Hydrodynamic Characteristics of a Gas-Liquid-
Solid Fluidized Bed Containing a Binary Mixture

of Particles

Hydrodynamic characteristics were investigated in a cocurrent gas-liquid-solid
fluidized bed containing a binary mixture of particles. The binary mixtures used
were ten combinations of eight types of spherical particles differing in diameter
and/or density. The density variation of the particles in the mixture was found to
exhibit a stronger effect on the extent of solids mixing or segregation than did the
size variation of the particles in the mixture. Additionally, a solids layer inversion
phenomenon was found to occur in a bed of small, heavy alumina beads and large,
lighter glass beads. The minimum fluidization velocity of binary mixtures corre-
lated well empirically with the superficial gas velocity, weight fraction of jetsam
particles, and particle terminal velocities of jetsam and flotsam particles. Bed ex-
pansion and gas holdup for a binary mixture were analyzed for three solids mixing
states, namely, complete segregation, partial intermixing, and complete inter-
mixing. The analysis indicates that the serial model, or segregation model, predicts
the bed voidage satisfactorily even when the bed is at the complete intermixing
state.
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Gas-liquid-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 biooxidation process for waste water
treatment. In these reactors, a size and /or density distribution
of solid particles in the bed is commonly encountered. Particle
stratification, or segregation, would occur in the reactors should
adequate mixing among particles not be established. Further-
more, mass and heat transfer properties of a gas-liquid-solid
fluidized bed with mixed size and/or density particles would
deviate from those of a fluidized bed with uniform size and
density particles.

Very limited information is available in the literature re-
garding fundamental characteristics of three-phase fluidized
beds with mixed size and/or density particles. Evstropeva et al.

(1972) investigated motions of light and heavy particles mainly
under a gas-supported fluidization condition and analyzed their
experimental results based on a statistical concept. M. N. Ep-
stein et al. (1981) examined the onset of incipient stratification
or mixing of particles for liquid-liquid and liquid-solid particle
mixtures in a bed which was operated with a stationary liquid
and agitated by gas bubbles. They viewed the incipient strati-
fication or mixing process as a quasistatic balance of body
forces. Based on visual observation for a gas-liquid-solid fluid-
ized bed containing a binary mixture of glass beads, Fan et al.
(1984) noted that there exists a strong correlation between the
solids mixing and flow regimes.

In this study experiments were performed to examine the
hydrodynamic characteristics of a gas-liquid-solid fluidized bed
containing a binary mixture of particles. Analyses were made
in connection with the solids mixing behavior in the bed.

CONCLUSIONS AND SIGNIFICANCE

Ten types of binary mixtures of patticles differing in diameter
and/or density were utilized in this study to examine solids
mixing and hydrodynamic characteristics including flow re-
gime, minimum fluidization velocity, bed expansion (or bed
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voidage), and gas holdup in a cocurrent gas-liquid-solid fluidized
bed. The experiments were conducted in a circular plexiglas
column of 76.2 mm L.D. The minimum fluidization velocity, bed
expansion, and gas holdup for binary mixtures were empirically
correlated by utilizing the relationships of those for beds of
monocomponent particles.

Flow regime and solids mixing are strongly affected by par-
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ticle properties. The superficial liquid velocity demarcating the
dispersed and coalesced bubble flow regimes for monocompo-
nent particles increases and then decreases with an increase in
the particle terminal velocity. The solids mixing state is much
more sensitive to variations in particle density than to variations
in particle size. Additionally, the solids layer inversion phe-
nomenon may occur in a fluidized bed of a binary mixture
containing small, heavy particles and large, lighter particles.
Adding small (or light) particles to large (or heavy) particles
reduces the minimum fluidization velocity to a certain extent,

depending on the gas velocity. The minimum fluidization ve-
locity in a binary mixture can be correlated in terms of the su-
perficial gas velocity, the weight fraction of jetsam particles,
and the particle terminal velocities of jetsam and flotsam par-
ticles. The bed expansion (or bed voidage) and gas holdup in a
binary mixture can be described for a given solids mixing state
by the serial model or the averaging model. The serial model
was shown to represent the bed expansion well even when the
bed is at the complete intermixing state.

INTRODUCTION

In practical applications of gas-liquid-solid fluidized beds, a size
and/or density distribution of solid particles in the bed is commonly
encountered. For example, a nonuniformity of particle sizes exists
among catalyst particles in catalytic processings, or among solid
reactant particles in noncatalytic reactors. Due to uneven growth
of biological film on particle surfaces, distributions of particle size
and/or density occur during the operation of a fluidized bed bio-
reactor. Under these circumstances stratification, or segregation,
of particles readily occurs, leading to operational complexity for
the reactor. Furthermore, characteristics of mass and heat transfer
in a gas-liquid-solid fluidized bed with mixed size and/or density
particles deviate from those with particles of uniform size and
density.

