
Elutriation and Species Segregation Characteristics of
Polydisperse Mixtures of Group B Particles in a

dilute CFB Riser

Jia Wei Chew, Drew M. Parker, and Christine M. Hrenya
Dept. of Chemical and Biological Engineering, University of Colorado at Boulder, Boulder, CO 80309

DOI 10.1002/aic.13784
Published online March 19, 2012 in Wiley Online Library (wileyonlinelibrary.com).

Experiments in a dilute, gas-solids circulating fluidized bed have been conducted, with an emphasis on the impact of
polydispersity on elutriation and species segregation. Two categories of polydispersity were studied: binary mixtures with
various compositions and continuous particle size distributions (PSDs) with various widths. Qualitative differences between
the two include (i) total elutriation flux of binary mixtures increases with the composition of fines (Ut < Us) but not so for
continuous PSDs and (ii) elutriation flux of coarse particles (Ut > Us) depends non-monotonically on fines composition for
binary mixtures but monotonically for continuous PSDs. These differences are explained by the increasing size disparity of
continuous PSDs as distribution width increases, while the size disparity remains constant in binary mixtures of varying
compositions. A third qualitative difference is the monotonic decrease in mass % of coarse particles with riser height
observed for continuous PSDs, and a nonmonotonic behavior for binary mixtures. VVC 2012 American Institute of Chemical

Engineers AIChE J, 59: 84–95, 2013
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Introduction

Gas-solids circulating fluidized beds (CFBs) represent an
important unit operation in industry, with applications span-
ning energy production (e.g., coal gasification), chemical
synthesis (e.g., olefin polymerizationand titanium dioxide
production), and pharmaceutical (e.g., granulation) processes.
Moreover, polydispersity is prevalent in flows involving
solids, and the presence of a range of particle sizes and/or
densities is known to exert a critical influence on the
performance of such operations. However, due to a lack of
understanding of the impact of polydispersity on flow phe-
nomena1–4 (such as elutriation and species segregation),
design and troubleshooting of such processes is often based
on empirical correlations, resulting in erratic performance
and adverse flow behavior.

The focus of this experimental effort is on polydisperse
Geldart5 Group B particles in a dilute CFB riser. In such a
system, the elutriation and species segregation characteristics
can significantly affect the performance of the system in
terms of gas-solids contact, solids residence time, and heat
and mass transfer. Accordingly, a suite of experiments has
been performed aiming at understanding the impact of riser
flow characteristics on Group B particles. Specifically, two
categories of polydispersity are examined: (i) ‘‘binary’’ mix-
tures (two species with particle size (dave) and particle den-

sity (qs) differences) and (ii) ‘‘continuous’’ particle size dis-
tributions (PSDs). More explicitly, the objectives of this
work are to investigate the impact of varying the (i) compo-
sitions of binary mixtures and (ii) widths of continuous
PSDs on the total and species elutriation flux, as well as
local measurements of mass flux and species segregation.

With regards to the impact of polydispersity on elutriation
flux, despite the abundance of elutriation correlations made
available in the past few decades,6–11 the discrepancy
between empirical prediction and actual data reaches a hun-
dred fold in some cases.11 Hence, more understanding is
warranted. It is well-established that at a fixed superficial
gas velocity (Us), overall elutriation flux is negatively corre-
lated with the single-particle terminal velocity (Ut) for a
monodisperse system, and directly proportional to composi-
tion of elutriable species in a polydisperse mixture.6–11

Accordingly, if the composition of fine species (i.e., particles
with Ut \ Us) increases, total elutriation flux is expected to
increase linearly, and vice versa. However, exceptions to the
correlations have been noted in the literature. For example,
for binary mixtures, it has been reported that the elutriation
flux increases with the composition of the fine species
(which belong to Geldart Group A or C) if that species is
above a critical size,12–14 otherwise the elutriation flux pla-
teaus or even decreases due to the dominance of interparticle
cohesion.12–14 Of particular interest in this work is the coun-
ter-intuitive elutriation behavior of the coarse species (i.e.,
particles with Ut [ Us) in a binary mixture reported by Gel-
dart et al.15 More specifically, it was found the presence of
Group A fine species in the binary mixture boosts the
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elutriation flux of the coarse particles to higher than that of
monodisperse coarse particles (i.e., 100% coarse), and also
the elutriation flux of the coarse exhibits a nonmonotonic
behavior (increasing and then decreasing) with respect to the
fine composition.15 To date, no information is available on
how binary mixtures of Group B particles with varying com-
positions affect elutriation. Perhaps more importantly, previ-
ous work on how the width of continuous PSDs affects elu-
triation has not been reported. Hence, finding an answer for
the two corresponding questions are attempted in this work.
First, since the fine species previously reported belongs to
Group A,15 and bearing in mind the differences between
Groups A and B particularly in terms of fluidization behav-
ior5 and Stokes number,16 will the counter-intuitive (nonmo-
notonic) behavior of the coarse persist if the fine species in
the binary mixture belongs to Group B? Second, noting the
qualitatively different behaviors between binary mixtures
and continuous PSDs previously reported for bubbling
beds17,18 and CFBs,19–21 how does the elutriation flux of
coarse particles behave for continuous PSDs with changing
distribution widths?

