Mixing/Segregation in Two- and
Three-Dimensional Fluidized Beds: Binary
Systems of Equidensity Spherical Particles

A comparison was made of the equilibrium mixing/segregation behavior of binary
mixtures of different-sized, equal-density glass beads in two- and three-dimensional
fluidized beds. Several empirical equations for mixing index were examined, all in-
volving a dimensionless function of excess gas velocity. This function, which appeared
to largely account for the eflect of aspect ratio, was found to optimally correlate the
data for both types of beds. However, a much better fit was obtained for the three-
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dimensional bed data, most prabably because wall effects significantly retarded mix-

ing in the two-dimensional bed.

SCOPE

When an initially well-mixed bed containing solid particles of
two distinct sizes and/or densities is fluidized by upflow of a gas,
segregation occurs, resulting in (1) an upper portion of the bed
which attains a relatively uniform composition involving both
components, and (2) a lower layer which is almost exclusively
composed of the less fluidizable of the two types of particles. The
latter has been given the name “jetsam,” denoting its tendency to
sink; the other component is referred to as “flotsam.” The same
“equilibrium” concentration profile also occurs shortly after flu-
idizing an initially totally segregated bed of the same overall com-
position, but this case would obviously be referred to as mixing.
Thus the labeling of the phenomenon as segregation or mixing de-
pends on the initial state. The topic is of interest because of its im-
pact on bed behavior in a number of fluid bed applications in-
cluding coal combustion/gasification, ore or other dry solids
separation, and waste incineration.

The solids mixing/segregation behavior of particles differing
primarily in density has been studied experimentally by Rowe et
al. (1972a,b), Nienow et al. (1978), Chen and Keairns (1975),
and Fan and Chang (1979). Theoretical models have been pro-

posed by Gibilaro and Rowe (1974) and Fan and Chang (1979).
Most frequently it has been concluded that the main mixing
mechanism involves jetsam transport in bubble wakes, while seg-
regation involves jetsam descent by several possible means. Exper-
iments have supported the theory that, for a given system, mixing
is primarily dependent on excess gas velocity.

The experimental study undertaken here involved studying the
effect of excess gas velocity, bed aspect ratio, and glass sphere size
ratio on the mixing index of initially segregated beds of two radi-
cally different geometries, i.e., a conventional cylindrical three-
dimensional bed and a narrow, rectangular-base, “two-dimen-
sional” bed. Previous studies have focused on only one or the other
bed type, thus one of the two main objectives of this work was to
obtain a straightforward comparison of these two types of bed as
regards solids mixing. A second objective was to confirm the va-
lidity of the conclusion of Nienow et al. (1978) that mixing corre-
lations previously developed for density-differing systems do not
adequately predict the behavior of size-differing, equal-density
systems.

CONCLUSIONS AND SIGNIFICANCE

Equilibrium mixing index, M, vs. air velocity, U, data were ob-
tained for binary mixtures of 128/242, 242/506, and 128/506 ym
glass spheres in a 27.3 cm L.D. cylindrical bed at aspect ratios
ranging from 0.28 t0 0.84 and ina 28 x 2.5 x 15.2 cm rectan-
gular-base bed. For both bed types the mixing index was found to
be best correlated as a function of excess gas velocity, but the two-
dimensional bed data had a greater degree of scatter and the “ta-
keover velocity,” Uy, (U at which M = 0.5), for a given two-di-
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mensional bed was roughly twice the value for the corresponding
three-dimensional bed. This fact plus photographic observation
of bed behavior indicates that mixing in a two-dimensional bed is
significantly hindered by:

1. The absence of out-of-line bubble coalescence

2. Lower visible bubble flow for a given excess gas velocity
3. Greater tendency toward slugging

4. Very restricted solids circulation.

Consequently, mixing/segregation data obtained in two-dimen-
sional beds are of little quantitative value in predicting three-di-
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mensional bed behavior.

As predicted by Nienow et al. (1978), their mixing equation for
three-dimensional, density-differing systems was found to give a
poor fit for the size-differing, equal-density data of this study,
presumably because of the much lower segregation tendency of
the latter. However, with a modified gas velocity parameter and
an explicit term for size ratio, the Nienow logistic-type equation
correlated the data well. An alternate correlation involving a
forced analogy with axial dispersion also fit the data well except
at very low M values. A weak effect of aspect ratio was observed,
reflecting the role of bubbles in jetsam movement and the increase

of average bubble size with bed height. In the correlations this ef-
fect was largely accounted for by the dimensionless gas velocity
parameter and, specifically, by the takeover velocity value. Cor-
relations for Uy, were developed for both types of beds.

