NOTATION

dp = bubble diameter, m

C, = concentration of reactant A, mol/m3

g = acceleration due to gravity, m/s?

H, = height at which bubble is fully formed, m

k, = reaction rate constant from packed bed data, s~!

np = bubble frequency, Hz

Q = volumetric gas flow rate into expanded dense phase,
m3/s

Qor = volumetric gas flow rate through orifice, m3/s

R = bubble radius, m

TA = rate of reaction of A, mol/m3:s

td = bubble formation time, s

te = bubble equilibration time, s

Up = bubble rise velocity, m/s

Upms = minimum fluidization velocity, m/s

Vi, = visible bubble volume, m3

x = fraction of orifice flow forming a visible bubble

€ = dense-phase voidage

€mf = dense-phase voidage at minimum fluidization

Subscripts

1 = as seen 10 cm above distributor
2 = as seen 25 cm above distributor
0 = entry condition

d = dense phase
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Distribution of Bubble Properties in a Gas-
Liquid-Solid Fluidized Bed

The behavior of bubbles in a cocurrent gas-liquid-solid fluidized bed was in-
vestigated in 2 column of 76.2 mm ID in this study. The particles used were glass
beads of 3 and 6 mm and a binary mixture of these particles. A novel dual electrical
resistivity probe system was developed and utilized to obtain bubble properties
including bubble size and rise velocity. The distributions of the bubble properties
in the gas-liquid-solid fluidized bed were evaluated for three flow regimes: the
dispersed bubble flow regime; the coalesced bubble flow regime; and the slug flow

regime.
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SCOPE

Gasliquid-solid fluidized beds have been fully developed and
demonstrated in processing technology; as three-phase reactors,
they have been employed in the H-oil process for hydrogenation
and hydrodesulfurization of residual oil, the H-coal process for
coal liquefaction, and the bio-oxidation process for waste water
treatment.

A knowledge of hydrodynamics is of considerable importance
in design and operation of a gas-liquid-solid fluidized bed.
Among various hydrodynamic properties, bubble size and rise
velocity and their distributions are of prime concern, as they
are directly responsible for the behavior of other hydrodynamic
properties such as liquid flow patterns, solids mixing, and gas-
liquid interfacial area.

Very limited information is available in the literature re-
garding the in-bed bubble size or rise velocity distributions in

the gas-liquid-solid fluidized bed. Page and Harrison (1972) used
photographic techniques to examine the size distribution of
bubbles leaving a gas-liquid-solid fluidized bed and found that
the logarithmic cumulative distribution function varies linearly
with bubble size. Using an impedance double-probe, Darton
and Harrison (1974) reported that bubble size in a three-phase
fluidized bed of 500 um sand particles follows a log-normal
distribution. .

This study is directed toward a fundamental understanding
of in-bed bubble properties including bubble size and bubble
rise velocity in a gas-liquid-solid fluidized bed of large particles
and their mixture. The bubble properties are distinguished for
each of the three flow regimes; dispersed bubble flow regime;
coalesced bubble flow regime; and slug flow regime.

CONCLUSIONS AND SIGNIFICANCE

A novel dual electrical resistivity probe was developed to
obtain the distribution of bubble rise velocity and size in a
gas-liquid-solid fluidized bed containing large particles. The

Correspondence concerning this paper should be addressed to L. §. Fan.
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probe used possessed adequate strength to sustain the impact
of solid particles, yet was small enough to allow bubbles of small
size to be detected. The experiments were conducted in a cir-
cular plexiglas column of 76.2 mm ID. The particles used were
3 and 6 mm glass beads and a binary mixture of them. The be-
havior of bubble properties in each of the three flow regimes
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was examinea including dispersed bubble flow regime, co-
alesced bubble flow regime, and slug flow regime. _

The bubble rise velocity depends strongly on the flow regime
under which the system is operated. The bubble rise velocity
in the slug flow regime exhibits the broadest distribution, fol-
lowed by that in the coalesced bubble flow regime and the dis-
persed bubble flow regime. The bubble rise velocity distribution
is practically insensitive to the particle size considered in this
study. ,

