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Abstract—Bubbling, turbulent and fast fluidized beds are the major phases of gas—solid dense suspensions.
In this paper the effect of pressure on the phase transition from bubbling to turbulent fluidization was
investigated over the pressure range 0.1-0.7 MPa with a small-scale circulating fluidized bed placed in a
pressure vessel. It has been found that the gas velocity at which the transition takes place decreases with
increasing pressure but the solid mass flux at the transition remains almost constant. Detailed
measurements on the meso-scale flow structures were made to explain the transition characteristics.
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INTRODUCTION

Pressurized circulating fluidized beds are expected to have advantages common to both pressurized
fluidized beds and circulating fluidized beds. Pressurized fluidized beds are more compact than
atmospheric fluidized beds of the same gas throughput. With increasing pressure, the heat transfer
coefficient between the bed and immersed surfaces becomes higher. Circulating fluidized beds have
a number of advantages, including highly efficient solid retention and the capabilities of wide turn
down and the handling of cohesive materials.

Pressurized circulating fluidized beds are now to be applied to coal combustion boilers, whose
pressure is expected to be up to 1.6 MPa. Applications to catalytic reactions have also been
attempted, whose pressure is much higher than the boilers’—reaching 8 MPa in some cases.
Pressurized circulating fluidized beds would also be advantageous for reactors to treat heavy and
cohesive particles, because of the high pneumatic transport capability of pressurized gas. In spite
of these advantages, fundamental studies of pressurized circulating fluidized beds are relatively new
and only a few works have been reported.

Concerning atmospheric circulating fluidized beds, hydrodynamic studies have been conducted
intensively during the last 5 years. The essential hydrodynamic structure of circulating fluidized beds,
including the axial voidage distribution, the annular flow structure and the clustering behavior, is
becoming clearer. Among the hydrodynamic issues, the phase transitions of bubbling to turbulent
and turbulent to fast fluidization are quite significant since essential changes in the structure of the
dense suspensions take place following these transitions, as discussed by Horio (1991). Further-
more, phase transitions are important since the fundamental rate parameters for reactor design and
operation change in accordance with the flow regimes of fluidization. However, the behavior of
such particle suspensions has not been well-formulated, even in atmospheric conditions.

Historically, the hydrodynamic study of pressurized fluidized beds at a gas velocity higher than
the ordinary bubbling fluidization was initiated by Lanneau (1960), who measured the local density
fluctuations of the FCC (fluidized cracking catalyst) bed by a capacitance probe under 0.17 and
0.52 MPa.

Canada & McLaughlin (1978) measured the bubbling to turbulent phase transition in beds of
coarse particles of 0.65 and 2.0mm dia under pressures of up to 1 MPa, and observed no
remarkable change in the transition superficial gas velocity in different pressure beds.

Using a y-ray densitometer, Weimer & Jacob (1986) measured the bed density fluctuation in a
turbulent fluidized bed of 97 mm i.d. under pressure elevations of up to 6.2 MPa. They reported
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that they did not observe a sudden decrease in the pressure fluctuation during the bubbling to
turbulent phase transition with an increasing superficial gas velocity under high-pressure con-
ditions.

Yang & Chitester (1988) measured the gas velocity of the bubbling to turbulent transition by
visual observations with a two-dimensional bed of various particle species up to 6.4 MPa and
compared their experimental values with those calculated from the correlation developed using
atmospheric data.

Hashimoto (1989; Hashimoto er al. 1988) determined the onset velocity of turbulent fluidization,
u,, via the pressure fluctuation in a hot bench-scale pressurized fluidized bed of catalyst particles.

Horio e al. (1992) measured the offset velocity of bubbling fluidization, u,, as well as the onset
velocity of turbulent fluidization, w,, for FCC and silica sand under ambient conditions.

Ishii & Murakami (1991) measured u, and u, for FCC under ambient conditions for two
geometrically similar rigs.

Tsukada er al. (1991) plotted their data on the Re (Reynolds number) vs Ar (Archimedes
number) plane with data in the literature. Data have been also compared with Horio’s (1986; Horio
& Morishita 1988) correlations for . and u,. It has been found that the Reynolds number data
(Re, and Re, corresponding to the transition velocities u, and u,;, respectively) from pressurized
fluidized beds are slightly smaller than those from atmospheric beds.

However, it must be noted here that no systematic data have been presented with respect to the
phase transition characteristics with sufficient specification of the circulating flux, the longitudinal
voidage distributions and the meso-scale bed structures, which can be observed from fluctuations
of local voidage and pressure.

The objective of the present work is to investigate the effect of pressure on the transition from
bubbling to turbulent fluidization based on the meso-scale flow structure measurements.

EXPERIMENTAL APPARATUS AND METHOD

A laboratory-scale circulating fluidized bed (50 mm i.d., 400 mm high) with a filter canvas
distributor was located in a pressure vessel. Schematics of the fluidized bed and the measurement
system are shown in figure 1. Pressure transducers and load cells were located inside the vessel.
Electrical signals passed through flanges; optical signals were taken through optical fibers out of
the vessel. The solid circulating rate was controlled by a butterfly valve. After the pressure in the
vessel reached a specified value, the flow rate in the column and the downcomer were adjusted to
the specified value.

