ST HWILEY .
AlChE & InterScience*

Segregation and Dispersion of a Binary System

of Particles in a Fluidized Bed

K. P. Galvin and R. Swann
School of Engineering, University of Newcastle, Callaghan, NSW 2308, Australia

W. F. Ramirez
Dept. of Chemical Engineering, University of Colorado, Boulder, CO 80309

DOI 10.1002/aic.10957
Published online August 24, 2006 in Wiley InterScience (www.interscience.wiley.com).

The steady-state segregation and dispersion of a binary system of particles in a
liquid-fluidized bed was investigated. One of the species had a density of 1,600 kg/m’ and
the other 1,900 kg/m’, and both exhibited a narrow size range of 1.00 to 1.18 mm. A
generalized model for describing the dispersion coefficient, D, was proposed. That is, D
= adUJ/¢, where d is the particle diameter, U, the local interstitial fluid velocity, and ¢
the local volume fraction of solids. The model had one adjustable parameter a, which was
fixed at 0.7 for both particle species and for the six different superficial fluidization
velocities used. The particle segregation was described with reference to the monocom-
ponent fluidization parameters of the two species, based on the Richardson and Zaki
equation. Good descriptions of the concentration profiles of the two species were pro-
duced for all superficial velocities examined. Additional experiments involving other
binary systems were also conducted in order to test the generality of the model. These
systems involved particles of closer settling velocities, and, hence, displayed more mixing.
Very small adjustments in the terminal velocities of the species, typically 2%, were needed
to achieve satisfactory agreement between the theoretical and experimental concentration
profiles, with the model parameter, a, equal to 0.7. This adjustment was justified because
of apparent changes in the average particle sizes of the two species due to particle-size
segregation. © 2006 American Institute of Chemical Engineers AIChE J, 52: 3401-3410, 2006
Keywords: fluidization; binary; dispersion; segregation; slip velocity; granular temper-
ature; liquid fluidized

Introduction

The steady-state distribution of a binary system of particles
in a liquid-fluidized bed operated under batch conditions was
investigated. In a binary particle system there is a tendency for
each particle species to segregate, and, hence, form a mono-
component zone, with the zone of higher-bulk density residing
below.! Between the two-monocomponent zones there exists a
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transition containing the two species, with the particles distrib-
uted according to the balance that develops between the parti-
cle segregation and dispersion. In describing the dispersion in
fluidized beds, the dispersion coefficient is generally treated as
an adjustable parameter, given that there is no reliable way to
predict it. For example, Batchelor? proposed that D = «’aU,
where a is the particle radius, U the superficial-fluid velocity,
and a ' a value between 0.5 and 5. Davis and Hassan? indicate
« 'increases from about 8 to 12 as the volume fraction de-
creases from 0.15 to 0.05.

The primary variable in this study was the superficial fluid-
ization velocity U, which was varied over a range that was

3401



significant relative to the particle terminal velocities. A full
understanding of the functional dependence of the dispersion
coefficient D, on the operating conditions should permit a
complete description of the concentration profiles at any flu-
idization velocity. In previous studies, the effect of the fluidi-
zation velocity on the dispersion coefficient has usually been
expressed in terms of simple scaling laws*¢ of the form,
D~UP.

It is worth considering the approach taken based on the
kinetic theory of gases to obtain an expression for the disper-
sion coefficient.” We use here a simpler analysis to arrive at an
approximate result. The principal length scale in the problem is
the mean free path, which is the expected distance a particle
must travel before there is a collision with another particle.
Particles with centers located beyond a distance d/2, from the
surface of our moving particle do not collide with our particle.
Hence, in order to examine the potential for a collision, we
need to determine the number of particles within the relevant
volume, defined by a tube of length L and diameter 2d. In a
fluidized bed containing particles of diameter d, the volume
fraction of solids is ¢ = N(7m/6)d’, where N is the number of
particles per unit volume of the bed. Thus, the number of
particles n, within the relevant volume is, n = (7/4)(2d LN =
6¢L/d. Thus, the mean free path is L/n = d/(6¢). Assuming the
average particle-velocity scales directly with the interstitial
fluid velocity Uy, the dispersion coefficient should be propor-
tional to dU/¢.

Thus, we propose that the dispersion coefficient varies as,
D = adU_/d), where a is a constant, d the particle diameter, U,
the interstitial-fluid velocity, and ¢ the volume fraction of
solids. In order to apply this general relationship, it is necessary
to permit the dispersion coefficient to vary throughout the
fluidized bed according to local changes in the interstitial fluid
velocity, and the volume fraction of solids. We are not aware
of any previous study that has involved the application of a
local dispersion coefficient, which varies in this way. As al-
ready noted, the usual approach is to assign a single value for
the dispersion coefficient to a given particle species, usually on
the basis of a least squares fit of the theoretical concentration
profile to the experimental concentration profile.

