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Species segregation measurements were performed in a fluidized bed composed of a
binary, Geldart B mixture. Three system types were explored: size segregation, density
segregation, and combined size/density segregation (with the smaller species denser
and lighter). Glass and polystyrene mixtures were investigated, at various gas velocity,
jetsam concentration, particle-size ratio, particle-density ratio, and bed-aspect ratio
combinations. Axial and radial segregation profiles were obtained from frozen bed sec-
tioning. Low-velocities were used in order to minimize the possibility of segregation
during bed collapse. In size-segregating systems, coarse particles act as jetsam, with a
nearly constant concentration of fines in the flotsam-rich section. For density segrega-
tion, heavier particles act as jetsam and segregation behavior is not monotonically de-
pendent on bed composition. A slight radial segregation was observed at all gas veloc-
ities, with jetsam accumulating near the wall. In size-and-density-segregating systems,
denser particles (smaller and lighter) act as jetsam, with a slightly higher jetsam accu-
mulation near the core of the bed. At higher gas velocities, however, the bottom layers
become richer in jetsam in the periphery. Collectively, the data provide a robust exper-
imental data set for evaluating the ability of existing and new models to predict species
segregation. � 2007 American Institute of Chemical Engineers AIChE J, 53: 2804–2813, 2007
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Introduction

Since their introduction in chemical industries, fluidized
beds have been researched extensively in an effort to
improve the various processes that rely on them.1–3 Due to
the large number of industrial processes that depend on the
fluidization of fine (e.g., catalytic cracking of petroleum) or
coarse particles (e.g., coal combustors for electricity genera-
tion), a strong emphasis has been placed on understanding
how differences in particle size determine the fluidization
behavior of monodisperse systems, namely, that fine particles
fluidize differently than coarse ones.4 Less emphasis has

been placed on bridging the gap between understanding sin-
gle-species (monodisperse) behavior and predicting multiple-
species (polydisperse) interactions important to pharmaceuti-
cal and chemical industries alike (as in drug manufacturing
and production of high-grade alumina, Al2O3, or titania,
TiO2). A better understanding of the bed dynamics, including
mixing and segregation of two or more species, is of particu-
lar relevance to the pharmaceutical industry,5,6 where it is
important to guarantee that small drug particles uniformly
blended into a matrix of larger ingredients do not separate
during fluidized-bed drying prior to tableting.

Segregation in fluidized beds has been extensively studied
during the past several decades. Numerous segregation mech-
anisms (percolation, granular temperature gradients, bub-
bling, etc.) have been reported and the complex physics
involved cannot be easily generalized. In systems where fine
dusts are present, segregation has been linked to the bubbling
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patterns in the bed.7 Rowe et al.8 were the first to name the
sinking component of a binary system jetsam and the rising
component flotsam. They analyzed segregation by size differ-
ence, and concluded that the component separation is a con-
sequence of bubble motion, as previously suggested by Zenz
and Othmer.7 Particles carried to the top of the bed by the
wakes of bubbles percolate back down through the emulsion
phase as a result of gravity, effectively sorting the solids into
flotsam and jetsam.9 For systems composed of different den-
sity particles, denser particles tend to act as jetsam, with a
decreasing degree of segregation as velocity increases.10 For
systems composed of equal density particles, small particles
tend to act as flotsam.10–12 Segregation by size increases
with increasing bed height, decreasing size of fines, increas-
ing mean size, and as the gas velocity approaches the mini-
mum fluidization velocity of the smaller particle.13 For some
conditions, however, a layer inversion has been observed,14,15

wherein the species acting as flotsam and jetsam switch roles
as the gas velocity increases.

Several competing factors contribute to the ultimate segrega-
tion state of a mixture of two or more species. To date, no
first-principles model has been created that takes into account
the complex interactions among gravity, drag force, gas-phase
turbulence, and particle collisions, to mention a few factors.
Van Wachem et al.15 concluded that the dominant forces caus-
ing segregation are different depending on the gas velocity. At
low-velocities the dominant force is the drag, whereas an
increase in gas velocity brings about increasingly important
effects of gradients in granular temperature and pressure. The
work described herein is part of a bigger effort to determine,
through a systematic experimental and numerical analysis of
segregation, the relative abilities of existing models in predict-
ing profiles of the flow field variables associated with fluidized
mixtures. As a first step toward this goal, a binary Geldart
group B experimental system is targeted in which the effects
of drag force are expected to dominate. Such a system serves
as a test bed that enables a critical comparison of existing drag
laws for polydisperse systems.

