LAWS GOVERNING THE MOTION OF GAS BUBBLES
IN A FLUIDIZED BED
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and Yu. E. Livshits

The diameters of gas bubbles in an inhomogeneous fluidized bed are determined experimen-
tally. A model is proposed, on the basis of which the known experimental data on bubble growth.
in such a system are generalized.

The behavior of technological processes in a fluidized bed is determined largely by the hydrodynamic
phase and inhomogeneities (gas bubbles) formed in the system, A wealth of experimental data has been com-
piled to date on the motion of gas bubbles, and some partial correlations have been obtained [1,4,8]. So far,
however, the fundamental laws of growth and motion of gas bubbles in a fluidized bed remain unclear, making
it difficult to formulate analytical hydrodynamic models of the system.

We have attempted to gather data on the motion of gas bubbles in a fluidized bed and to explain the
general laws governing their development.

In a fluidized bed the energy of the gas filtered through the bed is dissipated as heat. Some of it is
spent in suspension of the material in the field of gravity. The dissipated power in this case is approximately
equal to the power expended in the initiation of fluidization:

N, = ApSt,. @

The remaining energy of the gas flow is spent in displacing the disperse material in the fluidized bed. The
corresponding dissipated power is

AN = N — Ny = ApS (4 —ty). @)

The gas (over and above that required to suspend the material) erupts through the bed in the form of in-
dividual gas bubbles, which move with acceleration 4]. Following in the wake of the bubble is atrail of solid
particles [9], which accelerate together with it, It is assumed that a gas-flow energy proportional to AN is
spent per unit time in accelerating the trailing particles. '

We derive the volume of a layer of height dx and write the power balance condition:

d (uf

S (Ll —_— uo) dp =] ‘d—t‘ k\ T dm, (3)
for which it is assumed that the energy spent in accelerating the gas, because of the relatively low density of
the latter, is negligibly small. Inasmuch as all particles are suspended by the gas flow in a fluidized bed, the
equality dp = pgedx holds., We introduce the quantity k', which represents the fractional volume occupied by
the trails of the moving bubbles in the fluidized layer of height dx. Then the mass of material in the trails is
dm = k'peSdx. Relation (3) assumes the form

4 o 2eu—u)

2
a ) %

Expressing the relationship between dx and dt, i.e., dt =dx/up, we integrate 4):

@)
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Fig. 1. Typical profile of probe
signal during passage of a gas bubble
{tb in sec; ugp in m/sec).

u—uytp E h
w2 duy, = % (& — up) S dx, (5)
u—uy ' 0
whereupon
— 2 —
v} [B(u—u—") -!—3(—1{&)4—1]:3&(&—&0)71. (6)
Uy, U k

It is known from the two-phase theory of fluidization [9] that
wu—u, H

v, H

It is clear that for small expansions H/H, of the bed and for a sufficient height h terms containing the factor

[ — ug)/vp]? and (u — ug)/vp can be neglected. Denocting the bracketed expression in (6) by p', that expres-
gion takes the form '

—1 (1)

’

v = 3gk (w—ug) k. (8)

Using the relationship between the relative bubble velocity and diameter [4]

Up~ V@b , 9
we finally obtain
D, = ]3;7. [ —ug) B, (10)

where g is a dimensionless coefficient independent of h and u — u,.

We carried out an experimental investigation to test the foregoing model representations. We conducted
the experiments in a column 300 mm in diameter, using two materials: sand d = 0.23 mm, u,= 6 cm/sec)
and silica gel @ = 0.19 mm, u, =2 cm/sec). The height of the stationary layer was approximately 45 cm in
all the experiments, We used a dynamometer probe, the operating principle of which has been described
earlier [10]. It comprises a flexible phosphor bronze plate with a rigid needle at the end. A plastic sphere
5.5 mm in diameter is planted on the tip of the needle. The force acting on the sphere is measured with two
strain gauges cemented onto the flexible plate and connected to a TA-5 strain-reading instrument. The output
signal from the latter is recorded on the strip chart of an N-327-3 high-speed recording unit, The probe is
calibrated by weighting the sphere with a static load. The force acting on the probe is determined with 5%
error in the frequency range from 0 to 50 Hz. In our experiment we set the probe at two heights from the gas-
distributing grid: 20 ¢cm and 40 cm. The probe was installed in the following sequence: first an initial charge
of material was poured into the column, then the probe was installed, and finally the remaining material was
poured in to bring the total height to 45 ecm. The rates of fluidization of the tested materials were determined
by the standard procedure (from the pressure difference). The ranges of fluidization numbers were 4 to 6 and
7.5 to 30 for sand and silica gel, respectively.
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Fig. 2. Bubble diameter Dp, cm, versus product (u — ugh,
cm%/sec. 1-5) Data of Rowe and Sverett [l] (see Table 1); 6)
our data for sand; 7) data of Werther and Molerus [3]; 8) data
of Werther and Molerus [11].

