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Previous work has demonstrated that multiphase flow through identical parallel
channels and multiple cyclones can give rise to significant nonuniformity among the
flow paths. This article presents results from a study where the distribution of voidage
and flux through parallel channels in liquid–solid fluidized beds is investigated. Experi-
ments and computational fluid dynamics simulations were performed with 1.2 mm glass
beads fluidized by water where a cross baffle divided a 191 mm diameter column into
four identical parallel channels. Voidages were measured by optical fiber probes. Simu-
lations from a three-dimensional unsteady-state Eulerian–Eulerian model based on
FLUENT software showed good agreement with the experimental results. Despite the
symmetrical geometry of the system, the average voidage and particle velocities in one
channel differed somewhat from those in the others. Increasing the superficial liquid
velocity could increase voidage greatly and affect the degree of nonuniformity in the
four channels. VVC 2009 American Institute of Chemical Engineers AIChE J, 56: 92–101, 2010
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Introduction

Multiphase flow is important in many engineering applica-
tions. Equipment for these operations takes many physical
forms. When a single-phase fluid splits isothermally into
identical parallel flow paths, which then recombine at a com-
mon destination, the requirement that the pressure drop
should be identical through each of the paths results in a
uniform distribution of the fluid among the channels. How-
ever, when two or more phases are present, it may be possi-
ble for there to be nonuniform flow distribution,1 while still
equalizing the pressure drops across the separate paths.

Evidence for this phenomenon has been available
for many years (e.g., Smellie2 and Koffman3), but it has
received little attention until recently. Broodryk and Shin-
gles4 simulated industrial two- and three-cyclone geometries
in cold model experimental units. Preferential flow patterns

occurred in many cases, even leading to backflow and
blockage of individual cyclones. The maldistribution
improved but did not disappear at higher gas velocities and
hence higher pressure drops. Schneider et al.5 reported that
maldistribution in pulverized fuel (PF) flow splitting devices
was a major problem resulting in unequal oxygen and fuel
connections in localized regions. Boyd et al.6 encountered
nonuniformity when operating an internally circulating
gas-fluidized bed, where parallel vertical membrane panels
were suspended within a draft box to create a series of par-
allel identical slots through which gas and particles were
intended to circulate equally. In practice, some slots experi-
enced much more gas and solids flow than others, causing
the overall performance to suffer. Kuan and Yang7 found
nonuniformities in computational fluid dynamics (CFD) pre-
dictions of flow of conveyed gas–solid suspensions into a
bifurcation. They predicted 5.7% and 9.2% more solids
flow to one leg than the other for 66 and 77 lm particles,
respectively.

Maldistribution can negatively affect industrial equipment,
e.g., by causing decreased cyclone capture efficiency,3,8
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differential erosion, differential fouling and more frequent
shutdowns. For example, early fluidized bed reactors for the
production of ethylene oxide and hydrocarbon synthesis fea-
tured multiple open vertical heat transfer tubes of equal length
and diameter through which the fluidized suspension was
intended to pass uniformly. However, there was severe maldis-
tribution, which plagued the reactor operation.9 The system
was inherently unstable and experienced serious problems.
Similar phenomena have occurred in PF-fired boilers where a
significant contributor to the inefficiency of PF-fired boilers
can be unequal fuel distribution to the burners.8 The pneu-
matic conveying pipeline that carries the PF from a mill to the
furnace typically bifurcates two or three times to feed four or
eight burners. If the amount of fuel being supplied to each
burner differs, some will exhibit incomplete combustion and
produce harmful emissions such as carbon monoxide gases,
whereas others burn inefficiently with excess air. Conse-
quently, the overall boiler efficiency is reduced.

Few solutions are available to solve these maldistribution
problems. Holmes et al.8 suggested five active techniques to
control the split ratios, involving back pressure, flow diver-
sion, and an active riffle box. By opening communication
between adjacent fluidization channels, Grace et al.10 solved
the problem of maldistribution, which plagued earlier geo-
metries of fluidized bed membrane reactors where parallel
vertical chambers of equal dimensions were isolated from
each other over their entire height. Cold modeling11 also
demonstrated that the nonuniformity could be alleviated by
providing perforations or gaps between adjacent chambers.

