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Experiments involving a bubbling, gas-fluidized bed with Gaussian and lognormal
particle-size distributions (PSDs) of Geldart Group B particles have been carried out,
with a focus on bubble measurements. Previous work in the same systems indicated the
degree of axial species segregation varies non-monotonically with respect to the width
of lognormal distributions. Given the widely accepted view of bubbles as ‘‘mixing
agents,’’ the initial expectation was that bubble characteristics would be similarly non-
monotonic. Surprisingly, results show that measured bubble parameters (frequency, ve-
locity, and chord length) increase monotonically with increasing width for all PSDs
investigated. Closer inspection reveals a bubble-less bottom region for the segregated
systems, despite the bed being fully fluidized. More specifically, results indicate that, the
larger the bubble-less layer is, the more segregated the system becomes. The direct com-
parison between bubbling and segregation patterns performed provides a more complete
physical picture of the link between the two phenomena. VVC 2011 American Institute of

Chemical Engineers AIChE J, 57: 3003–3011, 2011

Keywords: bubbling gas-fluidized bed, axial bubble profile, continuous particle-size
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Introduction

Gas-solid, dense-phase fluidization finds many applications
in industry, including coal combustion and gasification, fluid-
ized catalytic cracking, chemical synthesis, biomass gasifica-
tion, etc. The reasons for such extensive popularity are the
simplicity in geometric configuration, high heat and mass
transfer rates, capability of continuous operation, applicability
over a wide range of particle properties, to name a few.1,2

Dense-phase fluidization is a general term which includes par-
ticulate fluidization, bubbling fluidization, and turbulent fluid-
ization.2 The focus of this work is on bubbling, gas-fluidized
beds of polydisperse Geldart Group B particles, in which the

bubbling behavior and species segregation can significantly
affect the performance of the bed in terms of solids mixing,
entrainment, and heat and mass transfer.

Species segregation (or demixing) effects are common-
place in systems comprising of various particle sizes. For
example, the particles in bubbling fluidized beds are often
not monodisperse, which can lead to segregation according
to particle size.3–5 Because bubble characteristics are also
known to vary along the height of a bed (e.g., bubbles can
grow with height), the gas-solid contact times of segregated
particles at the top and the bottom of the bed may vary,
thereby impacting the overall efficiency of the unit.

Despite the prevalence of continuous particle-size distribu-
tions (PSDs) in industrial fluidized beds, most previous segre-
gation studies have been focused on binary mixtures consist-
ing of two particle types of different sizes and/or densities
(for recent review, see Joseph et al.6). A natural follow-on
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question arises: can previous work on binary mixtures be ex-
trapolated for predicting trends in systems with continuous
PSDs? Recent work has shown otherwise.7 In particular,
while binary mixtures have been shown to increasingly seg-
regate with increasing disparity in size and/or density,3–6 the
trend is not so straightforward for continuous distributions.
Namely, recent results on continuous PSDs have revealed an
unexpected non-monotonic axial segregation behavior with
respect to distribution width.7 This surprising observation
provides the motivation for the current effort. In particular,
the objective of this work is to better understand the driving
force behind the observed non-monotonic segregation behav-
ior, with an eye toward the link between bubbling and spe-
cies segregation phenomena.

Before discussing the role of bubbles in systems with par-
ticles of different sizes and/or material densities, a review of
previous findings on bubbles in monodisperse beds is war-
ranted. The bubbles observed in low-velocity, gas-fluidized
beds can be traced to an inherent instability of the suspen-
sion8–11 and are believed to be the primary factor associated
with solids dispersion, mixing, and reactor efficiency.1,2,11,12

As early as 1962, Rowe et al.13 used an X-ray technique to
experimentally characterize bubbles in gas-fluidized beds,
and the X-ray photographs of bubbles provided evidence that
bubbles are primarily responsible for the axial movement of
particles in the bed. Since then, detailed experimental obser-
vations of the bubbling phenomenon have sprouted,14–16

including, but not limited to, the volume of the wake behind
the bubbles,17 cloud formation around bubbles,18,19 bubble
coalescence20–22 and breakage,23 and exchange between the
bubble and emulsion phase.24–26 Generally, bubbles are com-
monly referred to as ‘‘mixing agents,’’ carrying particles effi-
ciently upwards and allowing particles to fall through them
downwards.13,17,27,28