Studies of fundamental behavior in a fluidized bed of mixed size
and/or density particles have been limited to gas-solid systems (e.g.,
Rowe et al., 1972; Chen and Keairns, 1975, 1978; Nienow et al.,
1978; Yoshida et al., 1980; Yang and Keairns, 1982) and liquid-solid
systems (e.g., Hoffman et al., 1960; Wen and Yu, 1966; Finkelstein
et al., 1971; Wen and Fan, 1975; Al-Dibouni and Garside, 1979;
Moritomi et al., 1982). Notably, Rowe et al. (1972} investigated
particle segregation in gas-solid fluidized beds of binary mixtures
of nearly spherical particles and found that a slight difference in
particle density readily leads to segregation, while binary mixtures
with particle diameter ratios up to 8 are well mixed under almost
all conditions. Rowe et al. concluded that particle segregation is
proportional to the parameters, (0y /0 )25 and (dp/ds)*2, where
oy and p;, are densities of heavy and light particles, respectively,
and dp and ds are diameters of large and small particles, respec-
tively. In contrast, a liquid-solid fluidized bed containing a binary
mixture of particles segregates when the particle diameter ratio
exceeds 1.3 (Wen and Yu, 1966). However, very little information
is available in the literature regarding fundamental characteristics
in gas-liquid-solid fluidized beds containing mixed size and/or
density particles.

Evstropeva et al. (1972) investigated experimentally the motions
of glass particles and polystyrene particles mainly under a gas-
supported fluidization condition. Glass beads used were 2.5 mm
and 8.9 mm; polystyrene particles were 2.5 mm and 3.9 mm with
a density on the order of 1.00 g/cm® Colored glass beads and
polystyrene particles were used as tracers to simulate the motions
of fluidized particles and liquid, respectively. A statistical analysis
was performed to account for the motion of the fluidized bed
particles and polystyrene particles. M. N. Epstein et al. (1981)
defined a criterion for the onset of stratification for liquid-liquid
and liquid-solid particle mixtures in a bed operated with a sta-
tionary liquid and agitated by gas bubbles. They viewed the in-
cipient mixing or stratification process as a quasistatic balance of
body forces. Recently, visual observation was conducted by Fan
et al. (1984) to examine solids mixing in a cocurrent gas-liquid-solid
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fluidized bed containing a binary mixture of particles including
3 mm and 4 mm glass beads and a bed mixture of 3 mm and 6 mm
glass beads. They noted that for these binary mixtures: the com-
plete segregation state occurs solely in the dispersed bubble flow
regime; the partial intermixing state occurs largely in the dis-
persed bubble flow and transition regimes and slightly in the
coalesced bubble flow regime; and the complete intermixing
state occurs largely in the coalesced bubble and slug flow regimes
and slightly in the transition regime. Using particles smaller than
those of Fan et al. (1984), Sinha et al. (1984) examined the effect
of polydispersity of solids on bed stratification, bed expansion and
bed contraction for a three phase fluidized bed. They correlated
the porosity as a function of four dimensionless groups in which
the median diameter was employed to characterize the particle
property. They also reported the bed contraction behavior which
is similar to that observed for monocomponent systems.

In this study, experiments were conducted to examine the hy-
drodynamic behavior—i.e., minimum fluidization, bed expansion,
and gas holdup—in connection with solids mixing and flow regimes
in a gas-liquid-solid fluidized bed of a binary mixture of particles.
Ten binary mixtures involving eight types of particles were con-
sidered in the study. Empirical or semiempirical correlations were
developed to quantify the behavior. Moreover, partial general-
ization of the flow regime map is attempted for monocomponent
particle systems.

EXPERIMENTAL

A schematic diagram of the experimental apparatus is shown in Figure
1. The vertical Plexiglas column is 76.2 mm LD. with a 2.73 m height. The
column consists of three sections, the gas-liquid distributor section, the test
section, and the gas-liquid disengagement section. The gas-liquid distributor
located at the bottom of the test section was designed in such a manner that
uniform distribution of gas and liquid can be maintained in the column.
Details of the gas-liquid distributor are given elsewhere (Fan et al.,
1982).

Water and air were used as the liquid and gas phases in the experiments.
The gas-liquid flow is cocurrent and upward. Pressure taps, which are
connected to water manometers, are axially spaced at 51 mm intervals on
the column wall of the test section and are used to measure the static
pressure gradient along the column.

In each experiment two types of particles that differ in size and/or
density were used. The physical properties of particles nsed in this study
are shown in Table 1. The binary mixture systems studied are summarized
in Table 2. The particles are all spherical or near spherical. They include
both nonporous and porous particles. Porous particle density, ie., wet
density, was measured with specific gravity bottles under the same con-
dition as in the bed. The effect of component weight fraction in a binary
mixture on hydrodynamic behavior was studied only for mixtures I through
Iv.

Flow regimes are classified based on visual observation in the same
manner as that of Muroyama et al. (1978). Solids mixing states are also
classified based on visual observation in the same manner as that of Fan
et al. (1984). Transparent particles are painted different colors to facilitate
visual observation.
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Figure 1. Schematic diagram of experimental apparatus.