Recent work by Leboreiro et al.16 found, via simulation,
that the form of the drag law has a significant impact on the
qualitative nature of species segregation for (low-velocity)
fluidized beds operating near the minimum fluidization. They
tested four drag laws: the first, following Gidaspow,17 is a
combination of the Ergun18 and the Wen and Yu19 drag
laws; the second follows the Benyahia et al.20 implementa-
tion of the Hill, Koch, and Ladd21,22 drag law, which was
obtained from lattice-Boltzmann simulations. The third and
fourth drag laws are modifications of the first two by a multi-
plicative factor, proposed recently by van der Hoef et al.23,24

from lattice-Boltzmann simulations, that accounts for the bi-
nary nature of the system. The first two drag laws are the
standard ad hoc modifications of monodisperse expressions,
whereas the second two are derived specifically for polydis-
perse systems. The predictions obtained using the van der
Hoef et al.23 binary correction are markedly different than
those of the ad hoc modification, thereby indicating the im-
portant influence the chosen drag law has on segregation in
these systems.

Numerical models including these or other drag laws
should be able to accurately predict a wide range of condi-
tions. Comparisons to date between numerical predictions

and experimental measurements have been restricted to the
relatively limited set of experimental conditions available in
the literature, and by the computational power available. The
goal of this study to provide a diverse data set against which
the predictions obtained from numerical models can be crit-
ically compared. Only a handful of researchers have reported
combined experimental and computational investigations of
segregation in bubbling gas-fluidized binary systems.25–27

Huilin et al.25 compared several size segregation profiles of
binary Geldart group D mixtures with predictions, based on a
multifluid gas-solid flow model where drag is derived from
the Gidaspow17 drag law, with good results. They caution
about the importance of incorporating correct values for the
collision parameters in simulations (in particular, for the res-
titution coefficient) in order to accurately capture the behav-
ior of segregating systems. Bokkers et al.26 compared the
dynamic size segregation of Geldart group D particles—a
single pseudo-2-D experimental set from the work by Gold-
schmidt et al.12 described below—against numerical predic-
tions based on the Gidaspow17 drag law, with modest agree-
ment. One study to date27 has focused on the effect of drag
laws on the prediction of segregation, comparing one data set
from the work by Goldschmidt et al.12 against simulations
using various empirical and fundamental drag laws and con-
cluding that using lattice-Boltzmann based drag laws22,24

with the polydisperse correction proposed by van der Hoef
et al.23 attained the best prediction. While some of the nu-
merical results described ealier indicate good agreement with
the ad hoc treatment of polydisperse drag, others indicate
good agreement with lattice-Boltzmann laws. Since the range
of data used for experimental–numerical comparisons is
extremely limited in all cases (in part due to the limited
availability of a diverse data sets against which to compare),
stating a priori which drag law holds the better prediction is
difficult at best.

Several recent experimental contributions have focused on
calculating a mixing index—a single integrated value that
indicates the overall segregation state of a mixture—with rel-
atively few studies reporting the segregation profiles needed
to quantitatively evaluate the segregation predictions from
numerical models. A survey of the experimental work to date
on axial segregation8,10–14,25,28–32 is presented in Table 1.
The table indicates the various types of segregation targeted
by each group of studies (size segregation, density segrega-
tion, or both size and density differences), the experimental
conditions measured (steady-state or dynamic), as well as the
geometry of the bed and the Geldart groups of the particles
used. A list of the experimental parameters varied is also
included, along with the measurement technique employed.
Most of the work has focused on steady-state axial segrega-
tion measurements. The numerical work of Goldschmidt
et al.33 brings to attention that an accurate prediction of seg-
regation dynamics is a key test for validation of fundamental
hydrodynamic models. In the recent work by Leboreiro
et al.16 it is concluded that steady-state comparisons are also
a tough test of the relative abilities of drag laws in predicting
segregation. A summary of the axial segregation trends
observed in the various experimental studies is also presented
in Table 1. One additional contribution, by Wormsbecker
et al.,6 analyzed both radial and axial size segregation in a
conical fluidized bed, based on a mixing index. Their axial
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results are consistent with the findings summarized in Table
1. Radially, they observed an accumulation of coarse par-
ticles near the center bottom at low-gas velocities, and
hypothesized that this accumulation is a consequence of
insufficient upward force to carry the coarse particles up in
the dilute core region of the conical bed. Most experimental
studies have focused on segregation in binary gas-fluidized
systems, where each component is of different size and same
density, or of different density but the same size. Less em-
phasis has been placed on system composed of two species
which differ in density, as well as size, despite these systems
being of particular interest to many industrial processes (like
the production of high-grade alumina and titania, or in fluid-
ized-bed combustion). The bulk of the work has been done
on axial segregation, and the most commonly reported mea-
sure of segregation is the mixing index, with very few stud-
ies reporting the localized species concentration measure-
ments in three-dimensions (axial, radial, and azimuthal pro-
files) that better enable validation of theoretical models. This
work addresses the aforementioned shortcomings.

