
ing par t i c le  s i z e s ,  which conf i rms  that IAp'l = IAp"l as r epo r t ed  in [2, 3]. 

P a r t s  b -d  of F ig .2  give the behavior  of 6/Hb, Hr /Hb ,  h /H b in r e sponse  to the init ial  s ize  of the bubble; 
a c h a r a c t e r i s t i c  fea ture  in each case  is that the pe r tu rbed  region around the bubble is l a r g e r  when the p a r -  
t ic les  a re  s m a l l e r ,  which is due to change in the v i scos i ty  c h a r a c t e r i s t i c s  of the bed. The effect ive v i s -  
cos i ty  of the fluidized bed i n c r e a s e s  with the par t i c le  s ize [9], which affects  the fluidity and hence the de-  
fo rmat ion  of a l aye r  over  a surrounding region.  

F igure  2b shows that  5/H b i n c r e a s e s  with V b within ce r t a in  l imits ;  the e x c e s s - p r e s s u r e  zone above 
the bubble grows with the bubble s ize  on account of the i nc rea sed  p r e s s u r e  in the upper  pa r t  of the bubble; 
6 i n c r e a s e s  with Ap'  for  the constant  gas  flow f rom the bubble into a l aye r  of unchanged p o r o s i t y .  The r e l a -  
t ion between Ap'  and 5 m a y  be desc r ibed  to a f i r s t  approximat ion  by an equation for  the flow of liquid f r o m  
a spher ica l  source  [10]. 

F igu re  2c shows H r / H  b as  a function of Vb, where  curve  1 co r r e sponds  to an equivalent pa r t i c le  s ize  
of 0.106 m m ;  for  D/D b = 2.53 the re  is a peak,  and the depth of the r a re fac t ion  zone in this case  is m o r e  
than twice the height of the bubble.  F u r t h e r ,  H r is only about 1.4 H b for  pa r t i c l e s  of equivalent d i ame te r  
0.172 or  0.3 m m  for  the s ame  D/D b. I nc rea se  in V b r educes  H r / H  b for  pa r t i c l e s  of equivalent d i ame te r  
0.172 m m  throughout the range  employed,  whereas  for  pa r t i c l e s  of s ize  0.3 mm there  was an i nc r ea se  in 
this quantity only for  D/D b -> 2.28, this being followed by a fal l .  

F igure  2d shows h /H b as a function of Hb; the re  is a peak  in this quantity,  with h > H b for  the 0.106 
m m  pa r t i c l e s  (curve 1) for  D/D b = 2.53; c l ea r ly ,  under  these  conditions one gets  a bubble cavi ty  s i m i l a r  in 
shape to a segment  of a sphe re .  The gas flow through the bot tom of the bubble ent ra ins  pa r t i c l e s  and tends 
to fill  the bot tom of the bubble to a g r e a t e r  extent than when l a rge  pa r t i c l e s  a r e  used.  Then H b is na tura l ly  
reduced  and h exceeds  it .  With pa r t i c l e s  of 0.172 or 0.3 ram,  h/ r i  b i n c r e a s e s  with Vb, and the i nc rea se  in 
h is l inear  in the range  of V b of 8-20 cm ~. 

T h e r e  is an apprec iab le  change in the dependence of Ap ' ,  Ap",  5/Hb,  h /Hb,  H r / H  b on V b for  ce r t a in  
D/D b on account of the appara tus  s ize;  the nea rne s s  of the walls  affects  the bubble motion for  D/D b -< 3.0 
[41. 

Figure  3a shows how Ap' and A p " a r e  dependent on w; Ap'  d e c r e a s e s  as w i n c r e a s e s ,  while np"  in-  
c r e a s e s .  
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We found that the gas bubbles  can exis t  a lso  in an immobi le  l aye r ;  as the bubble r i s e s ,  its volume 
d e c r e a s e s ,  and 5 a lso  diminishes  as w i n c r e a s e s  (curve 1 of Fig .  3b), which r e su l t s  in a reduct ion in the 
hydrodynamic  r e s i s t a n c e .  The ra t e  of gas  leakage f rom the bubble i n c r e a s e s ,  and the p r e s s u r e  in the 
leading pa r t  fa l l s ,  and hence the p r e s s u r e  throughout the cavi ty ,  which means  an i nc rea se  in the r a r e f a c -  
t ion Ap,  in the lower  pa r t .  

