TRANSITIONAL PROCESSES IN FLUIDIZED
SYSTEMS
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An analysis is made of the transition of a fluidized bed from one steady state to another with a
change in fluidizing velocity, The results are compared with experimental data,

Analyzing the transition of a fluidized system from one steady state to another with a change in fluidiz~
ing velocity is important not only for description of the phenomenon of pulsative fluidization [ 1, 2], but also to
allow a deeper understanding of the hydrodynamic behavior of conventional and, especially, nonuniform fluid-
ized beds.

We will examine a uniform fluidized bed of identical particles being blown by a fluidizing agent with the
velocity w; nominally referred to the entire cross section of the apparatus. In the steady state, the weight of
the particles of the bed (minus buoyancy) is equal to the resistance to the filtration of the fluidizing agent be-
tween the particles:

B(oy—u)={(1—e)(0:—05) g. (1)

Here, the friction coefficient in the filtration of the fluid through the bed 8 is assumed to be independent of
velocity.

We will gradually increase the velocity of the fluidizing agent to the value w,. The agent is nearly in-
compressible at the velocities of interest to us, so we may assume that its velocity increases instanfaneously
throughout the bed. Since the particles initially are stationary, friction between the flow and particles is in-
creased, which leads to accelerated motion, Each particle of the uniform bed is theoretically acted upon by
exactly the same force, meaning that all of the particles will move synchronously, i.e., with a gradual increase
in fluidizing velocity, a uniform fluidized bed should rise as a piston. The rate of ascent of the piston is not
hard to obtain if we examine the balance of the forces acting on an elemental volume of particles. Since the
porosity of the piston g4 is agreed to be constant, we write

wy=uve+u(l—g) or v=uwye—u(l—e)e.

The equation of motion of the particles for the unidimensional case has the form [3]

. dv : ‘
(U—e) po 2o (lime) o 2+ (12 (0 — ) g — B0 —1) = 0. 2)
0t - ot
Substituting the filtration velocity v into (2), we have
du o] 1 — 5) B ( p
= 1= 2L = (wy —u)— 1——’—) . 3)
dt ( Ps & (1— 61) Ps1 ’ ) Ps g (

Integrating this equation with the initial condition u = 0 at 7 = 0 and considering Eq. (1), we obtain an expres-
gion for the piston ascent rate

u:(w2—~w1)'[1—exp (~§‘l”, (4)

Wy
where : .
g—g (1_%‘;/<1+ Pf(lﬁsi))'

Pty

In fluidizing with a gas, g; ~ g. Equation (4) is obviously also valid with a reduction in velocity.
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Fig. 1. Change in height of bed fluidized by a liquid af-
ter a gradual increase (at 7 = 0) and decrease (at 7 =

35 sec) in filtration velocity: the curves represent re-
sults calculated from Eq. (4); 1) our data (dp = 0.74 mm;
w = Wk = 0.035 m/sec); 2) data from [4] (dp = 0.2 mm;
w— wk = 0.003 m/sec).

Fig. 2, Change in height of fluidized bed after sudden
delivery of fluidizing air: curves represent results cal-
culated from Eq. (4); dp = 0.4 mm; wi = 0.22 m/sec;
H, = 0.235 m; wy = 0; 1) wy = 0.96 m/sec; 2) 0.6; 3)
0.38; H—Hy, m.

It follows from Eq. (4) that the relaxation time of the piston velocity, i.e., its changes in e times, is
equal to

T, =w/g,. (5)
At 7 >» 14, the velocity of the uniform bed becomes constant and equal to (wy, — wy).