Pertaining to species segregation, both experiments and
simulations have indicated that particles segregate according
to species in both granular systems22–28 (absence of gas
phase) and fluidized systems.4,8,29–38 However, although
investigation into species segregation behavior in low-veloc-
ity bubbling fluidized beds has been fairly extensive (refer to
Refs. 8,29,39–41 and references cited therein), a similar effort
for CFBs is more limited. With regards to axial segregation,
both experiments19,30–32,42–45 and simulations33,37,44,46 have
revealed that the more massive species segregates toward the
bottom of the riser. As for radial segregation, both simula-
tion results33,36,38 and experimental data19,31,32,44,45 consis-
tently indicate that the more massive species preferentially
segregate toward the wall. The physical explanation for the
radial segregation is related to the expected radial granular
temperature gradients in a riser.33,46–51 Specifically, the more
massive species have a tendency to segregate preferentially
toward the lower temperature region due to thermal diffu-
sion.4,33 Concomitantly, it has been shown via both experi-
ments49,50 and kinetic-theory-based models33,36,47,48,51 that
lower granular temperature regions are found at the wall due
to augmented dissipation of kinetic energy through particle-
wall collisions and increased particle–particle collisions due
to the higher solid volume fraction expected in the annular
region (i.e., core-annulus flow). A logical ensuing question
arises: if the radial granular temperature gradient and hence
radial segregation is due in part to core-annular riser flow,
does radial segregation still persist in a dilute riser where the
core-annulus behavior is reduced? Another question is moti-
vated by previous work that indicates binary mixtures and
continuous PSDs display different species segregation trends
in bubbling fluidized beds17,18,52–54 as well as higher-veloc-
ity, denser risers.19 In particular, do binary mixtures and
continuous PSDs also exhibit different segregation patterns
in a dilute riser?

With the above questions in mind, the current work is di-
vided into two categories of polydisperse, dilute risers: bi-
nary mixtures (two species with different particle size, dave,
and material density, qs) and continuous PSDs. The objec-
tives of this work are to experimentally investigate the
impact of changing the compositions of binary mixtures and
widths of continuous PSDs on total and species elutriation
flux, as well as local mass flux and species segregation. The

results indicate that the binary mixtures and continuous
PSDs display different trends for (i) the total elutriation flux
versus the composition of fine particles (Ut \ Us), (ii) the
dependency of the elutriation flux of the coarse species (Ut

[ Us) on the composition of fine particles, and (iii) the axial
species segregation at the wall. Other insights obtained
include the link between coarse elutriation and collisional
transfer mechanism, the flattening of radial mass flux profiles
as fine composition increases for binary mixtures or width
(r/dsm) increases for continuous PSDs, and the lack of sig-
nificant radial segregation, presumably due to the flatter ra-
dial granular temperature gradients that exist in the dilute
riser.

Experimental Methods

Experimental apparatus

All experiments were performed in a CFB, schematically
shown in Figure 1. The riser section is a Plexiglas column
which is 18.4 cm in diameter and 4 m tall, with a blind-tee
exit at the top. A cyclone after the riser exit enables recircu-
lation of the solids, and solids are fed back to the riser
through an aerated L-valve. A Yaskawa V7 variable fre-
quency drive, which is controlled by a National Instruments
LabVIEW program (version 7.1), directs a Fuji Electric
VFD5 regenerative blower that provides the air for fluidiza-
tion of the particles. The superficial gas velocity (Us), which
is reported at local atmospheric conditions (air with a 0.97
kg/m3 density and 1.85 � 10�5 Pa s viscosity), is determined
via a Lambda Square Oripac 4150-P orifice plate flow meter,
which is located upstream of the plenum. Relative humidity
(RH) in the unit is enhanced by an Air-O-Swiss model AOS
7144 humidifier placed at the inlet of the blower. RH is kept
above 40% for all experiments to reduce electrostatics.55–58

The operating air temperature and RH in the plenum are
measured by means of an Omega HX93AV-RP1 probe, with
a temperature range from �4 to 171�C and RH range of
0–100%, inserted into the plenum. The distributor at the
bottom of the riser is a Mott Corporation 316 stainless steel
sintered porous plate, of Media Grade 100 and thickness of

Figure 1. Experimental set-up.
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2.4 mm. The pressure drops across the orifice plate flow me-
ter, across the distributor plate, and along the entire riser are
measured using Orange Research 20100 Series low-differen-
tial pressure transmitters with the �0.2% accuracy option.
Pressure drop statistics across the orifice meters are transmit-
ted to the computer and superficial velocities are computed.
All temperature, RH, superficial velocity, and pressure data
are recorded throughout the experiments.

Sample ports are available approximately equally spaced
along the riser height for insertion of the extraction probe,
which is used for measurement of local mass flux and spe-
cies segregation characteristics. Up to three sample ports
each 90� azimuthally apart on the horizontal plane are avail-
able at each of these axial positions to detect potential flow
asymmetries. A sampler device in the standpipe allows for
measurement of the total elutriation flux (mass flux of par-
ticles carried out of the top of the riser). Specifically, a but-
terfly valve at the bottom of the sampler was closed at the
same instant that a stopwatch was started. When the sampler
filled up, the CFB was shut down and the stopwatch was
stopped. Then, the sampler was removed, and the particles
were collected and weighed. A total elutriation flux was
hence obtained through dividing the mass of particles in the
sampler by the product of the cross-sectional area of the
riser and the duration of collection.

Materials investigated and operating conditions

As summarized in Tables 1 and 2, the materials studied
here are binary mixtures (Table 1) and continuous size distri-
butions (Table 2) of Geldart Group B particles. For the bi-
nary mixtures, various compositions of the two species,
namely glass and polystyrene (PS), which differ in both
(mass-based) average particle diameter (dave) and material
density (qs), were examined. For the continuous PSDs, vari-
ous PSD widths were examined using sand. The single-parti-
cle terminal velocity (Ut) of each species and the superficial
gas velocity (Us) used for the two mixture types (i.e., binary
mixture and continuous PSD) are also listed in the tables.
Specifically, the Ut of each material and the implemented Us

are important considerations, because in an ideal scenario
with a single particle in infinite fluid, the particle can be elu-
triated (carried over) only if Us exceeds Ut. Correspondingly,
many correlations for estimating elutriation rate are based on
either Us � Ut or Us/Ut.

