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is the bubble veloci ty;  
is the bubble rad ius ;  
is the poros i ty ;  
is the k inemat ic  v i scos i ty ;  
~s the su r f ace - t ens ion  coefficient;  
is the acce le ra t ion  due to gravi ty ;  
is the rad ius  of packing gra in ,  d = 2R; 
xs the pis ton veloci ty;  
a r e  the Froude and E~btv~s n u m b e r s ,  r e spec t ive ly ;  
a re  the densi t ies  of liquid and gas ,  r e spec t ive ly ;  
is the dis tance between pis tons ;  
is the column d iame te r ;  
is the speci f ic  su r face  of the packing; 
is the local  gas pe rcen tage  at the side sur face  of gra ins ;  
is the vo lume t r i c  gas percentage .  
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E F F E C T I V E  D E N S I T Y  O F  A F L U I D I Z E D  B E D  

Y u .  I .  Z i n o v ' e v  UDC (631.358.45+66.096.5):901.5 

P r e s s u r e  coeff icients  have been de te rmined  for  a fluidizing agent flowing around a sphere .  A 
method is p re sen ted  for  calculat ing the in tegra l  ae rodynamic  force ;  fo rmulas  a re  given for  the 
var ia t ion  in the apparent  ae rodynamic  densi ty and effect ive densi ty for  a fluidized bed. 

If a fluidized bed is to be used as a means  of separa t ing  m a t e r i a l s  by densi ty ,  one needs to lmow the e f -  
fect ive  densi ty cor responding  to the actual  upthrus t  on an i m m e r s e d  body. Not much is known about the exact  
or igin of this fo rce  or  the f ac to r s  that  affect  it. The ef fec ts  of a fluidized bed on an i m m e r s e d  sphere  have 
been equated to those of an Arch imedean  liquid. The densi ty of the pseudofluid has  been taken as that  of the 
m a s s  of the gra ins  of solid per  unit volume of the suspension.  The obse rved  fo rces  differ  f r o m  the A r c h i -  
medean  value in both s ens e s ,  which is due to the p r e s s u r e  exer ted  by the body of gra ins  in the s t a t~an t  zone 
[1, 2, 12] and a lso  to r i s ing  cu r r en t s  of the solid [3] or  of the solid and fluidizing agent together  [14]. It has  
also been c la imed [8, 14] that  the fo rce  i n c r e a s e s  with the fluidization number  and as the size of tlle body de-  
c r e a s e s .  

The s t ruc tu re  of a fluidized bed nea r  an i m m e r s e d  body dif fers  substant ia l ly  f r o m  that  in an unper turbed 
pa r t  of the bed: the ae rodynamic  wake above the body has  a stagnant zone with li t t le c i rcula t ion in "&he grains  
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Fig. 1. Dis t r ibut ion of the p r e s s u r e  coefficient  around 
a sphere  in a f luidized bed (N = 1.25): 1) d = 50 ram;  2) 
30; 3) 90; 4) 70 ram;  ~, deg. 

Fig. 2. De te rmina t ion  of the ae rodynamic  upthrus t  Pa; 
Pre  is in P a  and a is  in deg. 

[1, 2, 5, 13], while under  the lower  half  of the body the re  is a l aye r  f r ee  f r o m  gra ins  or  e l se  with a reduced 
gra in  concentra t ion [5, 6, 9, 13]. We have found on obse rv ing  the flow around a cyl inder  in a fluidized bed that  
a zone with l i t t le  pa r t i c l e  c i rcula t ion  is produced under  the body at low fluidization numbers  (forward stagnant 
zone). This  obse rva t ion  a g r e e s  with the views p re sen t ed  in [10, 11]. 

A gra in  en te r ing  the f r ee  a i r  l aye r  around the lower  half  of the body is en t ra ined  by the flow and ca r r i ed  
upward ,  which indicates  that  the flow speed around the body is h igher  than the mean  speed in the gaps between 
the grains .  

The speed d i f fe rences  between the unper tu rbed  p a r t  of the bed,  the f r ee  l ayer  nea r  the body, and in the 
fo rward  and r e a r  s tagnant  zones p r e d e t e r m i n e  the p r e s s u r e  d i f fe rences  at  a given level .  Consequently,  the 
p r e s s u r e  d is t r ibut ion ove r  the body does  not co r r e spond  to the l inear  dis t r ibut ion of the s ta t ic  p r e s s u r e  in a 
un i formly  fluidized bed,  so the upthrus t  should di f fer  f r o m  the Arch imedean  value even if we neglect  the fo rce  
exe r t ed  by the upper  s tagnant  zone. 

