PRESSURE DISTRIBUTION AROUND A SINGLE
BUBBLE MOVING IN A FLUIDIZED BED

V, G, Kul'bachnyi and K, E, Makhorin UDC 532,546

Results are presented on the pressure distribution within a bubble and around it, the bubble
being in a fluidized bed,

The structure of a fluidized bed changes appreciably when gas bubbles appear. The dynamic param-
eters are determined in the main by the hydrodynamics of the fluidization, and the result is transient-state
motion of the solid phase and gas, together with pressure pulsations and local variations in the density,

The stability of the gas bubbles (discrete phase) and the ejection of material when they break up at
the surface indicate that the cavity within the bubble is at a pressure higher than that of the surrounding
medijum (continuous phase),
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Fig.1. Pressure distribution in a bed with: 1) uniform fluidization; 2) a
gas bubble within it,
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Fig,2. Effects of bubble size on the pressure distribution in a fluidized
bed of graphite particles: 1) 0,106 mm; 2) 0,172 mm; 3) 0.3 mm; a) Ap'

and Ap" (mm water) as functions of bubble volume Vj, cmY); b-d) o/Hy,
H,./Hy, and h/H, as functions of Vs @ is the slope of the tangent,
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Fig.3. Effects of speed w (m/sec) of fluidizing agent on
the distribution of the pressure Ap (mm water) in and
around the bubble for particles with dg = 0,254 mm and
Vp =16 em?; a) Ap" (curve 1) and Ap' (curve 2) as func-
tions of w; b) 6/Hy, (curve 1), h/Hy, (curve 2), and Hy./Hy
(curve 3) as functions of w,

Experimental results [1-3] and theoretical studies [4-7] show that only the upper part of the bubble
cavity is under excess pressure, whereas the lower part shows reduced pressure, i.e., the leading edge has
a positive pressure gradient while the trailing one has a negative one,

These different signs for the pressure gradient along the vertical axis go with the gas-permeable sur-
face to facilitate gas transfer between the discrete and continuous phases.

The rate of gas flow through the cavity determines the type of motion of the discrete phase [4, 8] and
is itself dependent on the pressure gradient and the porosity of the surrounding medium,

Here we report tests on the pressure around and within a bubble,

The tests were done on a laboratory system: in a column 75 mm diameter we used particles of con-
ducting material (graphite) with a narrow grain-size distribution and an equivalent diameter of 0.106, 0,172,
0.254, or 0,3 mm, Air was the fluidizing agent, The experiments were done under normal conditions, The
height of the fluidized layer was equal to the column diameter, Into the fluidized layer we injected an addi-
tional volume of air, which was used to produce a single bubble, We observed the motion of the bubble with
a probe, which consisted of two graphite electrodes 1 mm in diameter and a pressure detector in the form
of a tube 3 mm in diameter, The electrode lengths and distance between them were 3 mm, The electrodes
were connected in the circuit of a type M001 galvanometer, The pressure detector was connected to an
optical pressure transducer, The galvanometer and the pressure transducer were connectedtoan N700oscil-
lograph, The passage of the gas bubble past the point of observation was accompanied by interruption of the
galvanometer circuit and change in the pressure; the readings of the galvanometer and pressure transducer
were recorded on photographic paper.

The results from the oscillograms showed that this was a sound method of performing the experi-
ments and provided some quantitative relationships.

Figure 1 shows the pressure distribution in height for the main body of the bed with uniform fluidiza-
tion (line 1) and with the single gas bubble present (curve 2), The upper part of the bubble of height h and
a certain region above the bubble of extent § were under excess pressure with relation to the surrounding
medium, while the lower part of the bubble of height (Hy,—h) and a zone beneath it of depth H;. were under
reduced pressure, Part b of the zone represented a sheath of particles with a porosity equal to that of the
unfluidized bed.

There was a small pressure difference over the height of the bubble; in the leading part of the bubble
(point B) the pressure was higher than that in the trailing part (point D), This type of pressure distribu-
tion in a bubble has been reported before [2].

The vertical pressure gradient occurs because curve ABCDE reflects the change in the static pres-
sure difference, whose distribution in the bubble cavity is dependent on the gas speed in the bubble. The
motion of the bubble is accompanied by a transverse flow through the cavity and a circulatory motion within
it [4]. At point D, these flows add up, and the speed of the overall flow attains values such as to set up a
dynamic pressure head, which results in reduced static pressure at this point. In the part CB there is a
dispersal of the jet, the gas speed falls, the static pressure increases, and a point B ig one of maximal
pressure,
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Fig.4, Effects of dg (mm) on Ap (mm water) in and around
bubble for w =wgand Vi, = 16 cm3: a) Ap' (curve 1) and Ap®
(curve 2); b) 6/Hy, (curve 1), h/H;, (curve 2), and H../Hy, (curve
3) as functions of w,