The significance of this work lies in the fact that it provides a
relatively simple means of estimating the effect of various operat-
ing parameters on the mixing behavior of beds consisting of two
distinctly sized powders of comparable density. In particular it al-
lows estimation of the gas velocity necessary to avoid segregation
and this is important in the design of beds for a number of appli-
cations.

INTRODUCTION

Casual observation of a fluidized bed gives the impression of
very rapid, efficient solids mixing, and in fact this has been exper-
imentally confirmed in several studies (May, 1959; Kunii and
Levenspiel, 1969) for beds of relatively uniform particle size and
density. However, in a number of industrial applications the bed
consists of solids differing sufficiently in density and/or size such
that incomplete mixing (partial segregation) may occur at low gas
velocities in the bubbling bed regime. One specific example is
that of fluidized coal gasification (Chen and Keairns, 1975) in
which coal char, agglomerated ash, and dolomite particles make
up the bed. In this and other such cases both bed design and speci-
fication of operating conditions are improved if one has knowl-
edge of (1) how bed segregation affects process efficiency, and (2)
how design/operating variables affect the degree of segregation/
mixing. The latter has been the subject of a number of investiga-
tions.

One of the earliest studies of segregation due to particle size
(Shannon, 1959) showed that the primary variables affecting seg-
regation are the minimum fluidization velocities of the solids and
the superficial gas velocity. Numerous authors have suggested
mechanisms by which particles mix (Rowe et al., 1965; Woollard
and Potter, 1968; Haines et al., 1972; Merry and Davidson, 1973;
Gharet al., 1975; Werther, 1976; and Thiel and Potter, 1979) and
segregate (Capes and Sutherland, 1966; Roweet al., 1972a,b; Gi-
bilaro and Rowe, 1974; Chen and Keairns, 1975; Rowe and
Nienow, 1976; Nienow et al., 1978; Fan and Chang, 1979; and
Geldartet al., 1981). There appears to be general agreement that
the primary mechanism for mixing is upward transport of solids
by bubble wakes, accompanied by a compensating downflow in
the emulsion phase, which in large beds may establish long-range
circulation patterns. Lateral mixing results from solids exchange
between wakes and emulsion, physical displacement by rising
bubbles, and spreading caused by erupting bubbles. Segregation
is also related to bubble behavior. The drag force of the fluidizing
gas in a bubbling bed at moderate gas velocities may suspend the
more readily fluidized particles, i.e., flotsam, but not the denser
and/or larger jetsam particles. Thus, when a bubble passes, jet-
sam particles have an opportunity to move downward by falling
through the bubble or around it into the void left behind. In this
way jetsam descends through the bed in a somewhat chaotic man-
ner. An equilibrium condition is reached in the bed when the rate
of segregation is equaled by the rate of mixing. Most observers
have concluded that the time required for attainment of a new
equilibrium state after an alteration in operating conditions is
quite short, often less than a minute.

Using a two-dimensional bed which allowed photographic ob-
servation of the fluidization of binary mixtures, Rowe et al.
(1972a) concluded that mixing/segregation is governed by the
mechanisms cited above. In a similar study in a three-dimen-
sional bed, Rowe et al. (1972b) found that segregation was much
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more sensitive to density ratio than to size ratio. Nienow et al.,
(1978), mostly using data taken for density-differing binary sys-
tems in a 3D bed, obtained the following mixing index correla-
tion,

M=xx=(1+¢5" o))
where
= U - Um viiTo
A T -0 A e . (2)

In the equations above M is the equilibrium mixing index, x is the
mass fraction of jetsam in the upper region of the bed, ¥ is the
overall bed jetsam mass fraction, U is the superficial gas velocity,
U, is the minimum fluidization velocity of the flotsam, Uy, is the
takeover velocity defined as the Uvalue at whichM = 0.5,and Z
is what will be called the excess gas velocity parameter. Once the
Z term had been defined, the form of Eq. 1 was suggested by the
sigmoidal shape of M vs. Z curves and the necessity that M = 0.5
at U = Uy, The Z parameter was formulated to satisfy the ob-
served Mvs. U — U, behavior and the boundary conditions, i.e.,
M=0aUs=<U,M=1a U~ o .A complex equation
was also presented relating U, to the ratio, U/Ur, of jetsam to
flotsam minimum fluidization velocities; the density ratio,
diameter ratio, x value, and the bed aspect ratio. While most of
these studies involved relatively dense particles less than 700 pm
in size and low velocities, Geldart et al., (1981) found that the
Nienow equations qualitatively agreed with these observations
for a density-differing system composed of much larger, e.g.,
3,500 pm, low-density solids. For size-differing, equal-density
systems they suggested the following proportionality,

d \m u
we (&) |z @

where d, and d; are, respectively, the mass fraction-weighted
mean particle diameter for the entire bed and the mean flotsam
diameter, and m and n are constants that were not specified.