The in-bed bubble size distribution in each of the three flow
regimes is obtained from the directly measured chord length
distribution and the probability of a bubble striking the probe
over the projected area of the bubble. The bubble size distri-
bution can be expressed in terms of a log-normal distribution.
The mean bubble size can be related to the mean chord length
by a linear equation, The mean bubble size obtained in the
present study is bounded by two theoretical relationships for
spherical and spheroidal bubbles, which can be obtained for
the case of uniform sized bubbles. Also the experimentally ob-
tained mean bubble size shows a specific trend of variation from
the bound for a spherical bubble at a small mean chord length
to the bound for a spheroidal bubble at a large mean chord
length. The mean bubble size plotted against the bed expansion
parameter, the ratio of expanded bed height to static bed height,
shows clearly that the mean bubble size also depends strongly

on flow regime. In the dispersed bubble flow regime, a small
mean bubble size is observed and the mean bubble size in-
creases only slightly with an increase in the bed expansion pa-
rameter. In the coalesced bubble flow regime and slug flow
regime, a large mean bubble size is observed. The bubble size
increases considerably with an increase in the bed expansion
parameter for the coalesced bubble flow regime but increases
moderately for the slug flow regime.

. The variance of the bubble size distribution is proportional
to the square of the mean bubble size for all types of particles
and flow regimes considered. It is noted that a small mean
bubble size is associated with a small variance, while a large
mean bubble size is associated with a large variance. Addi-
tionally, a small variance in the bubble size distribution char-
acterizes dispersed bubble flow, while a large variance char-
acterizes coalesced bubble flow as well as slug flow. The bubble
size distribution is practically insensitive to the variation in the
particle properties considered in this study.

For comparison, d, , the mean bubble size based on the vol-
ume frequency of the bubbles, is defined by assuming a spher-
ical bubble geometry. The value of d, is in general larger than
that of the mean bubble size based on the number frequency
of the bubbles, d,. In particular, d, is considerably higher than
d, in the slug flow regime due to the effect of the large volume
of gas slugs.

INTRODUCTION

Gas-liquid-solid fluidized bed operation is of considerable im-
portance in chemical, petrochemical and biochemical processing,
The performance of a gas-liquid-solid fluidized bed is dictated to
a great extent by bubble behavior in the bed. A knowledge of
bubble properties such as gas-phase holdup, bubble size and rise
velocity, and their distribution is thus of prime concern in the
fundamental understanding of a gas-liquid-solid fluidized bed.

Efforts have been made to obtain the bubble size in relation to
the bed operating conditions in a single bubble system (Massimilla
et al., 1961; Henriksen and Ostergaard, 1974; El-Temtamy and
Epstein, 1980). Henriksen and Ostergaard (1974) found that the
relationship between bubble size and bubble rise velocity can be
represented by an equation similar to that obtained by Davies and
Taylor (1950) for spherical cap bubbles. For a multibubble system,
efforts have been made in experiments to obtain the bubble size
and its axial variation in fluidized beds containing particles of di-
ameter less than about 1 mm (Adlington and Thompson, 1965;
Ostergaard, 1966; Rigby et al., 1970). Lee (1965) reported that, in
a three-phase fluidized bed of 6-mm glass beads, the breakage of
bubbles by the particles is such that bubble size decreases with an
increase in bed height. Using an electroresistivity probe, Rigby et
al. (1970) found that, for particle with sizes from 120 to 775 um,
bubbles coalesce as they move up the bed. They also reported that
the mean bubble size increases with a decrease in liquid flow rate,
increases with an increase in gas flow rate, and increases within-
creasing axial distance. Rigby et al. (1970) also indicated that the
distribution of the bubble size becomes wider as the axial distance
increases or as the liquid flow rate decreases: Bruce and Revel-
Chion (1970) examined the size of bubbles leaving a three-phase
fluidized bed of large particles ranging from 2 mm to 8 mm and
found that bubble size decreases with increasing particle size up
to 6 mm and then increases with increasing particle size beyond
6 mm. Bruce and Revel-Chion (1974) indjcated that for 6 and 8
mm particles, the bubble size decreases, reaches a minimum at a
liquid velocity of around 13.2 cm/s, and then increases with an
increase in liquid velocity. Furthermore, they indicated that the
bubble size for 2 mm particles is virtually independent of gas ve-
locity, while for a bed of 6 mm particles, the bubble size increases
linearly with increasing gas velocity.
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Page and Harrison (1972) examined the size distribution of
bubbles leaving a three-phase fluidized bed of 500 um particles
with the aid of photographic techniques. They found that the
logarithmic cumulative distribution function varies linearly with
bubble size. Darton and Harrison (1974) reported that bubble size
determined using an impedance probe in a three-phase fluidized
bed of 500-600 um sand particles follows a log-normal distribution,
with a variance which increases with an increase in gas flow
rate. i
In practical application of a gas-liquid-solid fluidized bed, a size
and/or density distribution of solid particles in the bed is commonly
encountred. Vary little information, however, is available in the
literature regarding the fundamental characteristics of the three-
phase fluidized bed with mixed size and/or density particles. Fan
et al. (1984) investigated solids mixing in cocurrent three-phase
fluidized beds containing a binary mixture of glass beads with di-
ameter ratios of 1.33 (3 and 4 mm particles) and 2.00 (3 and 6 mm
particles). They noted that there exists a strong correlation between
the solids mixing map and the flow regime map. '