The fluidized bed and conveyed suspension systems
reviewed above all relate to gas–solid two-phase flows. Non-
uniformity of gas–liquid two-phase flows in parallel paths
has also been reported recently in the literature.12 This arti-
cle addresses, both experimentally and by CFD simulation,
the question of whether nonuniformity can also occur for liq-
uid–solid fluidized beds with identical parallel channels. This
is important for two reasons: (a) to help elucidate the basic
phenomena underlying maldistribution by significantly
broadening the database of two-phase systems examined for
nonuniformity, and (b) liquid–solid suspensions are impor-
tant in their own right. If they are subject to maldistribution
similar to that encountered for gas–solid and gas–liquid sus-
pensions, this could represent a serious constraint in the
design and operation of such systems.

Experimental Details

Various experimental methods have been used by different
investigators to measure solids concentrations and particle
velocities, e.g., particle image velocimetry, optical fiber
probe, laser doppler anemometry, and phase doppler ane-
mometry. Optical fiber methods are used more and more fre-
quently. For example, Schweitzer et al.13 investigated the
local flow structure in a slurry bubble column and a fluidized
bed with optical fiber probes to evaluate flow properties in
gas–solid and gas–liquid–solid systems. Ellis et al.14 studied
the hydrodynamics of fluidized beds based on optical probe
measurements. Liu et al.15,16 developed a multifunctional
optical fiber probe capable of determining local particle con-
centration, local particle velocity, and local solids flux simul-
taneously. They applied this technique to measurements in a

high-density circulating fluidized-bed riser. Others in our lab-
oratory (e.g., Freitas et al.,17 Wang,18 and Chen19) have suc-
cessfully deployed optical fiber probes in a variety of systems.
Therefore, optical fiber probes were used in the present work.

Equipment and materials

The experiments were performed in an acrylic liquid–solid
fluidization column of 190.5 mm diameter and 900 mm height
shown schematically in Figure 1. Water was pumped to the
column from a reservoir containing several baffles to prevent
bubbles from reaching the column. The distributor was com-
posed of two perforated plates with 85 uniformly spaced orifi-
ces of diameter 4 mm. An acrylic vertical cross baffle (Figure
2) of height 250 mm and thickness 6.35 mm was installed
inside to divide the column into four equal parallel channels,
labeled left, right, front, and back as indicated. The distance
between the top of the distributor plate to the bottom of the
baffle was 150 mm. The static bed height was 450 mm, i.e.,
the static bed extended 50 mm above the cross baffle.

The liquid was water, and the solid particles were spheri-
cal glass beads of density 2500 kg/m3 and diameter 1.2 mm
with a narrow size distribution, as measured by a Malvern
Mastersizer 2000.

Voidage measurements

Pressure ports on both sides of the column were connected
to two pressure transducers (Omega model PX750),

Figure 1. Experimental equipment. 1, reservoir; 2, baffle;
3, pressure transducer; 4, pump; 5, rotameter;
6, distributor; 7, fluidized bed; 8, optical fiber
probe; 9, cross baffle; 10, freeboard; 11, fluid-
ization column.
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respectively. Two ports were 75 mm above the bottom of
the column, and two were 150 mm below the top of the col-
umn. Two rows of evenly spaced measurement ports were
installed at 50 mm vertical intervals on opposite sides (left
and right) of the column for insertion of optical fiber probes,
as shown in Figures 1 and 2b, making it possible to measure
and compare voidages in the left and right channels. The
ports began 50 mm above the bottom of the baffle and ended
50 mm below the top of the baffle. For each measurement
port, the probes were inserted and moved stepwise along the
radial direction in 20 mm intervals, beginning 20 mm from
the wall, as shown by the black dots in Figure 2b.

