
NOTATION 

Dt) tube diameter, m; f) active grating cross section, %; G s) specific charge of dis- 
perse material, kg/(m=.sec); H) distance from the gas distribution grating to the middle of 
the calorimeter, m; I) length of the heat transfer section, m; N~z = ~K f/~) Nusselt number, 
describing external heat transfer on the plate; Re~ = =I/v) Reynolds number for the plate; 
Pr) Prandtl number; w) speed of filtration of gas, computed from the empty channel cross 
section, m/sac; ~) total heat transfer coefficient, W/(m2-K); aK) convection-conduction heat 
transfer coefficient, W/(m2-K); %) thermal conductivity, W/(m-K); p) bed density, kg/m3; 
K) kinematic viscosity, m2/sec. The subscripts are: t) tube; v) convective-conductive; 
r) radiative. 
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RESONANCE REGIMES IN NONUNIFORM MOIST VIBRATION-FLUIDIZED BEDS 

A. F. Ryzhkov and V. A. Mikula UDC 536.24:66.096.5 

Actual and approximate rheodynamic characteristics are presented for nonuniform, 
moist vibration-fluidized beds. Good correlation is obtained between calcu- 
lated dynamic properties and experimental data. 

We will examine several practically important relationships for specific cases which 
combine the presence of extremal (resonance) dependence of the pulsation characteristics 
on a spatial parameter H of an oscillating system and the frequency ~ of the forced motions. 

Introduction. The application of a combined method of fluidization makes it possible 
to input industrially required gaseous reagents and simultaneously to control the motion 
of a vibrating bed, mainly by increasing the working porosity of the charge. A large number 
of empirical correlations (see [i-3]) are used for describing the expansion of a vibration- 
fluidized bed. We applied Eichardson's and Zackey's formula for our data [4] and were able 
to calculate the expansion of a homogeneous vibrating bed with thinly dispersed materials 
for a given aeration rate. 

During the investigation of pressure oscillations in a vibrating bed it was established 
[5-7] that adding a steady gas flow to the vibration-expanded bed had no practical effect 
on the resonance character of the vibration liquefaction. The average pressure drop AP in 
the bed for W ~ 1 corresponds to vibration liquefaction, but for W ~ 1 to a fluidized bed. 
The frequency spectrum of the pressure pulsations for combined fluidization becomes bi- 
modal with peaks at the vibration frequency and the resonant frequency of the fluidized bed. 
Thus, the fluidized bed is a limiting case of a vibration-fluidized bed, in which the pulsa- 
tion has only low-frequency components, while the forced high-frequency oscillators are al- 
most totally damped. A similar case was investigated experimentally and theoretically by 
Rietema [8] by submersing a vibrating screen in a fluidized bed. When the whole gas-dispers- 
ing lattice was vibrated, the increase of the fluidization number to W = 5-10 caused a 50- 
70% erosion of the pulsation amplitude at the applied frequency. Here the energy of the 
remaining pulations still exceeded the level of pulsations in the fluidized bed by an order 
of magnitude. From this it follows that the expansion of the bed is a basic factor through 
which the gas flow affects the bed dynamics. 
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In processing the dispersed material, the problem arises of fluidizing elements of the 
bulk material with a wide range of dimensions (0-50 mm and larger) and densities (0.1-10 
tons/mS). Even the first investigations into vibration-liquefaction showed [9] that apply- 
ing vibration could produce the same good fluidization for both fine and coarse particles, 
including cases in which there was no gas flow. In the last case, fluidizing heterogeneous 
particles was most successful in a vibration-fluidized bed with a dispersed fine carrier. 
Here the equivalent diameter of the interstitial channel is determined mainly by the fine 
fraction, which creates the necessary dynamic conditions in the vibrating mixfure for sus ~ 
pending the granules in forms characteristic of finely dispersed vibrating beds, with insig- 
nificant corrections [10]. These forms create all the necessary conditions for the maximum 
heat and mass transfer, which was observed experimentally [ii]. 