The above results were checked experimentally with both liquid and gas fluidization. The liquid fluidized
bed was created inside a glass column 70 mm in diameter by fluidizing a bed of glass beads about 0.74 mm in
diameter with water, The gas bed experiments were conducted in a rectangular unit 20 X 250 mm with trans-
parent windows. Air was blown into the unit to fluidize particles of electrocorundum with 2 mean size of 0,12
and 0.4 mm, The flow rate of the fluidizing agent was regulated by a valve with an electromagnetic drive, The
change in bed height with time was determined from a film record., The moment of change in filtration velocity
(i.e., opening or closing of the valve) was synchronized with the beginning of filming, The results are shown
in Figs. 1 and 2. Also shown for comparison are the results calculated with Eq. (4) (points — experiments,
lines — calculation),

It should be noted first of all that the experimental points obtained with a gradual decrease in filtration
velocity in the liquid fluidized bed agree well with the data from Eq. (4). Filtration velocity is usually low in
fluidizing a fine-grained material with liquid, and relaxation time is of the order of 10”%-10" % sec, Thus, the
top boundary of the bed descends almost immediately at the constant velocity u = (w; — w,) after a reduction in
the velocity of the liquid from w; to w,, as was seen in the experiment (Fig. 1). Here, a layer of lower poros~
ity &4, corresponding to the velocity w,, is formed on the gas-distribution grid. The thickness of this layer in~
creases with time until the descending upper boundary and ascending lower boundary meet,

The character of the transitional process with a gradual increase in liquid velocity proved to be more
complicated. It should be noted that analysis of the transition from the viewpoint of a unidimensional bed (see
above) does not explain the change from one porosity ¢4 to another, greater porosity. The experiments show
that each fluidizing velocity corresponds to a certain steady state of the bed, i.e., to a certain porosity.

It can be seen from Fig. 1 that the bed of material, in the form of a piston, actually begins to ascend at
the constant velocity u = (wy — w,) almost immediately after a sudden increase in filtration velocity, with a
space filled with pure liquid theoretically remaining between this piston and the grid, This is confirmed by the
results in [4, 5], where the dependence of the height of a liquid fluidized bed on time was found to be linear on
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the initial section and in agreement with the results found from Eq. (4). However, it is known that the interface
between two liquids is unstable if the heavier liquid (in our case, the fluidized bed) is located above the lighter
liquid (the pure liquid). Two mechanisms of development of this instability can be represented. With the first
(which will be called the micromechanism), during ascent of the piston (bed) individual particles falling away
from the bottom surface of the piston, acted upon with a lesser force by the liquid flow due to less physical
constraint, remain in the layer of material trailing away from the piston and fall onto the grid. The particles
leaving the piston '""expose'' the next layer (row) which, again because of the lesser constraint, are acted upon
with less force by the liquid and allowed to fall to the grate. The fallen particles will create a uniform bed with
a higher porosity e, corresponding to the new filtration velocity, on the bed. Thus, the transitional process
takes place through the successive falling of particles away from the rising piston, The level at which particle
fallout begins rises at a faster rate than the velocity of the piston as a whole, Until this level and the top bound-
ary of the piston meet, the height of the bed will increase at a constant rate equal to the rate of ascent of the
top boundary and determined by Eq. (4). The rate of increase in the height of the bed will subsequently begin
to decrease, This was seen in the experiment (Fig, 1). Depending on the specific conditions (size and proper-
ties of particles being fluidized, velocity and properties of fluidizing agent), the duration of the linear and non-
linear sections of increase in layer height varies [4, 5]. The micromechanism of instability development is
typical of systems in which homogeneous fluidization occurs, since the difference in the densities of the fluid-
ized bed and pure fluid are very great in this case, It follows from Fig, 1 that the transitional process develops
slowly in such systems and lasts tens of seconds, It can almost be considered quasisteady. This is the reason
for the good agreement between the empirical results and the analysis in [5], which was based on the assertion
that the porosity of the uniform bed and the fluidizing velocity (the Richardson—Saki formula) are connected
and the proposal that the porosity of the bed on the grate assumes a value corresponding to the new fluidizing
velocity at the very beginning of the transitional process.