A further focus of this study was on a binary system of
particles of similar size, with the key difference between each
of the two-particle species being the particle density. Thus, in
principle, the dispersion coefficient for the two-particle species
used in this study should be the same. Given this is the first
study of its kind to use a binary system of species that differ
only by way of the particle density, there is an opportunity to
examine whether the particle density influences the dispersion
coefficient, in which case there would be a different value of
the unknown constant «, for each particle species.

Theory

In this analysis, the upward direction is taken as positive.
Hence, given that all particles are denser than the fluid, the slip
velocity of a particle is always a negative value. However, the
terminal velocity of a particle is treated as a positive scalar,
with a minus sign used with the terminal velocity to produce a
negative value. Species 7 is assumed to be the faster settling
species, and, hence, establishes its monocomponent zone at the
base of the vessel, with species j located above. Although we
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describe the model in terms of the species i, the subscript i, can
be changed to j to obtain the corresponding relationship for
species j. Final expressions are given, however, for both spe-
cies i and j.

Within the monocomponent zone of species i, the downward
slip velocity U,;, of the particles is equal in magnitude to the
upward interstitial fluid velocity Uy, and, hence, the segregation
velocity

Ui=U;+ U, (1)

is zero. Here, there is also no concentration gradient, and,
hence, no dispersion. However, for a particle of species i
located outside its monocomponent zone, a nonzero segrega-
tion velocity arises, with a direction appropriate for returning
the particle to its monocomponent zone. Thus, the segregation
velocity for the faster settling species will be in the downward
direction (negative value), while for the slower settling species
will be upward (positive value).

The segregation velocities are responsible for driving the
system of particles toward a final equilibrium state, consisting
of two monocomponent zones separated by a transition zone.
Within the transition zone, each species exhibits a segregation
flux dependent on the product of the local segregation velocity
U,, and local species-volume fraction, ¢,. The faster settling
species are constantly driven downward, and the slower set-
tling species upward. This tendency to segregate, however, is
opposed by a dispersive flux for each species, which depends
on the local product of the concentration gradient, d¢/dz, and
dispersion coefficient D;, where ¢, is the volume fraction of
species i, and z the distance above the base of the vessel.

According to Kennedy and Bretton®, the balance between the
dispersive and segregation fluxes of each species is given
universally by

de;
dz

D, = U, 2

Asif and Petersen® proposed a relationship of the following
form for the segregation velocity of species i. That is

_#
d)mi

Ui = Umi<l ) = Umt(l - d)ni) (3)

where U,,; is the maximum possible segregation velocity of
species i, which occurs when one particle of species i is
immersed within the monocomponent zone of the other species
j. In Eq. 3, ¢, is the local volume fraction of species i, ¢,,; the
monocomponent concentration of species i, and ¢,; = ¢/,,;
the normalized concentration of species i. Equation 3 is clearly
just a proposition, as it has not been derived. However, the
equation has an analytical appeal, given that when ¢, = 0
there is effectively a single particle of species i in the mono-
component zone of species j, and, hence, the maximum segre-
gation velocity is obtained. Conversely, when ¢,; = 1, the
particle of species i is in the monocomponent zone of species
i, and, hence, the segregation velocity is zero. Equation 3 also
assists in obtaining a direct analytical solution to the Kennedy
and Bretton® equation.
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Consider a single particle of species i immersed within the
monocomponent zone of species j. According to the Locket
and Al-Habooby® model for the particle-slip velocity,

U,=—-Ul— d)mj)n"il 4

where U, is the magnitude of the terminal velocity of species
i, and n; is an exponent. The interstitial fluid velocity in the
monocomponent zone of species j is

U —1
U= m: Uil — ¢,,)" 5)

The maximum segregation velocity of species i occurs when
species i has a volume fraction of solids of zero, and species j
has a volume fraction of solids equal to its monocomponent
value. Combining the description for the slip velocity of spe-
cies i under this condition with the interstitial fluid velocity Uj,
under this condition allows the value of U, to be obtained under
this extreme condition. This value of U, is referred to as the
maximum segregation velocity U,,;, and is obtained by com-

n

bining Egs. 1, 4, and 5 and then setting U; = U,,,. That is

U= —-Ul— d)mj)n"il + Utj(l - ‘,bmj)"ﬁI
= (Urj — Ul — d’mj)nil (6)

where it is assumed the exponent n; = n; = n. Asif and
Petersen® treated the value of U,,; as a constant for a system
operated at a fixed superficial velocity U. Combining Egs. 3
and 5 with Eq. 6 gives the segregation velocity of component
i under all conditions. That is