Voidages in the left and right channels were measured
simultaneously using two identical instruments, PC-4
Powder Voidmeter, manufactured by the Institute of Process
Engineering (Chinese Academy of Sciences, Beijing). This
instrument consisted of an optical fiber probe, a light
source, a photomultiplier, and an A/D converter for data
acquisition. At the tip of the probe, light projecting fibers
were interspersed with light-receiving fibers. The reflected
light intensity, related to the particle concentration in front
of the probe tip, was converted to an electrical signal. The
electrical signal was saved on the computer automatically
during measurements with both pressure and voidage data
sampled at 100 Hz for periods of 150 s. The voidage at
minimum fluidization, e0, was determined to be 0.40 with a
graduated cylinder. The minimum fluidization velocity was
0.011 m/s.

According to He,20 the voidage in a system of relatively
large particles (e.g., diameter [ 1.2 mm) is linearly propor-
tional to the intensity of reflected light. A similar linear rela-
tionship was found for our water—1.2 mm glass beads sys-
tem. Data were read in a column full of water and in a
loose-packed bed with the voidages at these two conditions
assumed to be 1.0 and e0. Using the linear function between
the voidage and intensity of reflected light, intermediate voi-
dages could be estimated.

CFD Model

Simulation methods

According to Cornelissen et al.,21 unless an appropriate tur-
bulence model with the correct empirical constants and clo-

sures is chosen, turbulent model predictions for fluidized beds
may be less consistent with experimental data than a laminar
model. For our system, all Reynolds numbers (Re ¼ dp uq/l)
were\100. Therefore, a laminar flow model was adopted.

A three-dimensional unsteady state Eulerian–Eulerian
model was used to simulate the liquid–solid two-phase flow
in a fluidized bed. The kinetic theory of granular flow22

was used for the solid phase. The drag force between solid
and liquid was obtained from the equation of Wen and
Yu.23 The equation of Lun et al.24 provided the granular
bulk viscosity. The expression of Schaeffer25 was used for
frictional viscosity, with an angle of internal friction of
30�.26

The unsteady-state, three-dimensional continuity equation,
and momentum equations
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were solved by the commercial CFD code FLUENT 6.3.26
based on the laminar flow option in double precision mode.
Gambit26 was used for grid generation. The sum of volume
fraction of solid phase and liquid phase is unity, i.e.,

as þ al ¼ 1 (5)

No slip boundary conditions were imposed at all solid
surfaces. The liquid was assumed to be distributed perfectly
uniformly across the distributor cross section as the water
entry boundary condition. The thickness of each partition
was taken as 6.35 mm, as in the experimental tests.

Figure 2. Structure of cross baffle. (a) structure, (b) top view.
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Solution methods

The equations were discretized using the first-order
upwind scheme and solved by the SIMPLE algorithm.27 The
nonlinearity in the phase momentum equations was dealt
with by under relaxation. When the residuals of each of the
equations met the prescribed tolerance of a change of
\0.1% from the previous iteration, a converged solution was
considered to have been obtained.

Experimental Results and CFD Predictions

CFD simulations were performed for a geometry identical
to the experimental one. A bed of static height 450 mm
was impulsively fluidized with a uniform liquid superficial
velocity of 0.026 m/s beginning at time zero. Based on
Cornelissen et al.,21 a time step of 0.001 s was used in the
simulations.

For simplicity, several planes were considered in analyz-
ing the data. The plane at y ¼ 0 mm is the central plane
through the column, as illustrated in Figure 2b. Lines with
z ¼ 275 mm in the plane y ¼ 0 mm and with z ¼ 275 mm
in the plane x ¼ 0 mm are labeled A-A and B-B, respec-
tively. Except where specified otherwise, average voidages
or solid velocities in the left and right channels below denote
averages on line A-A, whereas averages in the front and
back channels refer to average values along line B-B.

Choice of grids

The choice of CFD grid can influence the simulation sig-
nificantly. Three grids were tested in our simulations with
30,125, 65,038, and 89,433 intersection points. It was found
that the results for grids of 65,038 points were very similar
to those for 89,433 grid points. Hence, 65,038 grid points
were chosen for the simulations presented here.