Gas-liquid disengagement section
Test section

Gas-liquid distributor section
Manometers

Holdup of individual phases can be obtained indirectly from the ex-
perimentally measured static pressure gradient (—dP/dz) and the expanded
bed height H, based on the following relationships:

&= (W, /py +Wy/p5)/AH
W, + Wy
AH

1)
@)
3)

dp
— =y = (egpg + €epz +
gtete=1
RESULTS AND DISCUSSION

Fiow Regime

In a gas-tiquid-solid fluidized bed, flow regime has a strong effect
on the bed expansion behavior and the distribution of the in-bed

5 Pressure gauge
6,7 Rotameters

8 Liquid reservoir

9 Liquid pump

bubble properties, including bubble rise velocity and bubble size
{Matsuura and Fan, 1984). The flow regimes also influence solids
mixing states (Fan et al., 1984): The flow regime depends to a great
extent on particle properties.

Four flow regimes can be visually identified in a gas-liquid-solid
fluidized bed of monocomponent particles. They are:

1. Dispersed bubble flow, representing the flow pattern of small
bubbles practically uniform in size.

2. Coalesced bubble flow, representing the presence of the
spherical caps or spheroidal bubbles of various sizes.

8. Slug flow, representing the flow pattern of large slugs, whose
vertical length is greater than or close to the column diameter.

4. Transition regime, largely located between the dispersed
bubble and slug flow regimes.

TABLE 1. PHYSICAL PROPERTIES OF PARTICLES UTILIZED IN THIS STUDY

Particle Type of dy Pa U, (UmfImo U,
Notation Particles mm g/cmd cm/s cm/s cm/s n
P1 Nylon beads 2.50 1.15 7.92 0.58 5.90 2.95
P2 Activated carbon beads 1.74 1.28* 8.62 0.51 7.00 3.13
P3 Glass beads 1.00 2.87 17.0 1.02 16.2 3.10
P4 Glass beads 3.04 2.52 37.5 3.42 24.8 2.43
P5 Glass beads 3.99 2.53 42.9 4.30 30.1 247
P6 Glass beads 6.11 2.20 4717 5.01 34.2 2.31
P7 Alumina beads 2.27 3.60* 42.0 3.36 26.8 2.40
P8 Alumina beads 5.50 3.69* 69.5 7.20 49.6 2.47
mred at the same condition as in the bed.
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TABLE 2. DESCRIPTION OF BINARY MIXTURE OF PARTICLES CONSIDERED IN THIS STUDY

Diameter Density
Weight Ratio Ratio U Ratio

Mixture Ratio Large/ Heavy/ Large/
Notation Description* 1/2 Small Light Small

Ia P4 and P5 1:3 1.33 1.02 1.14

b 1:1

Ie 3:1

ITa P4 and P6 1:3 2.00 115 1.27

1 1:1

Ilc 3:1

Ila P4 and P8 1:3 1.83 1.48 1.85

b 1:1

IIic 3:1

IVa P6 and P8 1:3 1.09 1.70 1.46

1Vb 1:1

Ve 3:1

\' P3 and P4 1:1 3.00 1.14 2.21

\%1 Pl and P3 1:.3.9 2.50 2.50 2.15

VII Pl and P2 1:1 1.47 111 1.09

VIII P4 and P7 1:1 1.36 1.46 112

X P4 and P7 1:1.3 1.82 1.49 1.02

X P6 and P7 3:1 2.69 1.68 1.14

* Particle notation listed in Table 1.

The pattern of the flow regime relationship with the gas and
liquid velocities for a monocomponent system was examined for
each of the eight particles employed in this study. It was found that
for a given fluidized bed there is a strong correlation between the
particle terminal velocity in the liquid-phase, U, and the super-
ticial liquid velocity demarcating the coalesced bubble flow regime
and dispersed bubble flow regime, (U z)4.. Figure 2 shows such a
relationship. As U, is increased, the value of (U,)g. increases,
reaches a maximum at U; equal to 34.3 cm/s, and then decreases.
The variation of (Uz)4. with U; can be expressed by the following
equations:

(Up)g = 0.0696U for U, < 34.8 cm/s (4)
(Uglge = 5.72 X 103U for U, = 34.3 cm/s (5)

A particle terminal velocity of 34.3 cm/s corresponds, for example,
to the terminal velocity in water of 2.55 mm glass beads with a
density of 2.52 g/cm3. N. Epstein (1983) reported that a three-
phase fluidized bed containing sand particles of greater than 3 mm
tends to be in the dispersed bubble flow regime, while that of less
than 3 mm tends to be in the coalesced bubble flow regime. It is
noted that the diameter of sand particles Epstein reported is very
close to that corresponding to U; of 34.4 cm/s. However, the
present study shows that, as indicated earlier, the demarcation
between the coalesced bubble flow regime and the dispersed
bubble flow regime strongly depends on the liquid velocity used
in the system.