14

U
U= (1- d’m‘)(l - U-) Uf: (1- qbni)Uifo (7

where the normalized segregation parameter U, is

U,
[@:@‘U) )

1

Equation 7 is equivalent to that used by Asif and Petersen®,
provided the interstitial-fluid velocity corresponds to the level
that exists in the monocomponent zone of component j. How-
ever, in this article we have chosen to permit the interstitial-
fluid velocity to adopt the value of the local interstitial-fluid
velocity, rather than the specific value used in the derivation
(that is, the interstitial-fluid velocity that arises in the mono-
component zone of component j). This subtle change has a
negligible effect on the variation in the segregation velocity
with volume fraction, given that the segregation velocity still
decreases from the same extreme value of U, in the mono-
component zone of species j toward the same level of O in the
monocomponent zone of species i. Given Eq. 3 is empirical in
its origin, and not based on any rigorous validation, Eq. 7 is no
more or no less correct. Nevertheless, we argue that Eq. 7 is a
better representation, given that it effectively uses the total-
volume fraction of solids at a given location to determine the
maximum segregation velocity of a given species.
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The empirical expression proposed in this study to describe
the dispersion coefficient is

D adU; 9
i_d)i+ d)j ( )

where « is a constant, and d; the particle diameter. If Eq. 9 is
reasonable, then it should be possible to describe the segrega-
tion and dispersion of the binary system with one value for the
constant, «, over a broad range of fluidization velocities.
Substituting Eqs. 7 and 9 into Eq. 2, and rearranging gives

do,; B Udz 10
(d)i + d)j)d)i(l - ¢ni) B ad; (10)

In order to solve Eq.10, it is desirable to eliminate the variable
¢;. Asif and Petersen® has suggested the following identity

d)m'+ d)nj: ] (l])

There is no fundamental reason why the system should adhere
rigorously to Eq. 11, however, the equation does provide a
convenient and relatively accurate basis for removing the vari-
able ¢; from Eq. 10. Indeed, the experimental data are consis-
tent with Eq. 11, especially in the zone between the two
monocomponent zones, where the relationship is needed. It is
noted that this identity is not used generally to solve this
problem, only to estimate the total-volume fraction of the
solids in Eq. 9. Normalizing the volume fraction terms in Eq.
10, and using Eq. 11 to eliminate ¢; from Eq. 10, gives

d(bm' _ U,-de 12
(b b — du) + bolbull — b ad; D
It follows that
dd,, _ ((l)mi - (l)mj)Uide (13)
(i + Bi)d)ni(l — ¢ ad,
where
by
Bi B (d)mi - d)mj) (14)
Hence
. dd,; i dd,; I B, _ & Udz
(1 + Bi)(d)m' + B[) b, 1+ Bi)(l - ¢ni) a ad;
(15)

Integration of Eq, 15 from ¢,; = ¢,,, to ¢,;, and z = hto z =
z, gives
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: ) ln<¢nio i Bi) +1n ¢, — In P,

(1+B) \du+Bi
Bi 1= (bni (l)mjl]ij(Z - h)
" (I+B) ln(l - d)nio) B ad; (16)

where £ is the height of the fluidized bed. Noting that in
general, ¢,,, < 1, it follows that

) [1/(1+B)] 1 — A\[Bi/(1+B)]
(d)m . 1) ((‘1’)> = exple, — k(h — 2))

Bi d)m’
a7
where
w; = —In(d,;,) (18)
and
. ¢2§ i (19)

Equation 17 is readily solved by specifying the value of ¢,,,
and then computing the corresponding distance z. The adjust-
able parameters in Eq. 17 are w; and k;. The value of k; governs
the value of the dispersion coefficient, while w; in conjunction
with k; governs the volume of the species i per unit of vessel
area. Thus, given that the inventory of solids is a known
experimental quantity, there is just one adjustable parameter k;,
which in turn provides the value of the unknown quantity c.