6–11 For all experiments, several pa-
rameters were kept constant for direct comparison among
the mixtures, namely (i) CFB inventory (8 kg of particles)
since bed depth and elutriation rate are correlated,59 and (ii)
Us within each of the two sets (i.e., binary mixtures and con-
tinuous PSDs) of experiments since the driving force for elu-
triation is linked to Us � Ut or Us/Ut.

6–11 Conversely, the
parameters varied are compositions of the binary mixtures
and the widths (defined as ratio of standard deviation of the
PSD to Sauter-mean diameter, r/dsm) of the continuous
PSDs. Accordingly, five different binary mixtures (mass %

of glass ¼ 0, 25, 50, 75, and 100%) and five different con-
tinuous PSDs (r/dsm ¼ 5, 10, 25, 40, and 65%, with dsm

held constant) were investigated. Finally, a dilute riser is the
focus of this work, with solid loadings (m, which is the ratio
of solid flux to air flux) in the ranges of 0.03–0.25 for the bi-
nary mixtures and 0.11–0.29 for the continuous PSDs.

With regards to the binary mixtures, glass and PS particles
were mixed in various compositions, as listed in Table 1.
Glass beads purchased from Grainger were sieved to obtain
only sizes that fall between the 150 and 180 lm sieves,
whereas PS beads purchased from of Glen Mills Incorpo-
rated were sieved to restrict sizes to those between the 300
and 355 lm sieves. Notably, the terminal velocity (Ut) of
the glass beads is lower than the implemented Us, and will
be referred to here as ‘‘fine’’15; whereas the Ut of PS is
higher than Us, and will be referred to here as ‘‘coarse.’’15

Accordingly, the binary mixtures investigated encompass the
entire range of compositions, including (i) monodisperse
coarse (i.e., 100 mass % coarse), (ii) 75 mass % coarse (and
25 mass% fine), (iii) 50 mass % coarse, (iv) 25 mass %
coarse, and (v) monodisperse fine (i.e., 100 mass% fine).
Ideally (for a single particle in infinite fluid), particles with
Ut \ Us should be elutriated (i.e., performed on the top of
the riser), whereas particles with Ut [ Us should not. How-
ever, this cutoff is not strictly appropriate in the CFB riser
since presence of surrounding particles impacts the settling
velocity, and the concept of the ‘‘hindered settling veloc-
ity’’10,61 (i.e., the settling velocity of a particle in suspension,
which is known to be lower than that of an isolated particle)
is thus more relevant. Accordingly, the value of Us used in
the experiments was chosen to be high enough to enable elu-
triation of the monodisperse coarse particles and low enough
to restrict the total elutriation flux of the monodisperse fine
particles to a practical level. With regards to the latter, when
the total elutriation is too high, the cyclone is inefficient in
returning solids to the recirculation loop, and the sampler
fills up too fast to enable an accurate measurement using the
stopwatch. It was found experimentally that Us ¼ 1.5 m/s
was optimal, since it allowed for measureable elutriation of
just coarse particles (one monodisperse limit of binary mix-
ture composition) on one hand, while also restricting the
level of elutriation of just fine particles (other monodisperse
limit of binary composition) to reasonable levels on the
other.

As for the continuous PSDs (Table 2), Gaussian and log-
normal distributions were made up of sand particles with a
wide range of particle sizes largely within the Geldart Group
B classification.5 The equation defining the mass-based fre-
quency distribution (fm) of Gaussian distributions is

fm;Gaussian ðxÞ ¼ 1

r
ffiffiffiffiffiffi
2p

p exp �ðx� �xÞ2

2r2

" #
(1)

Table 1. Experimental Parameters for Binary Mixtures

Material Glass PS

qs (kg/m3) 2500 1050
dave (lm) 165 327.5
Ut (m/s)60 1.2 1.6
Mass (%) 0, 25, 50, 75, 100 100, 75, 50, 25, 0
Us (m/s) 1.5 1.5

Table 2. Experimental Parameters for Continuous PSD

Material Sand

qs (kg/m3) 2650
dsm (lm) 196
Ut,dsm (m/s)60 1.6
Range of dave (lm) 79.5–780
Range of Ut (m/s) 0.40–6.5
r/dsm (%) 5, 10, 25, 40, 65
Us (m/s) 1.7
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where r is the standard deviation of the mass-based PSD, x is
particle diameter, and x is the arithmetic mean of the mass-
based PSD. Analogously, the mass-based lognormal distribu-
tion is defined as

fm;lognormal ðxÞ ¼
1

xrl
ffiffiffiffiffiffi
2p

p exp �ðlnðxÞ � lÞ2

2r2
l

" #
(2)

whereby the natural logarithm of this distribution is a Gaussian
PSD with arithmetic mean l and standard deviation rl. In this
work, dsm is kept constant and the widths of the continuous
PSDs (denoted r/dsm) are varied. The dsm is used instead of
other characteristic diameters since it is the most physically
relevant. Namely, dsm is the ratio of the volume-based to
surface-based diameters, the former of which is proportional
to the gravitational force and the latter of which is proportional
to the drag force. Correspondingly, to compute the Sauter-
mean diameter (dsm),10 the mass-based distributions (fm) in
Eqs 1 and 2 are converted to the corresponding number-based

PSDs (fn), and then dsm is determined as

R
x3fnR
x2fn

.