The operating range of a fluidized bed is constrained by the
operating limits of a fixed bed and a transport bed. Figure 2 shows
the transition velocity for the liquid from fluidized bed operation
to transport bed operation at U, = 0. The liquid velocity under this
transition condition is equivalent to U;. The transition velocity for
the liquid from fixed bed operation to fluidized bed operation
corresponds to the minimum fluidization velocity. Figure 2 shows
the minimum fluidization velocity for U, = 15 em/s calculated
based on Eq. 7 for several specific particles; this will be discussed
Jater.

Page 1804 November, 1985

As noted by Fan et al. (1984), four different flow regimes were
also observed in a fluidized bed of a binary mixture of large glass
beads. This study confirms that a similar pattern for flow regimes
also exists in other binary mixtures of particles of substantial dif-
ference in size and/or density. Figures 3 and 4 show representative
flow regime maps for mixtures I[Vb and X, respectively. It is seen
that particle properties have profound effects on the flow regime
maps. It is noted, however, that for all mixtures, the gas velocity
exhibits negligible effects on the liquid velocity demarcating the
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Figure 2. Relationship between particle terminal velocity and
superficial liquid veloclty, demarcating coalesced and dis-
persed bubble flow regimes for monocomponent systems.
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Figure 3. Maps for flow regime and solids mixing state for
binary mixture iVb.

dispersed bubble flow regime and coalesced bubble flow regime,
as observed for the monocomponent systems. On the other hand,
.the demarcation between the coalesced bubble flow regime and
slug flow regime is strongly affected by gas velocity and only
slightly affected by liquid velocity. For a binary mixture with large
particles as one component or both components, slug flow occurs
at a relatively high gas velocity as evidenced in these figures.
Bubble disintegration caused by the presence of heavy alumina
beads is distinct for a binary mixture, for example, mixture IV. A
similar phenomenon for bubble disintegration induced by heavy
particles was observed by Ostergaard (1969) and Lee et al. (1974)
for monocomponent systems.

Solids Mixing States

Solids mixing in a gas-solid fluidized bed is characterized by axial
mixing, wake phase and bulk phase exchange, segregation, and
bulk circulation promoted by bubbles (Gibilaro and Rowe, 1974).
Solids mixing in a liquid-solid fluidized bed is characterized by
particle settling due to variation of the bulk density in the bed and
particle random movement. Solids mixing in a gas-liquid-solid
fluidized bed possesses the characteristics of those of the gas-solid
fluidized bed and liquid-solid fluidized bed. Thus it is extremely
difficult to analyze the fundamental behavior of solids mixing in
a gas-liquid-solid fluidized bed. The analysis, however, can be eased
with the knowledge of the flow regime of the system.

Figure 3 shows the solids mixing and flow regime maps for
mixture IVb consisting of glass beads and alumina with a diameter
ratio of 1.11. It is seen that the complete intermixing state is not
achieved for mixture IVb over the four flow regimes considered.
The particles segregate even at high gas velocities. Similar solids
mixing and flow regime behavior were observed for mixture Iil
consisting of alumina beads (5.5 mm) and glass beads (3.0 mm) with
a density ratio of 1.46. For mixtures III and IV, the correlation
between the solids mixing map and flow regime map is less
prominent than that for mixtures I and IL, in which complete in-
termixing was observed to occur largely in the coalesced bubble
flow regime and slug flow regime and slightly in the transition
regime.
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Figure 4. Maps for flow regime and solids mixing state for
binary mixture X.

Figure 4 shows the solids mixing states for mixture X, which
consists of small, heavy alumina beads of 2.2 mm dia. and large,
light 6.0 mm glass beads. In this case, solid mixing states are much
more complicated than other mixtures due to complex relative bed
density variations with gas and liquid velocities for monocompo-
nent beds of mixture X particles. Specifically, solids layer inversion
was observed in the gas-liquid-solid fluidized bed, and complete
intermixing states were seen in two different regions, designated
3a and 3b in Figure 4. At a constant gas velocity of 5 cm/s, the bed
was observed to exhibit various solids mixing states with increasing
liquid velocity. Specifically, the minimum fluidization condition
was observed at liquid velocity of 1.7 cm/s. Near the minimum
fluidization velocity solids mixing is in the complete intermixing
state (region 3a). Between liquid velocities of 1.9 and 2.1 cm/s the
small, heavy alumina beads only were observed near the upper
portion of the bed while large, lighter glass beads were of the ma-
jority in the lower portion (region 1a). As liquid velocity increased
further between 2.1 and 3.7 cm/s, the complete intermixing state
3a was seen again. Between liquid velocities of 3.7 and 16 cm/s,
an alumina bead-rich layer was observed near the bottom and a
glass bead-rich layer was observed near the surface of the bed
(region 2). Note that this region straddles the flow regime boundary
between dispersed bubble flow and coalesced bubble flow regimes.
Partial intermixing takes place in the middle of the bed. The partial
intermixing portion of the bed decreases in size with increasing
liquid velocity. Under conditions of liquid velocity between 16 and
19 cm/s, alumina and glass beads are once more completely mixed
throughout the entire bed (region 3b). Beyond a liquid velocity of
19 cm/s, an alumina bead layer is observed at the top of the bed
while a glass bead layer is seen in the lower portion (region 1b). The
boundary between alumina and glass beads is quite distinct. Solids
mixing at this condition is in the complete segregation state.