During the vibrational processing, the initial mixture undergoes a series of transitions, 
which are characterized by the usual interchange of dual-phase (liquid-particle and gas-~ar- 
ticle) and triple-phase (liquid-~as-q~article) states. Purely filtration and nonresonant 
fluidization regimes are developed for liquid-saturated systems [13]. A gas-saturated bed 
is characterized by the development of resonant effects and the intensive motion of material 
almost to a complete outflow of the vapor-~as mixture from the pores of the vibrating charge 
with the coarsening of the dispersed composition as a result of spontaneous granulation [4, 
6, 13-15]. 

I. Computational Equations. We will examine the simplest type of vibration-fluidiza- 
tion of a binary mixture of particles, which differ greatly in density, dimensions, and por- 
osity. For definiteness, we will assume that the fine particles (f), which have a diameter 
d, are nonporous, and the coarse (c) with a diameter D (clusters, granules, clinkers, products, 
etc.) have a dynamic internal porosity ace. The altter includes only the aerated part of 
the internal pores ec, which has the possibility of exchanging gas with the interparticle space 
during the vibration period. The total "connection" of the internal pores to the dynamic 
process occurs if the effective depth of the filtration penetration of the gas in the pores 
of the granule S is larger than its transverse diameter D. The basic characteristics of 
such a mixture are as follows: 

i. The volume concentration c and the density �9 of coarse and fine components and the 
bed porosity: 

cc+c f = l '  ~ e + ~ f = l - - s ;  s =so§ (i) 

where e0 and ec are the "external" (intergranular) and "internal" (intragranular) porosity 
in the bed. 

2. The density of the mixture: 

P b =  Pf(1 - -  e) (1 - -  %(1 - - p c / p f ) ) .  ( 2 )  

3. The effective diameter of the particles d*, which creates the hydraulic resistance 
of the bed equivalent to the initial mixture: 

d* = dD/(c~d + cfO). (3)  

According to general recommendations [16] the particle dimension d* in the mixture is found 
as a harmonically averaged quantity. 

4. The effective porosity of the mixture in the dynamic state: 

e~ == ~o @ ~c~,o ~ e, ( 4 )  

where Ec~ = aE c (I - e)Cc/(l - ~e c) is the dynamic connected "internal" porosity of the coarse 
grains in the bed, which can be computed from the actual porosity of these grains e c and the 
permeability coefficient e = (2S/D) s. Here the parameter S is the path traversed by the gas 
in a half-period of the vibration and has the sense of the slippage of the phases in the 
model of a dual-phase, dual-velocity continuum. According to [17], the value of S is deter, 
mined by the vibration velocity V v, the velocity relaxation time of the phases ~v and the 
dimensionless oscillation amplitude of the dispersed phase Nx, which is found by solving 
the problem of the vibrating bed dynamics: 

s = ~ v ~ .  (5) 
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TABLE i. Classification of Vibrating Beds 

Categories of 
vibrating beds 

.~ 

Particle diameter, pm 

Bed group according 
to Geldart [25] 

Relative oscillation 
frequency @v 

Relative slippage 
depth of phases 
S/d 

Thinly dispersed 
dusts (T) 

0,I--20 20--50 

C A 

10-~--10-3 I0-8--0,33 

10 -I  10o 

Fine disL Interme- 
persions diate 

(F) Igrains(IG] 

50 2C 200--500 

0.33--1 1,7--10 

101 102 

Large 
gra~_ns 
(L) 

~0--150( 

D 

10--100 

10 3 

Spheres 
and lumps 
(SPH) _ 

1500 
D 

100 

103 

If a grain of the coarse fraction D is a conglomerate of fine particles d, the value 
of S is easily evaluated as a function of the classes of vibrating dispersed material. The 
order 6f magnitude of the particle dimensions is recorded for materials of average density 
pf = 2-6.103 kg/m 3, which vibrate under normal conditions at a frequency of 20 • 5 Hz. 