For fluidized beds with particles of different sizes, studies
on bubbling are scarcer. It has been reported that addition of
fines (particle diameter \45 lm) improves mixing,29–31 and
electrical capacitance tomography has further verified that
the enhanced mixing is brought about by the increase in the
relative proportion of gas flowing interstitially and that the
maximum mixing is at a fines content of 15%.31 More
recently, Beetstra et al.32 determined experimentally the
impact of fines and distribution width of Geldart Group A
particles on bubbling effects, and it was found that either
increasing the width of the PSD or increasing fines amount in-
dependently reduced bubble size at high velocity (10 times
minimum fluidization velocity, Umf) and enlarged bubble size
at low velocity (1.5 Umf). Discrete element models simula-
tions have also indicated that systems with a wider PSD ex-
hibit higher particle velocities around bubbles, resulting in
faster bubble growth and its subsequent rise through the fluid-
ized bed.33 Collectively, these efforts shed light on how the
presence of a size distribution alters the bubbling behavior.

Although a direct link between bubbling behavior and spe-
cies segregation is often presumed, experimental studies with
side-by-side measurements of bubble parameters and species
segregation are lacking. In an effort to build on previous
knowledge on the effect of continuous PSDs on species seg-
regation and bubbling phenomena, the objective of the cur-
rent work is twofold: (i) to experimentally determine the
impact of the width of the PSD on bubble frequency, bubble

velocity, and bubble chord length and (ii) to compare the
bubble measurements with species segregation measure-
ments. The latter is of particular importance to determine
whether bubbles also serve as the primary mixing agents for
polydisperse systems. A particularly good test case for this
hypothesis is the recent segregation data reported by Chew
et al.,7 which is reproduced in Figure 1. In this figure, the
degree of segregation (scont) vs. distribution width (r/dsm,
where r is the standard deviation and dsm is the Sauter-mean
diameter) is plotted for both Gaussian and lognormal distri-
butions. The quantity scont is an axial segregation index
developed for continuous size distributions,7 where a value
of 0 refers to perfectly-mixed systems and a value of 1 refers
to perfectly-segregated systems. The results suggest that,
while the level of segregation increases with width for Gaus-
sian distributions, a non-monotonic behavior exists for log-
normal distributions. Note that Gaussian distributions with
r/dsm [ 30% are not physically possible due to the introduc-
tion of negative particle diameters at wider distributions
widths. Hence, with regard to objective (ii), the pertinent
question is: do bubble parameters (frequency, velocity, and
chord length) in systems with Gaussian distributions behave
monotonically with respect to distribution width, while the
bubbles characteristics behave in a non-monotonic manner
with increasing width of lognormal distributions?

In the current effort, bubbling measurements have been car-
ried out for the same set of systems represented in Figure 1,
such that a direct comparison between degree of segregation
and bubbling behavior is possible. Surprisingly, the results indi-
cate that bubble parameters (frequency, velocity and chord
length) increase monotonically with an increase of PSD widths
for all Gaussian and lognormal distributions examined. Accord-
ingly, a direct correlation between measured bubble characteris-
tics and degree of segregation does not exist. More explicitly,
even though a non-monotonic correlation between degree of
segregation and the width of lognormal distribution was
observed, the bubbling parameters show a monotonic increase
with PSD width. Nonetheless, a more careful examination of the
data reveals the presence of a bubble-less layer in segregated sys-
tems. The height of this bubble-less layer is tightly coupled to
the degree of segregation, thereby providing the sought-after
physical link between bubbling and segregation patterns.

Figure 1. Segregation indices for bubbling, gas-fluid-
ized beds with continuous distributions.7
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Experimental Description

Fluidized bed setup

The experimental setup for all bubbling experiments is
identical to that used by Chew et al.7 for the corresponding
segregation experiments. Namely, as illustrated in Figure 2,
the fluidization column is made of Plexiglass with an inner
diameter of 18.5 cm, and a sintered metal plate (20 nominal
microns) at the bottom that serves as a distributor plate. The
uniform distribution of air by the distributor plate was ascer-
tained by ensuring that the pressure drop across the plate
was at least 100% that across the bubbling bed. Seven ports,
spaced 2.54 cm axially apart and the lowest of which is 5.08
cm above the distributor plate, are available for insertion of
the fiber optic probe, which is used for detecting bubbles.