Accordingly, the narrowest distribution possible is r/dsm

¼ 5%, in which all particles fall within one sieve cut (180–
212 lm), as shown in Figure 2. Conversely, the widest dis-
tribution examined is r/dsm ¼ 65%, above which would
require a considerable amount of Group A particles (\100
lm), which is avoided since the focus here is on Group B
materials. Furthermore, since Gaussian distributions (Eq. 1)
are restricted to r/dsm \ 30% (greater values of r/dsm

involve unphysical negative diameters62), lognormal distribu-
tions are used for the wider PSDs investigated. Notably,
because Gaussian and lognormal distributions are similar in
shape for r/dsm \30%,25 the three narrowest distributions
investigated (namely, r/dsm ¼ 5, 10, and 25%) can be
referred to as either Gaussian or lognormal, but will be
referred to as lognormal from here onward.

To prepare the continuous PSDs, sand acquired from
Agsco Corporation was classified into different sizes using
various Fisher brand US standard brass sieves. Figure 2
shows the exact lognormal distributions (Eq. 2) as solid lines
and corresponding sieve fractions used in the experiments as
discrete points. For the experiments, fm refers to the mass
fraction of each sieve cut normalized with respect to the bin
width (i.e., Dx) of a given sieve cut. The choice of dsm is
such that it has to be high enough such that particles still
largely belong to Geldart Group B even for the widest PSD
(Figure 2), while low enough such that the corresponding
single-particle terminal velocity (Ut) is less than the
maximum limit of superficial air velocity (Us,max) that the
blower can generate to ensure elutriation. Accordingly, since
Us,max is 1.7 m/s, the largest sand particle that can be ideally
elutriated is of 202 lm. Because of the restriction of sieve
sizes available, however, the dsm was set to 196 lm, which is
the average size between two sieve cuts (180 and 212 lm)
and has a Ut of 1.6 m/s (Table 2). Subsequently, the value of
Us ¼ 1.7 m/s was used for all the continuous PSDs investi-
gated. Finally, it is noted that sand attrits over time, and hence
to preserve the integrity of the PSD, a fresh PSD was prepared
after every three cumulative hours of experimental runs, since
preliminary checks on 8 kg of particles which fall between the
180 and 212 lm sieves showed that only 85 mass % (i.e.,
greater than acceptable tolerance of 10 mass %) of the bed
retained the original size range at the end of 3 h.

Measurement technique

To characterize local mass flux and species segregation in
the riser, an extraction probe fabricated by Particulate Solid
Research Incorporated was used to collect particles at vari-
ous axial and radial positions along the riser, after which the
PSD of each sample was analyzed using sieves. The extrac-
tion probe has an inner diameter of 0.011 m, with the probe
tip oriented at 90� to the probe shaft to collect particles in
the direction of mean flow in the riser. It is worth noting
that the extraction probe was operated non-isokinetically63–67

(i.e., the suction velocity obtained via the vacuum pump is
not necessarily identical to the solids velocity), after checks
were made to ensure that the measurements were not de-
pendent on suction velocity. The successful implementation
of non-isokinetic operation on Group B particles is not sur-
prising, since the associated higher Stokes number of the
more massive particles implies that the particles are less ad-
ept at following the gas streamlines. For the PSD analysis,
one sieve sized at 212 lm was used to separate the constitu-
ents of the binary mixtures, whereas seven sieves in the size
range of 53–300 lm were used for the continuous PSDs.

Samples were collected at five approximately equally
spaced axial positions along the riser, with the lowest axial
position at a dimensionless height (h/H, where h is the axial
position where measurement was taken and H is the total
riser height) of 0.43. At each axial location, two sets of six
radial measurements (from riser center to opposite wall) that
are 90� apart in the horizontal plane were taken to determine
if any asymmetries were present across the riser cross-sec-
tion. Notably, due to the curvature of the probe, the three ra-
dial positions closest to the insertion port could not be meas-
ured, hence only the radial portion from the wall opposite to
the insertion port to the riser center was characterized. Using
the extraction probe, both the upward and downward mass
flux at each local radial position (Gr) was measured by ori-
entating the probe tip normal to the flow in the associated

Figure 2. PSDs of lognormal distributions investigated,
with dsm kept constant at 196 lm and r/dsm

varied.

The lines represent exact mass-based lognormal distribu-

tions as defined by Eq. 2, while the discrete points are

experimental values.
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direction. At each location, particles were collected for 20–
40 s. The net mass flux (i.e., total elutriation flux) across the
cross-section of the riser at a given axial position is denoted
Gs and calculated as follows

Gs ¼
X11radial

positions

r¼1

½ðGr;upward � Gr;downwardÞ � Ar� (3)

where Gr refers to local flux at radial position r, the subscripts
upward and downward refer to the flux directions and Ar is the
annular area corresponding to that radial position. For
example, for radial position rj, the corresponding annular area
has an outer and inner radius of (rj þ rjþ1)/2 and (rj þ rj�1)/2,
respectively. Notably, Gs can be measured two ways: (i)
integration of the local flux measured by the extraction probe
using Eq. 3, and (ii) direct measurement using the sampler in
the standpipe of the CFB (Figure 1). Using the two methods
provided validation for the total elutriation flux, as described
below.