The corresponding solution for the second species j is ob-
tained using

_ dd)l + dd)nj + B_idd)nj _ d)mil]jidz
(1 + Bj)(‘bﬂj + Bj) (bnj (1 + Bj)(l - ¢nj) B adj
(20)
where
_ d)mi
Bj B (d)mj - d)mi) (21)
and
(-3
vi=(1-¢ (22)

In this case the integration proceeds from ¢,; = ¢,,, to ¢,,; and
from z = 0 to z = z. That is

) [1/(1+py)] (1 - _)[ﬁ//(l‘*'ﬁ/)]
<¢’U + 1) <<bm

B, . ) = exp(ow; — kz) (23)

where
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a)j = _ln(d)nju) (24)

and

d)miU'i
K= od (25)

Experimental

A Perspex tube, 50 mm in dia., and 2,000 mm high, was used
to conduct the fluidization experiments. Fluidization water was
supplied from a head tank to the base of the vessel via a
distributor plate containing 127 evenly spaced 1 mm diameter
holes. A carefully calibrated rotameter was used to measure the
water rate. Superficial fluidization velocities were also con-
firmed using a “bucket and stopwatch” once equilibrium was
reached. Glass beads filled the fluidization chamber in order to
ensure an even flow passing up through the distributor plate.
Sampling valves were typically located every 70 mm along the
vessel wall. At the same elevations, pressure tappings were also
installed. Great care was taken to ensure the vessel was verti-
cal, as a slight inclination caused complex flow patterns, and,
hence, a significant disruption to the transition zone.

The particles used in the study were supplied by Partition
Enterprises. The two species had contrasting colors, which was
useful in visually observing the distribution of the particles,
and in separating samples of the two species. One of the
particle species had a density of 1,600 kg/m3, and the other a
density of 1,900 kg/m®. Each consisted of particles in the
narrow-size range 1.00 to 1.18 mm. While it would have been
preferable for all of the particles to be the same size, the density
difference chosen was sufficient for this system to segregate
almost entirely on the basis of a difference in density. Of
course, with a much smaller density difference, the observed
mixing in the transition zone would be influenced by segrega-
tion on the basis of the particle size.

Experimentally, the objective was to measure accurately the
volume fraction of each particle species at each sampling
elevation down the vessel. We have previously measured the
proportions of solid and water, together with the pressure
gradient, and generally obtained reasonable data.!®!! However,
where the volume fraction of a species is close to zero, the
sampling errors can sometimes lead to slightly negative volume
fraction values. The negative values arise when the solid and
water masses are combined with the pressure gradient data.
These errors presumably occur because the exact proportions
of water and solid particles can be influenced by a very small
degree of filtration as the suspension flows through the sam-
pling valve. However, it is possible to sample the particle
composition accurately given that the two species will behave
in the same way during the discharge. So, our approach was to
discharge a relatively small sample through each valve, from
the top position downward. The water content of the samples
was not considered. The particles were then hand separated
into the two-density species, on the basis of color, and weighed
to obtain the mass and, hence, volume ratios of the species.
Typically, several thousand particles were separated in each
sample.
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Analysis of Experimental Data

The pressure tappings down the vessel wall were connected via
a manifold to a pressure transducer, and pressure readings
taken in order to obtain the density of the suspension at a given
location. The value of the suspension density at a given level
was calculated using the pressure gradient obtained at the
sampling levels in question using adjacent pressure tapping
values. Given the tubes connected to the transducer were filled
with water, and water was the fluidizing fluid, the suspension
density, was related to the measured pressure drop, AP,
by

psusp’

AP = (psuxp - Pf)gAZ (26)

where p, is the density of water, g the acceleration due to
gravity, and Az the distance between the two tappings. The
suspension density can also be related to the volume fractions,
¢; and ¢, of the two-solid species, and ¢, = I- ¢; — ¢, of the
fluid. That is

Psusp = bip; + ¢ij +(1- b, — ¢j)pf 27

where p;, p;, and p,are the densities of the two-particle species
and the fluid, respectively. The concentration ratio, f = ¢/¢; of
the two species is readily and accurately obtained from a small
sample of the suspension, where m; and m; are the masses of the
two species in the sample. That is

-GG a

By combining the earlier equations, an expression is then
obtained for the volume fraction of the second species, which
combined with the value of fyields the volume fraction of the
first species. That is

(b _ pSlt.Yp - P_f
! f(Pi - Pf) + (Pj - Pf)

29)

This approach is far more robust than one reliant on samples
that are meant to contain the correct proportion of the fluid.