As can be seen from Table i, conglomerates which consist of thinly dispersed particles 
of class C can be considered practically unfluidizable (ec~ = 0). If the granules are based 
on dispersed fine particles or coarser particles, the entire porosity Ec is added to the 
external porosity e 0 and e~*~e. 

The "external" porosity e 0 is formulated from the effect of structure-forming factors 
in the system. In the case of gas flow, this function has the form 

/8 v for  W ~ O - -  1, 
eo = (6) 

[(V/~Jt) 1In for W >  1. 

A t r i p l e - b r a n c h e d  a p p r o x i m a t i o n  c a n  be  u s e d  f o r  a b i n a r y  l a y e r :  

[ e~gf / (1  - -  efgc) f o r  g f  > gc~ 

g0 = 1 groin for gf~gcl, (7) 

[ e~ - - 8 c  g f )  for  g e > g f .  

According to this description, at small concentrations theaddition of "external" poro- 
sity to the mixture is determined by the porosity of the dominant fraction in the absence 
of impurities, but in the saturation range, it can be taken equal to the minimum working 
porosity of the mixture (see Fig. 2a"), according to which our data and data from the literature 
[18] is = 0.4-0.45. 

For a moist bed, the basic equations (1)-(4) retain their previous form, if instead 
of the subscripts c and f we use p (particle), g (granule), d (initial material) and s (liquid). 

7.0 

0.5 

0 0 7 2 

@t 

)O 

o 

b 
I I 

7 a H / a '  H 
Fig. i. Resonance curves of gas pressure pulsations: i, 2) gc, U = var; 
3) W = var [22]; a) gc = 0-60%, U = 0-0.3%, W = 0-0.5; b) gc = 70-100)%, 
U = 0.9-10%, W = 1-7; curves are calculated according to (8). 
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The quantity a has its previous meaning and depends on the moisture content of the vibrat- 
ing bed. For example, in the case examined in [15] (corundum, d = 70 mm, f = 20 Hz, A v = 3 mm) 
the internal porosity of the granules from calculations affects the dynamic process for U < 
2% (~ ~ i) and becomes insignificant (a ~ 0) for U = 2-14%. 

Introducing the effective characteristics of the vibrating mixture makes it easy to 
use the concepts [17] of a vibrating bed as a dual-velocity, dual-phase continuum, whose 
dynamics are described by the equation 

where 

Dup - -  a*2(1 + T*Dt) Dx,~p= O, (8) 

a~= P0 
pf~ (1 -- e) ~* (1 -- %(1 -- 9e,~/Pf,p)) 

, pf,~*Zd*2 (1 --e)(1 --ce(1 --  Pc,s 
150 (1 -- e*)z~ 

are the effective values of the equilibrium sound speed a0 and the velocity relaxation time 
T v in the mixture. The rheodynamic model of a vibrating bed used in [17] can be rewritten in 
an analogous manner: 

_ * r T  * 2  x* + ~ 2  ( ~ 2 "  + x*) = Xv, p = vc n~o (x* + ~:2"),  (9) 

where X* = (2/~)(E0*H 0 - E'H) is the dynamic structural deformation of the vibrating bed, 
and m0* = (~/2) ~0*/H) is the characteristic frequency of elastic oscillations of the mixture. 

II. Discussion and Experimental Verification. For c c = 0, Eqs. (8) and (9) are identi- 
cal to the initial equations [17]. Introduction of coarse additives changes the volume of 
the gas phase and the inertia of the bed. When light nonporous additions are processed 
(Pc < Pf, and e c = 0), both factors act in the same direction and the characteristic frequen- 
cy ~0" increases dramatically. If the additives have open internal porosity (e c > 0), the 
factors can compensate each other and the change in ~0" will not be that large as c c increases. 
If the bed is loaded with heavy particles (Pc > Pf), ~0" decreases. However, the trajectory 
of the additive grains in this case can differ significantly from the motion of the filler 

[19]. 
If the vibration liquefaction occurs via a rigid shock, repeated inertial surges of 

the additives and retention of the fines in the base due to aerodynamic forces are accompanied 
by fractionation of the mixture with complete loss of the additives from the bottom of the 

bed. 