The ae rodynamic  up thrus t  is a combinat ion of the va r ious  fo rces  a r i s ing  f r o m  the fluidizing agent; the 
fo rce  f r o m  the flow around a sphere  can be de te rmined  if the p r e s s u r e  dis t r ibut ion is known. The la t te r  can 
be der ived  f r o m  data obtained with sphe re s  of d i a m e t e r  30, 5 0 ,  70, and 90 m m  i m m e r s e d  in fluidized beds. 
Holes  of d i a m e t e r  0.2 m m  w e r e  p laced  in the mer id iona l  plane at in te rva ls  of 30 ~ between the fo rward  c r i t i ca l  
point and the r e a r  one, and were  connected to a mult icbnnnel  m i c r o m a n o m e t e r .  The connecting tubes of di-  
a m e t e r  2 m m  w e r e  brought  out f r o m  the sphe re  on the side opposite to the holes and had no effect  on the s t r u c -  
tu re  of the bed. 

The re  was  no change in the read ings  upon ro ta t ing  the sphere  around its  ve r t i ca l  ax is ,  so the p r e s s u r e  
v a r i e s  essen t i a l ly  in the ve r t i c a l  plane only. 

The p r e s s u r e  d is t r ibut ion may  be c h a r a c t e r i z e d  via the d imens ion less  p r e s s u r e  coefficient  P, which is 
defined as  t h e  ra t io  of the d i f ference  between the p r e s s u r e  at the given point and the s ta t ic  p r e s s u r e  at  infinity 
to the dynamic  p r e s s u r e  for  the unper tu rbed  flow [4]. 

The flow around a sphere  in an unbounded f luidized bed has  an equivalent  s ta t ic  p r e s s u r e  at  infinity equal 
to the s ta t ic  p r e s s u r e  at  the depth of the r e l evan t  point in the bed. The speed of the unper turbed  flow is equal  
to the reduced  speed.  Then the p r e s s u r e  coeff icient  as defined above is 

-p = P--Ps  (1) 
.pV ~ 
9. 

The s ta t ic  p r e s s u r e  in the bed was  de t e rmined  with a mult ichannel  alcohol m i c r o m a n o m e t e r .  The p r e s -  
sure  was  m e a s u r e d  through l a t e r a l  holes in blind tubes i m m e r s e d  in the bed. 

The granu la r  m a t e r i a l  was  s i l ica  gel (d e = 5.2 ram;  pg = 1740 kg /mS) .  The tank had dimensions  0.35 • 
0.36 m 2. The bot tom was  f o r m e d  by a b r a s s  grid of cell  s ize  0.1 r am,  which was  mounted as  four  l a y e r s  to f o r m  
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a grid with an effect ive  c lea r  c r o s s  sect ion of 0.4. Additional adjustable  devices  provided fu r the r  equa l i za -  
tion of the a i r  flow. 

The comple te  depth of the f luidized bed was in the range  116-142 m m  as the fluidization number  was 
va r i ed  over  the range  1-3.6; the speed for  onset  of f luidization was  1.4 m / s e c .  

The pa t t e rn  of a i r  flow around an i m m e r s e d  sphere  is a lmos t  the s ame  as that  for  a sphere  in a f ree  a i r  
flow [4], although the sphere  d i a m e t e r  does have some effect  on the p r e s s u r e  dis t r ibut ion (Fig. 1), as  do the 
a i r  speed and the depth of i m m e r s i o n .  The absolute values  of these  p r e s s u r e  coeff ic ients ,  on the other  hand, 
a re  much l a r g e r  than those for  an unbounded a i r  flow, while the angles  at  which the posi t ive  values  go over  to 
negat ive ones va ry  widely. Somet imes  there  were  no pos i t ive  p r e s s u r e  coeff ic ients .  

The negat ive va lues  a re  due to the eject ion in the f r ee  l aye r  around the body. The veloci ty  around the 
sphere  mus t  be continuous,  so it i n c r e a s e s  with the reduced  flow speed and as the sphere  d i ame te r  inc reases .  

The magnitude and sign of the p r e s s u r e  coeff icient  a re  dependent on the th ickness  of the a i r  l ayer .  Pho-  
tographs  of cy l inders  showed that  the th ickness  was  g rea t e s t  for  a cyl inder  of d i ame te r  50 ram. F igure  1 shows 
that  the l a r g e s t  p r e s s u r e  coeff icients  o c c u r r e d  for  a sphere  of d i ame te r  50 ram. The highest  ae rodynamic  den-  
s i ty o c c u r r e d  in the b e d - s p h e r e  s y s t e m  also for  a d i a m e t e r  of 50 mm.  The re la t ionship  between l aye r  th ick-  
ness  and the p r e s s u r e  at the su r face  occu r r ed  because  the a i r  speed is lower  in a highly developed l ay e r ,  so 
the e ject ion is l e s s  pronounced.  