The excess pressure Ap' at point B relative to the surrounding medium is determined by the leakage
of gas from the bubble cavity, while the negative pressure Ap" at point D characterizes the influx of gas
into the bubble. The zone of excess pressure 6 above the bubble and the zone of rarefaction H, behind it
reflect the hydrodynamic state of the layer around the bubble and the rate of transfer of gas between the
discrete and continuous phases, as does the proportion h of the height under excess pressure, The values
of Ap', Ap", §, Hy., and h are dependent on the bubble volume, the speed of the fluidizing flow, and the par-
ticle size,

Figure 2 shows how Ap' and Ap" are dependent on the initial volume V}, of the bubble for the three
graphite fractions 1-3having equivalent diameters of 0,106, 0,172, and 0,3 mm,

We see that Ap' and Ap" increase linearly with the bubble volume in the range D/Dy = 2.53;
any subsequent increase in Vy, leads to less pronounced increase in Ap" and an appreciable reduction in Ap!
for D/Dy, = 2,28, where D and Dy, are the diameters of the tube and bubble, Dy, was determined from the
previously derived relationship V}, = 0,453 Dy.

Tangents drawn to the Ap' and Ap" curves through the origin differ in slope (@' = a") for correspond-
ing particle sizes, which confirms that [Ap'| = [Ap"| as reported in [2, 3].

Parts b-d of Fig, 2 give the behavior of 6/Hb, H][./H]Os h/Hy in response to the initial size of the bubble;
a characteristic feature in each case is that the perturbed region around the bubble is larger when the par-
ticles are smaller, which is due to change in the viscosity characteristics of the bed. The effective vis-
cosity of the fluidized bed increases with the particle size [9], which affects the fluidity and hence the de-
formation of a layer over a surrounding region,

Figure 2b shows that 6/Hb increases with V}, within certain limits; the excess-pressure zone above
the bubble grows with the bubble size on account of the increased pressure in the upper part of the bubble;
6 increases with Ap' for the constant gas flow from the bubble into a layer of unchanged porosity, The rela-
tion between Ap' and 6 may be described to a first approximation by an equation for the flow of liquid from
a spherical source [10],

Figure 2¢c shows Hr/Hb as a function of V, where curve 1 corresponds to an equivalent particle size
of 0.106 mm; for D/Dy, = 2,53 there is a peak, and the depth of the rarefaction zone in this case is more
than twice the height of the bubble, Further, H; is only about 1.4 Hy, for particles of equivalent diameter
0.172 or 0.3 mm for the same D/Db, Increase in V}, reduces H,./Hy, for particles of equivalent diameter
0.172 mm throughout the range employed, whereas for particles of size 0.3 mm there was an increase in
this quantity only for D/Dy = 2,28, this being followed by a fall,

Figure 2d shows h/Hb as a function of Hy; there is a peak in this quantity, with h > Hy, for the 0,106
mm particles (curve 1) for D/Dy = 2,53; clearly, under these conditions one gets a bubble cavity similar in
shape to a segment of a sphere. The gas flow through the bottom of the bubble entrains particles and tends
to fill the bottom of the bubble to a greater extent than when large particles are used, Then Hy is naturally
reduced and h exceeds it, With particles of 0,172 or 0.3 mm, h/Hy, increases with V},, and the increase in
h is linear in the range of Vy of 8-20 cm?,

There is an appreciable change in the dependence of Ap', Ap*, 6/Hy, h/Hy, Hy./Hy on Vy, for certain
D/Db on account of the apparatus size; the nearness of the walls affects the bubble motion for D/Dy, = 3.0

4].

Figure 3a shows how Ap' and Ap"are dependent on w; Ap' decreases as w increases, while Ap" in-
creases,

1495



We found that the gas bubbles can exist also in an immobile layer; as the bubble rises, its volume
decreases, and 6 also diminishes as w increases (curve 1 of Fig, 3b), which regults in a reduction in the
hydrodynamic resistance, The rate of gas leakage from the bubble increases, and the pressure in the
leading part falls, and hence the pressure throughout the cavity, which means an increase in the rarefac-
tion Ap® in the lower part,

Curve 2 of Fig, 3b reflects the dependence of h/Hb on w; before fluidization starts, there is a sharp
fall in h/Hb, whereas there is only a minor change for w > wy, The fall in h as w increages occurs on ac-
count of the increased pressure drop in the continuous phase, which meang that part of the gas flow travel-
ing with the bubble enters into the cavity, since the hydrodynamic resistance in that part is less, which in
turn tends to equalize the pressures in the lower and upper parts of the bubble cavity.