In this study, a dual electrical resistivity probe was developed
which allows a study of in-bed properties of bubbles in a three-
phase fluidized bed of large particles. the particles under consid-
eration include glass beads of 3 and 6 mm and a binary mixture of
these particles, The fundamental behavior of bubbles are examined
for three different flow regimes: the dispersed bubble flow regime;
the coalesced bubble flow regime; and the slug flow regime.

EXPERIMENTAL

A schematic diagram of the experimental apparatus is shown in Figure
1. The vertical plexiglas column has the dimensions of 76.2 mm ID with
a height of 2.73 m. The column consists of three sections: the gas-liquid
distributor section; the test section with a height of 1.38 m; and the gas-
liquid disengagement section. The gas-liquid distributor, which is located
at the bottom of the test section, is designed in such a manner that uniform
distributions of liquid and gas can be maintained in the column. Details
of the gas-liquid distributor are given by Fan et al. (1982). Water and air
are used as the liquid and gas phases in the experiments. The gas-liquid flow
is cocurrent and upward. The particles used are 3 and 6 mm glass beads
(densities are 2,590 and 2,520 kg/m?, respectively) and a binary mixture
of them with a weight ratio of 1 to 1. Note that the static bed height for all
runs is set at about 26 cm.
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Figure 1. Schemalic dlagram of the experimental apparatus.

A novel dual electrical resistivity probe system was developed and utilized
to measure local bubble size, rise velocity, and freuency of the bubble phase
in the gas-liquid-solid fluidized bed. The probe, to which 3 V DC is applied,
detects the difference in conductivity of gas and liquid. The analog signals
obtained from each probe circuit are reformed to produce signal of square
wave torm. A pair of signals which correspond to a bubble striking the dual
probe is selected automatically in the logic circuit. An apparent lag time
corresponding to the passage of the bubble between the two tips of the dual
probe and the duration of the time in which the bubble passes through the
probe tip are measured and printed out on a digital printer. Data processing
is conducted in real time.

Probe System

The setup of the resistivity probe in the experimental system is shown
in Figure 2. The placement of the probe can be altered during the fluidized
bed operation by moving the support tubing with the aid of a calibrated
moving bar.

| Three-way
il Moving Bar

water o )
Q
olj o
Bubble [ 9 i :
g0 lo
6 mm Gloss Bead . 0. U.* W 197
Y . . 0 . 4 L= JL=
3mmGassBead I 0, o °°
su DR B

Figure 2. Schematic diagram of the probe setup In the three-phase fluidized
bed with a binary mixture of particles.
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Figure 3. Details of the dual electrical resistivity probe.

The probe used in the gas-liquid-solid fluidized bed of large particles
is designed in such a manner that it possesses adequate strength to sustain
the impact of the solid particles and yet is small enough to allow tiny bubbles
to be detected. Figure 3 shows details of the probe design. The dual elec-
trical resistivity probe consists of two 0.4 mm diameter stainless steel syringe
needles coated with epoxy resin. The vertical distance between the tips of
the two needles is 0.3 mm. The tips of the needles, which are exposed to
the experimental system, have a diameter of 0.2 mm each. The probe is
supported by glass tubing and by stainless steel tubing which serves as the
positive electrode. The shape of the support tubing is designed such that
minimum flow disruption due to the presence of the probe in the bed is
maintained.

Signal Processing Circult and Signal Acquisition

Figure 4 depicts the signal flow in the signal processing system. The
system consists of amplifiers, signal reformers (comparators), a clock pulse
generator, a logical processor, digital counters, a digital printer, an interface
to a digital printer, and a power supply. An oscilloscope is also used to
monitor the amplified signals.

The analog signals from the probe are amplified such that high-level
signals, which correspond to liquid contact of the probe, are 5 V. Low-level
signals or gas contact remain near zero. In the wave reform section, they
are compared to a threshold signal intensity set at 80% of the high level of
the amplified signal intensity. Note that this threshold level is identical to
that used by Rigby et al. (1970) for an impedance double probe. All signal
intensities above the threshold value signify the conductive liguid phase,
and all signal intensities below the threshold value signify the nonconductive
gas phase.