Figure 3 shows the evolution of average voidage with
time in the left and right channels for a superficial water
velocity of 0.026 m/s. After 120 s, the voidages in the two
channels approached similar steady state values, although with some fluctuations. The voidage changed little from 150

to 250 s. Therefore, the simulation was considered to have
reached steady state by 150 s. All time-averaged results
below were averaged over a time period extending from 150
to 250 s.

Experimental results and verification of simulations

Experiments and simulations carried out with no baffle in
place in the same column under the same operating condi-
tions confirmed that there was no statistical difference
between the same four quadrants as were examined when
the cross baffle was in place.

Figure 4 compares the experimental and simulated time-
averaged voidages at z ¼ 0.25 m in the center of the left
and right regions. Simulated pressure drops for the left and
right channels were virtually the same, as expected, and
within about 3% of the experimental results.

Voidage distributions

Figure 5a shows the simulated volume fraction of solid
phase in the vertical y ¼ 0 mm plane at 150 s, indicating an
uneven instantaneous distribution of solids in the two

Figure 3. Evolution of simulated voidage with time in
left and right regions.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 4. Comparison of voidage between simulations
and experiments in the left and right channels.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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opposite channels. Figure 5b plots the distribution of solid
phase in different horizontal planes along the z-axis, i.e., at
z ¼ 150, 200, 250, 300, 350, and 400 mm, with the baffle
beginning at z ¼ 150 mm and ending at z ¼ 400 mm.
Although the incoming water is assumed to be distributed
perfectly uniformly, it is seen that the solid phase is distrib-
uted unevenly in the four channels at this instant.

The simulated average voidages on line B-B in the front
and back channels are plotted in Figure 6. Despite the simi-
larity of the voidages in the left and right channels, the voi-
dages in the front and back channels were predicted to differ
slightly from each other. The time-averaged voidage at
steady state in the back channel was 0.537, close to those of
the left and right channels, whereas that in the front region
was 0.530. Although the four channels had the same shape
and volume, the distributions of solid phase were nonuni-
form. Compared with the results of Kuan and Yang7 for a
gas–solid system, the difference of 1.3% is relatively small.

To test for the presence of the nonuniformity, a student
t-test was performed for the time-averaged voidages on lines
A-A and B-B. The data at three radial locations were chosen
for the test, i.e., r ¼ 0.0149, 0.0547, and 0.0871 m. In
the left and right regions, the time-averaged voidages at
r ¼ 0.0547 m were judged to be the same, as were those at
r ¼ 0.0871 m, whereas the voidages at r ¼ 0.0149 m dif-
fered, all at a 99% confidence level. However, for the front
and back regions, the voidages at both r ¼ 0.0149 m and
r ¼ 0.0871 m showed differences at the 99% confidence level.

Figures 7 and 8 show the radial variation of time-averaged
voidage at z ¼ 350 mm. There is again seen to be good
agreement between the experimental and CFD predicted voi-
dages. For r � 0.04 m, the voidages decreased gradually

with increasing r in the left, right, and back channels,
whereas for r [ 0.04 m, the voidage was nearly constant.
This may occur because smaller radial distances correspond
to closer approach to the center of the column and hence to
the cross baffle, the double wall effect of that causes the voi-
dage to increase. However, the voidage in the front channel
did not vary as much near the center as in the other chan-
nels, as shown in Figure 8.

Figure 5. Distribution of simulated volume fraction of solid phase, (a) in the vertical plane of y 5 0 mm, (b) in
different horizontal planes along z axis.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 6. Evolution of predicted voidages in the front
and back channels.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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To visualize the difference among the four channels more
clearly, the predicted voidage is plotted vs. angle in Figure 9 at
r ¼ 60 and 90 mm, with the left channel extending from 0 to p/
2 radians, and the back, right, and front channels covering p/2
to p radians, p to 3p/2, and 3p/2 to 2p radians, respectively.
The plane at z ¼ 275 mm, midway up the baffle, is chosen for
analysis. The voidage near the baffle was larger in all four
channels, presumably because particles were unable to pack as
tightly in the vicinity of a flat surface. The four channels give
similar profiles at both radial locations, but they are not identi-
cal, reflecting fluctuations with angle and radial distance.