Curve 2 of F ig .  3b r e f l ec t s  the dependence of h /H b on w; before  f luidization s t a r t s ,  the re  is a sha rp  
fall  in h /Hb,  whereas  there  is  only a minor  change for  w > w0. The fal l  in h as w i n c r e a s e s  occurs  on a c -  
count of the inc reased  p r e s s u r e  drop in the continuous phase ,  which means  that  pa r t  of the gas  flow t r a v e l -  
ing with the bubble en te r s  into the cavi ty ,  s ince the hydrodynamic  r e s i s t a n c e  in that  pa r t  is  l e s s ,  which in 
turn  tends to equalize the p r e s s u r e s  in the lower  and upper  p a r t s  of the bubble cavi ty .  

Curve 3 of F ig .  3b r e f l ec t s  the var ia t ion  in H r with w; in an immobi le  l aye r ,  H r / H  b fal ls  marked ly ,  
and it r eaches  i ts  min imal  value for  w = 1.15 w0. Any fu r the r  i nc r ea se  in the flow speed causes  a tendency 
to a constant  value H r ~ 1.1 H b.  

F igure  4a r evea l s  a d i rec t  p ropor t iona l i ty  in the effect  of the pa r t i c l e  s ize  on Ap' and Ap, ;  i nc rease  
in d e r e su l t s  in i n c r e a s e s  in the l a t t e r  two quant i t ies .  The  obse rved  points for  Ap, and Ap,  fit s a t i s f a c -  
t o r i l y  to a single s t ra ight  l ine,  which conf i rms  IAp'l = IAp"l for  W = w0 [2]. 

The s ize  of the channels  between pa r t i c l e s  i n c r e a s e s  with the pa r t i c l e  s ize  i t se l f ,  and this r educes  
the hydrodynamic  r e s i s t a n c e ,  which should cause  a reduct ion in the p r e s s u r e  in the upper  pa r t  of the bubble; 
however ,  i nc rea se  in Ap, goes in hand with an i nc r ea se  in A p ,  the l a t t e r  being due to the p r o p e r t i e s  of the 
surrounding med ium,  i .e . ,  the c r o s s  sec t ion  of the po re  channels  i n c r e a s e s  with the gra in  s ize ,  the hydro -  
dynamic r e s i s t a n c e  fa l l s ,  and hence one gets  a m o r e  rap id  equal izat ion of the p r e s s u r e  between the s u r -  
rounding medium and the lower  end of the bubble.  

T h e r e  is thus a continuous equi l ibr ium between Ap, and Ap , ,  while the absolute values of these  a r e  
de te rmined  by the p r o p e r t i e s  of the surrounding med ium.  

F igure  4b shows that  the fal l  in 5/H b as d e i n c r e a s e s  is only sl ight ,  and to a ce r t a in  approximat ion  
we m a y  a s s u m e  that ~ is independent of the pa r t i c l e  s ize;  however ,  F ig .  2b shows that any i nc rea se  in V b, 
and thus in Ap, (Fig.2a) ,  will r e su l t  in an i n c r ea se  in ~/H b.  F igure  4a shows that Ap, i n c r e a s e s  with de, 
which in turn  should lead to i nc r ea s e  in 6/H b.  

This  behav ior  of 6/H b cannot be explained on the bas i s  of concepts  concerning the viscous s t r e s s e s  
in the l aye r  acting as a continuous med ium.  

The fal l  in the  p r e s s u r e  gradient  between the bubble and the surrounding medium is governed not only 
by the effect ive v iscos i ty  of the l a y e r ,  which c h a r a c t e r i z e s  the l aye r  as a continuous medium,  but a l so  by 
the poros i ty ,  i .e . ,  by the s ize  of the pore  channels .  The p r e s s u r e  m a y  be equalized as a resu l t  of flow of 
the continuous phase  as a liquid, i .e . ,  as a r e su l t  of s imul taneous  motion of the pa r t i c l e s  of the gas  as well  
as of the motion of the gas  alone between the p a r t i c l e s .  