The relationship between reformed probe signals and bubble dwell and
lag time is shown in Figure 5. The dwell time, 7, of a bubble represents the
duration of time in which the bubble passes through the probe, and the
apparent lag time, At, represents the time interval between leading edges
of a pair of signals corresponding to the passage of the bubble. Probe 1, o
the upstream probe, and probe 2, or the downstream probe, are denoted
by subscripts 1 and 2, respectively. To match a pair of signals due to the
passage of a single bubble through the dual probe, the leading (negative
going) edge of signal 1 at time ¢y is chosen as a trigger. This is followed by
the trailing (positive going) edges at t; of signal 1, and the leading and
trailing edges at tg and ¢4, respectively, of signal 2. In the signal pair se-
lection section of the logic circuit, these four edges create three signals which
represent the time intervals between t) and 13, or 7y, tsand t4. or 7o, and
t) and t5 or At. The time intervals 7|, 75, and At are measured with the
aid of clock pulses and gated digital counters.

The average residence time of a bubble traveling between the two tips
of the probe, A7, can be expressed by

1 1
AT—<tz—t1)+2( n)—At+2< 2= Ty) 1)
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Figure 4. Signal flow diagram for the probe measuring system.

where ¢ is the real time. The bubble rise velocity, up, and chord length, L,
can be calculated by the following equations:

up = L,/ At )

b =Tup
=(1) + T2)L,/2A7 3

where Ly, is the vertical distance between the two tips of the probe. The
average bubble velocity can be calculated by (Ueyama et al., 1980):

1
Uy == 3 up, 4

n =1

An error may result from the fact that a bubble detected by probe 2 is
not always preceeded by a bubble detected by probe 1. For instance, a
bubble penetrated by probe 1 may be deflected and not strike probe 2. In
another case, a bubble pierced by probe 1 may not be deflected, but before
it can reach probe 2 another bubble that missed probe 1 touches probe 2.
In addition to the cases mentioned above, a slight deflection of a bubble
striking probe 1 may result in a different dwell time of the bubble on probe
2. To accept a signal pair received when a bubble passes through both
probes requires severa! conditions be satisfied. This so-called “matching

___ Liquid Gas Liguid
Phase ]~ Phase T Phase
.
Signal for — T — _
Upstream Probe l
JAT
Al
Signai for
Downstreamn Probe — T2
t to t3ty
Figure 5. Relationship between probe signals and bubble dwell and lag
times,
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of a signal pair” is made automatically in the logic circuit in which the
following constraints are placed:

1) The signal for probe 1 is used as a trigger signal.

2) Tt requires ¢) < 5.

8) Itrequires#; + 7, <#g + 7a

. 71

4) 1t requires 0.9 < YT <11
A signal pair which does not satisfy all the constraints described above is
ignored. Note that about 50% or less of the signal pairs detected by the probe
were ignored for a typical bubble property measurement for the dispersed
bubble flow regime, whereas about 65% or less of those for the coalesced
bubble flow regime and 80% or less of those for the slug flow regime were
ignored,

Chord Length Distribution vs. Bubble Size Distribution

The bubble chord length distribution, z(};), obtained directly from the
probe is related to p(d,lp), the probability of a bubble of size d striking the
probe over the projected area of the bubble, and r(d), the actual bubble size
distribution at a specific location, according to

a(,) = j; : pd Jp)r(d)dd.

Note that the size of a bubble refers to the vertical length of a chord passing
through the center of the bubble. Tsutsui and Miyauchi (1980) have indi-
cated that for a spherical bubble or a nonspherical bubble, which can be
approximated by a pair of concentric spheroids, p(d.J,) can be expressed
by:

5)

p(dly) =2L,/d% forl, =d (6)
In reality the upperbound of integration on the righthand side of Eq. 5 is
finite. Thus, Eq. 5 is rewritten in dimensionless form as

*’"—zs—ﬁmadz

where £, is the maximum value of £.