Continuous size distributions of sand were first prepared
with various distribution widths, defined as the ratio of
standard deviation to Sauter-mean diameter (r/dsm). Figure 3
shows the continuous distributions investigated. Notably, the
Sauter-mean diameter (dsm) of all the Gaussian and lognor-
mal distributions under investigation was set to 375 lm,7

which is the middle value of the Geldart Group B size range.
To ensure a wide range of distributions widths, Gaussian dis-
tributions with r/dsm ranging from 10 to 30% and lognormal
distributions with r/dsm ranging from 10 to 70% were inves-
tigated.7 Notably, Gaussian distributions with r/dsm [ 30%

are not physically possible due to the necessity of introduc-
ing negative particle diameters. In addition, although all the
Gaussian distributions are classified as Geldart Group B par-
ticles, the wider lognormal distributions (r/dsm � 50%) con-
tain up to 20% by mass of Geldart Group D particles, since
the entire Geldart Group B range was not wide enough to
contain the full distribution of particle sizes.

For the previous segregation experiments7 (the data from
which will be compared to the bubbling measurements
described herein), axial segregation profiles were obtained via
the ‘‘frozen–bed’’ sectioning method. Namely, the bubbling
bed was operated for a period long enough to ensure that a sta-
tistical steady-state was reached, after which the gas velocity
was abruptly turned off. Axial sections of the frozen (settled)
bed were analyzed for particle-size distribution using sieving.
It is important to mention that because the superficial gas
velocities were restricted to small values, segregation upon
free-fall was effectively eliminated. Further details on the
experimental protocol can be found in Chew et al.7

In this work, the objective is to obtain bubble measure-
ments for the same systems described above. Accordingly,
the experimental protocol is similar to that in Chew et al.,7

except that a fiber optic probe is utilized to obtain informa-
tion on the bubble characteristics. Namely, for each experi-
ment, 8 kg of sand was used. At the start of each run, the
fiber optic probe was inserted into one of the seven ports,
and positioned such that the probe tip was flush with the
inner wall of the column. Then, the prepared distribution of
sand was placed in the column. Next, the particle bed was
mixed at high velocity [three times superficial velocity for
complete fluidization (3Ucf)] for 15 minutes, and then fluid-
ized at 1.2 Ucf for 1 hour to achieve a statistical steady-state.
More specifically, Ucf is defined as the velocity beyond
which pressure drop across the bed (DPbed) equals to the
ratio of the bed weight to cross-sectional area of the column
(W/A). For the distributions investigated, the Ucf values are
similar at �0.12 m/s; Ucf are expectedly similar, because the
distributions are centered about the same mean particle size
(dsm).

34,35 Afterwards, the fiber optic probe was positioned
sequentially at each of the nine radial positions to collect

Figure 2. Experimental set-up.

Figure 3. Gaussian and lognormal distributions investigated.
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data for 1 minute. The same protocol was then repeated for
the other axial locations. To obtain reasonable 95% confi-
dence intervals of the data, each measurement was repeated
10 times.

Fiber optic probe and signal analysis

With regards to the fiber optic probe, it consists of two
bundles of fibers, one positioned vertically above the other.
Each bundle contains three fibers: one fiber is used to trans-
mit the light source, the second is the receiver conduit, while
the third is redundant but is an important spare, as displayed
in Figure 4. A higher voltage signal is obtained from the
receiving fiber when light emitted from the light-source fiber
is blocked, as occurs when the probe is surrounded by the
emulsion (particle-rich) phase. On the other hand, a lower
voltage signal is obtained when light from the emitter is rel-
atively unobstructed, which occurs when the probe tip is sur-
rounded by a bubble. Hence, as illustrated in the voltage
traces of the bottom and top fiber bundles given in Figure 5,
which is a plot of voltage measured by the probe vs. time,
bubbles appear as downward spikes in the voltage signal. In-
formation about the bubbles can thus be extracted by defin-
ing a threshold voltage value (Vthreshold), which serves as a
demarcation between bubbles and the emulsion phase.

As demonstrated in Figure 6, Vthreshold is determined by
first plotting the probability density function (PDF) of the
voltage trace obtained from the fiber optic probe at incre-
ments of 0.001s. Then, the mode of the PDF and the 99th
percentile of the cumulative count are determined. Finally,
Vthreshold is calculated as the voltage at which the voltage dif-
ference (DV) between Vmode and V99th-percentile is the same as
that between Vmode and Vthreshold, namely

DV ¼ V99th percentile � Vmode (1)

Vthreshold ¼ Vmode � DV (2)

With this value of Vthreshold at hand, a ‘‘bubble-only’’ trace
can be obtained by eliminating the portions of the trace
above Vthreshold. From the bubble-only traces of the top and
bottom fiber bundles, the frequency of bubbling, duration of
each bubble, and bubble velocity can be found, as described
below. In particular, analysis of these traces do not give bub-
ble size per se, but instead bubble chord length, which is an
indicator of bubble size.36,37