The objective of this study is to provide a robust experi-
mental test bed for critically comparing the relative ability of
models, existing and new alike, to predict species segrega-
tion. Localized axial, radial, and azimuthal segregation meas-
urements are sought. Several factors are considered in defin-
ing the base system. At low-fluidization velocities the effect
of drag is expected to be dominant on species segregation.15

In addition, low-velocities minimize the possibility of segre-
gation upon bed collapse (‘‘freezing’’) since they present
small bed expansions during operation, thereby eliminating
the impact of segregation during the free fall of particles.
Furthermore, segregation is expected at lower velocities and
mixing is expected at higher velocities and the results from
Leboreiro et al.16 indicate that the distinction between drag
models is most apparent in the low-velocity regime. Finally,
in order to avoid potential differences in behavior between
the low-velocity nonbubbling and bubbling regimes of Gel-
dart group A powders, this experiments focus on Geldart
group B particles, which always display a bubbling behavior.
With these considerations in mind, the scope of this study is

Table 1. Summary of Representative Prior Experimental Work on Segregation

Species Differentiation Conditions Geometry Geldart Group

Reference dR qR S:DL S:DH L:D SS dyn. 2D 3D C A B D

[A] Rowe et al.,8

Rowe and Nienow,10

Naimer et al.,28

Nienow et al.29

� � — � — � — � � — � � �

[B] Geldart et al.13 � � — � — � — — � — — � �
[C] Wu and Baeyens11 � � — � — � — — � — � � �
[D] Rasul et al.,14

Rasul and Rudolph30
— � — � — � — — � � � � —

[E] Marzocchella et al.,31

Olivieri et al.32
� � � � � � � — � — — � —

[F] Goldschmidt et al.12 � � � � � � � � — — — — �
[G] Huilin et al.25 � � — � — � — — � — — — �
[H] This study � � — � — � — — � — — � —

Reported

Ref. Parameters Principal Measurements C.P. M.I. Trends

[A] u, x, dR, HR Frozen bed sieving few � Size-difference systems easiest to mix;
jetsam: large particles. Mixing: with
presence of standpipe or perforated
distributors. M.I. a logistic function of u.

[B] u, dR Frozen bed sieving few few Size segregation: when dfines;, dmean:, or
u ? umf. Jetsam: large particles.

[C] u, dR Frozen bed sieving few � Segregation: when HR; (HR \ 0.8) or
visible bubble flow rate;. Jetsam:
large particles.

[D] u, x, dR Visual observation of layers — — Segregation: when visible bubble flow rate;.
Whatever component maximizes bulk
density will act as jetsam.

[E] u Pressure time-trace analysis few � Concentration of fluidized top layer and
defluidized bottom layer independent
of initial mixture concentration.

[F] u, x, HR Digital image analysis — �* Segregation: and segregation rate: when
HR; or x:. Jetsam: large particles.

[G] x, dR Frozen bed sieving � � Segregation: as u;. Jetsam: large particles.
[H] u, x, dR, HR Frozen bed sieving � — (in this manuscript)

Segregation focus nomenclature: dR — different size, same density; qR — different density, same size; S:DL — small is denser and lighter; S:DH — small is
denser and heavier; L:D — large is denser. Conditions: SS — steady-state segregation; dyn. — dynamic segregation. Reported results: C.P. — concentration pro-
files; M.I. — mixing indices. Parameters varied: u — gas velocity; x — jetsam concentration; dR — particle size ratio; qR — particle density ratio; HR — bed as-
pect ratio.
*In lieu of a mixing index, Goldschmidt et al.12 report a percentage of segregation, an integrated quantity based on the average height of the species.
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limited to low-velocity, gas-fluidized binary mixtures of Gel-
dart group B particles. All relevant parameters (gas velocity,
particle size and density, mass or volume fraction, and bed
aspect ratio) are systematically varied, and the corresponding
segregation profiles determined. Segregation profiles are
reported since they preserve enough information to enable
localized, detailed comparisons between experiments and nu-
merical calculations, whereas mixing indices only reflect the
overall state of the bed. In a follow-up article, numerical
simulations using various drag laws are compared against the
data set in this study in order to evaluate the current ability
of drag laws to capture segregation over a wide range of
conditions.