The p r e s s u r e  on the leading p a r t  of a sphe re ,  e spec ia l ly  a la rge  one, is substant ia l ly  affected by the 
leading s tagnant  zone. The p r e s s u r e  r i s e  occu r s  because  the inc reased  ae rodynamic  r e s i s t a n c e  r educes  the 
flow speed in this zone,  so the re  is no ejection. M e a s u r e m e n t s  showed that  the regions  of reduced or  e levated  
p r e s s u r e  extended downward by 10-40 mm.  

I m m e r s i o n  of the sphere  in the bed to a depth of h = (1.1-1.3)d caused the absolute values  of the p r e s s u r e  
coeff icients  to i nc rease ;  any fu r the r  i nc rease  in the depth lef t  them unchanged until the sphere  r eached  the zone 
immedia te ly  above the gr id ,  the exac t  d is tance va ry ing  f r o m  10 m m  for  l a rge  sphe res  to 30 m m  for  smal l  ones. 
The values  for  the p r e s s u r e  coeff ic ients  in this zone then tended to fa l l ,  because  the p o r o s i t y  of the fluidized 
bed is reduced  there ,  while nea r  the body it tends to be e levated  because  of difficulty of a cce s s  for  grains  d i s -  
p laced by the flow. As a r e su l t ,  the p r e s s u r e  coeff ic ients  deviate f r o m  the values  for  unbounded flows. 

The in tegra l  ae rodynamic  upthrus t  was  calcula ted by rep lac ing  the a i r  flow by some equivalent  fluid whose 
density v a r i e s  with depth,  which exe r t s  a p r e s s u r e  equal to the p r e s s u r e  of the a i r  in the fluidized bed. The 
t r e a t m e n t  was  s impl i f ied  by r e f e r r i n g  p r e s s u r e  on the en t i re  sur face  to the lower  hemisphe re  by finding the 
p r e s s u r e  d i f ference  at d i ame t r i ca l l y  opposite points in the lower  and upper  h e m i s p h e r e s .  Then the lower  
h e m i s p h e r e  was  spl i t  up into be l t s  having cen t ra l  angles ~ 0 - ~ 1 . . .  ~ i - v / 2  (Fig. 2). The graph for  Pre = f(~) 
a lso  spl i ts  upinto  the cor responding  number  of p a r t s  ~ 0 - ~ . . .  ~ i - v / 2 ,  with Pre  = f(~) Mthin  each pa r t  l inear .  
This  al lows one to a s s um e  that  the density of the equivalent  liquid within each l ayer  is constant  at  

APre ~ (2) 
'Ore ~ -- A h  i 

whereupon the ae rodynamic  upthrus t  can be de te rmined  f r o m  the A r c h i m e d e s  pr inciple .  The integral  ae rody-  
namic  upthrus t  on the whole sphere  is 

l 

Fa = ~ Pre i Qi. (3) 
1 

The sepa ra t ing  capaci ty  of a f luidized bed may  be deduced f r o m  the upthrus t  via the cor responding  a p p a r -  
ent dens i t ies ;  if the ae rodynamic  upthrus t  co r r e sponds  to the density of an equivalent  liquid or  to the apparen t  
ae rodynamic  densi ty  of a f luidized bed,  then the co r respond ing  force  is 

F a = p~ Qg .  (4) 

Then (4) al lows us to de te rmine  the apparen t  densi ty of the equivalent  liquid or  the apparen t  ae rodynamic  
densi ty  Pa of a fluidized bed. 

The effect ive densi ty  is der ived  s i m i l a r l y  in t e r m s  of the actual  upthrus t  FA; in the range  of fluidization 
number s  used  (N -< 1.36), the p r e s s u r e  f luctuations occur  a thigh f requenc ies  andhave smal l  ampli tudes ,  so the 
f luctuat ions a r e  of local  c h a r a c t e r ,  in which case  they make no m a j o r  contr ibution to the upthrus t ,  which is a 
d i f fe rence  f r o m  the si tuat ion at high N [8 ]. T h e r e f o r e ,  the f luidizat ion c an be cons idered  as homogeneous in this case .  
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Fig. 3. Apparent  aerodynamic  density and effective density 
for  a fluidized bed as a function of sphere d iameter :  a) (I-I- 
h) = 30 ram; b) h = d; dashed-dot  line) density of suspension; 
dashed curve) apparent  aerodynamic  density of fluidized bed; 
solid curve) effective density [1) N = 1.03; 2) 1.18; 3) 1.25; 4) 
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Fig. 4. Density difference Pa - Pe as a func-  
tion of the fluidization number:  a) (I-I-h) = 30 
mm;  b) h = d; 1) d = 30 mm; 2) 50; 3) 70; 4) 90 
mm;  Pa, Pe, kg/m3" 

