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Relations are obtained for estimating the frequency and amplitude of vibration 
at which extremal values of the transfer coefficients are obtained in a fluidized 
bed. Satisfactory agreement with experiment is found. 

A bed of suspended granular particles is very widely used in various branches of industry 
because of the high rates of transfer processes and the simplicity of transport of friable 
material. The suspended bed is produced, as a rule, by blowing gas or liquid through the 
apparatus and also by the action of vibration of various structural elements on the friable 
material. The diversity and complexity of the physical processes occurring here has so far 
prevented the development of accurate mathematical methods for determining the optimal para- 
meters of the vibrationally fluidized bed, and the design of equipment is based mainly on 
experimental data, of which much has been accumulated in the last ten years. 

In analyzing the results of experimental investigations, the first noteworthy feature is 
the appearance of extrema in most characteristics of the fluidized bed with increase in 
amplitude and frequency of vibration [i]. Such characteristics include, for example, the heat- 
transfer coefficients at the immersed surface, the effective heat conduction and viscosity of 
the bed, the intensity of particle mixing, and so on. However, for different materials, the 
conditions for reaching extrema are different, and therefore the problem of determining the 
vibrational parameters (amplitude, frequency, or a combination) at which these bed charac- 
teristics reach a maximum or minimum is of great practical importance. 

In the present work, the approach proposed for a fluidized bed produced by gas or liquid 
injection through granular material [2, 3] is developed. It is supposed that the greatest 
intensity of transfer processes in a fluidized bed is reached at the greatest particle mobility, 
which, in turn, is achieved with an equal distribution of the kinetic energy of their random 
motion over translational and rotational degrees of freedom. In its hydrodynamic properties, 
the vibrationally fluidized bed is largely similar to a regular fluidized bed [I], and 
therefore the analogy is appropriate in the present case. 

It was proven'in [2, 3] that, in the interval between two successive collisions, the 
particle tends to a state in which its relative angular velocity is zero, and its relative 
linear velocity is the free-fall velocity under constrained conditions U 0. The times in which 
change in linear and angular velocities of the particles occurs are respectively 

(1) ~I -- Uo PT and T2 ~ 
g PT--P 60apuo 

where a is a coefficient of the order of unity, depending on the porosity of the bed [3]. 

The condition of greatest mobility of the particles Yi = ~2 allows the velocity U M at 
which the gas moves relative to the granular material such that extremal values of the trans- 
fer coefficients are achieved [2, 3] to be determined from Eq. (i) 

(2) 
U~= 60ap or ReM~0,13ffA'r. 

This velocity corresponds to the completely determined eigenfrequency of particle vibration 
fM = y[x = T~I Taking into account that ~ % 1 and PT >> P, it follows from Eqs. (i) and (2) 
that 
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Achieving the greatest intensity of transfer processes in a vibrationally fluidized bed 
entails ensuring resonance conditions, i.e., imposing vibrations at frequency fM on the 
granularmaterial. However, imposing such vibrations is only possible at a definite vibra- 
tional amplitude AM, since the particles in the gas cannot fall more rapidly than U0, and will 
move away from the vibrating surface unless 

2gfA<~Uo. (4) 

Substituting f = fM and U 0 = U M into Eq. (4), the limiting amplitude value of the 
vertical vibrations is obtained 

A~,=O,O03 pTd . (5)  
P 

In the given discussions, the gas velocity relative to the motionless structural elements 
of the apparatus is assumed to be small in comparison with the particle velocity, which is a 
very rough simplification of the real hydrodynamics of a vibrationally fluidized bed. There- 
fore, Eq. (5) and all the theoretical relations given below must be regarded only as esti- 
mates of the corresponding quantities. 

Table 1 gives the values of A M and fM calculated from Eqs. (3) and (5) for p = 1 kg/m s. 

Experience shows that no extremal phenomena are observed in vibrationally fluidized 
beds at vibrational parameters differing considerably from those in Table i. For example, 
it is totally impossible to attain vibrational fluidization in finely disperse magnesium- 
oxide and calcium-oxide powder at frequencies in the range i0-i00 Hz [4]. The theoretical 
values of the optimal frequency for these materials are 1800 and 400 Hz, respectively, which 
is far outside the range here investigated. Maximum heat-transfer intensity cannot be attained 
at an immersed surface in corundum beds with a particle size of 0.04 ~m at frequencies 25-100 
Hz [4] and with a particle size of 5-7 ~m at frequencies up to 25 Hz [5]. The theoretical 
values of the optimal frequency for these materials are 1900 and 160 Hz, respectively. On 
the other hand, in experiments with quartz sand of particle size 0.165-0.21 man, at a vibra- 
tional frequency of around 40 Hz, minimal rarefaction under the bed is observed [i], which 
is in good agreement with calculation. In a vibrationally fluidized corundum bed with a 
particle size of 68 ~m, for amplitudes of 1-4 mm, the maximum values of the heat-transfer 
coefficients at the surface correspond to frequencies of 20-30 Hz [5]. The theoretical 
values are: fM = 45 Hz; A M = 0.8 mm. 

It follows from Eq. (5) and the data of Table 1 that the optimal amplitude of the induced 
vibrations is approximately an order of magnitude larger than the particle diameter in the 
fluidized bed. Analysis of the experimental data ~hows that, in practice, considerably larger 
vibrational amplitudes are used, especially when working with finely disperse powders. This 
leads to the above-noted difference in vibration frequencies of the vibrator and the granular 
material and, consequently, to the impossibility of satisfying the condition of greatest 
particle mobility T I = T2. H6wever, it is possible to attain coincidence of the vibration 
frequency and the frequency ft characterizing only the translational vibrations of the par- 
ticles. Then, taking account of Eqs. (i) and (4) and the relation PT >> P, it is found that 

V' g (6) 
ft =0,4 A " 

It follows from Eq. (6) that, for each value of the vibrational amplitude, the maximum 
intensity of the transfer processes is attained at a frequency ft which does not depend on 
the particle size or density or the density of the gas. On substituting A = A M into Eq. (6), 
the value ft = fM at which the absolute maximum of intensity is achieved is found. This 
frequency, as is evident from Eq. (3), depends both on the particle diameter and on the density 
ratio. 