To further validate the extraction probe measurements,
checks were made with regards to (i) reproducibility of mass
flux measurements between repeated runs, and (ii) consistency
of the local mass flux integrated across the riser cross-section
at each axial position, which ensures a mass balance. Accord-
ingly, Figure 3 is a plot of local flux (Gr,net ¼ Gr,upward �
Gr,downward) measured at h/H ¼ 0.43 at various radial positions
when the probe was traversed in different azimuthal direc-
tions, namely, toward the West (two repeated runs), North
and East directions. Measurement toward the South was not
possible because the standpipe obstructs probe insertion. For
(i), agreement was obtained within an acceptable tolerance of
10%, as depicted in Figure 3, whereby repeated West meas-
urements agree well at each radial location. With respect to
(ii), as shown in Figure 3 and corroborating with previous
work,64,67 considerable variations are observed near the wall
(r/R ¼ 0.93) at different azimuthal locations, with such varia-
tions decreasing toward the riser center (r/R ¼ 0). Accord-
ingly, the local wall flux was averaged over different azi-
muthal directions to calculate the integrated mass flux (Eq. 3),
which agreed well with that measured directly in the stand-
pipe (within �10%). In addition, since species segregation is
a focus of this work, it is important to check if the PSDs at

the wall vary with the different values of Gr,net at different az-
imuthal positions. As seen in Figure 4, the overall PSDs (i.e.,
PSDs from both upward and downward fluxes are accounted
for, with the flux from each direction weighted according to
contribution to the net flux) at different azimuthal positions
near the wall are similar despite the azimuthal differences in
local Gr,net (Figure 3).

Finally, to express a representative mass flux at each ra-
dial position, a net mass flux normalized with respect to Gs

at the same axial position is defined as

Gr;net;norm ¼ Gr;upward � Gr;downward

Gs

(4)

Because of the experimental variations of approximately 10%
in Gs at each axial position, this normalization is performed to
present fairer comparisons between the different axial
locations. Moreover, the normalization is helpful for a
straightforward comparison among the various binary mix-
tures and continuous PSDs, since the total elutriated flux (Gs)
varies from mixture to mixture.

Results and Discussion

A key qualitative difference between binary mixtures and
continuous PSDs is that while the former involves two fixed
species (with differences in particle size, dave, and material
density, qs) at varying compositions, the continuous PSD’s
have particles with fixed qs but an increasing range of parti-
cle diameters (i.e., more species) as r/dsm increases. In par-
ticular, referring to Figure 2, increasing r/dsm for continuous
PSDs increases the range of both fine and coarse particle
sizes. For this reason, the two mixture types are covered sep-
arately below. Quantities of interest include the elutriation
flux of particles from the riser (total and species), the local
profiles of both mass flux and species segregation.

Binary mixtures

For the set of experiments involving binary mixtures, three
plots are presented in Figure 5 as functions of mass % of
fine: (a) total elutriation flux (Gs), (b) fine (glass) elutriation
flux, and (c) coarse (PS) elutriation flux. The data points rep-
resent the average values of two repeat measurements, and
the error bars represent the span of the repeats. Notably, the
left-hand side of the x-axes refer to monodisperse coarse
(i.e., 100 mass % of PS), and vice versa. It is shown in
Figure 5a that as the mass % of fine in the system increases,
the total elutriation flux increases approximately linearly.

Figure 3. Variation of flux at wall for lognormal PSD
with r/dsm 5 40% at h/H 5 0.43, when probe
is traversed in different azimuthal directions
90 degrees apart on the horizontal plane,
namely, toward the West, North, and East
directions.

Figure 4. Reproducibility of total PSDs of lognormal
PSD with r/dsm 5 40% at h/H 5 0.43 and r/R
5 0.93 at different azimuthal locations.
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Recall from Table 1 that Ut,fine \ Us and Ut,coarse [ Us.
Accordingly, increasing the mass % of fine increases compo-
sition of the species with the smaller Ut, and hence the total
elutriation rate increases. This trend is consistent with exist-
ing empirical correlations7,9,10 which indicate that total elu-
triation flux is directly proportional to the composition of
each fine species present in the system (as per Zenz and

Weil,68 Gs ¼
Pall elutriable

species

xiG
�
s;i, where Gs is the total elutriation

flux, xi is the composition of elutriable species i, and G�
s;i is

the elutriation flux from a bed consisting only of species i).
Figure 5b and c further show the variation of the species

elutriation flux as the composition of fine in the system
increases. It is observed that the elutriation of fine exhibits a
monotonic increase (Figure 5b), whereas the elutriation of
coarse exhibits a nonmonotonic trend (Figure 5c). In other
words, whereas the elutriation of fine is lower in all binary
mixtures compared to the monodisperse fine counterpart, the
same is not true for the coarse species, since the elutriation
of coarse is larger than its monodisperse counterpart at some
compositions (mass % of fine � 50%). Although this finding
has not been reported for binary mixtures consisting of two
Group B materials, Geldart et al.15 made the same observa-
tion for a mixture of Groups A and B materials. This non-
monotonic behavior can be explained by the collisions
occurring between fine and coarse particles. Specifically, the
faster-moving fine particles (Ut \ Us) approach the coarse
particles (Ut [ Us) and collide with them preferentially from
the bottom, causing a net upward force on the coarse par-
ticles which allows the coarse to elutriate.15 Two other phys-
ical explanations for the elutriation of the coarse are possi-

ble, but less likely. First, if the gas velocity profile is para-
bolic (or, more generally, nonuniform), the gas velocity in
the riser core would be higher than Us,

6,69 and thus the
coarse may elutriate if located at the riser core. However,
dilute flows as considered in this work are characterized by
relatively flat (turbulent) gas velocity profiles.69 Furthermore,
particles are known to move laterally across the riser. Hence,
the elutriation of coarse particles due to their location at a
radial position characterized by a higher-than-average gas
velocity is unlikely. The other possible explanation is linked
to the concept of a ‘‘hindered settling velocity,’’10,61 in
which the settling velocity of a particle in suspension is
known to be lower than that of an isolated particle. How-
ever, based on the Einstein correction10 for such effects, the
hindered settling velocity for a particle in similarly dilute
suspensions (void fraction �0.999, based on other works
with similar m)70,71 is 99.6% of that of an isolated particle.
Therefore, the collisional transfer mechanism described
above is the most likely cause for the elutriation of coarse
particles.

