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The paper presents the relations between the mean particle velocity
in the vertical (longitudinal) direction of a monodisperse fluidized
bed and the parameters of the bed and the gas. A dimensionless em~
pirical formula is given for calculating the mean absolute particle
velocity,

There is a direct connection between motion of the
solid particles in a fluidized bed and the transfer of
energy and mags, mixing, viscous properties, and
other phenomena. Investigators have therefore given
considerable attention to the study of the processes
in the bed itself [1-6]. As yet, however, no quanti-
tative relation has been established between the par-
ticle velocity and the bed parameters, when the latter
are uniquely assigned. The present paper attempts to
derive this relationship.
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Fig. 1. Dependence of par-

ticle velocity +1, (m/sec)

on diameter d (mm): 1) and

2) with Hy = 43 mm; 3) and

4) 89; 5) 133; 1) and 3) with

wp =1.15 m/secl; 2), 4),
and 5) 1,35,

The equipment on which the experiments were car-
ried out and the experimental technique have been de-
scribed previously [7, 8].

The monodisperse beds investigated contained an
industrial aluminum-~silicate catalyst in the form of
spheres screened into three classes on 3.0-2.5; 2.0-
1.6; 1.2-1.0 mm screens, the equivalent values of
particle diameter de in each class being: 2.81; 1.82;
1.09 mm, and the weights being: 14.6 - 107%; 4,16 x
x 1075: 0.091 * 10™° N (newton). One of the particle
beds was labeled with cobalt 60 isotope and had diam-

eter and weight values of 2.88; 1.82; 1.10 mm and
13.7 - 1075; 4.26 - 1075; 0,101 - 10" ° N, respectively.
The critical velocities of each of the beds exam-

ined were 0,84, 0.56, and 0.31 m - sec™!,

1. ANALYSIS OF THE PARTICULAR RELATIONS

In a large series of 120 tests the initial parame-
ters were varied successively—air velocity (up to
fluidization numbers of five), particle diameter, stat-
ic height of bed Hy/D = 0,25-1,5, and type of gas dis~
tributor (porous and perforated). The tests were con-
ducted in equipment 172 mm in diameter,

An oscilloscope record of the signals—coordinates
of a labeled particle—was made following preliminary
stabilization of the fluidization regime. A test would
go on for 10-30 min, with recording every 3—5 min
of the height, state of the bed, and readings of the in-
struments (mass flow rate meter and differential ma-
nometer),

The oscillograms were read under ten-fold magni-
fication. The time interval between points to be proc-
essed varied between 0,1 and 1.0 sec, and was deter-
mined by the frequency of the curves, this depending
on the gas stream velocity. Reduction of the oscillo-
grams according to the time intervals adopted gave
linear coordinates with respect to the axes x, y, z,
and also gave the displacement of the labeled particle
in the fluidized bed as a function of time, With suc-
cessive reduction for each test, the three components
of "ocal® velocity were obtained: longitudinal (verti-
cal) +uy, transverse ugp, and radial +upg, during the
chosen time intervals, Then for each regime with all

_ the parameters fixed we calculated the mean values

+Uy; +UR, Uy, and hence the absolute particle veloc~
ity

o s =3 —2
= 1/ ug + u. + Uy
and the transverse (horizontal) component
— l/ =2 =3
uy=V ur+ uy -

The partial relations between the particle velocity
components and the initial system parameters were
obtained in the form of a table; we present here only
the graphical relations for the mean longitudinal (ver-
tical) upward particle velocity +ui,.

Influence of particle diameter. It may be seen from
Fig. 1 that rapid increase of the function +i; = f(de)
with wp = const, Hy = const commenced on going from
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de = 2,81 mm to dg = 1,82 mm, while, in the range
1.82 to 1.09 mm, the rate of increase in velocity is
reduced. For small bed height (curve 2) and large op~
erating gas velocity (fluidization number 4, 36) there
was a maximum of the function investigated,

An explanation of the relations obtained should be
sought in two physical phenomena—variation of parti-
cle mags and the nature of mixing, Reduction of the
diameter (particle mass) at unchanged gas velocity
produced an increase in particle velocity. However,
at small particle diameters or large gas velocities,
particle circulation sets in, causing equalization of
the longitudinal velocity values.

Influence of bed height. Increase of the mean longi-
tudinal (vertical) particle velocity occurred with in-
crease of bed static height, according to the law +i; ~
~ HP, in the range 0,25 < Hy/D < 1,0 (as is seen from
Fig, 2), while for HG/D > 1.0 a tendency was observed
for the particle velocity to fall as a function of bed
static height., Naturally, one would expect various
factors to be influential here, both kinematic and hy-
drodynamic, The first relates to acceleration and de-
celeration phenomena, varying with bed height, and
the second to the role of gas jet energy and the nonuni-
formity of fluidization always connected with large bed
height.