Solids velocity and flux distribution

Time variations of averaged solid velocity and solid flux
were also predicted by the CFD model. Figure 10 plots the
instantaneous spatially averaged solid flux, (1-e)uz, along
line A-A as function of time. The velocity and flux of the
solid phase are predicted to fluctuate with time more than
the voidage, even after statistical steady state has been
achieved, as illustrated by comparing Figure 10 for solid
flux with Figure 6 for voidage.

Figure 7. Relationship between the voidage and the
radial distance in the left and right channels.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 8. Relationship between the simulated voidage
and the radial distance in front and back
channels.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 9. Profile of CFD-predicted time-averaged voi-
dage vs. angle at r 5 60 and 90 mm.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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The relationship between time-averaged solid velocity and
angle for a superficial velocity of 0.026 m/s is plotted in
Figure 11 for the same two radii as in Figure 9. Less sym-
metry was observed in the relationships between solid
velocity (or flux) and angle than for voidage. The predicted
particle velocity fluctuated with angle and radial position.
For r ¼ 60 mm, the particle velocities in the left, back, and
right regions were similar. Particles rose near the baffle and
descended in the middle of these channels, reaching a maxi-
mum negative velocity approximately midway between
neighboring baffles. The positive velocity near the outer
edges of each chamber are likely related to the higher voi-
dage there as portrayed in Figure 9, allowing more liquid to
ascend in these regions. The front channel differed from
other channels, with particles in this channel mostly ascend-
ing. At r ¼ 90 mm, the flows in the left and back channels
were similar to those at r ¼ 60 mm, with particles descend-
ing in the middle and ascending near the baffles. As for the
right and front channels, solid velocities were almost all pos-
itive, especially in the front channel, indicating some non-
uniformity in the liquid–solid fluidized bed with parallel
channels, consistent with visual observations.

Influence of superficial velocity

The influence of superficial velocity was also investigated
both experimentally and by simulations. Figure 12 compares
time-averaged voidage in the horizontal plane with z ¼
250 mm and y ¼ 0 mm in the left channel, where the lines
show CFD predictions and the points are experimental data.
With increasing superficial velocity, both the experimental
and simulated voidages increased as expected. There were
small differences between the simulated voidages and the
experimented data, with the discrepancies decreasing with
increasing superficial velocity. Similar results, not shown
here, were obtained for the right channel.

Figure 13 shows that the simulated time-averaged voi-
dages in the front and back channels also increased with

Figure 10. Variation of simulated instantaneous spa-
tially averaged solid flux with time in left
and right channels.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 11. Profile of CFD-predicted time-averaged
solid velocity and angle with r 5 60 and
90 mm.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 12. Influence of superficial velocity on experi-
mental and predicted voidages for left
channel.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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increasing superficial liquid velocity. For u ¼ 0.020 m/s, the
voidages in the front and back regions were predicted simi-
lar, but higher superficial velocities of 0.026 and 0.032 m/s
led to appreciable differences between the voidages in the
front and back channels near the center. At u ¼ 0.026 m/s,
the voidage in the front channel was smaller than in the

back channel by up to 12%, whereas at u ¼ 0.032 m/s, the
voidage in the front channel was larger than in the back
channel by up to 5%.

The effects of superficial velocity can be seen clearly in
the relationship between voidage and angle. Figure 14 shows
the simulated time-averaged voidage vs. angle in four chan-
nels at three different superficial velocities and at r ¼
60 mm. The voidages in all four channels increased signifi-
cantly when the superficial velocity was raised from 0.020 to
0.032 m/s. Symmetry occurred between the voidages in two
opposite regions at 0.020 m/s, viz. the back region (p/2 to p
radians) and the front region (3p/2 to 2p radians), but
the symmetry decreased with increasing superficial liquid
velocity.

The effect of superficial velocity on time-averaged solid
velocity is plotted in Figure 15 for r ¼ 60 mm. In the mid-
dle of the left channel, solid velocity increased with superfi-
cial velocity, whereas in the other channels, it did not have a
consistent trend with superficial velocity.