If vibration is combined with induced gas injection through the apparatus at a velocity 
Uin, the term 2~Af ~ Uin must appear on the left-hand side of Eq. (4), and the expression for 
calculating the optimal frequency takes the form 
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TABLE i. Vibrational Frequencies and Amplitudes Correspond- 
ing to Extremal Values of the Transfer Coefficients 

Bed mater ial  OT, kg/ru z d. lO,, m fM, Hz AM .1o% ru 

Magnesium oxide 
Calcium oxide 
Corundum 
Corundum 
Quartz sand 
Corundum 

3580 
3400 
4000 
4000 
2500 
4000 

0,05 
1 
0,04 
6 

190 
68 

1800 
400 

1900 
160 
36 
45 

0,5 
I0 
0,5 

72 
1400 
816 

TABLE 2. Comparison of Experimental Data and Results Obtained 
from Eq. (6) 

Bed material  

Exptl. data 

vibtational 
a m p l .  A - 10 3. 
m 

vibrational 
freq. at which  
max. o f transfer 
coeffs, is ob- 
tained. Hz 

l i terature  
s o u r c e  

ft' Hz, 
calc .  from Eq. 
(6) 

Comnduru 
Same 

n 

Electrocomndum 
Same 
Grain 
Same 

Quartz sand 
Same 

7 
6 
5 

10 
2 
0,5 
0,4 

13 
10 
6 
5 
1 
0,6 

13 
16 
19 
20 
22 
51 
61 
1 0  
12,5 
16 
19 
40 
60 

[6] 
[6] 
[61 
[7] 
[5] 
[81 
[8] 
[I1 
[11 
[1J 
1"11 
[91 
[9,1 

16 
17 
19 
13 
29 
59 
66 
11 
13 
17 
19 
42 
54 

1 6 ~ A  ~ -[- 2~xA 4~A ( 7 ) 

(minus sign corresponds to upward gas injection). 

As is evident from Table 2, the mean discrepancy between the experimental measurements 
and the optimal vibration frequencies calculated from Eq. (6) is 15%. 

Thus, Eqs. (3) and (5) may be used to estimate the optimal vibrational parameters in 
designing apparatus with a vibrationally fluidized bed. If it is impossible to realize the 
required amplitude or frequency values on account of constructional considerations, calcula- 
tion must be undertaken by Eq. (6), and with vibrofluidization in combination with induced 
gas injection by Eq. (7). 

NOTATION 

A, f, vibrational amplitude and frequency; d, particle diameter; PT, P, particle and 
gas density; g, acceleration due to gravity; U0, free-fall velocity under constrained condi- 
tions; �9 i, ~2, characteristic times of change in linear and angular velocity of particles; ft, 
vibrational frequency at which extremal values of the transfer coefficients are observed; 
UM, particle velocity relative to gas which corresponds to the greatest particle mobility; 
AM, fM, vibrational parameters corresponding to the absolute maximum of transfer-process in- 
tensity; Uin, velocity of induced gas injection through vibrationally fluidized bed; Re M = 
UMd/V; Ar = gd3(PT - p)/pv 2. 
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DRYING OF DISPERSE MATERIALS IN FLUIDIZED AND 

VIBROFLUIDIZED BEDS WITH INERT PACKINGS 

Z. Ormds, T. Szentmarjay, and 
K. Erdesz UDC 66.096.5 

The results are given of an experimental investigation of the drying of very moist 
materials. It is shown that for this purpose it is preferable to use specially 
developed original dryers with fluidized and vibrofluidized beds, and also to use 
inert packings in them. 

In recent times considerable attention has been turned to the drying of very moist mono- 
crystalline materials. These are characterized in the first place by the dimensions of the 
primary crystals (d = 1-50 pm) and the moisture content of the filtered or centrifuged 
material (30-70%), which make it possible to place them in the group of pastelike or lumpy 
materials. The drying of such materials in standard fluidized beds operating under batchwise 
conditions is not very efficient, since process anomalies (channel formation, in particular) 
impede fluidization [1-3]. This difficulty can be eliminated if mechanical agitation is 
used. The effectiveness of the latter is increased under continuous operating conditions. 

Figure i shows schematically modifications of the process of drying using fluidization. 
The first case (Fig. la) is the traditional one, characterized by the direct removal of the 
dried product. Here dust entrainment can be avoided only at small gas velocities, which 
reduces the throughput of the dryer. When mechanical agitation is introduced into the process 
a part of the moist feed material falls into the dried product. Analogous drawbacks are 
also inherent in multichamber dryers (Fig. ib) in which the removal of moisture in the various 
chambers occurs at different rates. Here, however, the dust entrainment is reduced, and it 
is possible to ensure the attainment of the required moisture content in the final product. 
Carryover can also be eliminated by removing the dried product by pneumatic transport (Fig. 
ic). However, the process of drying in the dilute phase which occurs here reduces the 
operating stability of the equipment due to lump formation and the irregular growth of the 
fluidized bed. These difficulties can be avoided by adding a third phase (an inert packing) 
to the fluidized bed (Fig. id). As a result of the intensive motion of the particles, the 
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