Experimental Setup and Methodology

This effort targets the segregation of two Geldart group B
species fluidized by air at atmospheric pressures and temper-
atures. The effort is restricted to a low-velocity (no carryover
of particles) bubbling bed (always bubbling since the materi-
als are Geldart group B). The bed is fluidized in a Plexiglas
column either 12 cm or 18.5 cm in dia., with the chosen di-
ameter explicitly indicated for each experiment. The experi-
mental rig is shown in Figure 1. A Mott Corporation 316
stainless steel porous plate with an average porosity of
10 mm and a 1.6 mm thickness acts as distributor plate. A
Yaskawa V7 variable frequency drive controls a Fuji Electric
VFD5 regenerative blower that provides the air for fluidiza-
tion. The superficial velocity u, reported at local atmospheric
conditions (1 kg/m3 density and 1.83 3 1025 Pa�s viscosity),
is determined based on upstream measurements from a
Lambda Square Oripac 4150-P orifice plate flow meter. The
operating air temperature and relative humidity in the plenum

are measured by means of an Omega HX93AV-RP1 humid-
ity/temperature transmitter. The pressure drops across the ori-
fice plate flow meter, across the distributor plate, from above
the distributor plate to a point 20 cm above it, and across the
entire fluidized bed are measured using Orange Research
20100 Series low-differential pressure transmitters with the
60.2% accuracy option.

Species selection

Bubbles are usually associated with enhanced mixing in
fluidized beds, and as such Geldart group B particles are of
particular interest in the study of segregation, since bubbling
is always present during their fluidization. The various par-
ticles examined are detailed in Table 2. The diameters d cor-
respond to the cut between two consecutive standard sieve
meshes. The density q was determined with a Quantachrome
multipycnometer; the mass m of an average particle is also
listed. Shape variations in monodisperse particles are usually
quantified using a sphericity F, defined, as the ratio between
the surface area of a sphere of the same volume as the parti-
cle, and the surface area of the particle itself F 5 Ssph/Spart.
For a sphere F 5 1; for nonspherical particles, F \ 1.
Instead of a sphericity, Table 2 lists a calculated geometric
factor /. This geometric factor, provided as a convenience
for comparing with the widely-used Gidaspow17 drag law, is
determined from experimental data as a fitting parameter to
Ergun’s equation for the measured pressure drop DP across
the bed as a function of u in the packed-bed region, where
the particle diameter is replaced by an apparent diameter
/(dmin1dmax)/2. Thus, in addition to accounting for shape
variations, the fitting parameter / captures the particles’
polydispersity about the mean, and, hence, is not limited to
values less than unity. While monodisperse species were tar-
geted, a slight polydispersity is to be expected between the
consecutive sieve cuts.

The various mixtures of glass and polystyrene used in this
study are presented in Table 3, along with their correspond-
ing mass loadings M, and the column dia. D used. The table
lists the complete fluidization velocities ufc of the mixtures
investigated. It should be mentioned that for a binary mixture
the concept of minimum fluidization velocity umf is not nec-
essarily applicable, as illustrated in Figure 2 for the fluidiza-
tion of a typical binary mix. Gauthier et al.34 point out that
there exists a transition domain in the DP2 u diagram
between the point where the first particles begin to fluidize,
ufi, and the point where all the particles are fluidized ufc.
This change in slope is most evident when fluidizing a lay-
ered system, where the species are initially placed one on
top of the other, although in some cases it is also seen during
slow defluidization of an initially well-mixed system. Tabu-
lated values for DP2u for all mixtures are available online

Figure 1. Experimental rig: (1) turboblower, (2) orifice
flow meter, (3) plenum, (4) vent valve, (5) dis-
tributor plate, (6) particle bed, (7) plenum
thermometer and hygrometer, and (8) differ-
ential pressure transmitters.

Table 2. Properties of the Particles Used

Material Legend d (mm) q (kg/m3) m (mg) / emax umf (cm/s)

Lead-free glass G116 106–125 2476 1.99 0.966 0.564 1.8
G231 212–250 2476 16.0 0.944 0.587 5.6

Polystyrene P231 212–250 1064 6.87 0.981 0.572 2.9
P275 250–300 1064 11.6 1.021 0.574 4.0
P328 300–355 1064 19.7 0.994 0.575 5.4
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(Supplementary material: Fluidization data) in spreadsheet
form. With the exception of the density difference systems, for
most mixtures the change in slope within the transition region
is barely noticeable, and roughly overlapping traces are fol-
lowed during fluidization and defluidization. For the purposes
of this study, ufc was determined visually from each one of the
experimental fluidization curves, and was defined as the veloc-
ity beyond which the pressure drop across the bed stabilizes at
the pressure corresponding to the bed mass loading. The maxi-
mum packing fractions emax in Table 3 are determined from
the average bed height of three to five fully mixed, settled
beds at a certain loading. The bed heights Hfc at complete flu-
idization indicate the average bed height at the corresponding
velocities ufc for the given mass loading M.