The work described in the present paper focused on the topic of
strictly size-difference-induced segregation, in contrast to pre-
vious investigations, which were predominantly for density-dif-
fering systems. Furthermore, since the literature on this topic is
split between 2D and 3D bed studies with no obvious means for
interrelating the two, it was felt that it would be useful to obtain a
direct comparison.

EXPERIMENTAL
Equipment and Materials

Two Plexiglas fluidized beds were used: a 3D cylindrical bed with an in-
side diameter of 27.3 cm, and a 2D bed with a 28 X 2.5 em rectangular
cross section. In both cases the distributor material was Porex SPFGM, a
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high density porous polyethylene, 2 cm thick with an average pore diame-
terof 40 pm. Each distributor was sealed on its outer edges and securely fas-
tened between the bed and lower plenum chamber with gasketed flanges.
Dry, filtered compressed air was metered into the bed through a parallel
network of calibrated rotameters. Manometers were connected to measure
the pressure drop across both the distributor and bed. Sieve analysis was ac-
complished using U.S. Standard sieve plates mounted on a Cenco-Meinzer
shaker. Photographic equipment used to study bubble size and frequency
consisted of a Yashica FR-1 35 mm camera and a Fastax FR-17 16 mm mo-
tion picture camera.

The glass microspheres used in the study were obtained from Ferro Cor-
poration, Cataphote Division, Jackson, Miss., and all had a particle den-
sity of 2.5 g/cm3. Three different bead sizes were used after extensive siev-
ing to obtain nonoverlapping, relatively narrow particle size distributions.
The particle size ranges and corresponding volume average diameters
were: 105-149 pm (128 um); 210-297 pm (242 pm); and 354-590 um (506
).

Preliminary Fluidization Measurements

The minimum fluidization velocity, Uy, and minimum bubbling ve-
locity, Uy, for each of the three bead sizes were determined in the stand-
ard manner of monitoring bed pressure drop as superficial gas velocity, U,
was increased then later decreased. Because the pressure drop vs. U curve
for the largest bead size showed no sharp break characteristic of Uy, even
after the obvious onset of bubbling, it was decided that Uy would be a
more reliable parameter than Uy, to use in later correlations. The values of
these two quantities were very similar in any case. Values found for Uy in
the 3D bed were 1.8, 4.5 and 16.0 cm/s for the 128, 242 and 506 xm beads,
respectively, independent of bed height. These are in reasonable agreement
with values predicted by accepted correlations (Kunii and Levenspiel,
1969). The corresponding 2D bed Uy, values were 2.9, 5.9 and 16.0 cm/s.
The U, values found for the smaller beads in the 2D bed were somewhat
larger than expected, although some increase in U, for a 2D bed relative
to a 3D bed had been anticipated based on the literature (Geldart, 1970;
Cranfield and Geldart, 1974). One obvious contributing factor was the
suppression of bubbling caused by the small thickness and large ratio of
wall perimeter to distributor area. In both beds the distributor pressure
drop was comparable to the pressure drop across the bed over most of the
range studied and a very uniform lateral bubble distribution was observed.

Procedure

The experiments were conducted using the general technique employed
by several previous investigators. As an example, for the 15.2 cm high 3D
bed runs this involved first loading approximately 5,000 g of jetsam beads
followed by 9,000 g of flotsam beads on top, giving an initially totally segre-
gatedbed with® = 0.356. This¥ value was used in all runs. For similar 2D
bed runs 580 g of jetsam were placed below 1,050 g of flotsam. All runs
were conducted at ambient temperature (296-301 K) and pressure (ap-
prox. 1 x 105 N/m2) by starting air flow at the desired initial flow rate
then periodically sampling at 5-10 m intervals after rapidly “freezing” the
bed in position by diverting the gas flow out of a quick-opening valve up-
stream of the rotameters. Sampling was done by vacuuming out roughly
the top 3-4% of the bed (0.2-0.9 em) and prompt analysis of the sample
was made by sieving and weighing the flotsam and jetsam portions. The
sample was then returned to the bed and the bed was refluidized. For a
given gas velocity this process was repeated until two successive samples
were deemed satisfactorily close (typically within 10% of the preceding x
value), The average of these reproducible readings was used to calculate
the equilibrium mixing index value for that velocity, then the gas velocity
was changed and the process described above was repeated. This was con-
tinued until enough M values had been calculated to define the M vs. excess
gas velocity curve over nearly the full range. In several cases, after a high M
value had been reached, M values were also determined by successively re-
ducing gas velocity to repeat measurements previously made in the increas-
ing velocity mode. This was done to confirm the “equilibrium” nature of
the measurement and, although very little hysteresis was found, it was
noted that a measurably longer equilibration time (5-10 m vs., say, 1 m for
the increasing M mode) was required. Given the absence of a density dif-
ference driving force, this relatively slow segregation is not surprising.