Decreasing the fractionation rate and the transition to a homogenization of the mixture 
occur when the moving-bed regime is replaced by the suspended regime (which was noted by 
Volik [20]) and also when enough heavy particles are introduced into the bed so that the 
density difference of vibrating fines becomes insignificant (pc/pf > 6 [i0]). 

Experiments were conducted in a vertically vibrating Plexiglas unit with an internal 
diameter of 113 mm. The amplitude of the pressure pulsations of the gas 6Pg at the bottom of 
the apparatus, the reduced mass M, and the height H of the bed were fixed. -The working medi- 
umwas a mixture of nonporous particles of identical density and a moistened monofraction 
charge of the same materials [13]. The gas pressure pulsations were recorded by standard 

techniques [7]. 

Dimensionless resonance curves of the pulsation amplitudes of the gas pressure, obtained 
in the tests as a function of the vibration frequency, agree well with the calculated results 
for all bed compositions and moisture contents (Fig. i). Data [21] on the dynamics of vibra- 
tion-fluidized beds conform to analogous functions. 

Analysis of the dependence of the pressure resonant pulsations and the corresponding 
vibration-liquefaction frequencies shows (Fig. 2a) that for small concentrations of the coarse 
or fine additives, distortions in the bed structure in the interphase region can be neglected, 
and the porosity of the "pure" components (ef ~ and ec ~ respectively) can be used in the 
calculations. At intermediate concentrations, agreement with experiment occurs with the 
use of approximation e = e min. It should be noted that the extreme in the curves e(g c) and 
6P'(g c) do not coincide, because 6P' is affected by both porosity change and a general 

1374 



~0
 

JO
 

20
 

I0
 

M
I 

@
_~

 
1

--
+

 
0 

2 
b 
8 

~]
 o

-j
 

/,
 

�9 
~ 

: 
I 

~-
'/ 

2.
# 

~,
 

~o
o 

L
_

_
_

_
, 

] 
Z

'/
L

\ 

J
O

0
~

 
I 

I 
I 

I 
I 

0 
20

 
#0

 
50

 
~0

 
Je

 

C 

IO
F 

e 
? 

',_
 

. 
c-

 -~
 

I 
II

 
~ 

"~
"~

 

F! 
i ~

-~
 

[i
I 

e-
7 

70
 -1

 
2 

~ 
6 

!O
 ~

 
2 

4 
~ 

lO
~[

J 
0 

1
0

4
2

 
# 

~ 
10

 o 
2 

#-
 

b 
10

1W
 

F
i
g
.
 

2.
 

R
e
s
o
n
a
n
t
 

p
r
e
s
s
u
r
e
 

p
u
l
s
a
t
i
o
n
s
 

(
k
P
a
)
 
a
n
d
 
s
p
e
c
i
f
i
c
 

m
a
s
s
 

(
k
g
/
m
 2
) 

o
f
 
t
h
e
 
v
i
b
r
a
t
i
n
g
 

l
a
y
e
r
 
a
s
 
a 

f
u
n
c
t
i
o
n
 

o
f
 
t
h
e
 
s
y
s
t
e
m
 
p
a
r
a
m
e
t
e
r
s
:
 

a,
 

a'
, 

~'
: 

i)
 
k 

= 
0;

 
2)

 
k 

= 
3
.
2
;
 

3)
 

k 
= 

5
.
6
;
 

s
o
l
i
d
 
c
u
r
v
e
s
 

c
a
l
c
u
l
a
t
e
d
 

u
s
i
n
g
 

(8
);

 
d
a
s
h
e
d
 

c
u
r
v
e
s
 

c
a
l
c
u
l
a
t
e
d
 

u
s
i
n
g
 

(9
);