Another mechanism leading to instability (referred to as the macromechanism) is also possible, however.
This mechanism is typical of systems tending toward inhomogeneous fluidization, In this case, the ascending
bed, in the form of a piston, will '"collapse! at isolated places into the gas that is pushing it. The gas will then
penetrate the bed at these places, forming a ''discrete phase' in the medium — which is assumed to be of con-
stant porosity, in accordance with the two-phase model. It is interesting to note that in this case the top bound-
ary of the bed will be lifted in accordance with Eq. (4) until it is no longer penetrated by the discrete phase,
regardless of the exact form of the phase (bubbles, a gas piston occupying part of the bed cross section, etc.),
This is confirmed by the agreement between the experimental and theoretical data in Fig. 2.

The duration of the transitional period 7 also usually considerably exceeds the relaxation time 7¢ > 7¢
in an inhomogeneous fluidized bed. In this case, the value of 7y is easily evaluated from the following consider-
ations. In accordance with the two-phase model of an inhomogeneous fluidized bed, the height of the bed H is
related to the rate of ascent of bubbles wp in the steady-state regime as follows [61]

A p
H, w, — @y (W —1) . (6)
It follows from (6) and (4) at 7, > 7. that
T, = Hy
b wy—w, (W —1) (7

The above analysis permits us to understand certain fluidization phenomena. Many authors [7, 8] assert
that, with delivery of gas into a bed through a porous or perforated grid, bubbles are formed from the gas
cavity which is formed on this grid, It is known that fluidization is usually realized in an oscillatory state [9].
Here, an increase in velocity causes the bed to rise as a piston and results in the formation of a gas interlayer,
with bubbles subsequently being formed from the latter. The interlayer disappears as velocity is decreased.
This is the pattern seen in visual observations of gas cavity development.

Strictly speaking, the above is valid only if a porous plate is used. With a perforated grate, the gas cavity
is formed after streams from individual openings have merged, i.e., above the grate. In our experiments, with
10 mm between grate openings 2 mm in diameter, the height of the cavity was 10-15 mm,

NOTATION

dp, mean particle size; g, acceleration due to gravity; H, bed height; Hy, initial bed height; u, particle
velocity; v, true velocity of fluidizing agent; w, velocity of agent referred to the empty cross section of the ap~
paratus; wy, bubble ascent rate; wy, initial fluidizing velocity; W, number of fluidizations; 8, friction coefficient
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in filtration of fluidizing agent through bed; &, porosity of bed; p g» Pp density of particles and gas; 7, time.
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EFFECT OF BOUNDING SURFACES ON POROSITY
DISTRIBUTION IN A GRANULAR MEDIUM

V. N. Koleskin, P, G. Shtern, UDC 66.023:66.097.3:539.217.1
S. V. Turuntaev, G. N. Abaev,
and E. K. Popov

An experimental study is made of porosity distribution in a granular bed close to one of the
surfaces bounding it. It is shown that wall deformation reduces the nonuniformity of porosity
and the velocity profile of the gas flow.

The flow of a liquid or gas in reactors with a stationary granular bed of catalyst is significantly affected
by the properties of the bed [1], particularly the distribution of local porosity over the cross section of the ap-
paratus.

Experimental results have been obtained on porosity distribution ingide stationary beds of uniform
spherical and cylindrical particles [2-5], but such results are very limited in volume and do not permit a full
evaluation of the effect on porosity distribution of such properties of the bounding surfaces as deformability,
roughness, etc. The present work thus attempts a more detailed study of the porosity distribution of a granular
‘material near a flat boundary and the effect of the properties of the wall on this distribution.

Experimental Unit and Method

The experimental unit consisted of a rectangular vessel 400 X 200 X 200 mm made of organic glass, The
vessel had a double bottom, with holes joining the filling chamber with the working volume containing the gran-
ular material. The fluid was delivered from a buret through the chamber and into the bed, filling the cavities in
the latter. The height of ascent of the fluid in the granular bed h was fixed with a reading microscope and we
established a physically small volume AV, for averaging the porosity of the thin bed. Bed porosity was deter-
mined as
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