The definite integral on the righthand side of Eq. 7 can be closely ap-
proximated by any of several numerical integration formulas, and replaced
by an integration formula with m points of subdivision of the A- and &-axes
and the weight coefficients wy, i = 1, ..., m, whose values depend on the
type of numerical integration formula used. One can obtain m linear al-
gebraic equations for the m unknowns, R(&y), . . . , R(&,). Using a simple
quadrature formula with specified nodes Eq. 7 can be expressed by

ZA) = 7
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Z(\1) wiplEMweplEe M) .. .. ... WP (Em,A1)
Z(xe) wp(€2A). ... ... Wmp(Em,Ag)
Z(Am-1) Wn-1P{Em-1.Am-1) Wmp(Em Ao
_ Z(Am) ’Qmp(Em:)\vn)
In inversion matrix form, Eq. 8 becomes
™ R(¢) wipl€LA) wep(§aM1) ... .. .. wnp(Em M) | 7 ZON)
R(&) wep(Ea o). .... .. Wrmp(Em,Ag) Z(As)
L R{ém) W (Em Am) Z(Am)
Thus R(£) can be obtained directly from the inversion of the diagonal
matrix and Z(\) as given in Eq. 9. Note that w,, i =1, ..., m is taken as

1 in the present numerical computation, since the subdivision of the A- and
&-axes for numerical integration is chosen to be small as compared with the
mean of the bubble size distribution (Matsuura et al., 1976).

RESULTS AND DISCUSSION

There is a distinct difference in bubble size behavior between
the gas-solid fluidized bed and gas-liquid-solid fluidized bed. In
general, in the gas-solid fluidized bed the average bubble size in-
creases with axial distance. The bubble size distribution at a given
axial distance exhibits a small variance. Compared to the gas-solid
fluidized bed, the bubble size behavior in the gas-liquid-solid
fluidized bed is much more complicated. There is a wide range of
distribution of bubble sizes at a given axial distance in the gas-
liquid-solid fluidized bed. The bubble size distribution varies
considerably with axial distance. Furthermore, as will be discussed
later, the bubble size distribution also depends on the flow re-
gime.

For any bubble property distribution reported in this study, at
a given fluidization condition, about 500 data points are taken.

The minimum detectable bubble size using the present probe
is predicted to be approximately 0.1 cm, based on the following
empirical correlation proposed by Buchholz et al. (1981) for the
minimum bubble size detectable by a probe:

duin=4Ady, + d, + a (10)
where
Ady, = horizontal distance between the centers of two nee-
dles
d, = needle diameter
a = insulation constant
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Figure 8. Comparison of bubble rise velocity obtained by probe method and
photographic method.
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Probe Method vs. Photographic Method

It should be noted that the shape of the support tubing for the
probe is designed in such a manner that minimum flow disruption
due to the presence of the probe is maintained, as described earlier.
The probe’s effect on bubble properties is examined visually using
a separate bubble column with a rectangular cross-section. The
dimensions of the column are 38.0 mm X 76.2 mm X 1,000 mm.
Bubbles are injected through a tube injector located at the center
of the bottom plate into the quiescent liquid column. The sizes of
two single tube injectors are 0.63 and 4.0 mm ID. The small-size
injector is used to generate small bubbles while the large-size in-
jector is used to generate large bubbles. The probe is positioned a
short distance above the injector to allow effective interception of
small bubbles. The probe is positioned a moderately long distance
(about 60 cm) above the injector for measurement of large bubble
sizes. An audio-video camera, a recorder, T.V., and a stroboscope
with a flash rate of 36 Hz constitute the photographic system.

Bubbles are generated at a certain time interval. When a bubble
strikes the probe, the audio-video recorder registers the sound
generated by the printer in the probe system. The sound is used to
permit identification of the particular bubble shown on the T.V.
screen. In this way the bubble property measurements of the
photographic and probe methods are synchronized. The replayed
audio-video images are used to visually measure the bubble
properties prior to the bubbles striking the probe, i.e., immediately
below the probe. Figures 6 and 7 show the comparison of bubble
rise velocities and chord lengths obtained by these two methods.
It is seen that the data points obtained by the present probe device
are within £20% of those obtained photographically over a wide
range of bubble chord lengths from 1 to 40 mm. It is evident,
however, that for a majority of the bubble rise velocity and chord
length data, the present probe device gives rise to slightly lower
values than the photographic measurement. This discrepancy may
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Figure 7. Comparison of chord length obtained by probe method and photo-
graphic method,
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be due to the fact that photographic method measures projected
properties of the bubble whereas the probe method measures in
situ properties. For example, surface identations common in large
bubble geometries are more accurately detected by the probe
method, and thus their effect on bubble properties more accurately
reflected.

During the photographic measurements, tiny hydrogen bubbles
are periodically observed at the tip of the probe. It is noted that
these bubbles are quickly detached from the probe tip after their
formation due to the vigorous motion of liquid surrounding the
probe. No hydrogen bubble effect on the bubble properties is ev-
ident in the video analysis.