We determined FAbyweigh ing  the sphere in a i r  and in the fluidized bed; the sphere was hung on a thin 
wire  connected to an e lec t r ica l  balance,  and the resu l t s  served to define the effective density 

FA 
Pe = - (5) 

qe 

The density of the suspended grains is 

p~ = pg(] _ ~). (6) 

Figure 3 shows Pa =f(d); Pe = ~b(d) and Ps for various fluidization numbers as derived by experiment 
from (3)-(6). 

The aerodynamic density was higher than that of the suspension and also above the effective bed density 
for spheres of diameter 30-90 mm with h > d. This occurs because F a is greater than F A on account of the 
effects mentioned above. 

The effective density as a function of sphere size reproduces  the behavior  of the apparent  aerodynamic  
densi ty,  which showed that the actual force  (determined as the difference between the weight of the sphere in 
air  and in the bed) is s imply the aerodynamic  upthrust  reduced by some opposing force .  The las t  consis ts  of 
the weight of the granular  mater ia l  in the upper stagnant zone and the res i s tance  of the fluidized bed to the 
movement  of the lat ter .  There  is a r ing  of r i s ing  bubbles or  a ir  jets  between this and the fluidized bed p roper ,  
so the fr ict ional  fo rces  can be neglected in a f i r s t  approximation. In that case ,  Pa - Pe cor responds  to the 
m a s s  of grains  in the upper stagnant zone as r e f e r r e d  to the volume of the sphere ,  namely ,  the relat ive m a s s  
of the cap. Figure  4a shows that the re la t ive  m a s s  of this cap inc reases  with the d iameter  of the sphere.  
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The t rend  in Pa and ~e with sphere  d i a m e t e r  is  dependent on the fluidization number  and i m m e r s i o n  
depth;  if N is l e s s  than 1.18, which co r r e sponds  to incomplete  f luidizat ion,  Pa and Pe d e c r e a s e s  as d i n c r e a s e s ,  
which is followed by a min imum at  d of 70-80 m m  and then by a sl ight  r i s e  (except for  Pa for  h = d). If N ex -  
ceeds  1.18, Pa = f(d) and Pe = •(d) have a second turning point  at d = 40-50 mm.  

The effect ive  densi ty  may  thus be h igher  or  lower  than the densi ty of the suspens ion ,  the s ize of the 
sphere  being the dec is ive  fac tor .  The effect ive s ize  of the sphe re ,  namely ,  the s ize  at  which the effect ive den-  
s i ty equals  that  of the suspension,  i n c r e a s e s  with the f luidizat ion nurnbe r,  but the re is a ee t ra in  range in N in which 
the effect ive  densi ty  is less  than the suspension densi ty  fo r  al l  sphere  s i zes .  

The r e a r  s tagnant  zone is  f i l led with l a rge ly  immobi le  gra ins  only if the sphere  is fa i r iy  deep within the 
bed,  so one expects  that  the effect ive densi ty  would be higher  with the sphere  only pa r t ly  i m m e r s e d .  However ,  
p a r t s  a and b of Fig. 3 show that  the effect ive densi ty is actually l e s s  (if h = d, when there  a re  v i r tual ly  no s u s -  
pended gra ins  r e s t i ng  on the sphere)  than it is for  deep i m m e r s i o n .  Since the a i r  l aye r  around the sphere  l ies  
nea r  the f r ee  su r face  of the bed,  the re  is a m a r k e d  reduct ion in the r e s i s t a n c e  to the bubbles or  j e t s ,  which 
r e d u c e s  the ae rodynamic  up thrus t  on the body. 

The d i f ference  between the apparen t  ae rodynamic  densi ty  and the effect ive density is much l e s s  if the 
sphere  l ies  nea r  the su r f ace ,  and the d i f ference  is l e s s  dependent on the fluidization number  (Fig. ,4b). 

The effect ive  densi ty above the grid is reduced  for  smal l  sphe re s ,  as  would be expected ,  since the p r e s -  
sure  coeff ic ients  in this region a r e  somewhat  l e s s .  