It is interesting to note that these complicated solids mixing states
were observed only in the coalesced bubble flow and dispersed
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Figure 5. Determination of U, for mixtures lla and IVa.

bubble flow regimes. In the slug flow regime, only the complete
segregation state (region lc) was observed, with alumina beads at
the bottom and glass beads at the top, i.e., an “inverted solids layer”
of region 1a or 1b. Note that at gas velocities less than 1.5 cm/s the
solids mixing state designated 1a in Figure 4 was not observed.

For mixtures VI, VIII, and IX, the solids mixing states are re-
flected by the flow regimes in the gas-liquid-solid fluidized beds.
The complete intermixing of particles occurs only in the slug flow
regime for these mixtures. The complete segregation of particles
occurs only at very high liquid velocities in the dispersed bubble
flow regime. In the coalesced bubble flow regime and over a wide
range of the dispersed bubble flow regime, two distinguishable
regions are observed in the bed: the upper region of the bed consists
of only flotsam particles, while the lower region of the bed consists
of a nearly uniform mixture of jetsam and flotsam particles. Only
the complete intermixing state is observed in the gas-liquid-solid
fluidized bed containing mixture VII. Obviously, bubble move-
ment establishes a dominating driving force for solids mixing in
this binary system.

It is evident that the extent of solids mixing is more sensitive to
particle density variations than to particle diameter variations. For
example, solids mixing maps were observed to be similar for mix-
tures I, 11, and V, which have the same particle density but with
particle diameter ratios (large/small) ranging from 1.31 to as
large as 3.04. Mixtures II and III, and V and VI, having nearly
equal diameter ratios for the particles in the mixture, but differ-
ent density ratios, show a distinct difference in the solids mixing
maps. It is interesting to note that mixtures I and X have the same
U, ratios, but exhibit entirely different solids mixing behavior
due to the relative differences in density and size of particles in
these mixtures.

The effect of the weight ratio of binary mixture particles on the
solids mixing map and flow regime map was investigated for
mixtures I through [V. It was found that the weight ratio of particles
(1t03, 1to 1, and 3 to 1) has negligible effects on the solids mixing
map and flow regime map for these mixtures.
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Figure 6. Variation of U,, with X, as a function of U, for
mixture 1.

Minimum Fluidization Velocity

The minimum fluidization velocity in this study was obtained
from the relationship between pressure gradient and superficial
liquid velocity. For a binary mixture in gas-liquid-solid fluidization
at the minimum fluidization condition, the pressure gradient-
superficial liquid velocity relationship is affected by the state of
intermixing or segregation of particles. The minimum fluidization
for two extremes of solid mixing states, i.e., complete intermixing
and complete segregation, are analyzed for the weight ratio of
flotsam to jetsam of 1:3 as shown in Figure 5. The solids mixing for
mixtures Ila and [Va at the minimum fluidization condition is in
states of complete intermixing and complete segregation, respec-
tively. Because of considerable particle reorientation from the
premixing state, the minimum fluidization velocity determined
from the decreasing liquid velocity is not identical to that from the
ascending liquid velocity for a solids mixing state of complete
segregation or partial intermixing at the minimum fluidization
condition. Thus, the minimum fluidization velocity reported in
this study is determined only by the ascending liquid velocity.
Details are given in the following.

As shown by curve 1 of Figure 5, mixture IIa exhibits a clear
break point at the minimum fluidization condition with the gas
velocity set at 5.12 em/s. The solids mixing map reported by Fan
et al. (1984) indicates that for this binary mixture at the given gas
velocity of 5.12 em/s, the complete intermixing of solid particles
can be reached at liquid velocities up to 8.0 cm/s. The state of solids
mixing over the range of the liquid velocity required to obtain the
pressure gradient vs. superficial liquid velocity plot for determining
the minimum fluidization velocity is in the state of complete in-
termixing. Thus, the pressure gradient-superficial liquid velocity
relationship is expected to be similar to that for the system of uni-
form particle properties. The decrease in (—AP/H); as the liquid
velocity increases beyond Upy is due to the increase of the ex-
panded bed height.