Curve 3 of Fig, 3b reflects the variation in H,. with w; in an immobile layer, H,. /Hb falls markedly,
and it reaches its minimal value for w = 1,15 wy, Any further increase in the flow speed causes a tendency
to a constant value Hy =~ 1.1 H;,

Figure 4a reveals a direct proportionality in the effect of the particle size on Ap' and Ap"; increase
in dg results in increases in the latter two quantities, The observed points for Ap' and Ap" fit satisfac-
torily to a single straight line, which confirms |[Ap'| = |Ap"| for w =w [2].

The size of the channels between particles increases with the particle size itself, and this reduces
the hydrodynamic resistance, which should cause a reduction in the pressure in the upper part of the bubble;
however, increase in Ap' goes in hand with an increase in Ap", the latter being due to the properties of the
surrounding medium, i.e., the crogs section of the pore channels increases with the grain size, the hydro-
dynamic resistance falls, and hence one gets a more rapid equalization of the pressure between the sur~
rounding medium and the lower end of the bubble.

There is thus a continuous equilibrium between Ap' and Ap®, while the absolute values of these are
determined by the properties of the surrounding medium,

Figure 4b shows that the fall in G/Hb as d increases is only slight, and to a certain approximation
we may assume that ¢ is independent of the particle size; however, Fig,2b shows that any increase in Vy,,
and thus in Ap' (Fig,2a), will result in an increase in 6/Hb. Figure 4a shows that Ap' increases with d,,
which in turn should lead to increase in 6/Hy,.

This behavior of G/Hb cannot be explained on the basis of concepts concerning the viscous stresses
in the layer acting as a continuous medium,

The fall in the pressure gradient between the bubble and the surrounding medium is governed not only
by the effective viscosity of the layer, which characterizes the layer as a continuous medium, but also by
the porosity, i.e., by the size of the pore channels, The pressure may be equalized as a result of flow of
the continuous phase as a liquid, i.e., as a result of simultaneous motion of the particles of the gas as well
as of the motion of the gas alone between the particles,

The first effect is determined by the viscosity of the layer, and the second by the dimensions of the
pore channels in the fluidized bed; the two effects occur together, and the predominance of one or the other
is dependent on the properties of the system, of which the main one is the particle size, The viscosity in-
creases with the particle diameter, and the tendency of the medium to flow is reduced, with the result that
there is legs tendency for pressure equalization by motion of the continuous phase (particles and gas),
The channel diameter also increases with the particle diameters, and the pressure equalization will there-
fore tend to occur by flow of gas through the channels when the particles are large,

We therefore consider that the picture of the gas flow above the bubble is as follows. If the particles
are small, the escape of gas from the bubble and dispersal through the layer encounters a hydrodynamic
resistance greater than that in the layer of large particles, which results in a difference in the gas leakage
rates and hence in the size of the excess-pressure zone above the bubble, In the first case, the medium
is more fluid, and the pressure gradient is reduced above the sheath of immobile particles mainly as a re-
sult of motion of the continuous phase, If the particles are large, the effect occurs by motion of the gas in
the pore channels,

We find that h/H]0 tends to decrease as the particle size increases in the range dg = 0,165 mm (curve
2 of Fig.4b); further change in dg has little effect on this quantity.
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Curve 3 of Fig.4b reflects the variation in Hy. with dg; in the range 0.165-0.265 mm there is only a
slight change in H /H but any further increase in d, causes an appreciable rise in the latter, The rela-
tionship may be d1v1ded crudely into three regions: in the first (dy < 0,165 mm) the viscosity increases with
the particle size, so the moving bubble remains turbulent (entrained jet), and this turbulence dies away only
slowly on account of the inertial forces of the particles in a medium of low viscosity, In the second region
{d, = 0.165-0,265 mm) the increase in viscous stresses is balanced by increase in the size of the channels
between grains, and there is increased influx of gas from the continuous phase, with a fall in the rate of
reduction in'the rarefaction zone, In the third region (dg > 0.265 mm) the sizes of the channels between the
particles become sufficient for the pressure equalization to occur mainly by flow in the channels, while the
thickness of the rarefaction zone increases on account of the increased influx of gas into the bubble cavity
from a large volume of the layer,

NOTATION
Ap! is the excess pressure at the front of the bubble;
Ap"™  is the rarefaction at the rear of the bubble;
0 is the height of the excess pressure region over the bubble;
Hb is the height of the bubble;
H, is the height of the region of rarefaction behind the bubble;
h is the part of the bubble cavity under excess pressure;
Vi is the initial volume of the bubble;
w is the velocity of the fluidizing agent;
Wy is the velocity of the onset of fluidization;
dg is the equivalent diameter of a particle;
D is the diameter of the apparatus;
Dy, is the bubble diameter,
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