Flow Regime

Hydrodynamic characteristics including bed expansion, solids
mixing, and flow regime for a three-phase fluidized bed containing
a binary mixture of 3 and 6 mm glass beads has recently been ex-
plored by Fan et al. (1984). Figure 8 shows the flow regime map
expressed in terms of liquid velocity vs. gas veocity for 3 and 6 mm
glass beads and for the binary mixture. Clearly, three flow regimes
can be distinguished in the system, namely, the dispersed bubble
flow regime, coalesced bubble flow regime, and slug flow regime.
Note that dispersed bubble flow represents the flow pattern under
which bubbles of fairly uniform size are observed in the gas-lig-
uid-solid fluidized bed. Slug flow represents the flow pattern under
which large slugs, whose vertical length is greater than or close to
the column diameter, are observed from the outside of the column.
Coalesced bubble flow indicates that spherical cap or spheroidal
bubbles of various sizes are observed in the three-phase fluidized
bed. Based on the flow regime map, gas and liquid velocities are
chosen in this study to reflect the flow regime effect on bubble
behavior for 3 and 6 mm glass beads and a binary mixture of par-
ticles. For comparison, bubble properties are evaluated at the center
of the bed and two thirds of the expanded bed height away from
the distributor for various fluidization conditions.

Bubble Rise Velocity

Figures 9a, b, and ¢ show the bubble rise velocity distribution
for a binary mixture of particles in the dispersed bubble flow re-
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gime, slug flow regime, and coalesced bubble flow regime. Note
that the bubble rise velocity, up, represents an absolute velocity
with respect to the column wall, and that the velocity distribution,
Q(up), given here is based on the number frequency of the bubble
rise velocities. In the dispersed bubble flow regime, the bubble rise
velocity is narrowly distributed. The mean bubble rise velocity for
a binary mixture of particles is 0.548 m/s. The mean bubble rise
velocities for 3 and 6 mm glass beads are 0.528 and 0.529 m /s, re-
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Figure 10. Relationship between mean bubble rise velocity and mean bubble
slze in the slug flow regime.

spectively. It can be stated that in the dispersed bubble flow regime
the variation of the mean and distribution of the bubble rise ve-
locities is insensitive to the particle size considered in this study.

In the slug flow regime the bubble rise velocity distribution ex-
hibits multimodal behavior. The bubble rise velocity is distributed
over a considerably wide range with the largest slug velocity ob-
served as 2.5 m/s. The mean bubble rise velocity in the slug flow
regime for the three particle systems considered varies in the range
from 1.07 to 1.15 m/s. Figure 10 shows that the mean bubble rise
velocity in the slug flow regime follows closely the following

equation
T = 3.4 \/gd,
(11)

where
d,, = mean bubble size

It is also noted that in the slug flow regime the small bubbles behind
the large slug travel at a much higher velocity than small bubbles
of the same diameter in the dispersed bubble flow regime.

In the coalesced bubble flow regime, the bubble rise velocity
distribution is similar to that in the dispersed bubble flow regime
except that the tail of the distribution in the coalesced bubble flow
regime extends to much higher bubble rise velocities. It is noted
that the mean bubble rise velocity in the coalesced bubble flow
regime is slightly smaller than that in the dispersed bubble flow
regime.
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Figure 11. Chord length distribution for a binary mixture of particles in the

dispersed bubble flow regime.
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Evidently, the flow regime has a strong effect on the bubble rise
velocity distribution while little effect is observed of the particle
property on the distribution.

Chord Length and Bubble Size Distribution

Figure 11 shows the chord length distribution for the binary
mixture of particles in the dispersed bubble flow regime. The mean
chord length in this distribution is 0.332 cm. It is seen that the
distribution extends over a wide range of dimensionless chord
lengths (up to 3.2). The bubble size distribution in the dispersed
bubble flow regime for the binary mixture and 3 and 6 mm glass
beads are shown in Figures 12a, b, and ¢. Note that the bubble size
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TABLE 1. VALUES OF MEAN CHORD LENGTH, MEAN BUBBLE SIZE AND