Methodology

This study focuses primarily on relatively low-fluidization
velocities, namely velocities just above ufc. At these low-
velocities, segregation is expected to be predominantly

caused by particle drag and gravity, as suggested by van
Wachem et al.,15 with granular temperature and granular
pressure playing a negligible role. Low-gas velocities afford
the additional benefit of small bed expansions during opera-
tion, thereby minimizing the possibility of segregation during
bed collapse (‘‘freezing’’) like that described by Cooper and
Coronella.35 Species segregation measurements have been
performed for several superficial velocities using the mix-
tures detailed in Table 3; the results are discussed in the fol-
lowing section. The steps followed on each experimental trial
(mixing at high-velocity, fluidization at velocity of interest,
freezing, bed sectioning, species separation, and weighing)
are now described in detail.

In order to guarantee repeatable initial conditions, it was
first necessary to determine an adequate mixing method. A
trial run was performed with a bed composed of 4 kg of
glass and 4 kg of polystyrene (50/50 G116/P275) at a super-
ficial velocity of 12cm/s, well above umf for either material
(about 3 ufc for the mixture), for 30 min. The subsequent
analysis confirmed a well-mixed composition. A 30-min
mixing stage at a gas velocity in excess of 3 ufc was used
for all subsequent experiments. After the initial mixing pe-
riod described earlier, the gas velocity was adjusted to a tar-
get value, and the system was held at this velocity for a sta-
bilization time. Following the stabilization period for a
given trial, the air supply was rapidly shut off and the ple-
num vented to ‘‘freeze’’ the bed. The frozen bed was subse-
quently sliced in bands 4 cm in height or smaller using the
slicing tool shown in Figure 3. Each of the 16 slicer sec-
tions was vacuumed out of the column. For trials with par-
ticles of different sizes, the species were separated by siev-
ing and then weighed to determine the components’ mass
fractions with a 1% precision. For mixtures with same size
particles (differing only in density), mass fractions were
calculated from the bulk densities of the dry vacuumed-out
sections to within 5%; the species were then separated by
sink-float gravity classification in a 20% sodium chloride
aqueous solution.

Table 3. Characteristics of the Mixes Used

Materials (% mass) D (cm) M (kg) ufc (cm/s) emax Hfc (cm)

25/75 G116/G231 18.4 8.000 4.4 0.595 21.2
50/50 G116/G231 18.4 8.000 3.7 0.604 21.1
50/50 G116/G231 12.0 4.000 3.7 0.595 23.9
75/25 G116/G231 12.0 4.000 3.5 0.594 24.3
46/54 P231/P328 18.4 6.000 6.0 0.605 35.0
20/80 G231/P231 12.0 1.800 5.4 0.573 23.1
50/50 G231/P231 12.0 2.000 6.9 0.572 21.2
75/25 G231/P231 12.0 2.000 7.1 0.585 16.3
25/75 G116/P275 18.4 8.000 3.0 0.599 41.6
50/50 G116/P275 18.4 8.000 4.1 0.598 35.0
69/31 G116/P275 18.4 6.115 2.4 0.590 23.2
75/25 G116/P275 18.4 6.000 2.3 0.591 21.7

Figure 2. Representation of the differences between
the fluidization curves for a typical binary
mix and an ideal (nonsegregating) mixture
on a DP-u diagram.

The minimum fluidization velocity umf is defined at the
point at which the packed-bed slope intersects the bed
weight pressure drop. A transition region is observed
between the packed bed and completely fluidized regions,
delimited by the incipient (ufi) and complete (ufc) fluidiza-
tion velocities.

Figure 3. Top-view of the sectioning tool used.