The f i r s t  effect  is de te rmined  by the v i scos i ty  of the l aye r ,  and the second by the dimensions  of the 
po re  channels  in the f luidized bed; the two effec ts  occur  toge ther ,  and the p redominance  of one or the other  
is  dependent on the p r o p e r t i e s  of the s y s t em,  of which the main  one is  the pa r t i c l e  s i ze .  The v i scos i ty  in-  
c r e a s e s  with the  par t i c le  d i ame te r ,  and the tendency of the medium to flow is reduced,  with the r e su l t  that 
t he r e  is l ess  tendency for  p r e s s u r e  equalizat ion by motion of the continuous phase  (par t i c les  and gas) .  
The channel d i ame te r  a l so  i n c r e a s e s  with the pa r t i c l e  d i a m e t e r s ,  and the p r e s s u r e  equalizat ion will t h e r e -  
fo re  tend to occur  by flow of gas  through the channels  when the pa r t i c l e s  a r e  l a rge .  

We t h e r e f o r e  cons ider  that  the p ic ture  of the gas  flow above the bubble is as fol lows.  If the pa r t i c l e s  
a r e  smal l ,  the e scape  of gas  f r o m  the bubble and d i spe r sa l t h rough  the l aye r  encounters  a hydrodynamic  
r e s i s t a n c e  g r e a t e r  than that in the l aye r  of l a rge  p a r t i c l e s ,  which r e su l t s  in a d i f ference  in the gas leakage 
r a t e s  and hence in the s ize of the e x c e s s - p r e s s u r e  zone above the bubble.  In the f i r s t  ca se ,  the medium 
is m o r e  fluid, and the p r e s s u r e  gradient  is reduced  above the sheath of immobi le  pa r t i c l e s  ma in ly  as a r e -  
sult  of mot ion of the continuous phase .  If the pa r t i c l e s  a r e  l a rge ,  the effect  occurs  by motion of the gas in 
the pore  channels .  

We find that h /H b tends to dec r ea s e  as the pa r t i c l e  s ize  i n c r e a s e s  in the range d e - 0.165 mm (curve 
2 of F ig .4b) ;  fu r the r  change in d e has l i t t le  effect  on this  quanti ty.  
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Curve 3 of F ig .4b  ref lects  the variat ion in H r with de; in the range 0.165-0.265 mm there  is only a 
slight change in Hr/Hb,  but any fur ther  increase  in d e causes  an appreciable r i se  in the la t ter .  The r e l a -  
tionship may be divided crudely into three regions:  in the f i rs t  (d e < 0.165 ram) the viscosi ty increases  with 
the par t ic le  s ize,  so the moving bubble remains  turbulent (entrained jet), and this turbulence dies away only 
slowly on account of the inert ial  forces  of the par t ic les  in a medium of low viscosi ty.  In the second region 
(d e = 0.165-0.265 ram) the inc rease  in viscous s t r e s ses  is balanced by increase  in the size of the channels 
between gra ins ,  and there  is increased  influx of gas f rom the continuous phase, with a fall in the rate of 
reduction in:the ra refac t ion  zone. In the third region (d e > 0.265 ram) the s izes of the channels between the 
par t ic les  become sufficient for the p r e s s u r e  equalization to occur mainly by flow in the channels,  while the 
thickness of the ra refac t ion  zone increases  on account of the increased  influx of gas into the bubble cavity 
from a large volume of the layer .  

NOTATION 

Ap I is the excess  p r e s su re  at the front of the bubble; 
Ap" is the ra refac t ion  at the r e a r  of the bubble; 
6 is the height of the excess  p r e s su re  region over the bubble; 
H b is the height of the bubble; 
H r is the height of the region of ra re fac t ion  behind the bubble; 
h is the par t  of the bubble cavity under excess p r e s su re ;  
V b is the initial volume of the bubble; 
w is the velocity of the fluidizing agent; 
w0 is the velocity of the onset of fluidization; 
d e is the equivalent diameter  of a par t ic le ;  
D is the diameter  of the apparatus;  
D b is the bubble d iameter .  
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