The motion of a particle in the bed, and therefore,
of the whole mass of particles, is nonuniform, The
particle velocity varies in magnitude and direction
during the entire period of motion from the free sur-
face of the bed to the distributor and back [7, 8], In
each half period there is an accelerating section and
a decelerating one. In beds in which the height is less
than the diameter, the extent of the accelerating sec-
tion increases with increase of the ratio Hy/D, at the
same time as the maximum local and mean velocities
increase, When a particle approaches the distributor
and the free surface of the bed, the deceleration stems
from variation of direction of the half-period trajec-
tory, at the end of which the local velocity is zero. In
thicker beds, when there is averaging, the particle
velocity (i or —{i;) increases during a half-period,
in comparison with the thin bed, since the fraction of
decelerating sections over the whole path decreases.

The energy of a gas jet issuing from the apertures
of the distributor is expended in the bed itself when
H,/D > 1. This indicates that in thick beds (H,/D > 1),
the influence of jet energy on increase of particle ve-
locity is considerably less than in thin beds.

The uniformity of fluidization becomes worse with
increase of bed height, which progressively promotes

convergence of the particles, with formation of groups.

The decrease of particle velocity with Hy/D > 1.0 is
probably due to the fact that large agglomerates are
formed; to move and break these down requires addi-
tional expenditure of the kinetic energy of the gas
stream,

The lack of uniqueness of the general relation +i, =
= f(H,) allows us to propose the existence of an opti-
mum bed height for which the mean particle velocity
is greatest.
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It should be stressed that the local particle veloci-
ties should vary according to a law with a maximum,
i.e., should first increase from zero, and later di-
minish with height z,

Influence of gas velocity, We may evidently con-
clude from Fig, 3 that the particle velocity increases
with increase of gas stream velocity.

The particle moticn in the bed begins with the gas
stream velocity somewhat exceeding the critical [7, 8].
The most pronounced increase in velocity is observed
with increase of gag velocity up o a certain value,
after which the rate of increase of particle velocity
becomes less dependent on the gas velocity. These
two rates of growth of +u, = f(wp) are separated hy
the Moptimum® gas velocity, whose value depends in a
quite definite way on the particle diameter and the
static height of the bed. The ratio of the "optimum®™
fluidization velocity to the critical lies in the range
2-3. It should be noted that a fluidization number of
2~3, for variation of the rate relationship of the two
velocities, agrees with the optimum recommendations
for fluidization number in heat and mass transfer [1,
9, 10]. Also the particle velocities are identical at
the different fluidization numbers, and different par-
ticle velocities are observed at identical fluidization
numbers. These observations confirm the well-lmown
conclusion regarding the limitation of the fluidization
number as 2 hydrodynamic characteristic of the fluid-
ized bed.,
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Fig. 2. Dependence of par-
ticle velocity +u, (m/sec)
on static height H, (mm) of
bed: 1), 2), and 3) with
de = 2.81 mm; 4)1.82; 5)
1.09; 1), 4), and 5) wp =
= 1,15 m/sec”}; 2) 1.35;

3) 1,55,

A physical explanation of the two rates in the inter-
relationship of U and w,, may be given when account is
taken of the already mentioned variation of the nature
of circulation of solids with increase of gas velocity:
there is a regime of smooth fluidization and a vortex
regime (the "boiling" bed regime), the particles being
accelerated during linear displacement in the first
regime, and in the second during circulation, In the
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process of circulation of the mass of solid phase,

some part of the gas energy is expended, so that it does
ndt come into play in the linear acceleration of the
particles.
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Fig. 3. Dependence of par-
ticle velocity +1u, (m/sec)
on gas veloeity w (m/sec),
for Hy = 89 mm: 1) at dg =
=1,09 mm; 2)1.82; 3) and
4) 2,81; 1), 2), and 4) with
a porous distributor; 3) a
perforated distributor.

In all the tests at identical conditions (H,, Wps etc. ),
the absolute values of particle velocity with ascending
flow, +u;, were greater than with descending flow,
~u,. The absolute values of mean radial velocities in
particle motion from the wall to the center, and from
the center to the wall, were close to each other in the
majority of the tests. The velocity in the longitudinal
direction, TW,, was always about twice that in the trans-
verse direction, Uy, The maximum absolute particle
velocities were close to the air velocity, calculated
for the total cross section of the equipment, while the
minimum was zero,

Role of the distributor. In the equipment with a
perforated distributor (apertures of 2 mm, cross sec-
tion fraction 2,1%), other conditions being equal, the
particle velocity was greater than in the equipment
with a porous (ceramic) distributor, as may be seen
in Fig, 3, by comparing curves 3 and 4.

This may evidently be attributed to the greater
kinetic energy of the jets issuing from the drilled
apertures, Mgwf)/Z: above the porous distributor
the jets are less powerful because the mass of gas
in each is small, This is also confirmed by visual
observation—when operating with the porous distrib-
utor the splashing is considerably less than with the
perforated distributor, and the fluidization is more
uniform,

2. GENERALIZATION OF TEST DATA

An attempt to generalize the data in the form u/
/wp = f(Reg) led to an interesting result, in qualita-

INZHENERNO-FIZICHESKII ZHURNAL

tive agreement with the relation Nu = f(Re) for heat
exchange between a bed and a surface {10]. The curves
ﬁwp = f(Reg) are similar for all the beds investigated,
and are characterized by the presence of a maximum
(Fig. 4), which occurs for a fluidization number of
2,75, This experiment may also confirm the explana-
tion of the causes of the heat-transfer maximum in the
bed~surface system given in [11], but we did not pur-
sue this point,

The optimum fluidization regime for various techni-
cal processes must be established in conformity with
the specific requirements: maximum heat-transfer
coefficient, necessary time of heat treatment, reac-
tion time, etc. The quantitative evaluation of each of
the technical parameters is usually connected with an
experimental value of the fluidization number, i.e.,
with the gas velocity. Objectively, however, this kind
of parameter is connected with the state of the bed,
i.e., with the intensity of motion of the particles in it.