Concentric sheetmetal circles 3.2, 8.3, and 13.3 cm in dia.
are held together by sheetmetal plates, forming sections 1,
2a–c, and 3a–f; sections 4a–f are formed between the fluid-
ized-bed walls and the sectioning tool.
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Reproducibility

Care was taken to guarantee that the stabilization time was
long enough to achieve a statistical steady state. Figure 4
shows the comparison among axial segregation profiles for
the 50/50 G116/P275 mixture, obtained after stabilization
times of 15 min, 30 min, 1 h, and 3 h. The 30-min and 1-h
profiles are the averages of 5 and 3 experimental runs,
respectively, with the error bars indicating the full ranges of
the data; the 15-min and 3-h profiles correspond to single ex-
perimental runs. The spread in the dimensionless height data
is a consequence of variations in slice thickness when vac-
uuming out the bands of the frozen bed. As the stabilization
time increases, the profiles converge toward a final state. The
figure shows that 1 h is a sufficiently long stabilization time
for statistically repeatable measurements. This conclusion
was further verified with the 50/50 G116/G231 mixture in
the narrow column. Segregation profiles obtained after 1 h
and 60 h were found to be overlapping, thereby ruling out
the possibility that much longer stabilization times than 1 h
were necessary. A 1-h stabilization time was chosen for all
subsequent experiments.

Results and Discussion

In what follows, representative segregation curves are
shown for the various mixtures explored, and their features
are compared. The complete set of segregation experimental
measurements is available online (Supplementary Material:
Segregation Data) in spreadsheet form. As shown in Table 1,
much has been published on mixing and segregation in bi-
nary gas-fluidized systems, where each component is of dif-
ferent size and same density (dR), or of different density but

same size (qR), with a lesser emphasis on systems, where
both are different. In this latter case, there are three possibil-
ities: that the smaller particles are denser and heavier (S:DH)
or denser and lighter (S:DL), or that the larger particles are
denser (L:D). Only the second one of these possibilities is
explored here since species in the S:DL size and density
ranges have fairly similar minimum fluidization velocities,
and, therefore, better provide a dataset for critically evaluat-
ing the ability of various drag laws to predict species segre-
gation.

In order to keep the bed expansion to a minimum as to
eliminate potential segregation during bed collapse, and
given that as u ? umf segregation increases,13 the experi-
ments were carried out at velocities close to ufc. In order to
verify that there is no significant segregation induced by the
bed collapse, the ‘‘frozen’’ segregation measurements for a
50/50 G116/G231 mixture were compared with measure-
ments performed vacuuming out the top layer of the bed
while still fluidized. The jetsam concentration on the top
layer of the running bed was found to be slightly higher than
the corresponding one on the collapsed bed, but within the
experimental uncertainty.

For the case of size segregation, the coarse particles act as
jetsam, consistent with all previous findings in the literature
(see Table 1). Measurements for three mixtures of glass (25/
75 G116/G231, 50/50 G116/G231, and 75/25 G116/G231)
are presented in Figure 5. Measurements were also per-
formed for mixtures of polystyrene (46/54 P231/P328, figure
not shown). For systems where the bed aspect ratio H/D \
0.8, segregation by size is not significantly impacted by the
bed height.11 As shown in Table 3, H/D was kept at values
greater than unity for all experimental runs. In order to verify
that the results are not impacted by H/D, runs were done

Figure 4. Segregation profiles for 8 kg 50/50 G116-
P275 after 15 min, 30 min, 1 h, and 3 h stabi-
lization times at u 5 4.5 cm/s (1.1 ufc); axes
are fines’ fraction vs. dimensionless bed
height.

The components were fully mixed prior to each run.

Figure 5. Effect of jetsam concentration on size segre-
gation (dR 5 2).

Three glass mixtures (25/75 G116/G231, 50/50 G116/G231,
and 75/25 G116/G231) are shown, fluidized at gas velocities
between 1.2 ufc and 1.4 ufc in both the narrow (12.0 cm)
and wide (18.4 cm) fluidization columns. The vertical dot-
ted lines correspond to fully-mixed systems.
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with both the narrow and wide fluidization columns for the
50/50 G116/G231 mixture. It can be seen in Figure 5 that
the results are overlapping for H/D 5 1.15 and H/D 5 2.
Figure 5 also shows for all cases that the concentration of
flotsam in the top layer of the segregated beds is only
slightly larger than the corresponding concentration for a
fully-mixed bed. In fact, very little size segregation was
observed in any of the experiments, except for a small, jet-
sam-rich layer at the bottom of the bed. The dimensionless
axial location of the interface separating the jetsam-rich layer
from the rest of the bed—roughly corresponding to the point
where the profiles cross the fully-mixed lines—increases
slightly as the jetsam concentration increases, but is mostly
independent of the initial mixture concentration, consistent
with the observations of Marzocchella et al.31