 
4)

 
f
r
o
m
 
e
x
p
e
r
i
m
e
n
t
;
 

5,
 
6)

 
e 

f
r
o
m
 
(7

);
 

7)
 
r
e
g
i
o
n
 

o
f
 
(
0
.
9
-
1
)
~
P
g
'
;
 

b 
a
n
d
 
b'

: 
i,

 
2)

 
6
P
t
o
t
'
 

[1
6]

; 
3
-
6
)
 
6
P
~
'
;
 

i,
 
3)

 
k 

= 
4;

 
2,

 
4,

 
6)

 
k 

= 
5
.
6
;
 

7)
 
k 

= 
0;

 
f 

= 
20

 
H
z
,
 

c
o
r
u
n
d
u
m
;
 

8)
 
r
a
n
g
e
 
o
f
 
(
0
.
9
-
i
)
6
P
=
'
;
 

c:
 

i)
 
f 

= 
2
0
 
H
z
,
 
k 

= 
3;

 
2)

 
f 

= 
2
0
 
H
z
,
 
k 

= 
5;

 
3)

 
f 

= 
2
0
 
H
z
,
 

k 
= 

7;
 
4)

 
f 

= 
20

 
Hz

, 
~ 

= 
i0

; 
5)

 
f 

= 
2
0
 
H
z
,
 
k 

= 
15

; 
6)

 
f 

= 
3
0
 
H
z
,
 
k 

= 
7;

 
7)

 
f 

= 
5
0
 
H
z
,
 

k 
= 

i0
; 

V
c
r
 
= 

0
.
i
 m

/
s
e
c
;
 
d 

= 
72

 
~m

, 
c
o
r
u
n
d
u
m
;
 

g
k
 
a
n
d
 
U 

a
r
e
 
i
n
 
p
e
r
c
e
n
t
.
 

.
o
 

.
n
 



TABLE 2. Experimental Materials 

Material Mixture number 
1 2 3 4 ~') 5*) 

Fine fraction 
df, ~m 

Coarse fraction 
dc, ~m 

Corundum 
72 

Corundum 
225 

Corundum 
72 

Corundum 
358 

Corundum 
72 

Corundum 
515 

Corundum 
57 

Alundum 
5500 

Corundum 
140 

Alundum 
5500 

*Data on the effect of dispersed coarse additives on the 
resonance in a dispersed, fine, vibration-liquefied bed [21]. 
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1 
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5 81#-1 2 q 6 870 ~ 2 ~ 6 810 ~ 

Fig. 3. Resonant pressures (a) and frequencies (b) of the v ib ra t ion-  
l iquefac t ion  of, charges: 1-3) mixtures 1-3 in Table 2; 4) mixtures 
4 and 5; 5) d = 72 Dm, U = 0.5-10%; 6) data from [13]; 7) data from 
[22]; 8, 9) calculations from (8) and (9); 10) region with AH, Ap 
0.3; a' ) lines 8 v = I0 for binary mixtures: i) 20 Hz; 2) 50 Hz; 
b': i) ~p; 2) (~14) (qpOv); 3) ap/%; 4) ~z~rla0; shaded region shows 
maximum 9alues of structural, hydroynamic:-and mass-transfer charac- 
teristics in the vibrating layer from data of various investigators 
[23];  d, lan.  

coarsening of the mixture d* > d (the calculated curves in Fig. 2a). The decrease in the 
calculations from (8) relative to the experiment observed (Fig. 2a) in the region gc = 
40-50% can be explained as both an increase of the role of the coarse fraction in (3) and 
the plastic (shock) component of the pressure, which is significant here, but is not con- 
sidered in the model (8), (9). 

In a moist bed, the resonant pressure pulsations are minimal in the region of the largest 
granule porosity that is connected to the interparticle space (U = 1.5%) and increases as 
the moisture content increases. This change is accompanied by an increase of the density of 
the granules without changing their dimensions significantly (Fig. 2b). 
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In the aerated layer the pressure pulsations change according to the change in porosity 
(Fig. 2c). 