The axial pressure distribution and the pressure fluctuation were measured with semiconductor
pressure transducers (0-0.1 MPa) in the same manner as previously (Horio et al. 1989). The
solid circulating rate was measured with the particle flow meter reported in Horio er al. (1992).
The bed density fluctuation was measured in terms of the light reflection from the bed with an
optical fiber probe. Pressure and bed density fluctuations were measured at a height of 80 mm
from the column bottom. This height was chosen so that the measurements could always be
performed in the lower density zone of the riser over the gas velocity range examined in this work.
The optical fiber probe, consisting of three vertically aligned fibers of 250 um dia (i.e. one lighting
fiber at the center and two light-receiving fibers), was inserted horizontally into the center of the
column.

Experiments were done using FCC particles (particle diameter, d, = 46.4 um; particle density,
p, = 1780 kg/m?*). The minimum fluidization velocity of the present powder estimated from the
Wen & Yu (1966) correlation is 1 mm/s and does not change its value over the present pressure
range. The operating pressures were 0.1, 0.18, 0.35 and 0.70 MPa. The superficial gas velocity for
the downcomer aeration, yuncomer» Was 2.2 x 107> my/s at all operating pressures. The butterfly
valve for controlling the solid circulation rate was always kept fully opened. The measured values
of the solid circulating flux, G,, under different pressures are shown in figure 2 as a function of
the superficial gas velocity, u,.

The sampling frequency of the light reflection signals was chosen as 500 Hz. This frequency was
proved to be sufficiently high to represent the signal. The original signals were smoothed to
eliminate high-frequency components, which might be related to the motion of individual particles
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Figure 1. Schematic diagram of the pressurized circulating fluidized bed and the measuring system.

or very small groups of particles, so that the dense phase and lean phase were more clearly
distinguishable. The smoothing was done by taking the arithmetic average of successive n signals
over the period of nA¢. The time period of averaging, nAt¢, was adjusted to 6 ms. The sampling
frequency of the pressure fluctuation was set as 1000 Hz.

50 —
Udowncomer / 0/
10 - =2.2x1073 [m/s] */
s 0.70 MPa //
Ny
5 I, '™
s 0.35 MPa s /
e 0.10 MPa / .
- !

0.5 .‘///./.././

G, [kg/m?s)

A —— .
e /
a- K4
)
0.1 ! | | J
0.01 0.05 0.1 0.5 1
u, [m/s]

Figure 2. G, under the present conditions.
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Figure 3. Axial voidage distribution under three different pressures: (a) P =0.10 MPa; (b) P = 0.35 MPa;

(c) P =0.70 MPa.

RESULTS AND DISCUSSION

Figures 3 and 4 show the dependency of the axial voidage distribution and the root-mean-square
pressure fluctuation, P, ., on the gas velocity under different pressures. From figure 3 it can be
confirmed that the pressure tap was always in the dense region. From figure 4 the offset velocity
of bubbling fluidization, u,, and the onset velocity of turbulent fluidization, u,, were determined
in the same manner as by Yerushalmi & Cankurt (1979). According to their work, u, is defined
as the superficial gas velocity, u,,
at which P/, ceases to decrease with further increases in the gas velocity. As can be seen in figure 4,
both the peak value of P/, and the corresponding u, shift to lower values with increasing pressure.
In figure 5, u, and u, are plotted against pressure; and in figure 6, P/, . is plotted against pressure.
All of them are almost proportional to P =3, One remarkable finding from this experiment is that
the values G, at both u, and u, are almost constant, as shown in figure 7. In addition, the axial
voidage distributions at u, or u, are also similar under different pressures, as can be seen in figure 3.

Figure 8 shows typical signals of the light reflection intensity from one of the light-receiving fibers
in terms of the reduced light reflection intensity, 7, defined as

I=(V_ VO)/(VI - Vo),

where V denotes the photomultiplier output voltage, which is proportional to the light reflection
intensities from the bed, and V, and ¥V, are those from the empty column and settled bed,
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Figure 4. Effect of pressure on P/, fluctuation.

Figure 5. Effect of pressure on u, and u,.

shows its maximum; and w, is the gas velocity
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respectively. The unavoidable scatter in the voltage signal, which was probably caused by the
random particle orientation to the probe, was smoothed by time averaging. The reflection light of
intensities much higher than the value from the settled bed may be due to the vigorous impingement
of solids on the probe.

The probability distributions of the light reflection are given in figure 9. Typical distributions
for the clear bubbling mode show two peaks: the peak in the high reflection region corresponds
to the dense phase—the reflection intensity corresponding to this peak was about unity; the other
peak in the low reflection region, having a skirt wider than that of the dense phase peak,
corresponds to the bubble phase which can be found around 7 ~ 0.5—due to the scatter of the
signals the skirts overlapped each other but the minimum density was found around /=0.8.
Accordingly, the threshold value to separate the bubble phase from the dense phase was assumed
to be 0.8 for the preliminary determination of the bubble fraction, ¢,. In figure 8 the threshold value
is indicated by horizontal lines.