In contrast, in curve 2 of Figure 5 mixture IVa exhibits a gradual
decrease in the rate of (~AP/H), variation with the liquid velocity.
It is interesting to note that points A and B on curve 2 in the figure,
corresponding to the beginning and end of the curvature around
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Figure 7. Correlation for the minimum fluidization velocity for
monocomponent systems of large particles.

the minimum fluidization point, are very close to the minimum
fluidization velocity for the flotsam particles, (Upyg)y, and that for
the jetsam particles, (U, f)e, respectively. As the liquid velocity
increases to close to (Upy); for a well-mixed bed at the gas velocity
of 9.86 cm/s, some flotsam particles migrate from the mixture to
the top of the packed bed. As the liquid velocity further increases
toward (Unmy)e, more flotsam particles separate from the packed
bed and fluidize. The bed in this condition exhibits a coexistence
of a fluidized region consisting mainly of flotsam particles and a
packed region consisting mainly of jetsam particles. The gradual
decrease in the rate of (—AP/H), variation with the liquid velocity
reflects the continuous separation of the two types of particles over
the range from (Upy)i to (Upg)a. As the liquid velocity increases
beyond (Uy,s)e, the entire bed fluidizes, leading to a sharp decrease
in (—AP/H)4. Upy of the mixture in this condition is obtained by
extrapolating CA and DB as shown in the figure. Indeed, the state
of solids mixing around the minimum fluidization point for mixture
1V is complete segregation, as given in Figure 3.

Figure 6 shows the minimum fluidization velocities for mixture
I with three different weight fractions of jetsam particles as well
as monocomponent jetsam or flotsam particles. It is seen that the
effect of the weight fraction of the jetsam particles, Xz, on Uy
decreases as gas velocity increases. Furthermore, U, can be cor-
related in terms of (Up,p)h, (Umg)e, and Xo by

Umf _ [(Umpe]*3® ©
(Umf)l (Umf)l

In arriving at Eq. 6 experimental values for (Upy); are used. It
is noted that Eq. 6 also fits well with some of the other mixtures
tested, e.g., mixtures II through IV. Naturally, to employ Eq. 6 for
prediction of Upy for a binary mixture of particles, accurate ac-
count of (Upy) is necessary. For example, for glass beads of 3
(3.04), 4 (3.99), and 6 (6.11) mm, and alumina beads of 5.5 mm,
Figure 7 shows the minimum fluidization velocity for the gas
velocity ranging from 5 to 20 cm/s and its correlation equation:

(Umflm = 0-0125U§°'5U}~54 o

Equation 7 is valid for 5 < U, < 20 cm/s and 38 < U, < 70cm/s.
The results given by Eq. 7 deviate slightly from the empirical
correlation for the minimum fluidization velocity for monocom-
ponent beds of coarse/large particles proposed by Begovich and
Watson (1978). More work is needed for generalization of the
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correlation for minimum fluidization velocity for monocomponent
systems. Thus, combining Eqs. 6 and 7 yields the minimum flu-
idization velocity for a binary mixture of particles including glass
beads (3, 4, and 6 mm) and alumina beads (5.5 mm), i.e., mixtures
I through IV as given in the following:

1,69
Uy = 0‘0125U;°‘5U}i“(%)1'64xz ®)
Un
The predicted values for minimum fluidization velocity for gas-
liquid-solid systems based on Eq. 8 are plotted in Figure 6, for
mixture L. It is seen from the figure that the predictions is in good
agreement with the experimental data.

Bed Expansion and Gas Holdup

Bed expansion and gas holdup in a fluidized bed of a binary
mixture of particles can be analyzed for three solids mixing states,
namely, complete segregation state, complete intermixing state,
and partial intermixing state. The prediction of bed expansion and
gas holdup for a binary mixture system can readily be made based
on that for a monocomponent system. Thus, the accuracy of the
prediction of bed expansion and gas holdup for a binary mixture
system strongly hinges on that for a monocomponent system.
Correlations for bed expansion and gas holdup for monocomponent
systems consisting of various particles used in the present study
were recently reviewed by Muroyama and Fan (1985). In the
following, a general approach for estimating bed expansion and
gas holdup for a binary system using these correlations is illustrated
by a specific application to mixtures I and II.

Monocomponent System

Chern et al. (1984) recently investigated bed expansion and gas
holdup characteristics in a three-phase fluidized bed using 3, 4, and
6 mm glass beads. They employed the generalized wake model
proposed by Bhatia and Epstein (1974) to account for bed expan-
sion as given below:

_ [Ue— Ukl —x)‘l/n _ _
€ —-—-—-—g———————Ue(l p—— {1 el + k(1 - x))}

+el+k(1—x)] (9)

where k is the ratio of the volume of the wake region to that of the
bubble region in the fluidized bed, U, is the extrapolated super-
ficial liquid velocity as the bed voidage in the fluidized bed ap-
proaches unity, and n is the Richardson-Zaki index (Richardson
and Zaki, 1954). Parameter k was empirically correlated with U,
and U, by Chern et al. (1984) as:

k = 0.398U 9246 ;0446 (10)

where 2.13 < U < 26.67 cm/sand 0.43 < Uy <1690 cm/s. X
is the ratio of solids holdup in the wake to that in the liquid-solid
fluidized region. X is evaluated based on the empirical correlation
of El-Temtamy and Epstein (1978). Gas holdup in the three-phase
fluidized bed for the dispersed bubble flow regime and slug flow
regime was correlated by modifying Nicklin’s theory for gas-liquid
bubble flow and slug flow as follows (Chern et al., 1984):