The s t ruc tu re  of the f luidized bed nea r  the body,  together  with the p r e s s u r e  dis t r ibut ion and the s i m i -  
l a r i ty  of the Pa = f(d) and pe = ~(d) cu rves ,  indicates  that  the hydrodynamic  set t ing around a body is  due to in-  
t e rac t ion  between two types  of flow; h indered  flow around the body and the ma in  flow pass ing  through the un-  
pe r tu rbed  pa r t  of the bed. The ul t imate  r e su l t  is de te rmined  by the c h a r a c t e r i s t i c s  of both f lows,  and these  
t h e m s e l v e s  a re  dependent on the p r o p e r t i e s  of the f luidized m a t e r i a l ,  the s ize of the body,  the fluidization 
speed,  the dis tance of the body f r o m  the dis t r ibut ing gr id ,  and the dis tance f r o m  the su r face  of the bed. 
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NOTATION 

the sphere diameter, m; 
the equivalent  d i am e t e r  of g ra ins ,  m;  
the in tegra l  ae rodynamic  buoyancy fo r ce ,  N; 
the Arch imedean  upthrus t ;  N; 
the acce le ra t ion  due to g rav i ty ,  m/sec2;  
the total  depth of f luidized bed,  m;  
the depth of bot tom of sphere  , m; 
the height of sphere  bed,  m;  
the a i r  p r e s s u r e  a t  sphere  su r f ace ,  Pa;  
the p r e s s u r e  coefficient;  
the sur face  p r e s s u r e  r e f e r r e d  to the lower  h e m i s p h e r e ,  Pa;  
the p r e s s u r e  drop in bed in sphere  sect ion,  Pa;  
the sphere  volume,  m3; 
the volume of sphere  bed,  m3; 
the fluidization speed r e f e r r e d  to the a r e a  of the unloaded" sec t ion ,  m / sec ;  
the init ial  f luidization speed,  m / sec ;  
the fluidization number ;  
the flow angle for  s p h e r e ,  deg; 
the poros i ty ;  
the densi ty of a i r ,  kg/m3; 
the apparen t  ae rodynamic  densi ty of f luidized bed,  kg/m3; 
the densi ty  of solid suspens ion ,  kg/m3; 
the effect ive  densi ty  of f luidized bed,  kg/m3; 
the densi ty  of equivalent  liquid for  sphere  bed,  kg/m3; 
the densi ty  of g ra ins ,  kg/m3; 
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H Y D R A U L I C  R E S I S T A N C E  AND H E A T  T R A N S F E R  IN A 

P U L S A T I N G  F L O W  OF A G A S - S O L I D  M I X T U R E  

V. V. M a m a e v ,  V. S. N o s o v ,  
a n d  N. I.  S y r o m y a t n i k o v  UDC 536.244:532.582.7 

It is shown that the heat - t ransfer  coefficient can be increased by 30-350/0 if periodic fluctuations in 
speed occur in an ascending gas - so l i d  mixture. 

Much importance has recently been attached [1] to pulsed pneumatic t ransport ,  in which there is a strictly 
periodic air  input into a pipeline. This provides similar speeds for  the carrying medium and bunches of ma-  
ter ia l ,  which provide for considerably improved range and performance. 

On the other hand, forced velocity pulsation superimposed on a uniform flow may accelerate heat t rans-  
fer  [2, 3], while colliding jets of suspensions and pulsations in ascending gas - so l id  flows at resonance may 
accelerate  heat t ransfer  between phases [4]. 

Here we repor t  measurements  on velocity pulsations and heat t ransfer  for  gas - so l id  suspensions in 
pipes. 

The equipment has previously been described [5]; the velocity fluctuations were produced by periodically 
altering the cross section of the pipe before or after the working section, which was a steel tube of internal 
diameter 8 mm and length 800 mm. The pulsation frequency was in the range 1-12 Hz and was recorded by a 
clock system (1 Hz) or by a stroboscopic tachometer  (5 or 12 Hz). The amplitude of the pulsations in the flow 
rate was estimated from the fluctuations in the stagnation pressure .  The Reynolds number varied in the range 
(2-8.2) " l0  s, while the corresponding gas speeds were 4.6-17.5 m/sec. The electrocorundum part icles of diam- 
e ter  60 ~ were used at concentrations from 0 to 11 kg/kg. The value did not exceed 6 kg/kg at low gas speeds. 

The t ime-averaged pressure  difference over the working section was measured with a micromanometer.  

The studies amounted to determining the empirical  factor K applicabl e to the resistance due to the par t i -  
cles in the flow. 

The definition of K is as follows [6]: 

Kirov Urals Polytechnic Institute, Sverdlovsk. Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 
31, No. 5, pp. 815-820, November, 1976. Original art icle submitted October 13, 1975. 
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