The probe was dynamically calibrated by means of motion picture film in a plane column with a cross
section 240 X 35 mm. At the instant of passage of the rear of the bubble the probe signal was recorded and
its velocity determined from the motion picture film, The dynamic calibration error did not exceed 5%.

A typical signal plotted by the recording unit during passage of a bubble through the probe sphere is
given in Fig, 1. It is evident from the figure that during the transit time tp of the bubble past the probe the
signal is equal to zero, but it increases sharply at the instant the rear of the bubble passes the probe. On
the sirip chart we measured the length of the zero~signal line and height of the spike after the bubble (rear of
the bubble). Then, knowing the strip speed, we determined the bubble transit time past the probe and, using
the static and dynamic calibration, obtained the speed of the rear of the bubble. From these data we deter-
mined the height of the bubbles in each individual case and the average height, which we took as the bubble
diameter Dp.

The experimental points are given in Fig. 2 in logarithmic coordinates of the bubble diameter as a func-
tion of the product of the excess velocity of the gas by the height from the gas distributor. Also shown in the
same figure are the data of other authors using different procedures for measuring the bubble diameter under
different conditions (see Table 1).

All the experimental points are generalized in the given coordinate system within 20% rms error limits
by a straight line with a slope of approximately 0,67 (line I):

TABLE 1. Experimental Conditions

R No. in
Source | Solid particles |ug, cm/ Measurement o

p sec d | Column, emi  rochnique Fig. 2

{1} Aluminum 9,54 210 . 2
Coal 8,0 296 | 20%30 | X rays 7

Quartz 2,75 | 135 -3
Spherical pellets 8.0 393 4

Glass powder 5.5 268 5

[21 Glass balls 2,4 120 @7,62 Gapac, probe

10x 10 Capacitance
probe + x rays

[3] | Quartz sand 1,8 100 @10 Capac, probe

[4] |Silica gel 2,85 | 150 | o10 Photoelectric
probe

{5} | Glass balls 0,72 741 7,5x15 | X rays

[6] Aluminum cata- | 64,5 | 1520 | 612 Explosion diam-

) lyst 61x5 eters (film)

7] Aluininum cata- | 55 1540 | 30,5x 15,2 | Explosion diam-

lyst eters (visualy
[11] | Quartz sand 1,8 83 @100 Capac. probe
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D,= Tl'i [ — ug) RP°. (1)

Ve
This equation can be written in the dimensionless form
D, =15VFr. (12)

Our data for silica gel lie somewhat above the line described by (11), namely, along line Il in Fig. 2. The
data of another group of researchers [2,5,6,7] are well approximated by lines II and III, which are parallel
to the middle line I described by (11). The parallelism of these lines confirms the validity of relation (10)
derived above. Theparallel displacement {different values of the coefficient q) is apparently attributable to
different conditions of bubble formation in the grid zone of the bed (ifferent initial values of the bubble diam-
eter after the gas-distributing grid).

Thus, despite the diverse conditions of bubble growth and behavior in the experiments of different re-
searchers, the bubbles obey common fundamental growth laws, which are represented by Eq. (10). Relation
(11) makes it possible to calculate the bubble diameters in equipment using porous grid-plates at distances of
200 mm or more from the gas distributor.

Comparing (11) with the analogous relation obtained by Kobayashi and others [4], we note that the latter
better fits the experimental data for (@ — ugh = 100 cm?/sec. Inthat range, however, the error is large in
the determination of D. In the interval 100 = u — ugh = 300 cm?/sec both relations give roughly the same
results. Inthe interval (u — upgh > 300 cmz/sec, which is of considerable practical interest, the Kobayashi
relation (] yields results that are clearly too large.

Thus, Egs. (10) and (11) enable one to calculate the diameters of erupting gas bubbles in industrial
fluidized bed equipment.,

NOTATION

Db, bubble diameter; d, particle diameter; D' =Dp/h, dimensionless bubble diameter; ¥Fr* = @ —
uo)z/Dbg, modified Froude number; g, free-fall acceleration; h, height above grid; H,, initial height of bed;
H, instantaneous bed height; I, k, proportionality factors; p, gas pressure; Ap, pressure difference in bed;
S, column cross section; up, absolute bubble velocity; vb, relative bubble velocity; uy, rate of initiation of
fluidization; u, gas filtration rate; p, material density of particles; €, particle concenfration in bed.
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