Figure 1 shows four cases which illustrate a representative sequence of
mixing states. In the first case (M = 0) the bed is totally segregated; in the
second (M = 0.25) mixing is low but uniform axially, typical of low excess
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Figure 1. Idealized jetsam concentration profiles.
{a) Total segregatlon, Ugx < 0
(b) Moderate mixing, low Ugx
(c) Extensive mixing, moderate Ugx
(d) Complete mixing, very high Ugx

gas velocity; in the third at higher gas velocity, significant mixing
(M = 0.75) has occurred and the jetsam-rich layer at the bottom is notice-
ably depleted; the fourth (M = 1) shows idealized complete mixing. The
uniform axial concentration depicted for the upper portion of a bed is what
made the sampling of only a small portion of the flotsam-rich region justifi-
able. This uniformity was confirmed experimentally for a variety of M val-
ues in both beds. An example for a high M value (= 0.85) case is given by
Figure 2.

Because of the accepted importance of bubble behavior in mixing/segre-
gation phenomena, a short study was made to determine if mixing correl-
ated with average bubble size and/or frequency. Experimentally this in-
volved photographing: (1) bubble eruptions for 3D beds using both 35 mm
and 16 mm cameras tripod-mounted above the bed, and (2) bubbles visible
in a 2D bed viewed from the side. The 35 mm still pictures were taken at a
rate of 1/s for 30's. The 16 mm moving pictures were taken at a speed of 240
fps for 6 5. In both cases numerous frames were later viewed and used to
calculate average bubble diameter and point frequency.

RESULTS AND DISCUSSION
Three-Dimensional Bed Mixing Studies

Inlight of the multitude of variables that have been found to af-
fect solids mixing/segregation and the time-consuming nature of
the experiments, it was decided that the 3D bed portion of this
study would concentrate on the effects of particle size ratio, bed
aspect ratio, and gas velocity while particle density and jetsam
concentration were held constant. Accordingly, seven 3D runs, in-
volving a total of 166 data points, were made. Runs 1-3 were
made using 128 um flotsam/506 pm jetsam (size ratio, R; = 3.95)
at bed aspect ratios of R, = 0.28, 0.56, and 0.84. Runs 4-6 in-
volved the same three aspect ratios for 128 pm flotsam/242 pm jet-
sam, R; = 1.89. Run 7 was made at the same aspect ratio,
R, = 0.56, and at nearly the same size ratio, R, = 2.09, as run
5, but with both flotsam and jetsam being roughly twice as large,
ie., 242 and 506 um, respectively.

In all of the 3D bed runs it was found that as excess gas velocity
Ux was increased, the mixing index initially increased very
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Figure 2. Experimental jetsam concentration profile.

slowly, then rose very rapidly over a narrow Uy range centered
about the excess takeover velocity, Uy, — Upg, and finally as-
symptotically approached the limiting value of 1.0. Data for a
typical example, run 5, are shown in Figure 3. This type of S-
shaped curve was noted by previous workers (Nienow et al.,
1978). Accepting that bubble behavior governs mixing, at least
one reasonable hypothesis can be offered to explain the sigmoidal
shape. Mixing is low at low U,y because most of the bubblesin the
upper flotsam-rich portion of the bed are small and rise slowly, re-
maining isolated until well away from the jetsam-rich underlayer.
Thus, upward movement of jetsam in wakes is insufficient, in
competition with segregation due to solids downflow, to maintain
a high jetsam concentration in the upper region. As excess gas ve-
locity increases, several effects occur nearly simultaneously. First,
the frequency of bubble initiation in the region just above the jet-
sam-rich portion increases somewhat and the bubbles in this area
become larger. This is predicted by Eq. 4, which is a correlation
for injtial spherical equivalent bubble diameter, D, as a function
of excess gas velocity, '

D, « (U = Uy’ )

where q is a constant which theory (Harrison and Leung, 1961)
and experimentation (Fryer and Potter, 1976) suggest lies be-
tween 0.33 and 0.4. In the nonslugging, bubbling bed regime at a
given velocity, U, bubble size increases nearly linearly with dis-
tance from the distributor (Fryer and Potter, 1976) according to
Eq. 5 formulated by Kato and Wen (1969),

