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UNIFORM AND NONUNIFORM FLUIDIZED BED REGIMES 

Yu. I. Chernyaev UDC 532.546 

By analyzing jet flows in a fluidized bed the author has obtained a relation 
defining the boundary between uniform and nonuniform regimes. 

In accordance with the conventional terminology (see, e.g., [1-3]) we shall call a 
fluidized bed regime uniform if the bed can continuously expand upon an increase of velocity 
of the gas or liquid, due to a uniform increase of the gaps between particles of the granular 
material. If, on the other hand, for velocities exceeding the bed start-up velocity, the gas 
or liquid moves through the bed in the form of bubbles, we shall call this regime nonuniform. 

Several approaches have been taken toward an explanation of the differences between these 
regimes, and the most important results have been obtained from the concepts of a model of 
two mutually permeable continua, a two-phase model combined with extremal principles, and a 
model based on analysis of random motions of phases. 

With the two continuous media model, described in detail in [I], one can formally show 
the instability of a uniform fluidized state relative to small perturbations by analyzing a 
linearized system of equations of continuity and motion of the two phases. A considerable 
defect of the model is that the roots obtained for the characteristic equation, which define 
the rate of growth of perturbations, depend on the pressure and the dynamic viscosity of the 
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solid phase, concerning the physical meaning and values of which one must make a whole series 
of unconvincing assumptions. Therefore, the rate of growth of the perturbations can be cal- 
culated from experimental information only for a specified fluidized system~ but one cannot 

derive general conclusions from the analysis. 

There are two other approaches which allow us to obtain criteria for establishment of a 
nonuniform regime, criteria which show fair agreement with experimental information. In the 
analysis of random motions of the phases we take nonuniformity to he the existence of Corre- 
lation relationships in the motion of the particles, i.e., the appearance of aggregates (or 
packets) of granular material [4]. The two-phase model treats nonuniformity as the presence 
in the system of bubbles of the fluidizing agent of diameter (i0-25)d, and the relation be- 
tween the solid phase and the bubbles is determined from the condition of minimum potential 
energy of the particles in the field of gravity [5-8]. These criteria are qu~ite reliable and 
allow us to explain the transition of a uniform regime to a nonuniform one near the onset of 
fluidization and the inverse transition at large velocities of the fluidizing agent. How- 
ever, the final results obtained in both methods cannot be considered comprehensive, since 
neither takes into account, for example, the parameters Of the gas distribution device which 
affect the bed structure. The approach proposed in the present paper allows these parameters 

to be taken into account. 

As the physical model of the fluidized system we shall use the model proposed in [9, i0], 
according to which the gas passing through the bed forms channels (or jets) there with particle 
concentration considerably less than in the rest of the bed volume. We note that here we are 
speaking of channels whose length is comparable with the bed height and whose formation is 
not connected with the efflux of jets from the apertures of the gas distribution grid. The 
relation between the fluxes of fluidizing agent in the channels and in the solid phase en- 
sures a minimum of a certain energy function, which is subtracted from the potential energy 
of the particles in the field of gravity and the energy due to the gas pressure gradient [9]/ 
From a qualitative analysis of the equations of motion the authors of [9, i0] have shown 
that at a specific time after formation of a channel its cross sections will be Closed by 
particles, leading to an increased pressure drop and the formation of a bubble, redistribution 
of the gas over the section of the equipment~ formation of a new channel, a new bubble, and 
so on. High-speed movie pictures of a two-dimensional bed confirm that this model conforms 

with the actual process. 

For numerical description of the collapse of a channel and the formation of a bubble we 
use the relations of [ii, 12] which we obtained as a result of an investigation of the system 
of differential equations of motion of a disperse phase in the vicinity of a circular vertical 
bed on its Liapunov stability. It is legitimate to extend the conclusions of [II, 12] to 
channels of arbitrary shape, since a number of papers, e.g., [13], have shown that the field 
of the velocity profile is identical for the gas issuing from apertures of different configu- 
rations. The numerical values of the velocities differ here only in regard to a constant co- 

efficient on the order of i. 