This is precisely the reason why, in generalizing
our test data, we used a relation linking particle ve-
locity with gas velocity and with the bed parameters,
asgigned under conditions of uniqueness.
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Fig. 4. Dependence of the
ratio U/wyp on Reg = wpde/
/ev with Hy = 133 mm, d, =
=1,09 mm: 1) for ER/WP;
2) ugp_/v?); 3) up/wp; 4)

Uz /Wp; 5) u/wp.

For the physical process of motion of each parti-
cle we may write the dynamical equation

B=F 2P =G +F +T, &)
in which the most significant forces are the gravity
force G; and the inertia force Ij, sinceG - .Pp. during
the motion. This is precisely why the dimensionless
group should be formulated as the ratio of inertia to
weight forces. The group is the Froude number

Frp = uigd. )
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The physical process of motion of the gas through
the bed is characterized by degeneracy of the inertia
forces beyond the point at which the critical fluidiza-
tion velocity is attained. In fact, in a gas stream in
a static bed, there are forces of friction of the gas
against the particles and the wall, and a particle form
drag force Py, Increase of velocity leads to an increase
of these forces, but there is always equilibrium be-
tween them and the inertia force I, if we examine the
vector sum of the forces upon interaction of the gas
with one of the particles:

After a state of fluidization is reached, the number
of forces acting increases (gravity and impact forces
are added), but the d'Alembert principle applies for
each of the particles.

For an entire bed, composed of N particles,

N

> N—» N—-» N——> N——>
VWi=NP - YF+ Y+ Y6 @

i=1 i=1 f==1 i=1 f=1

At the beginning of fluidization and up to entrain-

N
ment Z! = 0, since the bed as a whole is at rest and

i==1
I F¢ = 0 under an inelastic collision. Thus, the iner-
tia forces are insignificant for the process of fluidiza-
tion of a bed of particles; only the weight and viscosity
forces are appreciable, A parameter which reflects
the dynamic interaction in the bed is obviously the

group

ArRe= o = .85 20 @)

which is a measure of the ratio of the weight and vis-
cosity forces [12],

In the logarithmic anamorphosis Frp ~ Ar/Re, all
the test data are classified according to equidistant
lines (each of which satisfies its own value of bed
height) and particle diameter, and on each curve there
are two laws (regimes) of dependence of the dimension-
less groups: the first is Fry = c¢y(Ar/Re)™ ™, where
m, = const; the second is Frp = cy(Ar/Re)™™2, with
m, # const and my > m,,

We managed to bring all the curves together by
introducing the additional geometrical parametric
criteria Hy/dg and Hy/D. Treatment using this curve
in the first regime with my = const yielded a formula
for determining the mean absolute particle velocity
in a fluidized bed, U

ng —_ [8.0- lO*“(Ar/Re) (HO,/de)”‘M . (Hn/,'D)l.n5]~6A2G7
1.0-10° < (Ar/Re) (Hy/do) ¥ : (H/D)-%5 2 3.2.10%, (5)
0.25 < HyD < 1.5, 16 < Hy/de< 250.
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We may make the following general remarks re-
garding (5)*:

1. The quantity Hy/dg varied from 16 to 90 for dg =
= 2,81 mm, from 25 to 140 for dg = 1,82 mm, and
from 45 to 250 for de = 1.09 mm, the lower limits
referring to Hy/D = 0,25, and the upper—to Hy/D =
= 1,5 (intermediate values may easily be obtained by
interpolation),

2. The quantity wp is greater than wg, since when
Wp = WK the particle velocity equals zero,

3. The formula has been verified for a fluidized
bed of spherical particles of a narrow initial class
and a system air—aluminum-silicate catalyst.

It is obvious that, given the contemporary level
of mathematical description of the fluidization process,
it cannot be stated categorically that the chosen criter-
ia have been rigorously assembled, i,e., that they
fully describe the phenomenon of particle motion in a
bed, The formula is empirical, and should not be re-
garded as being complete as regards structure,

=3

g43 g . :
Ar=— - Archimedes number; Fr, =
G

—— —Froude number
ds

for a particle; Re =wdg/v—Reynolds number; D—equipment diam-
eter; de—equivalent particle diameter; Fy—viscous force due to in-
teraction of particle and gas; Fo—particle impact force; G—particle
gravity force; Hy—~height of stationary bed; I-particle inertia force;
i~ordinal index of particle in bed; Ps—particle form drag force due
to gas flow.
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