U
D=D,+b H' 5
(&) ®

where D is equivalent spherical bubble diameter at a height, H’,
and b is a constant depending linearly on particle diameter and
density. In this case the nonbubbling jetsam-rich bottom layer
served as a type of extended distributor. As gas velocity increases,
bubble coalescence occurs nearer the flotsam/jetsam boundary,
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bubble rise velocity increases, and the amount of jetsam lifted in
the growing wakes increases proportionately. In the vicinity of
some threshold velocity, best characterized as Uy, the rate of in-
crease in wake solids transport increases markedly relative to the
rate of segregation via circulation, “jetsam rain” through or
around bubbles, ete. This threshold or takeover velocity would
thus be expected to be a function of the properties of the jetsam as
well as the flotsam, as confirmed later in this study. At velocities
not much above Uy, the jetsam layer has become depleted, the
bed is nearly homogeneous, and any further increase in U has lit-
tle effect.

When the mixing index correlation, Egs. 1 and 2, was applied
to the experimental data of Figure 3, the fit was rather poor; most
notably at higher excess air velocities where the Nienow correla-
tion appreciably underpredicted the extent of mixing. This trend
was not limited to Run 5, but held for all runs at high U (and Z),
asshown in Figure 4. The dotted curve in Figure 3 represents the
first of two correlations developed during this study for predicting
the variation of M with U, The second (Z*) correlation, whose
curve is also shown, will be discussed later. The first correlation
developed here was an attempt to retain the Z parameter used by
Nienow et al. (1978), but to improve the fit in the region of high M
value. This is represented by Eq. 6,

M = 0.5 + 0.5erf(Z) (6)
where erf is the error function defined by,
2 z_
erf(z) = = / e dy )

o

with y being a dummy variable of integration.

The two constants in Eq. 6 were dictated by the boundary con-
ditions, i.e., M = 0 as U — Uy (Z - ~»), M = 0.5 at
U=Up(Z =0),andM — lasUandZ — oo, The selection
of this equation was prompted by the perhaps purely coinciden-
tial similarity of the M vs. Z data to that observed for dimension-
less outlet tracer concentration vs. dimensionless time for a small
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degree of axial dispersion (with some bypassing) in a tubular reac-
tor for a step function tracer input (Hill, 1977). Figure 4 shows
that Eq. 6 gave a much improved fit. The variance, o2, for the
predicted vs. measured M values gives a quantitative index of fit,
with zero as perfect, and for this correlation a variance of 0.0130
was calculated for the seven 3D runs taken together. For the
Nienow equation the corresponding value was 0.0225, thus the
new correlation gave a 42% reduction in variance or, equiva-
lently, a 24 % reduction is standard deviation, SDM, from 0.150
to 0.114. This advantage was only slightly lowered when the 2D
data were also included.

Although Eq. 6 was an advance over available correlations for
this type of system, it failed to predict well at low values of Uyy;
thus a stil] better correlation was sought. After evaluating numer-
ous equations relating M and Z, it was decided that significant
additional improvement required modifying the Nienow Z pa-
rameter. Various expressions for a new reduced gas velocity pa-
rameter, Z’, were tested in the Nienow equation and several modi-
fications of it. For example, with e , 8, and y as chosen constants,
the general correlation represented by Eqs. 8 and 9 was tried over
arange of oc, 3, y values.

M=27'(1 + )77 ®)
o[V - U]
.

The equations found to minimize the variance while still satisfy-
ing the boundary conditions were:

Z' = ++/ _U - UTO eU/UTO (11)

TV U - Uy

where the + sign implies a negative Z’ value for U < Ugg
and a positive Z’ value for U > Uy, This is merely the Nienow
equation with the Z term altered as shown in Eq. 11. This gave a
variance of (.0104 for the overall 3D bed data, a 20% improve-
ment over Eq. 6 and 54% over the Nienow correlation. A modest
(11 %) additional reduction in variance, to a value of 0.0092, was
achieved by multiplying the Z’ term above by the square root of a
particle diameter ratio factor, f,, defined as follows,

f, = Ri for U > Upp; f, = % for U < Uy (12)

d

to yield,
Z* = 7' o Vf, (13)

This parameter was used in place of Z’ in Eq. 10 to predict the M
vs. Z* curve for the overall data set shown in Figure 5 and for the
three runs at different R, values, but constant aspect ratio, shown
in Figure 6.