A careful assessment of the procedure described earlier
indicates that the adopted method is sufficiently accurate for
the purposes of this study. This assessment was conducted
because of concerns that the distance of 70 mm between the
pressure tappings may prove to be too great, relative to the
heights of the transition zones. The assessment involved a
simulation of the experimental study, commencing with a nu-
merical representation of the concentration profiles. It was then
assumed that these were the true concentration profiles. Pres-
sure gradients, determined using only the information at each
of the pressure tapping heights were then obtained, and exact
concentration ratios were obtained at each of the sampling
positions. These concentration ratios were then combined with
the simulated pressure gradient information to obtain the sim-
ulated experimental volume fractions of the two species. These
data were then compared with the “true values” so as to
evaluate the accuracy of the experimental method.
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Table 1. Species Parameter Values for the Richardson and
Zaki Equation

Particle Species Terminal Velocity U,; Exponent
(kg/m?) (m/s) Value n;

1600 0.0699 3.1

1900 0.0837 3.1

1300 0.046 32

1400 0.052 32

1700 0.080 3.1

1800 0.085 3.1

In general the accuracy of the method was found to be high,
thus, indicating that the spacing of 70 mm was adequate.
However, depending on the position of the transition zone
relative to the sampling points, one of the data points was
sometimes inaccurate. The inaccurate data point always in-
volved the lower-density species. The inaccuracy, when it
occurred, was also obvious, given the concentration value was
always higher than the monocomponent value at a position that
should have a concentration perhaps 20% below the monocom-
ponent value. Examination of the data from this article suggests
that there were no significant errors of the kind described. Even
if there were such errors, it would be straightforward to identify
the discrepancy. It is also argued that the main merit of the data
presented in this study is in the way the whole system behaves
as the superficial velocity increases, which is certainly captured
by the overall set of experimental results.

The monocomponent expansion data were summarized by
the parameters in the Richardson and Zaki equation’2. That is

U= Ul - ¢)" (30)

where U is the superficial fluidization velocity, U, the terminal
velocity of the species, ¢, the volume fraction of the solids, and
n; the value of the exponent. A common exponent for the two
species was obtained. The values of the parameters are sum-
marized in Table 1 for the two species.

Binary fluidization experiments were then conducted using
0.139 kg of the 1600 kg/m” particles and 0.169 kg of the 1,900
kg/m® particles, with the system permitted to achieve equilib-
rium over a period of 30 min at a specific fluidization velocity.
Separate experiments were run using superficial velocities
ranging from 0.031 to 0.058 m/s.

Results and Discussion

Concentration profiles for the two particles species of den-
sity 1,600 kg/m> and 1,900 kg/m?, obtained using six different
fluidization velocities, are reported in Figures la, b, c, d, e and
f. A monocomponent zone of the 1,900 kg/m® species forms at
the base. The concentration decreases through the transition
zone to zero, while the concentration of the 1,600 kg/m3
species rises through the transition zone to form a monocom-
ponent zone. It is also evident that in a number of cases there
is a drop-off in the concentration of the less dense species
toward the top of the bed. This behavior has been observed
previously by Ramirez and Galvin'!, and may be a conse-
quence of the fact that the system is close, but not quite at
steady state, or a consequence of the particle-size distribu-
tion.!314

The curves shown through the data were generated using
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Figure 1. Influence of the fluidization velocity on the concentration profile of particle species having densities of 1,600

3406

and 1,900 kg/m?3.

The open symbols and closed symbols denote the low and the high-density species, respectively. Six cases are shown ranging from low-to
high-superficial velocities ((a) 0.031 m/s; (b)0.037 m/s; (c) 0.042 m/s; (d) 0.049 m/s; (e) 0.054 m/s; and (f) 0.058 m/s). The curves through
the data are based on Eqs. 17 and 23, with the dispersion coefficient based on a= 0.7 and d = 0.00109 m. Other parameter values, such as
the monocomponent concentrations and segregation parameter values are derived from Table 1.
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Egs. 17 and 23. The monocomponent-volume fractions were
calculated using the Richardson and Zaki!> equation together
with the monocomponent parameter values listed in Table 1.
The normalized segregation parameters U; and Uj;, were also
obtained from the data in Table 1. The total specific volume of
species 7 used in the experiments (total volume of particles of
species i relative to the vessel area) was V,, = 0.045 m*/m?,
and the total for species j was V,, = 0.044 m*/m’. Thus, the
value of ¢,,,, and the fluidization-bed height 4, in Eq. 17 were
set in order to ensure the area under the concentration profile
curve for species i was equal to V;, = 0.045 m*/m?. The value
of ¢,, in Eq. 23 was set using the same approach, the aim
being to ensure the area under the curve for species j was equal
to V,, = 0.044 m*/m’. The identity proposed by Asif and
Petersen® could also be used to couple the descriptions for the
two species, and in turn assist with calculating a value for ¢,,,.