U, 1/2
Ys _Us 4 Z¢ 4 1016+ 1488 (gﬂ) (11)
€ € € €
for the dispersed bubble flow regime, and
%ﬂ =1.783 (%i + ﬂ) + 0.35(gD,)1/2 (12)
g €

for the slug flow regime.
The gas holdup correlation for the coalesced bubble flow regime
has been correlated by Chern et al. (1984). The correlation is,
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however, made with the liquid velocity less than 6.0 cm/s. Further
experimental data indicate that the gas holdup increases sharply
at a liquid velocity beyond 6 cm/s to the boundary of the flow re-
gime transition to the dispersed bubble flow regime. Thus, the gas
holdup for the coalesced bubble flow regime can be represented

by
€¢g = CU;*®Ug™ (13)

where C = 0.098 for 2.2 = U, < 6.0 cm/s (Chern et al., 1984) and
C =0.1781 for Uy > 6.0 cm/s.

For the transition regime, the gas holdup can be approximated by
an average of that calculated by Eq. 11 for the dispersed bubble
flow regime and that by Eq. 12 for the slug flow regime.

Binary Mixture System

In a gas-liquid-solid fluidized bed containing a binary mixture
of particles, the bed expansion and gas holdup behavior are in-
fluenced by the solids mixing states. In the complete segregation
state, the fluidized bed is composed of two distinguishable parts.
The upper part or flotsam region consists solely of small (or light)
particles, while the lower part or jetsam region consists solely of
large (or heavy) particles (except mixture X). Since each of the two
regions behaves as an independent fluidized bed, hydrodynamic
behavior in the flotsam region can be approximated by that in the
fluidized bed of monocomponent particles. Naturally, the same
approximation can be made for the jetsam region. Thus the bed
expansion and gas holdup for the completely segregated binary
mixture system can be treated as a linear combination of those for
fluidized beds containing flotsam particles alone and jetsam par-
ticles alone. This is known as the serial model, or segregation model.
From the material balances, the bed height, H, the bed voidage,
¢, and the gas holdup, €, can be expressed by

H=H + Hy;=Hyo+ Hyp (14)
H, Hy
=l o2 15
€ =€ H + €2 H (15)
and
H H
€, =€ Ly, =2 (16)

e ‘el g T ey
where H1g and Hgg are the bed expansion heights for fluidized beds
containing flotsam particles alone and jetsam particles alone, re-
spectively. €, and € are the voidages of the monocomponent bed
consisting of particles 1 and 2, respectively. €1 and €, are the gas
holdups of the monocomponent bed consisting of particles 1 and
2, respectively. H;/H and Hy/H can be expressed by

X
ﬂ = Pyi€si ( 17)
H X X
Ps1€51 Pofso
The bed voidage, €, and gas holdup, €, in the fluidized bed are thus
given by

i

lel X262
1- 1—c¢
€= p1( X€1) ,Ds;( 2) 18)
ik W + A2
Ps1€51 Psots2
and
X, €g1 X2€g2
1—c¢ so(l — €
€ = psil D) P 2) (19)
X, X,
P51(1 — €1) pyo(l — €2)
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Figure 8. Bed voldage for mixtures Ib and lib.

The values of ¢; and ¢, in Egs. 18 and 19, and €, and €0 in Eq.
19 can be readily predicted by Egs. 9 through 13. Note that « in
Eq. 9 is assumed to be zero for particles P4 through P8 (Chern et
al., 1984), while the value of x for particles P1 through P3 is ap-
proximated by unity.

In the complete intermixing state, as described earlier, the hy-
drodynamic behavior in a gas-liquid-solid fluidized bed of a binary
mixture is similar to that in a fluidized bed of uniform-property
particles. Thus, the hydrodynamic behavior in the complete in-
termixing state for a binary mixture can be approximated by that
for uniform-property particles (the property-averaging model, or
aveaging model) using “characteristic” parameters of particle
properties of the binary mixture system. The characteristic pa-
rameters of particle properties, U, and 7, can be defined as follows
to replace U, and n, respectively, in Eq. 9 to account for the bed
expansion and gas holdup in the three-phase fluidized bed of the
binary mixture.

7 _ X1/ pa+ Xo/pso

U, s == (20)
X Xe
pUet  ps2Ues

_ _Xi/p X

7= 1; 51+ ;/Psz (21)
A2 SV I
Psing  Psong

As will be indicated later, however, the averaging model can only
be used when the bed voidage is not very large. Under a large bed
voidage condition, the serial model should be used instead.

In the partial intermixing state, bed expansion and gas holdup
are empirically analyzed in this study because of the difficulties
involved in evaluating the degree of segregation and its effect on
the bubble characteristics. The empirically obtained correlations
for € and ¢, are as follows:

0.25 0.0172
e=1.074 (2) (ggl‘—") (22)
U, o
U.\o168
€g = 0.182¢129 (_E) (23)
Ug,

The applicable ranges of U and Uy for Egs. 22 and 23 are limited
only to those for partial intermixing state defined in the solids
mixing map by Fan et al. (1984).