In particular, the collisional transfer mechanism explains
the left-hand portion of Figure 5c in which the elutriation of
coarse particles increases with the composition of fine par-
ticles in the system. Conversely, on the right-hand-side
(mass % of fine [50%) of Figure 5c, the effect of the
decreasing composition of coarse particles takes over.
Namely, decreasing the mass % of coarse particles (increas-
ing the fines content) reduces the maximum possible value
of coarse elutriation until the zero limit is reached when
only fine particles are present. Hence, the nonmonotonic elu-
triation of coarse particles stems from a trade-off in which
an increased collisional momentum transfer from fine to
coarse particles dominates at lower fine contents and a
decreasing amount of coarse particles dominates at high fine
content.

Now that the impact of composition on the elutriation (Gs)
of particles from the riser has been established, it is worth-
while to examine the impact of composition on the radial
(local) profiles of flux measurements (Gr). The normalized ra-
dial profiles of net flux (Gr,net,norm) are illustrated in Figure 6,
with each subplot containing a graph of Gr,net,norm (Eq. 4)
versus r/R (where r is the radial position at which measure-
ment was taken, and R is the riser radius). Each of the five
subplots represents a different composition and contains five
profiles measured at different axial positions. Consistent with
previous work,20,67,72–76 the radial profiles flatten with
increased height. More interestingly, increasing the fine com-
position results in flatter radial Gr,net,norm profiles at lower
axial positions, which has not been previously reported.

Figure 6. Radial Gr,net,norm profiles for (a) monodisperse
coarse, (b) 25 mass % fine, (c) 50 mass %
fine (d) 75 mass% fine (e) monodisperse fine.

Figure 5. (a) Total elutriation flux (Gs), (b) fine elutriation flux, and (c) coarse elutriation flux of various compositions
of binary mixtures investigated at Us 5 1.5 m/s.

Dotted lines represent simple linear relationship as per available correlations,7,9,10 while solid lines connect experimental data

points.
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Finally, the impact of the binary composition on species
segregation is also of interest. Radial and axial species seg-
regation profiles are displayed in Figures 7 and 8, respec-
tively. These species (composition) segregation profiles are
obtained by sieving the particles collected from the extrac-
tion probe at a given location. For a direct comparison of
species segregation among the various mixture compositions,
the measured mass fractions of coarse particles (PS) have
been normalized with respect to the total mass fraction of
coarse particles in the system, and are shown on the ordi-
nate. Although Figure 7 depicts normalized mass % of
coarse particles versus r/R (radial segregation), Figure 8
depicts h/H versus the normalized mass % of coarse (axial
segregation). Each subplot in Figures 7 and 8 contains the
various compositions (25, 50, and 75 mass % of fine) inves-
tigated, and the ranges of x- and y-axes are kept constant
within each figure for a straightforward comparison.

Radial species segregation profiles are displayed in Figure
7, with each profile in a given plot representing the different
riser axial positions where measurement was taken. It is
observed that radial profiles are relatively flat at all axial
positions for the three binary mixtures, except for a couple
of profiles in the binary mixture with 50 mass % of fine
(Figure 7b) which show a preferential segregation of the
coarse particles toward the wall (r/R ¼ 1). Notably, the ra-
dial segregation of the more massive species to the wall has
been reported in previous simulation33,36,38 and experimen-
tal19,31,32,44,45 work on riser flow. Nonetheless, the generally
negligible species segregation displayed in Figure 7 is not
surprising since species segregation is linked to granular
temperature gradients,4,33,46–51 and the radial granular tem-
perature profile is expected to be relatively flat (i.e., small

gradient) in dilute systems.71 Again, these flat profiles stem
from the important role of turbulence in dilute systems rela-
tive to their denser counterparts.

Regarding species segregation in the axial direction (Fig-
ure 8), profiles at each radial position are given in each sub-
plot. It is observed that, at r/R ¼ 0, the mass % of coarse
generally decreases with height, which agrees with previous
work that indicated an overall (i.e., integrated across the
cross-section) decrease of the more massive species with
height.19,30,31,45 Conversely, the mass % of coarse particles
increases and then decreases with height near the wall (r/R
¼ 1), corroborating with the results of Chew et al.19 Similar
to the radial segregation results (Figure 7), the binary mix-
ture with 50 mass % of fine (Figure 8b) exhibits the greatest
extent of axial segregation.

Continuous PSDs

Analogous to Figure 5 for binary mixtures, the total, fine
and coarse elutriation fluxes for the continuous PSDs are
shown in Figures 9a, c, respectively, as functions of PSD
width (r/dsm). Comparing Figures 5 and 9, reveals a key dif-
ference between binary mixtures and continuous PSDs: while
the coarse elutriation flux is nonmonotonic for binary mix-
tures (Figure 5c), it is monotonically decreasing for continu-
ous PSDs (Figure 9c). As the quantity plotted on the x-axes
of Figures 5 and 9 are not the same – composition of fine is
plotted for binary mixtures (Figure 5) and the distribution
width is plotted for the continuous PSDs (Figure 9) – it is
worthwhile to investigate how the composition of fine par-
ticles changes with the width of the continuous PSD.

Based on the results displayed in Figure 9 for the continuous
PSD and the explanation of trends discussed in conjunction

Figure 8. Axial segregation profiles of local mass % of coarse normalized with respect to the total system mass
% of coarse for binary mixtures with (a) 25, (b) 50, and (c) 75 mass % of fine.