In Figures 1d, e and f, however, the specific volume of
species j was set equal to values of 0.0485, 0.047 and 0.055,
respectively. These values are higher than the experimental
values. The increase was introduced to counter the drop-off in
the concentration of species j at the very top of the fluidized
bed. The excess volume used is easily calculated by comparing
the theoretical monocomponent curve, and the experimental
data at the top of the bed. This correction only impacted on the
value of the integration constant ¢,,,, and had no impact on the
required value of «, and, hence, the expression for the disper-
sion coefficient.

Remarkably, a single expression for the dispersion coeffi-
cient, with a = 0.7, was sufficient to describe the concentration
profiles of both species, at all fluidization velocities. Given the
volumes of the two-particle species used in the experiments
were known, the area under each of the concentration profile
curves was also known. The monocomponent fluidization pa-
rameters were also known, and, hence, the monocomponent
concentrations of each species could be calculated for any
superficial-fluidization velocity. Hence, if we now consider
a = 0.7 to be a fixed constant, we have succeeded in describing
the segregation and dispersion of these two-particle species
over a broad range of fluidization velocities, with no other
adjustable parameters. Other binary systems are considered
later in this article to explore further the generality of the
expression for the dispersion coefficient proposed in this arti-
cle.

The two-particle species so far examined were selected for
this study, because the thickness of the transition zone was
generally large enough to be measured and small enough to
ensure there would be monocomponent zones either side. It is
interesting to consider why the thickness of the transition zone
is negligible for some systems, and potentially infinite for
others. To examine this question, it is useful to examine the
system in terms of the actual particle volume per unit of vessel
area, rather than in terms of the fluidization height. The differ-
ential relationship between a change in the specific volume of
the particles, and the system volume is given by

dVv;= ¢z (31)
Incorporating Eq. 31 into Eq. 13 gives

dd)m' _ (¢mi - d)mj) U t_'jdVi
(¢ + Bi)(l - (;bni) oiad;

(32)
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Formation of partial fractions, and integration from ¢,; = ¢,,;
to d)niov and Vi = Vi to Vio gives

d)ni{) + Bi 1 - d’m Uij(Vio - Vz)
(¢-+B-><1 — ¢ ) :e"p< od ) &)

Based on the exponential term in Eq. 33, the characteristic
volume of the transition zone for species i is

—ad,;
Vi = U. (34

j

Similarly, for species j, the solution is

(l)njo—"—Bj l_d)nj _l]ﬂ‘/l)
<¢-+B.>(1—¢«>:‘”‘p( od) ) (33)

and the characteristic volume of the transition zone is

V=" (36)

Equations 34 and 36 indicate that the characteristic thickness of
the transition zone for species i and j, respectively, scales
directly with the principal length scale of the system, the
particle diameter, and inversely with the respective normalized
segregation parameter. This result is sensible, and explains why
the transition zone in some systems is much larger, typically,
than in other systems. For example, a large segregation number
corresponds to a sharp interface between the two species, while
a very small segregation number indicates a large transition
zone.

Figures 2 and 3 show the results obtained using two other
binary systems in which the particles are again 1.0 to 1.18 mm
in size. In Figure 2 the results produced were for particles
having densities of 1,300 and 1,400 kg/m’, whereas in Figure
3, the results are for particles having densities of 1,700 and
1,800 kg/m>. The analysis was conducted using the Richardson
and Zaki parameters for the respective monocomponent sys-
tems. These parameter values are shown in Table 1, and the
superficial velocities are shown in Table 2. The curves through
the data are based on Eq. 9, with « again equal to 0.7.

To obtain the level of agreement shown, however, it was
necessary to adjust very slightly the values of the terminal
velocities of the two species. The values of the terminal veloc-
ities required in order to achieve a satisfactory model fit of the
concentration profile data, with a= 0.7, are shown in Table 2.
It is evident that, compared to the Richardson and Zaki based
values in Table 1, the level of adjustment required was typi-
cally only 2%. In each case, the velocity of the denser species
was decreased, while the velocity of the less dense species was
increased. Given the existence of a particle-size range of 1.0 to
1.18 mm for each species, the need for these adjustments is
entirely reasonable. However, it is useful to consider whether
the adjustments can be justified in terms of apparent variations
in the average particle sizes due to the effect of particle-size
segregation.

Figure 4 shows the average particle sizes of the 1,700 and
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Figure 2. Concentration profiles produced using particle
species having densities of 1,300 and 1,400
kg/m® and diameters ranging from 1.0 to 1.18
mm, with the superficial velocity set at 0.0229
m/s.