Figure 8 shows bed voidage plotted against gas velocity with
liquid velocity as a parameter for mixtures Ib and IIb. The
experimental data points cover all the solids mixing states and
flow regimes. The predicted values based on the models are
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Figure 9. Gas holdup for mixture ib.

shown by the lines in Figure 8. Good agreement is observed the
predicted and experimental results.

Figures 9 and 10 show gas holdup plotted against gas velocitty
with liquid velocity as a parameter for mixture Ib and Ilb, re-
spectively. The operating conditions are the same as those in Fig-
uure 8. The predictions based on the present models are shown in
the figures. It is seen that the model is reasonable at most points.

N. Epstein et al. (1981) examined the overall bed expansion in
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AIChE Journal (Vol. 31, No. 11)

0-8 T L T [ T T T T ] T T T T i'
Model Line
n Serial _ h
Mode | TTTTTT
Avergging
v Model -
g 0.7 T
——
g ’___—A-"'_-_/-‘/::‘__"A-
g r & - U= 8.57¢cnvs ]
7
L.
'8 /Af/ Complete Intermixing State
m
o.6— 7 I
Mixture [-p
I NS S T (N SR RN S | T S R S |
0 5 10 15
Ug »crmvs

Figure 11. Comparison of bed voidage for mixture Ib obtained
by experiment and by serlal and averaging models.

a liquid-solid fluidized bed of binary particle mixtures. They
showed that even where there is total intermixing of the two solid
species, the bed expands as if it were two monocomponent beds in
series. They also demonstrated the superiority of the serial model
over the averaging model, and the inapplicability of relative ve-
locity models for predicting the expansion of liquid-fluidized beds
of multicomponent solids. Figure 11 compares the prediction based
on the serial model with that based on the averaging model, mainly
for the complete intermixing state of solids mixing for mixture Ib.
It is seen from Figure 11 that the serial model follows the experi-
mental data points much more closely than the averaging
model.

As pointed out by N. Epstein et al. (1981), the serial model is a
“conceptually” correct model for predicting the bed expansion for
a binary mixture of particles. This is due to the fact that it predicts
the correct trend of variation of bed voidage with the liquid ve-
locity over the entire operating range of the liquid-solid fluidized
bed. Even though the averaging model predicts reasonably the bed
expansion at moderate liquid velocity, it fails to predict the bed
expansion at high liquid velocity or large bed voidage conditions
where bed voidage is dominated by the expansion of one compo-
nent of the binary mixture. The serial model is particularly effec-
tive in predicting the bed expansion under high liquid velocity
conditions irrespective of solids mixing states. The characteristics
of the serial model reported for a liquid-solid fluidized bed (N.
Epstein et al., 1081) were verified to be generally true also for a
gas-liquid-solid fluidized bed in this study.
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NOTATION

A = cross-sectional area of the column, cm?
D, = diameter of the column, cm

dp = particle diameter, cm

g = gravitational acceleration, cm/s?

H = height of the bed, cm
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H, = height of the particle ¢ region in the complete segre-
gation state, cm

Hypo = bed height for a fluidized bed containing monocom-
ponent particle i, cm

k = ratio of the volume of the wake region to that of the
bubble region

n; = Richardson-Zaki index for particle i

n = characteristic Richardson-Zaki index for a binary

mixture in the complete intermixing state

(—dP/ = static pressure gradient, g/s?cm?
dz)
(=AP/ = overall dynamic pressure gradient, g/s?cm?
H)g
U, = extrapolated superficial liquid velocity in the liquid-
solid fluidized bed as the bed voidage approaches 1;
U.s, for particle 7, ecm/s
U, = averaged U,, defined by Eq. 20, cmm/s
U; = superficial velocity of phase j, cm/s
(Upa. = superficial liquid velocity demarcating the coalesced

bubble flow regime and the dispersed bubble flow
regime, cm/s

Uns = minimum fluidization velocity for a binary mixture
system, cm/s

(Ump)y = minimum fluidization velocity for a fluidized bed
containing monocomponent particles; (U, for
particle i; (Unphyo, at zero gas velocity, cm/s

U, = terminal velocity of particle in liquid phase; Uy, for
particle i, cm/s

W, = weight of particlei, g

X; = weight fraction of particle i in a binary mixture

x = ratio of solids holdup in the wake to that in the lig-

uid-solid fluidized region

Greek Letters

€ = bed voidage

€ = holdup of phase j

€ = holdup of particle i

& = bed voidage for monocomponent system of particle
i

€gi = gas holdup for monocomponent system of particle i

a = surface tension of the liquid, g/s?

e = liquid viscosity, g/s-cm

Py + = density of phase j, g/cm®

Os = density of particle; pg, for particle 1, g/cm3

Subscripts

1 = flotsam

g = jetsam

g = gas

¢ = liquid

s = solid
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