For the case of density segregation, the denser particles act
as jetsam. Measurements for three mixtures of glass and pol-
ystyrene (75/25 G231/P231, 50/50 G231/P231, and 20/80
G231/P231) are presented in Figure 6. Similar to what was
seen in size-segregating systems, the density-segregating sys-
tems have a fairly constant concentration of flotsam in the
layer above the jetsam-rich layer. Unlike the size-segregating
systems, however, the shape of the concentration profiles is
not maintained as the jetsam concentration increases, with
the 50/50 G231/P231 system having the most segregated pro-
file, and the systems rich in either species being better mixed
(more vertical and closer to the fully-mixed line). The transi-
tion between flotsam and jetsam layers occurs below a
dimensionless height of 0.3 for all cases, with the 50/50
G231/P231 system exhibiting the highest transition point. As
mentioned previously, density segregation was determined

from bulk density measurements of dry vacuumed-out sec-
tions of the bed, with a measurement uncertainty of approxi-
mately 5% indicated by the error bars in Figure 6. The fluid-
ization curves of the density-segregating systems were the
only ones where a transition region like that represented in
Figure 2 was observed, suggesting that these systems segre-
gate strongly at velocities between umf and ufc.

Binary segregation profiles for S:DL systems were
obtained for glass-polystyrene mixtures at various gas veloc-
ities (from 1.2ufc up to 3.2ufc) and concentrations (25/75
G116/P275, 50/50 G116/P275, 69/31 G116/P275, and 75/25
G116/P275). The effect of fines’ concentration on segrega-
tion is shown in Figure 7 for low-gas velocities (1.2ufc), and
in Figure 8 for high-gas velocities (2.2ufc). In these systems
the fines—the less massive although denser particles—act as
jetsam. The shape of the concentration profiles is not main-
tained as the concentration of fines increases, with the system
becoming better mixed for higher fines’ concentrations. The
trend is noticeable both at low- and high-velocities. For low-
fines’ concentrations (25/75 G116/P275), a clear layer of jet-
sam forms with the remainder of the bed having a fairly uni-
form composition. The addition of more fines both blurs the
distinction between the jetsam and flotsam layers and causes
the concentration to be more dependent on the axial position
along the bed—the profiles further depart from the vertical.
For high-velocities and high-concentrations of fines (right-
hand side of Figure 8) the mixing becomes too violent for
the relatively small amount of jetsam available to preferen-
tially sink, leading to an almost uniformly mixed bed.

The effect of increasing gas velocity on segregation is fur-
ther explored in Figure 9. The chosen mix (69/31 G116/
P275) corresponds to a system with 50% glass and 50% pol-
ystyrene by volume. At low-velocity (1.2ufc) the species are

Figure 6. Effect of jetsam concentration on density
segregation (qR 5 2.3) at low-gas velocity
(about 1.1 ufc).

Three glass-polystyrene mixtures (75/25 G231/P231, 50/50
G231/P231, and 20/80 G231/P231) are shown. The error
bars correspond to the 5% uncertainty in the bulk-density-
based concentration measurements (see the Methodology
section). The vertical dotted lines correspond to fully-
mixed systems.

Figure 7. Effect of jetsam concentration on binary den-
sity and size (S:DL) segregation at low-veloc-
ity (about 1.2 ufc).

Three glass-polystyrene mixtures (25/75 G116/P275, 50/50
G116/P275, and 75/25 G116/P275) are shown. The vertical
dotted lines correspond to fully-mixed systems.
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distributed in an almost uniform gradient of decreasing con-
centration of fines with height. As the gas velocity is
increased (1.6, 1.9, and 2.3ufc), the amount of accumulated
jetsam shrinks and the overall bed becomes better mixed,
with the upper half of the concentration profiles becoming
closer and closer to the fully-mixed vertical line. For a gas
velocity of 3.2ufc the system is almost perfectly mixed.

The possibility of radial and azimuthal segregation was
also investigated by means of the slicing tool depicted in
Figure 3. No azimuthal segregation patterns were identifiable
in the experiments. Measurements from the 50/50 G116/P275
system (1 experimental set) seemed to indicate a slight jet-
sam accumulation toward one angular sector of the bed. This
apparent segregation is a consequence of the frozen bed
experimental technique. In the radial direction, the bed wall
imposes a ring-like structure on the bubbling pattern and
overall segregation. Due to the system’s symmetry, these
rings dynamically shift in the azimuthal direction. Depending
on when the bed is frozen, these shifts are seen as slight azi-
muthal variations in species concentration. For verification
purposes, a series of 20 experiments was run where the bed
was fluidized and frozen every 20 to 30 s. Examination of
the surfaces of the frozen beds confirmed the absence of an
overall azimuthal pattern. Further exploration is required in
this area, since the study of temporal variations in segrega-
tion is intractable with frozen bed experiments.