LOG-NORMAL DISTRIBUTION PARAMETERS OBTAINED IN THIS

STUDY
. Zb E" B‘D(tt.)
Flow Regime Particle System {mm] [mm] o™ B a2*%) [mm)] H¢/H,
Dispersed Bubble
Flow Regime Binary Mixture 3.32 5.03 —-0.165 0.364 0.117 11.16 2.82
tg =5.00 cm/s 3 mm Glass Beads 3.80 5.36 —-0.0745 0.317 0.101 8.97 3.71
u; =129cm/s 6 mm Glass Beads 3.05 4.42 —0.239 0.351 0.0921 10.90 2.36
Slug Flow Regime  Binary Mixture 8.37 10.94 —0.348 0.650 0.401 54.17 2.45
ug=19.8cm/s 3 mm Glass Beads 8.11 10.46 ~-0.615 0.710 0.317 50.45 2.47
u; =129 cm/s 6 mm Glass Beads 7.28 10.51 —0.524 0.721 0.402 65.98 2.45
Slug Flow Regime Binary Mixture 6.96 9.22 ~0.646 0.750 0.364 37.68 145
ug =19.8cm/s 3 mm Glass Beads 6.55 9.06 —-0.569 0.660 0.270 44.20 1.44
u; = 5.16 cm/s 6 mm Glass Beads 6.48 9.46 —0.584 0.689 0.303 62.21 1.45
Coalesced Bubble
Flow Regime Binary Mixture 8.08 8.74 -0.326 0.700 0.538 29.39 1.27
ug =5.00cm/s 3 mm Glass Beads 6.16 8.92 -0.297 0.677 0.508 19.92 1.28
u; = 5.16 cm/s 6 mm Glass Beads 4,87 7.28 -0.380 0.650 0.375 29.34 1.09
mal log of a scale parameter and a shape parameter of log-normal distribution, respectively, in Eq, 12.
*#* o2 is the variance of log-normal distribution, given in Eq. 14.
*+4+ 7, is the mean bubble size based on volume frequency of bubbles.
R R R S R St S MMM R e o
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T N Hy /Hg =245 ] n B He /Ho =127 1
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Dimensioniess  bubble size, § =d /Ch -1 Dimensionless  bubble size ¢ =d/dy -1
Figure 13. Bubble size distribution for a binary mixture of particies in the slug Figure 14. Bubble size distribution for a binary mixture of particies in the co-
flow regime. alesced bubble flow regime.

distribution is obtained directly from the measured chord distri-
bution as given by Eq. 5. The bubble size distributions for three
particle systems studied are similar except that the distributions
have small variations in the mean bubble sizes and the variances
of the distributions. Furthermore, all of the distributions are shown
to follow the log-normal distribution given below:

_ 1 (In§ — «)?
ne = g |- ]
where « and 3 are a natural log of a scale parameter and a shape
parameter of the log-normal distribution, respectively. The pa-
rameters, & and 3 for the log-normal distribution are obtained by
minimizing the standard deviation between the experimental
observation and log-normal distribution prediction based on the
Marquardt method (Kuestler and Mize, 1973). The mean, u, and
variance, 02, of the log-normal distribution can be given as

= exp (a + 52/2) (13)

o2 = exp (2a + 2)fexp(B?) — 1} (14)
The calculated values of o2 based on Eq. 14 for various particle
systems are given in Table 1. Also shown in Table 1 are the values
for Iy, d, @, 3, variance, 62, and bed expansion parameter, Hy/ Ho,
for all the systems considered. It is noted that the calculated mean
value of the distribution based on Eq. 13 is in agreement with that
directly obtained from the experimental data.
Figures 13 and 14 show the bubble size distributions for the bi-
nary mixture of particles in the slug flow regime and coalesced
bubble flow regime, respectively. Again, it is found that these

(12)

AIChE Journal (Vol. 30, No. 6)

distributions can be expressed in terms of log-normal distributions.
The distributions are seen to be similar except that the slug flow
has a large mean bubble size compared to the coalesced bubble
flow.

Correlation

Figure 15 shows the relationship between the mean bubble size
and the mean chord length for various types of particles and flow
regimes. It is seen that the mean bubble size can be correlated with
the mean chord length by the following equation:

d, = 1341, + 042 (15)

Also shown in Figure 15 is the plot of the mean bubble size vs. mean
chord length for spherical and spheroidal bubbles, which can be
described respectively by the following theoretical relationships.
For the case of uniform sized spherical bubbles (Ueyama and Mi-
yauchi, 1976):

Eﬂ =15 i;, (16}
And for a pair of spheroidal bubbles of uniform size;
d, = 1331, a7

It is interesting to note that the data points in Figure 15 are bounded
by Eqs. 16 and 17 with a specific trend of variation from the bound
of Eq. 16 at a small mean chord length to the bound of Eq. 17 at
a large mean chord length. The correlation of Eq. 15 signifies that
bubbles with a small mean chord length are more spherical in shape
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Figure 15, Relationship between mean bubble diameter and mean chord length
" for various types of particles and flow regimes.