Compared to the curve for Eq. 6 in Figure 4, the Z* correlation
curve of Figure 5 fits the low velocity data appreciably better and
does nearly as well at high U values. A fair degree of scatter is
seemingly inherent in such experimental mixing data, as illus-
trated by similar figures in papers by Rowe and Nienow (1976)
and Nienow and Rowe (1978). One reason for this is the extreme
sensitivity of M to U (and thus to Z* or Z) in the region around

M=(1+¢e"> (10)  Upp, which makesslight variations in the measurement of U cause
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large variations in M value. Considering this possible experimen-
tal error and the diversity in bed geometry, etc., involved in the 10
runs, it is believed that the Z* correlation is very close to optimal,
yet is relatively simple. As a last comment on Figure 5, it should
be pointed out that, out of curiosity, a least-squares line given by
M = 0.194Z* + 0.49 was fitted to the entire set of 3D and 2D
data as shown. This equation gave a variance only slightly higher
than that of Eq. 10, but is not recommended because it does not
satisfy the boundary conditions.

The success of this or any similar mixing correlation for predic-
tion purposes depends critically on having a good value for Up,.
Given the still limited theoretical and experimental data bases for
mixing phenomena, it is clearly advisable to measure Uy, experi-
mentally in a pilot-scale fluid bed. Nevertheless, the data from the
seven 3D runs of this study did provide the basis for formulating a
predictive equation for Uy,. Nienow et al. (1978) developed a

cornplex correlation for Uy, as a function of six variables and con-
taining eight constants, but specified that their equation was not
applicable to equidensity systems such as the ones in this study. In-
deed, their correlation overpredicts Uro for the cases considered
here by factors ranging from 2 to 5, confirming the expectation
that mixing of equidensity systems is considerably easier than for
density-differing systems of comparable size. Table 1 shows data
used to obtain the equidensity 3D bed U, correlation, presented
below as Eq. 14, which was found to give the best predictions of
various forms tried.

UTo,sD = (UFBUllz)o's(zﬂa)_o'2 (14)

Considering the simplicity of the equation, the fact that the pre-
dicted Uy, value was within * 15% of the measured value for all
but run 6 is encouraging. This empirical equation is applicable
only for equal-density 3D systems and was obtained using data

TaBLE 1. SUMMARIZED DATA AND RESULTS FOR THE TAKEOVER VELOCITY CORRELATIONS

Bed Predicted % Error

Run Bed Height Ratio Measured Uro (Eq. 14) in Uzp
No. Type H cm R, U, cm/s Upcem/s  Ugo/Uss Uro/Ujs Uyo cm/s em/s Pred.
1 3D 7.6 3.95 1.8 16.0 3.00 0.34 5.4 6.0 +12
4 3D 7.6 1.89 1.8 4.5 1.89 0.76 3.4 3.2 - 6
3 3D 22.9 3.95 1.8 16.0 2.44 0.28 44 4.8 +10
6 3D 22.9 1.89 1.8 4.5 1.94 0.78 3.5 2.6 -27
2 3D 15.2 3.95 1.8 16.0 2.72 0.31 4.9 5.2 + 7
5 3D 15.2 1.89 1.8 4.5 1.83 0.73 3.3 2.8 -15
7 3D 15.2 2.09 4.5 16.0 1.78 0.50 8.0 8.3 + 4

(Eq. 15)

8 2D 15.2 3.95 2.9 16.0 3.83 0.69 11.1 10.8 -3
9 2D 15.2 1.89 2.9 5.9 2.07 1.02 6.0 5.8 -3
10 2D 15.2 2.09 5.9 16.0 2.51 0.92 14.8 16.8 -13
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for only one particle density and % value. However, based on
Nienow’s results, X has a very small effect on Ur, and the effect of
particle density is more or less implicit in the Ugg » U} term. The
low value of the exponent for the aspect ratio term reflects the rel-
atively weak dependence of U, on R, found here. Previous inves-
tigators, e.g., Nienow et al. (1978), have commented that mixing
improves slowly with increasing bed height, possibly because of
the increase in bubble coalescence. For runs 1-3 U, decreased
with increasing R,, but for runs 4-6 Uy, was essentially constant
within experimental error, thus aspect ratio becomes more impor-
tant as R, increases. For the M vs. Z* correlation, no explicit term
for R, was included because, as Figure 7 illustrates, the effect was
apparently well accounted for by the Uy, value. The curves
shown in this figure are those predicted by the Z* correlation.