It was shown in [ii, 12] that the granular material arrives in the bed from the lower 
part of the boundary of the gas jet described by the positive root of the characteristic 

equation, since the condition 

/,=b a2p~d2A 

holds, in which the quantity 

A ~ dl6 (1 + 0 (Re)). (2) 

In the upper part of the flare boundary Eq. (i) does not hold, and the particles are in 
a state of stable equilibrium and do not come into the jet. Between the lower and upper 
parts there is a region of shallow equilibrium [ii] in which the right side of Eq. (i) is 
equal to the left side. Under the influence of turbulent fluctuations of the gas velocity 
field this region oscillates about its mean position. When it is displaced upwards, the 
mass of particles, previously in a stable equilibrium position, is unstable and tends to 
move within the gas flare in the direction of the eigenvector for the positive root, and the 
projection of this vector in geometrical space lies in the horizontal plane and is directed 
toward the jet axis [12]. If the jet energy is not enough to accelerate the incident mass of 
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particles, the gas flare becomes covered and a bubble forms in its upper part. According tO 
the experimental investigations of [13], this picture is observed for a ratio of flare height 
to bed height xf/H < 0.6. For xf/H > 0.6 the mass of incident particles is accelerated 
quickly and removed from the jet volume, and therefore a bubble does not form. We note that 
these laws are valid for the so-called "active" jets for which air is supplied from an indi- 
vidual blower, and the gas flare parameters are determined by the compressor operation. We 
are considering jets formed as a result of particles slipping past the fluidizing agent, and 
therefore the arrival of an added mass of granular material into such a jet is always accom- 
panied by collapse of the gas flare and formation of a bubble [9, i0]. This is evidently 
due to the fact that less energy is expended in forming a new channel than on accelerating 
the particles arriving in the old channel. Of course, the flare will be stable if the granu- 
lar material over its entire boundary is in stable equilibrium, and for this the requirement 
is that Eq. (i) does not hold at a distance of more than d/2 from the gas distribution 
grid. This will ensure discharge into the bed of jets forming without circulation of particles, 
without collapse, and without bubble formation, i.e., uniform fluidization in the traditional 
sense. 

To obtain quantitative estimates onemustwrite the second derivative of the axial flow 
velocity with radius, in the initial section of the jet in explicit form, on the left sideof 
Eq. (i). It is recommended in [13] that the experimental values of the gas velocity in the 
initial section be approximated by the relation 

= -- : (3) 
kb--yl 

However, near the jet boundary (r ~ b) such a velocity profile cannot be realized, since 
to satisfy 

=o )r=b: ~176 ( or ]r=b 

simultaneously contradicts the Navier--Stokes equation. To avoid this contradiction we shall 
use the universal Schlichting profile 

: r __yXl ,512  

which is physically realizable, can be obtained analytically from Prandtl turbulence theory, 
and for r/b ~ 0.8 describes the experimental velocity field of the gas [13] at least as well 
as Eq. (3). From Eq. (4) we find 

02v vc -- vo (5) 
4.5 

Or ~ 7,=~ (b- -  @3 

At d i s t a n c e s  on t h e  o r d e r  o f  d / 2  f rom t h e  gas  d i s t r i b u t i o n  g r i d  we have  b - - y ~  ~. Then 
f rom Eqs .  (1) and (5) we o b t a i n  t h e  c o n d i t i o n  f o r  d i s c h a r g e  o f  a j e t  i n t o  a f l u i d i z e d  bed  
w i t h o u t  c o l l a p s e  and b u b b l e  f o r m a t i o n  

vc - -  vo < k l  ' - -  ~pv (6) 

a2pTA 

where kl ~ i. 

Below we shall investigate a bed for which Re >> I for the operating velocity of the 
fluidizing agent, and therefore Eq. (2) is simplified; 

'v ( 7 )  
A ,.-.., - -  

6ave 
The coefficient ~ for a particle at the jet boundary is determined from the condition 

that the forces of gravity, buoyancy, and drag are in equilibrium, andthe Magnus force and 
moment are zero [ii]: 
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TABLE I. 
Eq. (10)  

Fluidiz- 

Imo' 
2 
3 
4 e~ 
5 ~ater 
6 ~ater 

Example of Fluidized Regimes Calculated from 

~es- [ 

0,1 1,0 
0,1 5,0 

I0,0 1,0 
0,1 1,0 
0,1 0,3 
0,1 0,3 

PT'  kg/m 3 

1000 
10 

lO00 
1500 

10000 
10000 

Right side 
00,10  2 , 
m/see Fr (~ffq" 

30,0 9,18 2 
8,0 0,13 5 
5,0 0,26 3 
0,4 0,0016 0,1 
0,6 0,012 0,1 
9,0 2,76 2 

Fluidization re- 
gime from Eq. 