Figure 7. Radial segregation profiles of local mass % of coarse normalized with respect to the system mass % of
coarse for binary mixtures with (a) 25, (b) 50, and (c) 75 mass % of fine.
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with Figure 5 for the binary mixtures, it is tempting to deduce
that the fine content in continuous PSDs increases with distri-
bution width (r/dsm). Put another way, if the elutriation of fines
is proportional to their composition (consistent with composi-
tion-based elutriation correlations7,9,10 and the observed
behavior for binary mixtures – see Figure 5b) and if the fines
content increases with r/dsm for continuous PSDs, the trends in
Figures 9a, c are consistent with this physical picture. How-
ever, Figure 10a shows just the opposite, as r/dsm increases,
the mass % of fine in the system actually decreases. Accord-
ingly, continuous PSDs behave in stark contrast to binary sys-
tems since the elutriation of fine particles for continuous PSDs
is not proportional to their composition in the system.

To sort out this inconsistency, a consideration of both the
system (initial) PSD and the elutriated (entrained out of
riser) PSD for the continuous distribution is warranted, as
displayed in Figures 10 and 11, respectively. In each figure,
the first row shows composition (mass %) of fine (particles
with Ut \ Us) and coarse (particles with Ut [ Us) as func-
tions of r/dsm. In the second row of each figure, the mass-
averaged diameter of the fine (dfine) and coarse (dcoarse) par-
ticles is also plotted versus r/dsm. A comparison of Figures
10 and 11 reveals a key difference – although the composi-
tion of fine decreases in the system PSD with an increase in
r/dsm, the opposite is true of the elutriated PSD. The expla-
nation for this difference lies in the second row of figures.
As illustrated in Figure 10c, as the r/dsm of the initial (sys-
tem) distribution increases, dfine becomes smaller. Because
smaller particles are easier to elutriate (recall Us is held con-
stant for all experiments and Ut decreases as particle size
decreases), a larger percentage of the fine particles present in
the system are performed on the top of the riser (elutriated).

This increased percentage is sufficient to compensate for the
reduced mass % of fine in the system as r/dsm increases
(Figure 10a), leading to an increasing mass % of elutriated
fines with r/dsm (Figure 11a). Similar arguments explain the
trends observed for the coarse particles (subplots b and d in
Figures 10 and 11). It is important to note that such argu-
ments are not applicable to binary mixtures, since the aver-
age size of the fine and coarse particles remain constant, and
only the composition of the two species changes.

It is now worthwhile to return to the first difference noted
between the binary mixture and continuous PSD, namely the
nonmonotonic elutriation of coarse particles in the former
(Figure 5c) but not in the latter (Figure 9c). Recall the non-
monotonic behavior was explained via a trade off between
the increased collisional momentum transfer to the coarse
particles as the fine content increases and the corresponding
decreased composition of the coarse particles. A possible ex-
planation for the monotonic behavior of the continuous PSD
may again be traced to the increased disparity in size of the
fine and coarse particles (which is not the case for the binary
mixtures). Namely, the collisional momentum transfer is pro-
portional to particle mass, and thus collisional transfer
becomes less effective as the size disparity (r/dsm) increases.
In addition, the increasing mass-averaged diameter of the
coarse particles (dcoarse) with r/dsm (Figure 11d) makes these
particles harder to elutriate.

To now consider more local measurements, the radial
mass flux profiles are shown in Figure 12 for each of the
continuous PSDs. As expected, radial profiles flatten with
riser height, which agrees with the binary results obtained
here (Figure 6) and previous work on monodisperse and bi-
nary systems.20,67,72–76 In addition, as r/dsm increases, radial

Figure 10. System PSD parameters as functions of r/
dsm: (a) mass % of fine, (b) mass % of
coarse, (c) dfine, and (d) dcoarse.

Figure 11. Elutriated PSD characteristics as functions
of r/dsm: (a) mass % of fine, (b) mass % of
coarse, (c) dfine, and (d) dcoarse.

Figure 9. (a) Total elutriation flux (Gs), (b) fine elutriation flux, and (c) coarse elutriation flux of continuous PSDs as
functions of r/dsm investigated at Us 5 1.7 m/s.

AIChE Journal January 2013 Vol. 59, No. 1 Published on behalf of the AIChE DOI 10.1002/aic 91



Gr,net,norm profiles become flatter. This trend highlights an
important feature of the impact of widths (r/dsm) of continu-
ous PSDs, namely that cross-sectional uniformity of flux is
better achieved throughout the riser for wider PSDs.

Finally, the other local measurement of interest includes
the species segregation profiles in both the radial (Figure 13)
and axial (Figure 14) directions. Analogous to the binary
mixtures (Figures 7 and 8), each local mass % of coarse was
normalized with respect to the system coarse for a more
straightforward comparison. Similar to the binary mixtures
(Figure 7), insignificant radial segregation is observed (Fig-
ure 13), which is again traced to the dilute nature of the
flow and the small temperature gradients expected in such
flows. In Figure 14 for the axial segregation, considering the
identical ranges of the x-axes, interestingly, the extents of
axial segregation (range of abscissa values) are similar for r/
dsm 	 25%, while being least (most vertical profiles) for r/
dsm ¼ 10%. Also, it is observed that the coarse composition
generally decreases with height, which agrees with the bi-
nary work presented here (Figure 8) and previous work on
binary and continuous PSDs.19,30,31,45 Notably, as also

pointed out by Chew et al.,19 the axial segregation behavior
at the wall represents an interesting qualitative difference
between binary mixtures and continuous PSDs, in that a
monotonic decrease of the more massive species with height
is observed at all radial positions for the continuous PSDs
(Figure 14), but the trend is nonmonotonic for the binary
mixtures (Figure 8) near the wall.