Two-Dimensional Bed Mixing Studies

It was felt that a good comparison of 2D and 3D bed mixing
behavior could be obtained by making 2D bed runs using the same
middle range bed height, 15.2 cm, the same x value, and the same
bead combinations as in the 3D runs. Thus three 2D bed runs,
labeled 8, 9, and 10, were made, involving a total of 51 measure-
ments, for later comparison with the corresponding 3D bed runs 2,
5, and 7, respectively.

From Figure 5 it can be seen that, although the data from the
three 2D bed runs follows a pattern qualitatively similar to that
for the 3D bed runs, the 2D bed data consistently fell on the outer
portion of the “envelope.” This illustrates one general finding of
this study, namely that although the same correlation was found
to give the best fit (of the various ones tried) for both types of beds,
the fit for the 2D bed runs was not nearly as good as for the 3D bed
runs. Figure 8 summarizes the 2D bed data with each point plot-
ted representing the average of roughly three M values at a given
gas velocity. The Z* correlation curve clearly maps the general

trend in the data, but the variance here, ¢ = 0.0194, is slightly
more than twice the value, 0.0092, for the 3D bed data. Runs 9
and 10, both with R, approximately equal to 2, gave sigmoidal-
shaped M vs. Uy plots somewhat like the 3D runs, but in run 10
the onset of measurable mixing was at an abnormally high veloc-
ity and M then increased unusually rapidly. On the other hand, in
run 8 with R, = 4 appreciable mixing occurred at a lower veloc-
ity than expected and, unlike any other runs, increased in a linear
fashion with increasing Uyy.

Table 1 provides information which makes some of these ab-
normalities more understandable. First, the takeover velocities
for the 2D runs were approximately twice the Uy, values for the
corresponding 3D runs, and for runs 8 and 9 Uy, was essentially
equal to the Uj; value, whereas for the corresponding 3D runs it
was roughly !/2 to 3/4 of Ujs. This indicates that mixing in the 2D
bed was significantly retarded in relative terms and did not be-
come appreciable until the entire bed was in a fluid state. The
reason for this difference is almost certainly that the thin layer ge-
ometry of the 2D bed made wall effects dominant, greatly re-
stricting bubble growth and consequently impeding upward jet-
sam transport in wakes. Geldart (1970) in comparing bubble
behavior in 2D and 3D beds found that under the same fluidiza-
tion conditions the average bubble diameter for a 3D bed is larger
than that for a 2D bed. The difference was attributed to the fact
that in a 2D bed out-of-line bubble coalescence is impossible in
the direction normal to the flat side. Furthermore, Geldart ob-
served that a lower percentage of the excess gas volume was de-
tectable as visible bubbles in a 2D bed compared to a 3D bed.

The odd behavior of run 8 is also explainable along these lines.
From Table 1 it should be noted that U, for run 8 was much
higher, roughly 4 Ug;, than in any other runs. This is consistent
with the fact that the bed was observed to begin visible slugging
before M values above 0.5 could be reached. It is reasonable to as-
sume that this cccurred here and not in runs 9 or 10 because in run
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Figure 7. The effect of aspect ratio on mixing for constant size ratio.
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8withR, = 4, the U,z/U ratio was very large (5.5) compared to
that for the other 2D runs (2.0 and 2.7); thus by the time that a
bubble velocity sufficient to “lift” the jetsam had been reached,
the bed was on the verge of slugging. In this state jetsam could not
be efficiently mixed with the overlying flotsam-rich layer because
the entire cross section of the bed was periodically occupied by a
single bubble. The rapid rise of M noted for all other runs in the
vicinity of Uy, and attributed to sudden widespread bubble co-
alescence was absent in run 8 because complete coalescence, i.e.,
slugging, began a bit below Uy, and further increases in Uy only
gradually increased the extent of mixing. An equivalent circular
diameter, D,,, of 4.7 cm was calculated for the rectangular cross
section of the 2D bed using the fluid dynamics relation that states
that D,, is four times the hydraulic radius. For all of the 2D runs
this gave R, = 3.26. Using this value, the predictive equation for
Uy, based on 3D data predicted 2D bed Uy, values roughly half
those measured. A separate correlation, Eq. 15, gave a good fit to
the 2D data as shown in Table 1,

Uroap = (UpsUp)*®, (15)

but since only a single value of R, was studied, its general applica-
bility is unknown.

Photographic Study of Bubble Characteristics

A short supplemental study was made to measure bubble size
and frequency in an attempt to relate such measurements to the
mixing data. Both 16 mm moving and 35 mm still pictures were
taken of bubble eruptions at the top of 3D beds, and of entire bub-
bles viewed from the large side of 2D beds. Bubble size and point
frequency were then determined from the film using the proce-
dure and equations recommended by Geldart (1970).