In the case of size-segregating systems (eight experimental
sets), a relatively higher accumulation of jetsam is evident
toward the periphery of the bed for all the studied composi-
tions, with the bed becoming better mixed at higher gas
velocities. The peripheral jetsam accumulation, which results
in a concave plot of jetsam mass fraction as a function of ra-
dial position, is most evident at the bottommost layer of the

bed. This result is inconsistent with the findings of Worms-
becker et al.6 for a conical fluidized bed. In this cylindrical
bed, the profiles observed can be linked to the bubble growth
and circulation patterns in the bed. Small bubbles form at the
surface of the distributor plate and coalesce into larger bub-
bles as they rise, moving toward the middle of the column
since there are no bubbles with which to coalesce at the
wall. As part of the circulation in the bed, particles travel
downwardly near the wall. Due to the fast transition into a
jetsam layer in size-segregating systems (Figure 5), the
downwardly flow preferentially deposits jetsam near the pe-
riphery.

Radial segregation was also studied for the S:DL systems
(15 experimental sets) and the segregation profile near the
bottom of the bed was found to transition from concave to
convex at gas velocities below 2ufc. Two representative ra-
dial concentration profile sets are shown in Figure 10, one at
3.2ufc and one at 1.6ufc. Figure 10a, for higher gas velocities,
shows that there is a relatively higher concentration of jetsam
toward the center of the bed in the higher sections, with the
opposite being true at the bottom, namely, a relatively higher
concentration of jetsam toward the bed periphery. This result
is consistent with the bed circulation pattern described ear-
lier. As particles travel downwardly near the walls, flotsam
from the top is carried toward the bottom, making the pe-
riphery flotsam-rich. At high-gas velocities, the jetsam deple-
tion of the bottom center of the bed due to strong bubble
transport causes a relatively higher concentration of jetsam to
be present near the bottom periphery, as shown in Figure
10a. For lower gas velocities the relative accumulation of jet-
sam near the center of the column is observed throughout, as
shown in Figure 10b. The less-vigorous bubbles in this latter

Figure 8. Effect of jetsam concentration on binary den-
sity and size (S:DL) segregation at high-ve-
locity (about 2.2 ufc).

Two glass-polystyrene mixtures (25/75 G116/P275 and 75/
25 G116/P275) are shown. The vertical dotted lines corre-
spond to fully-mixed systems.

Figure 9. Effect of gas velocity on binary density and
size (S:DL) segregation.

The mixture (69/31 G116/P275) represents an overall 50/50
concentration by volume. Measured gas velocities during
operation are indicated in the legend. The vertical dotted
line corresponds to a fully-mixed system.
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case preferentially carry flotsam up with them, leaving
behind a relatively jetsam-rich center.

Concluding Remarks

Axial and radial segregation measurements of species seg-
regation were done for binary Geldart group B mixtures of
particles differing in size, density, or both. The measure-
ments were obtained from frozen bed sectioning, with a par-
ticular emphasis in low-velocity systems (where drag is
expected to be a dominant factor in segregation15) such that
the possibility of segregation upon bed collapse was mini-
mized. The results show a nonmonotonic behavior in den-
sity-segregating systems, whereby segregation is strongest for
intermediate compositions, with fairly well mixed systems at
low-or high-concentrations of jetsam.

Radial segregation was analyzed and the observed patterns
were found to be dependent on fluidization velocity. For
size-segregating systems a higher concentration of jetsam is
found toward the bed periphery at all velocities, a conse-
quence of the bed circulation pattern preferentially depositing
jetsam near the wall and depleting it from the center due to
bubble transport. For size-and-density-segregating systems, a

higher concentration of jetsam is found toward the bed center
when compared to the periphery at a given axial level. How-
ever, in high-velocity systems (where the components are ax-
ially well-mixed) a slight accumulation of jetsam is observed
near the bottom periphery. For lower gas velocities, this
tendency disappears and jetsam is seen to accumulate near
the core of the bed. No azimuthal segregation patterns were
observable, due to the temporal limitations of the frozen bed
technique.

An extensive set of concentration profiles, suitable for
critical evaluation of fluidization models, is available
online as supplementary material in spreadsheet form. A
follow-up article will compare these data set with numeri-
cal simulation predictions, based on the method described
by Leboreiro et al.16 in order to directly evaluate the rela-
tive abilities of ad hoc and lattice-Boltzmann-based poly-
disperse drag laws to capture segregation behavior in fluid-
ized beds.
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