Discussion

All four channels had the same shape and volume, and the
distributor at the inlet was uniform. What triggered the small
nonuniformity in this fluidized bed? Elnashaie and Grace28

note that multiple steady-state solutions are possible for
many situations, where there is nonlinearity. Some of these
solutions are unstable and unlikely to be found in practice.

For liquid–solid fluidized beds, the pressure drop through
each channel is primarily a function of the solids hold up
(gravity) but is also influenced to some extent by wall

Figure 13. Predicted influence of superficial velocity on
voidage in front and back channels.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 14. Influence of superficial velocity on the relationship between CFD-predicted time-averaged voidage and
angle at r 5 60 mm.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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friction. The frictional pressure drop is related to the shear
stress for steady state by

DpF ¼ 4L

D
s0 (6)

where s0 is the shear stress at the wall. Rose and Duckworth29

wrote

s0 ¼ kqlu
2
�
8 (7)

with

k ¼ DpF
qlu2=2ð ÞL=D� 2
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u2

� �
sin h 1þM� u

us
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1� ql

qs

� �� 	

(8)

For our system, sin h ¼ sin(p/2) ¼ 1. It is seen that the
friction loss is a nonlinear function of liquid velocity.

The combination of pressure drop through the bed due to
particle drag and wall friction loss makes the total pressure
drop a complicated nonlinear function of velocity and voi-
dage. Even though the pressure drops through the bed in dif-
ferent channels are the same, the voidages and velocities in
different channels may differ. However, the results of this
study indicate that the degree of difference seems to be con-
siderably smaller for the liquid–solid system than for gas–
solid systems, at least for the range of conditions investi-
gated. The reason for this difference is likely associated with
wall friction being a significantly smaller proportion of the
gravitational (weight minus buoyancy) pressure drop for liq-
uid–solid systems than for conveyed gas–solid systems,
meaning that it is more difficult for frictional effects to

make up for differences in solids holdups in adjacent flow
channels.

Conclusions

This article investigates the nonuniformity in a liquid–solid
fluidized bed with parallel channels both experimentally and
by three-dimensional unsteady-state Eulerian–Eulerian CFD
simulation based on FLUENT software.

The CFD voidage simulations for the water fluidization of
glass beads agreed well with the experimental voidages
measured by optical fiber probes. Although the four parallel
channels were identical and the distributor was uniform, the
flows in the four channels differed somewhat, not only in
voidage but also in solid velocity and solid flux, with one of
the four channels tending to have more upward solids flow
than the others. The nonuniformity in this particulately fluid-
ized bed with parallel channels tended to increase as the
superficial velocity increased.

Overall, our results suggest that liquid–solid fluidized beds,
like gas–solid fluidized beds and gas–liquid suspensions, can
exhibit nonuniformity in flow through multiple identical par-
allel channels. However, the distribution is likely to be signifi-
cantly less nonuniform in the liquid–solid case because of the
reduced importance of wall friction relative to the net gravity
term in the pressure balance, with the result that serious mal-
distribution is unlikely to be a serious problem for liquid–
solid fluidized beds under normal operating conditions.
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Figure 15. Influence of superficial velocity on the relationship between CFD-predicted time-averaged particle
velocity and angle for r 5 60 mm.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Notation

dp ¼ diameter of particles, m
D ¼ column diameter, m
g ¼ acceleration of gravity, m/s2

I ¼ stress tensor
K ¼ interphase exchange coefficient
L ¼ height of bed, m

M* ¼ mass flow ratio of solid to liquid
p ¼ pressure, Pa

DpF ¼ friction loss, Pa
u ¼ superficial velocity, m/s
r ¼ radial distance from center, m
t ¼ time, s

x, y, z ¼ Cartesian coordinates, with z vertical and measured from
distributor, as shown in Figure 2, m

a ¼ volume fraction
e ¼ voidage
h ¼ inclination of pipe to the horizontal, radians
k ¼ friction factor
l ¼ liquid viscosity, Pa s
t ¼ bulk viscosity, Pa s
q ¼ density, kg/m3

s ¼ shear stress, Pa

Subscripts

l ¼ liquid phase
q ¼ either liquid or solid phase
s ¼ solid phase
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