Four cases were examined, cases 1 and 2 using the motion pic-
ture camera and cases 3 and 4 using the still camera. Measured
values of corrected average bubble diameter and point frequency
at the bed surface for the four cases are given in Table 2. Bubble
diameter values shown are the equivalent spherical values.

The results of cases 1 and 2 provide an informative direct com-
parison of the effectiveness of bubbles to induce mixing in 2D and
3D beds of the same flotsam/jetsam loading (242/506 um) and
height (15.2 ¢cm). Note that, consistent with a higher excess veloc-
ity (6.9 vs. 2.1 em/s), the bubble point frequency for the 2D bed of
case 2 was over twice that for the 3D bed and the average bubble
diameter was 35% larger; yet the measured M value for the 2D
bed case was only half of that for the corresponding 3D bed case.
This is consistent with the general observation made earlier that

TasLe 2. BussLE FREQUENCY AND SizE DaTa FROM PHOTOGRAPHIC MEASUREMENTS

Film Excess Air Bubble Measured Avg. Measured Predicted*
Case Run Bed Velocity Freq. Bubble Dia. Mixing Mixing
No. No. Type Ugx cm/s fs! dg cm Index M Index

1 7 3D 2.1 2.2 1.7 0.20 0.18

2 10 2D 6.9 4.8 2.3 0.10 0.25

3 1 3D 3.1 — 1.3 0.32 0.24

4 2 3D 3.1 — 2.4 0.42 0.44

’ *Using the Z* correlation
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wall effects greatly reduce the jetsam-lifting ability of bubbles in
a 2D bed relative to a 3D bed. Cases 3 and 4 provide a comparison
of bubble size and its effect on mixing index for two 3D beds with
the same loading (128/506 um) at the same excess velocity but us-
ing different heights (7.6 and 15.2 cm). Table 2 shows that, as ex-
pected, average bubble size increased nearly linearly with bed
height and the measured M value for the higher bed was 31%
larger. The latter is in line with the conjecture that at a given Uy,
value mixing improves with increasing 3D bed aspect ratio due to
a greater jetsam transport ability for the larger bubbles’ wakes in
the uppermost region. The standard two-phase theory of fluid-
ization predicts that total bubble volume in the bed is directly
proportional to excess gas velocity and thus, at a given Uy, in-
creased bubble size due to coalescence is offset by a corresponding
decrease in bubble frequency (Werther, 1974; Chavarie and
Grace, 1975). Viewed this way, a decrease in Uy, with increasing
aspect ratio would seem to say that bubble size has a greater effect
on mixing than bubble frequency, if these are considered sepa-
rately. This may be due to shape factor and/or wake fraction
changes that accompany bubble growth (Naimer et al., 1982).
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NOTATION

a = exponent for excess gas velocity, Eq. 4

a = intercept value at Z* = 0 in linear correlation for M,
Fig. 5

a, = slope value in M vs. Z* linear correlation, Fig. 5
b = slope of linear equation (Eq. 5) relating bubble diame-

ter to bed height

dy = average corrected spherical bubble eruption diameter,
cm

dr = mean flotsam diameter in Eq. 3

d, = mass fraction-weighted mean particle diameter for the

entire bed, Eq. 3
= equivalent spherical bubble diameter at height H’, Eq.
5

equivalent circular diameter for the 2D bed, cm

initial equivalent spherical bubble diameter at H' = 0,
Egs. 4and 5

average point frequency for bubble eruption, s~!
particle size ratio correction factor defined in Eq. 12
bed height, em

height above the distributor, Eq. 5

constant exponent of particle diameter ratio, Eq. 3
mixing index, x/x

constant exponent of gas velocity ratio, Eq. 3

bed aspect ratio, height/diameter

jetsam to flotsam average particle diameter ratio
standard deviation in the predicted vs. measured M val-
ues

superficial gas velocity, cm/s

excess gas velocity, U — Ugg, cm/s

minimum fluidization velocity of the flotsam
minimum bubbling velocity of the flotsam, em/s
minimum fluidization velocity of the jetsam

minimum bubbling velocity of the jetsam, cm/s
takeover velocity, U value at which M = 0.5

mass fraction jetsam in the upper region of the bed
overall mass fraction jetsam in the bed

dummy variable of integration, Eq. 7

dimensionless gas velocity parameter defined by Eq. 2
dimensionless gas velocity parameter defined by Eq. 11
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Z* = dimensionless gas velocity parameter defined by Eq. 13

Greek Letters
o

constant exponent of the excess gas velocity ratio term in
Eq.9

8 = constantin Eq. 9

v = constantin Eq. 8

o? = variance in the predicted vs. measured M values
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