(lO) 

Nonuniform 
Uniform 

Nonuniform 

Experimental 
conf~mation 

[1--31 
!3, 161 
[1, 171 

t [I--3!~" 
/ [1, 3, ,~j 
I[1, 3, 17, 181 

zd~ zd2 pv~ 
6 g (p~-  p) --  4 ~ 2 ' 

whence we find 

4 p ~ - - p  (8) 
3 p Fr 

In the physical model of the fluidized bed considered the particle concentration in the 
jet is small, and therefore the drag of the channel can be taken as equal to the drag of its 
walls, and calculated from the formulas for roughened tubes. As follows from [14] the drag 
coefficient of such a tube is at least an order of magnitude less than the coefficient ~g of 
the gas distribution grid, if the bed height does not exceed 2500d, which holds in practice, 
as a rule. Therefore, one can calculate the pressure drop in a jet concentrated at the grid 
and equal to the pressure drop of the fluidizing agent between the zone below the grid and 
the volume above the bed: 

2 -- ~ g ' - - ~  + ( 9 T - p ) g h ~ 1 7 6  
(9) 

The drag coefficient ~g is taken to be the same for parts of the grid under the channel 
and under the solid phase of the bed, since the flow regime in the grid apertures is turbu- 
lent [14]. 

Substituting Eqs. 
zation 

(8) and (9) into Eq. (6), we obtain the condition for uniform fluidi- 

Fr < k 2 Vo P~ - -  P , ( 1 0 )  1// v~ ~ 2gho(1 - -Co) (0T- -  P) aPT 
~ - -  v0 

w h e r e  k2 ~ 10 .  T h i s  l a s t  e q u a t i o n  means  t h a t  i f  t h e  F r  number  i s  l e s s  t h a n  a c e r t a i n  va lue ,  
d e p e n d i n g  on  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  p a r t i c l e s ,  t h e  f l u i d i z i n g  a g e n t ,  t h e  d i s t r i b u -  
t i o n  g r i d ,  a n d  t h e  o p e r a t i n g  v e l o c i t y ,  t h e n  f l u i d i z a t i o n  o c c u r s  w i t h o u t  f o r m a t i o n  o f  b u b b l e s .  
The v a l i d i t y  o f  t h e  a n a l o g o u s  c o n d i t i o n  ( F r  < 1) was  shown s e m i e m p i r i c a l l y  i n  [ 1 5 ] .  The 
r e a l  v a l u e  o f  Eq.  (10)  i s  t o  r e l a t e  t h e  c r i t i c a l  v a l u e  o f  F r  t o  t h e  i n i t i a l  b e d  h e i g h t  and  
t h e  g r i d  d r a g ,  i n  c o n t r a s t  w i t h  c o n d i t i o n s  f o r  t r a n s i t i o n  t o  t h e  n o n u n i f o r m  r e g i m e  i n  [4 ,  8 ,  
1 5 ] .  

Table i gives examples of calculations using Eq. (i0) for various regimes. In all the 
examples ho = 0.3 m, the temperature of the fluidizing agent:is 20~ and ~g is calculated 
[14] for a perforated grid with aperture diameter of 1 mm and an actual cross section of 3% 
for fluidization with air and 10% for fluidization with water. 

The calculations performed show that Eq. (i0) gives good agreement with the known experi- 
mental data. 