The curves through the data are based on Eqs. 17 and 23, with
the dispersion coefficient, based on a= 0.7 and d = 0.00109
m. Other parameter values, such as the monocomponent con-
centrations and segregation parameter values are derived from
Table 2. Again, the open symbols and closed symbols denote
the low and the high-density species, respectively.

1,800 kg/m? density species at different elevations. The open
symbols denote the lower-density species, and the filled sym-
bols the higher-density species. These data were obtained by
analyzing the samples withdrawn at different elevations in the
system, separating the two-particle species by hand, weighing
each species, and then counting the numbers of particles. It was
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Figure 3. Concentration profiles produced using particle
species having densities of 1700 and 1800
kg/m® and diameters ranging from 1.0 to 1.18
mm, with the superficial velocity set at 0.0138
m/s.

The curves through the data are based on Eqs. 17 and 23, with
the dispersion coefficient, based on a= 0.7 and d = 0.00109
m. Other parameter values, such as the monocomponent con-
centrations and segregation parameter values are derived from
Table 2. Again, the open symbols and closed symbols denote
the low and the high density species, respectively.
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Table 2. Additional Binary Fluidization Experiments

Calculated Mono-

Particle Species Adjusted Terminal Component Superficial
(kg/m?) Velocity (m/s) Volume Fraction Velocity (m/s)
1300 0.047 0.19 0.0229
1400 0.051 0.23 0.0229
1700 0.081 0.43 0.0138
1800 0.083 0.44 0.0138
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then possible to obtain the average mass of each particle
present at a given elevation, for each of the two species. Then,
assuming the particles were spheres, an average diameter was
calculated.

There are some subtle issues concerning the data in Figure 4.
The data in this Figure first indicates that particle-size segre-
gation occurred in the fluidized bed. Second, the data in this
Figure shows that at each level within the fluidized bed the
average-particle size for the 1,700 kg/m® species is always
larger than the average-particle size of the 1,800 kg/m? species.
These data are, therefore, surprising given that the two species
should have had virtually the same size distribution, both
ranging nominally from 1.0 to 1.18 mm. Indeed, the particle
species were prepared by subjecting particles covering a
broader range of size to a separation over precise sieves of 1.0
and 1.18 mm.

However, a more careful consideration of the segregation
indicates that the data are consistent with expectations. At the
top of the fluidized bed, the concentration of the 1,800 kg/m?
species is relatively low compared to the concentration of the
1,700 kg/m? species, as shown in Figure 3. The 1,800 kg/m?
species present at the top of the bed will clearly be the very
smallest of the 1,800 kg/m® species. The 1,700 kg/m> species
present at the top of the bed will also consist of the very
smallest of the 1,700 kg/m® species. However, given the much
higher concentration of the 1,700 kg/m® species at this eleva-
tion, there will also be present some larger particles as well.
Thus, the average particle size for the 1,700 kg/m? species will
be greater than for the 1,800 kg/m? species. This argument also
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Figure 4. Average-particle diameters for the 1,700 and
1,800 kg/m? species, based on the same con-
ditions described in Figure 3.

These data show the tendency for size segregation in this
experiment. The open symbols denote the 1700 kg/m* species
and the closed symbols the 1800 kg/m* species.
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accounts for the data at the other elevations, including the data
near the base of the fluidized bed. At the base, the concentra-
tion of the 1,700 kg/m> species is low, so only the very largest
of the 1,700 kg/m® species will be present here. For the 1,800
kg/m3 species, the concentration is much higher, and, hence,
the very largest particles along with some smaller particles will
be present. Thus, again, the average particle size for the 1,700
kg/m? species will be greater than for the 1,800 kg/m® species.

The average size of a given particle species in the fluidized
bed can be calculated directly from the data in Figures 3 and 4.
The weighted average diameter for species i is

hmax
f d;.dh
0

di=——— (37)
f dudh
0

where d; is the average diameter at an elevation of &, ¢, the
local-volume fraction at the same elevation, and #,,,,, the bed
height. The average particle size for the 1,700 kg/m® species
based on Eq. 37 was found to be 1.134 mm, and the average for
the 1,800 kg/m3 species 1.133 mm, almost the same even
though the average size of each species at a given elevation in
Figure 4 appears to differ by as much as 3.3% at virtually every
location. It is noted that the small adjustments in the terminal
velocities of the particle species to produce the theoretical
curve in Figure 3 are consistent with the 3.3% difference in the
average-particle diameter at a given location.