whereas bubbles with a large mean chord length are more sphe-
roidal in shape. The linear relationship between mean chord length
and Sauter mean bubble size has also been reported in the literature
for gas-liquid systems (Ueyama et al., 1980) and for gas-liquid-solid
sturry systems (Smith et al., 1983).
Figure 16 shows the relationship between the mean bubble size
. and the bed expansion parameter for the various flow regimes
considered in this study. The bed expansion parameter, which is
expressed as Hy/Ho, where Hj is expanded bed height and Hy is
static bed height, represents the operating characteristics of various
fluidization conditions considered in this study. The bed expansion
parameter also reflects the holdup of solid particles in the bed. It
is seen in Figure 16 that, in the dispersed bubble flow regime, a
small mean bubble size is observed and the mean bubble size in-
creases only slightly with an increase in the bed expansion pa-
rameter. In the coalesced bubble flow regime, a large mean bubble
size is observed. The mean bubble size increases considerably with
an increase in the bed expansion parameter for the coalesced
bubble flow regime but increases moderately for the slug flow
regime. Evidently, the flow regime has a strong effect on the mean
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Figure 16. Relatlonship between mean bubble size and bed expansion
parameter.
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Figure 17. Relationship between variance and mean of bubble size distribution
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bubble size. Moreover, the mean bubble size is practically insen-
sitive to the particle properties considered in this study. For the
dispersed bubble flow regime and coalesced bubble flow regime,
the mean bubble size for 6 mm glass beads is the smallest, followed
by that for the binary mixture and 3 mm glass beads, for which the
mean bubble sizes are very close.

Figure 17 shows the relationship between the variance and mean
of the bubble size distribution for various types of particles and
three flow regimes. It is seen that the variance can be expressed in
terms of the mean value of the bubble size distribution according
to:

02 =4.1 X 108 (d, )2° (18)

This relationship indicates that a small mean bubble size is associ-
ated with a small variance, which characterizes the dispersed
bubble flow. A large mean bubble size can be associated with a
large variance, which characterizes the coalesced bubble flow as
well as slug flow.

As indicated earlier, all the bubble property distributions pre-
sented so far in this study are based on the frequency of the bubbles.
As also indicated, large-size bubbles do not possess a spherical ge-
ometry. To compare the bubble size, however, a bubble volume
distribution function, F(d), is introduced, which assumes a spherical
geometry of the bubble:

d3r(d)
f ® dr(d)dd
0

Table 1 shows the calculated values of d,,, the mean bubble size
based on the distribution of Eq. 19. It is seen that in general d,, is
higher than d,,. In particular, d,, is considerably higher than d,, in
the slug flow regime. This is clearly the effect of the large volume
of the gas slugs.

Fd)= (19)
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NOTATION

= insulation constant in Eq. 10 (in)

= in-bed bubble size (m)

an
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min = minimum detectable bubble size by a probe (m)

d

dy = mean bubble size based on number frequency of bub-
bles (m)

d, = needle diameter in Eq. 10 (m)

d, = mean bubble size based on volume frequency of bub-
bles (m)

F(d) = volume distribution function, defined by Eq. 19
(1/m)

g = gravitational acceleration (m/s2)

Hy = expanded bed height (m)

H, = static bed height (m)

L, = vertical distance between two probes (m)

i = chord length of bubble (m)

I, = mean chord length (m)

p(d,ly) = probability density function, given by Eq. 6 (1/m)

Q(up) = bubble rise velocity distribution (s/m)

R(() = dimensionless bubble size distribution based on number
frequency of bubbles

r(d) = bubble size distribution based on number frequency of
bubbles (1/m)

t = real time (s)

up = bubble rise velocity (m/s)

up = mean bubble rise velocity (m/s)

ug = superficial gas velocity (m/s)

uy = superficial liquid velocity (m/s)

= weight coefficient for numerical integration in Eq. 8
Z(\) = dimensionless chord length distribution

z(ly) = chord length distribution (1/m)

Greek Letters

a = scale parameter of log-normal distribution in Eq. 12

B = shape parameter of log-normal distribution in Eq. 12

Ad, = horizontal distance between two probes (m)

At = apparent lag time (s)

Ar = average residence time of a bubble traveling between
two probes (s) _

A = dimensionless chord length = [/d,,

N = dimensionless chord length = I,/]},

U = mean of log-normal distribution, defined by Eq. 13

I3 = dimensionless bubble size, = d/d,

Em = maximum value of £

o? = variance of log-normal distribution, given by Eq. 14

T = dwell time (s)

T = average dwell time (s)
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