Concluding Remarks

A comprehensive experimental suite with a focus on elu-
triation and species segregation phenomena of polydisperse
Geldart Group B particles in a dilute CFB riser has been per-
formed. Two categories of polydispersity were investigated:
binary mixtures and continuous PSDs. The impact of poly-
dispersity on various riser characteristics were investigated
via varying (i) compositions of binary mixtures with two
species differing in average particle diameter (dave) and ma-
terial density (qs), and (ii) widths of continuous PSDs while
keeping the Sauter-mean diameter (dsm) constant. Bulk
measurements examined include elutriation flux (total and
species and local measurements examined include mass flux
and species segregation.

Before listing the observed differences between binary
mixtures and continuous PSDs, it is worth noting that a key
difference between the two types of polydispersity is that bi-
nary mixtures involves two discrete, but fixed, particle spe-
cies (differing in size and/or density), while continuous
PSDs involve a varying range of sizes (i.e., more species) as
the distribution width increases. Notably, increasing the com-
position of fine particles (Ut \ Us) in binary mixtures is not
equivalent to increasing the width (r/dsm) of continuous
PSDs. Accordingly, three interesting observations on the
qualitative differences in elutriation and species segregation
characteristics between binary mixtures and continuous PSDs
are highlighted: (i) whereas the increase of total elutriation
flux is linked to an increase in mass % of fine for the binary
mixtures, total elutriation flux and fine mass % show oppo-
site trends for the continuous PSDs, (ii) while the elutriation
flux of coarse particles (Ut [ Us) is nonmonotonic with
respect to fine mass % for binary mixtures, coarse elutriation

Figure 13. Radial segregation profiles of local mass %
of coarse normalized with respect to the
system mass % of coarse for continuous
PSDs with r/dsm 5 (a) 10%, (b) 25%, (c)
40%, and (d) 65%.

Figure 14. Axial segregation profiles of local mass %
of coarse normalized with respect to the
system mass % of coarse for continuous
PSDs with r/dsm 5 (a) 10%, (b) 25%, (c)
40%, and (d) 65%.

Figure 12. Radial Gr,net,norm profiles for lognormal PSDs
with r/dsm 5 (a) 5%, (b) 10%, (c) 25%, (d)
40%, and (e) 65%.
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flux is monotonic with fine mass % for continuous PSDs,
and(iii) while the axial segregation of coarse particles at the
wall do not decrease monotonically with riser height for bi-
nary mixtures, the same decrease is monotonic for continu-
ous PSDs, both of which agree qualitatively with previous
work.19

Three other interesting observations, which are common
for both binary mixtures and continuous PSDs, deserve elab-
oration. First, why is the coarse species elutriated, even
though the associated terminal velocity (Ut) is greater than
the operating superficial gas velocity (Us)? The physical pic-
ture for this counter-intuitive behavior is linked to the colli-
sional transfer of momentum between the fine and coarse
species. Specifically, the faster-moving fine (Ut \ Us) par-
ticles approach the coarse (Ut [ Us) particles and collide
with them preferentially from the bottom, causing a net
upward force on the coarse particle which hence enables the
coarse to elutriate.15 Second, radial mass flux profiles
become flatter as either the composition of the binary mix-
ture or the width of the continuous PSDs increases. This flat-
tening effect is most apparent at the lowest axial position.
Third, radial segregation is negligible for the dilute riser in
this work, which is not surprising since species segregation
is linked to granular temperature gradients,4,33,46–51 and the
radial granular temperature profile is expected to be rela-
tively flat (i.e., small gradient) in dilute systems.71

The impact of polydispersity on the elutriation and species
segregation phenomena reported in this work (together with
a corollary work on cluster characteristics on the same sys-
tem77) provide further insights into the dilute CFB riser
behavior of both binary mixtures and continuous size distri-
butions of Geldart Group B particles. Notably, the results
reveal key qualitative differences between the behaviors of
binary mixtures and continuous PSDs, as has been previ-
ously documented for bubbling fluidized beds17,52–54,78 and a
denser CFB riser (e.g. species segregation,19 mass flux,20

and clusters79). Such information is expected to be valuable
not only in the validation of the numerous different kinetic-
theory based models4 for binary mixtures (for example, see
Refs. 80 and 81) but also for the application of such models
(which are limited to a discrete number of species) to a con-
tinuous distribution.82 Furthermore, it is expected that the
application of such models will provide additional physical
insight to the new behaviors reported here.
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Notation

CFB ¼ circulating fluidized bed
dcoarse ¼ average diameter of the coarse particles, lm
dfine ¼ average diameter of the fine particles, lm
dsm ¼ Sauter-mean particle diameter, lm
fm ¼ mass-based frequency distribution, lm�1

fn ¼ number-based frequency distribution, lm�1

Gr ¼ local solid mass flux, kg/m2/s
Gr,net ¼ net local solid mass flux, kg/m2/s

Gs ¼ overall solid mass flux, kg/m2/s
Gr,net,norm ¼ net local solid mass flux normalized with overall solid

mass flux (i.e.,
Gr;net

Gs
)

h ¼ height at which measurement was taken, m
H ¼ total riser height, m

h/H ¼ dimensionless height
m ¼ solid loading

PSD ¼ particle-size distribution
r ¼ radius at which measurement was taken, m
R ¼ total riser radius, m

r/R ¼ dimensionless radius
Us ¼ superficial gas velocity, m/s
Ut ¼ particle terminal velocity, m/s
qg ¼ gas density, kg/m3

qs ¼ solid density, kg/m3

r ¼ standard deviation of PSD, lm
r/dsm ¼ width of PSD
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