Equations 34 and 36 account for the size of the transition
zone in the fluidized bed. The values of the segregation param-
eters Uy and U, are, therefore, crucial. When the terminal
velocities of the two species are very similar, these values
approach a value of 0, and, hence, the transition zone becomes
infinite in extent. Thus, the experiment involving particles
species of density 1,700 and 1,800 kg/m> had the potential to
produce significant relative errors in the values of Uj; and Uj;.
It is noted that the adjustment of the terminal velocities by
typically 2% produced about a 50% reduction in the values of
these segregation parameters. Conversely, a similar adjustment
to the terminal velocities in the first set of experiments, involv-
ing particles of density 1,600 and 1,900 kg/m3, would have had
a negligible effect on the values of the segregation parameters.
It is further noted that the role of the size segregation in the first
set of experiments was substantially lower than in the latter
experiments. Although it can be argued that the latter experi-
ments are consistent with the general theory presented in this
article, the generality of the expression for the dispersion
coefficient is not proven in a definitive sense.

Further, it should be noted that the dispersion coefficients
reported in virtually all previous studies are based on models
that assume the dispersion coefficient is the same throughout
the system. Here, the dispersion coefficient depends on the
local conditions, and so varies appreciably throughout the
system, as shown in Figure 5 for the conditions in Figure 1f. In
the monocomponent zone of species i, the dispersion coeffi-
cients of the two species were the same, given they had the
same particle size. Also, at any given location in the transition
zone, the two species had the same dispersion coefficient. In
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Figure 5. Dispersion coefficient calculated using Eq. 9,
with « = 0.7 and d = 0.0019 m, based on the
data in Figure 1f, and, hence, a superficial ve-
locity of 0.058 m/s.

It is evident that the dispersion coefficient varies significantly
due to changes in the local volume fraction of solids.

moving vertically up through the system the volume fraction
gradually decreased, while the superficial velocity was the
same at all elevations. Hence, the dispersion coefficient varied
inversely with the factor, ¢(7-¢), where ¢ is the total volume
fraction of solids at a given location. The use of a local, and,
hence, variable dispersion coefficient in this study makes ac-
curate comparisons with previous data problematic.

The particle Reynolds number in this study was relatively
high at 50 to 100, which suggests that the particle-particle
interactions were more relevant than the particle-particle-fluid
interactions in governing the dispersion. Although the particles
have a notional velocity of zero relative to the vessel, they do
exhibit significant random motion and, hence, collisions with
neighbors, and, hence, an approach based on the kinetic theory
of gases appears to apply. We note that a more complete
analysis of the mean free path? leads to a result smaller than we
obtained by a factor of \/2. Thus, combining the correct mean
free path, with the final result for the dispersion coefficient, the
average particle velocity (root mean square speed) is
0.7x\/2x6xU; ~ 6U,. This quantity could in turn be used to
arrive at a kinetic energy, and, hence, a granular temperature
for the system.

Gidispow” has noted that the mean free path should not
increase without bound as the volume fraction approaches zero,
but rather become equal to the vessel diameter rather than
exceed the vessel diameter. Hence, the dispersion coefficient
should also remain finite. However, there should be no problem
in the dispersion coefficient increasing to an infinite level as the
volume fraction approaches zero. As the volume fraction ap-
proaches zero, the local concentration gradient should also
approach a level of about zero given that the change in con-
centration over any finite length-scale should be close to zero.
Assume that the local concentration gradient is given by k¢/d
where k is a scalar, ¢, the local concentration, and d a relevant
length-scale. As noted in the article the dispersion coefficient is
adU/¢. Hence, the dispersion flux, Dd¢/dz should be given by
(adU/db)(kd/d)=akU,. Thus, the dispersion flux will remain
finite, limited in magnitude by the velocity term which, as
noted earlier, is about 6U.

DOI 10.1002/aic 3409



Conclusions

The liquid fluidization of a binary system of particles was
investigated. The particles were nominally of the same size,
with differences governed primarily by the particle density. A
general expression for the dispersion coefficient was proposed,
dependent on the particle diameter, the local volume fraction of
the solids, and the local interstitial fluidization velocity. With
one adjustable parameter, «, fixed at a value of 0.7, it was
possible to describe the concentration profiles of both species
over a broad range of fluidization velocities. The remaining
parameters were derived from the monocomponent descrip-
tions, based on the Richardson and Zaki equation.'> Additional
binary systems that displayed a greater tendency to mix, were
also tested. These experiments indicated that the model could
be extended to a broader range of conditions. However, there
was some uncertainty in the value of the segregation parameter
in the transition zone between the monocomponent zones,
because the terminal velocity values were so similar, and,
hence, size segregation more significant.
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