It follows from analysis of Eq. (i0) that low beds and beds above grids with high drag 
(e.g., above po=ous slabs) will achieve more uniform conditions. In addition, if a bed is 
uniform at velocities close to the start of fluidization, and if 
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v2~ 2gho (1 -- ~o) (PT -- P) , 
P~g 

then with increase of the operating velocity the right side of Eq. (lO) increases in pro- 
portion with Vo, and the Fr number increases as v~. Therefore, when a certain value of vo is 
reached, condition (i0) breaks down and the fluidization regime becomes nonuniform, as is 
observed in practice [1-3] (see lines 5 and 6 of Table i). On the other hand, if the bed is 

uniform when the condition 

, 2gho (I - -  %) (p~ - -  p) 
Vo~ (ii) 

P~g 

holds, which occurs in low beds operating with trickling liquids and high-pressure gases, 
then Eq. (i0) takes the form 

~gp (12) 

a (1 - -  %) hopT 

and generally does not contain the operating velocity. A fluidized~system satisfying Eqs. 
(ii) and (12) will remain uniform at arbitrarily large velocities of the fluidizing agent. 
Apropos of this it was shown in [3] that "a deliberate attempt to obtain a nonuniform bed of 
ion-exchange resin with particle dimension 0.4-0.5 mm in narrow long tubes (more than a 
meter) did not succeed; with increase of water velocity the bed expanded, but the uniformity 
of particle distribution in the liquid was not disturbed." It is easy to verify, using Eq. 
(12), that to obtain nonuniformity in this case one must take an initial bed height of not 

less than 3-5 m. 

Industry makes widespread use of fluidization by air of solid particles of dimension 0.5-5 
mm and density about i000 kg/m 3. From Eq. (i0) one can estimste the initial bed height for 
which the fluidization regime will be uniform. For example, for d = 1 mm, P T = 1500 kg/m 3, 
Vo = 2 m/sec and gg = 500-3000 [14] one must maintain ho < I0 mm, which is hardly of practical 

interest. 

NOTATION 

v, axial flow velocity in the channel; v c, initial efflux velocity in the channel; vo, 
operating velocity of the fluidizing agent with the equipment empty; d, 0T, ~, diameter, 
density, and aerodynamic drag coefficient of a particle [ii]; 0, v, density and kinematic 
viscosity of the fluidizing agent; co, ho, porosity (fraction of voids) and height of the bed 
at rest; b, y, r, jet radius, radius of the potential core of flow in the jet, and distance 
from the jet axis to the center of the particle; Sg, drag coefficient of the gas ds 
grid; a, coefficient accounting for flow constraint [ii]; Fr = v~/gd, Froude number; Re = 
vod/v, Reynolds number; kl and k2, numerical coefficients in Eqs. (6) and (i0). 
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THERMODYNAMIC PROPERTIES OF n-BUTANE 

E. T. Vas'kov UDC 536.7 

Equations are derived and used to calculate a table of thermodynamic properties of 
n-butane in the saturated state. 

In calculating chemical engineering processes and refrigeration equipment cycles in which 
n-butane is used as the raw material or cooling agent, reliabledata on the thermodynamic 
properties of that material are essential. 

Below we will present self-consistent equations for pressure, density, specific heat, 
heat of evaporation, enthalpy, and entropy, which were obtained by critical evaluation of 
experimental data. The equations were used to calculate a table of thermodynamic properties 
for n-butane in the saturated state, suitable for practical use. 

Saturated vapor pressure was calculated with the equation 

lgp = A -]- B T  -I  q- CT q- D T  2 + E T  a -'k K T  ~, (i) 

which to an accuracy of ~0.2% describes the experimental data of [1,4] on saturated vapor 
pressure of n-butane over the temperature range from the triple point to the critical point. 
In Eq. (i) pressure is expressed in MPa and temperature in ~ 

The constants appearing in Eq. (I) were determined by the method of least squares: A = 
13.9878; B = --3597.20; C = --8o05251.10-3; D = --3.05786-10-5; E = 8-13812.10-8; K =--4.57782" 
10 ~ll 

Density of the boiling (saturated) liquid has been measured over the following ranges: 
[5] (273-32~ [6] (293-306~ [7] (294-394~ [2] (325-4220K); [8] (227-3330K); [9] 
(135-275~ [i0] (93-173~ [ii] (135-3000K); [12] (283-368~ [13] (at 293 and 298~ 
[14] (311-4110K); [15] (at 288.65 and 327.55~ The data of [9-12] are the most reliable 
and precise. 
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