When the data in Fig. 2 are plotted in dimensionless coordinates, there is good agree- 
ment between calculations and experiments in the region of vibration-liquefaction of finely 
and thinly dispersed charges (8 v < 1.7) and an increase in the scatter of the pressure data 
when the material is processed, as compared to the effective characteristics for intermediate 
and large-grained materials. Here the experimental frequencies are within • of the calcu- 
lated resonance, In conclusion, we note that in calculating pressure pulsations from the 
rheodynamic model (9), the proposed approach is suitable for frequencies 8 v up to 1.7, but 
in calculating the frequencies, the applicability of the approach expands to the upper physical 
bound for the existence of resonant vibration-liquefaction regimes of 8 v = i0, as described 
by the continuum model (8). Here the grains of the coarse fraction in the mixture can be 
related to lumped (spherical) materials (Fig. 3a). 

Engineering calculations of the pressure pulsations for 8 v = 1.7-10 can be conducted 
using the approximation 

= ( l O )  

which for 8 v < i/~ transforms to the invariant qp'8 v = 4/~ (Fig. 3b). Here the resonant 
! frequency ~H can be determined in the acoustic approximation by [23] 

~_~ar (ii) 

where ae = a0|/l +]/i + e~ /]/2 is the phase velocity of sound in the heterogeneous medium, 

which is obtained [17, 24] by solving (8). 

NOTATION 

A) amplitude; a) sound speed; c) volumetric concentration; D) granule diameter; d) 
particle diameter; f) frequency; g) acceleration due to gravity or mass concentration; H) 
height; k) acceleration; M) specific mass of the bed; P) total pressure; p) pressure devia- 
tion from the average; S) gas trajectory during a vibration half-period; t) time; U) moisture 
content in the total mass of the bed; v) gas velocity; v t) terminal velocity of gas; W) flu- 
idization number; X) average bed deformation; ~) permeability coefficient; e) porosity; ~p) 
dimensionless pressure; 8 v) dimensionless vibration frequency; p) dynamic viscosity of the 
gas; p) density; T) volume density; ~v) velocity relaxation time of the phases; ~) relative 
frequency; m) angular frequency. Indices: g) gas; s liquid; c) coarse; cr) critical; 
f) fine; 0) initial, average, or equilibrium; tot) total; b) fluidized bed; @) phase; p) 
particle. Symbols: D t = 8/8t; D x = 8/8x; dimensionless and dimensional groups: a02 = 

P0/(Pb~); k = Am2/g; AH = 1 - ~H/~H'; Ap = 1 - qp/qp'; e v = ~v; ~ = m/~0*- 
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NONSTATIONARY ISOTHERMAL EVAPORATION OF FLUIDS IN A CYLINDRICAL 

CHAMBER 

Yu. G. Izmailov, E. A. Utkin, and G. P. Vyatkin UDC 532.72;669.015.23 

Numerical models for nonstationary isothermal evaporation of fluids in the cyl- 
indrical chamber of an experimental device are studied. The effect on the evap- 
oration rate of the radii of the source and the output orifice is investigated. 
The relaxation times and the specific mass flux of the vapor are determined. 
The results are compared with analytic solutions for two limiting cases: the 
one-dimensioanl case and an infinite half-space. 

The laws of mass transfer during the evaporation of solutions and melts of various types 
are of interest both industrially and ecologically. The most widely used information is 
on the temperature and concentration dependence of the evaporation rates, equilibrium partial 
pressures, and diffusion coefficients in gases [i, 2]. Much less attention is paid to investi- 
gating the effect of the configuration and geometric parameters of the equipment on the kin- 
etic characteristics of the process. 

Here we study the dependence of evaporation rates (average mass fluxes) on the dimensions 
of the liquid surface and the output orifice of a cylindrical chamber that is widely used 
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