With increasing gas velocity, the time fraction of the period during which the probe top was in
the lean phase increases. The gas velocity at which the lean phase peak is formed decreases with
increasing pressure, as can be seen in figure 9. This indicates that the transition from the bubbling
to the turbulent regime, or to regimes of more dilute suspensions, takes place at lower gas velocities
with increased pressures.
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Figure 8. Examples of light reflection signals (/ = 0.8).
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tion signals (sample length = 32s).

In figure 10 the bubble fraction, &, is plotted against superficial gas velocity, u,, for different
pressures. This ¢, is the one formally determined as the fraction of the period during which the
relative intensity of the light reflection was <0.8. As can be seen in figure 10, ¢, increased with
increasing u,, but only slightly with pressure. The value of ¢, obtained at u, = u, decreased from
0.4 to 0.3 and the pressure increased from 0.1 to 0.7 MPa.

In the literature, the value of ¢, can be roughly obtained from the average solid density data and
the values of ¢, reported by Yerushalmi & Cankurt (1979) and Avidan & Yerushalmi (1982). The
value becomes &, ~ 0.46 for their FCC (p, = 1070 kg/m’, d, =49 um, ¢, = 0.45) at u, = u,. This
value is not very different from the present data.

The bubble fraction could be a dominant factor in the bubbling to turbulent phase transition.
Horio (1991) suggested that the offset of bubbling fluidization occurs when ¢, reaches an upper
limit, above which bubbles can no longer exist in the bed without touching each other. From the
data of Yerushalmi & Cankurt (1979), Horio (1991) estimated &, values taking into account the
effects of bubble splitting and slug formation. The calculated values of ¢, at u, = u, ranged from
0.75 to 0.8, which are too high perhaps because of the weakness of the model in handling slugging
behavior. The dashed curve in figure 10 shows the ¢, predicted by the same method using the
equilibrium bubble diameter obtained by Horio & Nonaka (1987). The agreement is fairly
reasonable, although the prediction does not include the effect of pressure. Contrary to the
Yerushalmi & Cankurt (1979) conditions, no slugging was observed in the present experiments.
Presumably this is why the prediction of &, at u, = u_ did not present much difficulty in the present
case.

To realize the image of bubble packing in the bed let us relate ¢, to the surface-to-surface pitch
between the bubbles, /. From geometrical considerations, we have

L/Dy = {m/(6c,)}'* — 1 (for cubic packing) 2]
and
l,/Dy = {{/2m/66,)}'* — 1 (for regular tetrahedral packing), [3]

where bubbles are assumed to be spherical. Substituting &, = 0.4, /,/D, = 0.094 is obtained for cubic
packing and 0.23 for regular tetrahedral packing.

From the Clift & Grace (1971) model for bubble coalescence, the following bubble, whose
diameter Dy, is 80% of the foregoing bubble diameter Dy, will be absorbed by the foregoing bubble
when the center-to-center distance between them is <1.43 Dy, for cubic packing and 1.25 D,, for
regular tetrahedral packing. The distance between two bubbles at u, = u, obtained from the present
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Figure 11. Transition Reynolds numbers Re, and Re, as functions of Ar.

experiment is sufficiently small for coalescence and presumably no bubbles can exist free from
vigorous interaction.

In figure 11 the present data for u, and u, are compared with previous data from pressurized
beds of fine particles. The pressure dependence of the present u, data is similar to that indicated
in the Yang & Chitester (1988) data. Lines show the Horio (1986; Horio & Morishita 1988)
correlations for u, and u,, which are determined from the literature data of both atmospheric and
pressurized beds. In the Horio correlations the pressure effects are taken into account in terms of
the gas density, p,, and viscosity, 4, in the Re and Ar. However, the prediction by the correlations
showed some overestimation of the transition velocities. As already shown in the Re vs Ar plot
in a previous paper (Tsukada er al. 1991), previous experimental data on u, and u, are scattered
(depending on their experimental conditions and methods). Further works are necessary to describe
the phase transition phenomena more systematically.

CONCLUSION

The offset velocity of bubbling fluidization, u,, and the onset velocity of turbulent fluidization,
u,, were determined in a laboratory-scale circulating fluidized bed under different pressures up to
0.7 MPa. Both u, and u, for FCC particles were proportional to P~%% At the conditions of each
regime transition (u, = u, or u,), the solid circulating flux, G,, and the axial voidage distribution,
¢(z), were almost invariable irrespective of pressure. The time-to-time change of the local bed
voidage, obtained with an optical fiber probe, indicated that the phase transition of bubbling to
turbulent fluidization significantly changes the local bed structure. The bubble fraction determined
from the probability distribution function was about 0.4 for an atmospheric bed at the offset of
bubbling fluidization and decreased to 0.3 with increasing pressure up to 0.7 MPa.
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