With regards to bubble frequency, the number of segments
of continuous data points above Vthreshold is counted, then nor-
malized by measurement duration. As for vertical velocity of
the bubble, when both the distance between the fiber bundles
(Figure 4) and the time lapse between the voltage signals
obtained by the bottom and top bundles are known, velocity
can be derived. The distance between fiber bundles is meas-
ured to be 0.25 cm, while the time lapse is derived by cross-
correlating the two signals to find where the point of strongest
correlation lies. The cross-correlation formula is given as

v ¼
1
n

Pn�d
i¼1 xi � xmeanð Þ yiþd � ymeanð Þ

rxry
(3)

where v is the cross-correlation function, n is the total number
of data points in each signal, d is the time lapse in units of data
points being compared between the two signals, xi and yiþd are

Figure 4. Schematic of tip of fiber optic probe.

Figure 5. Example of bubble trace obtained from fiber
optic probe: voltage vs. time for top and bot-
tom bundle, where Vthreshold indicates the de-
marcation between bubble (below) and emul-
sion (above) phase.

Figure 6. Probability distribution function (PDF) of bubble
trace, with Vthreshold, Vmode, and V99th-percentile

marked.
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the bottom and top signal voltages respectively at time i and
iþd, xmean, and ymean are the mean of the bottom and top signal
voltages respectively, and rx and ry are the standard deviation
of each signal trace. v ¼ 1 implies perfect correlation between
the bottom and top signals, i.e. no time lapse. Dividing the
distance between the fiber bundles (namely, 0.25 cm) by the
time lapse derived by Equation (3) hence gives the vertical
velocity of the bubbles. Then, bubble chord lengths can be
obtained by multiplying the vertical velocity by durations of
each segment of continuous data points above Vthreshold.

Validation of fiber optic data for all bubble parameters
considered here (frequency, velocity and chord lengths of
bubbles) was obtained via comparison with existing correla-
tions for monodisperse Group B particles (for example, see
results of Hiraki and Kunii,38 Hilligardt and Werther,39 Mori
and Wen,40 as presented in Kunii and Levenspiel,1 for bubble
frequency, velocity, chord length respectively). It is also worth
noting that previous work36 has shown that chord length can
be used as a reliable indicator of bubble size for a given parti-
cle shape even if the bubble also has a horizontal component
of velocity; for purposes of this work, however, only the
direct measurement of chord length will be reported.

Results and Discussion

Experiments to obtain bubble data were carried out in an
attempt to better understand the previously-reported, counter-
intuitive segregation behavior displayed in Figure 1, namely
the non-monotonic segregation levels observed with increases
in the width of lognormal distributions. Accordingly, the ex-
perimental conditions were identical to those described by
Chew et al.7 The initial hypothesis being tested stems from the
physical picture of bubbles as mixing agents. In other words,
would the previously observed segregation patterns correlate
with bubbling characteristics—e.g., are higher bubbling fre-
quencies observed in the more well-mixed systems? For this
hypothesis to hold, bubbling parameters (some or all) should
vary monotonically with PSD widths for Gaussian distributions
and non-monotonically for lognormal distributions, analogous
to the previously reported segregation trends (Figure 1). With
this in mind, the bubbling characteristics (bubble frequency,
velocity, and chord length) are presented as follows for both
Gaussian and lognormal distributions of varying widths.

Before considering each bubble characteristic in turn, it is
worthwhile to compare the axial and radial variations of the
bubble quantities being measured. For purposes of illustra-
tion, a plot of mean bubble chord length vs. dimensionless
radius (r/R) is depicted in Figure 7, with error bars repre-
senting 95% confidence intervals. It is observed that mean
bubble chord length increases with bed height, which is not
surprising because bubbles are known to grow axially through-
out a bed consisting of Geldart Group B particles.1,2 Radial
variation in bubble chord lengths is minimal compared to the
noted axial variation, which is consistent with previous segre-
gation results in which radial segregation was found to be neg-
ligible vis-à-vis axial segregation.7 This consistency between
bubbling and segregation results is not surprising since bubbles
are often viewed as mixing agents. Consequently, since radial
variation of bubbling characteristics (namely, frequency, veloc-
ity, and chord length) is negligible, the focus of the following
discussion will be on axial variation.

The bubble characteristics measured for Gaussian distribu-
tions with r/dsm ¼ 10–30% are shown in Figures 8–10,
which are plots of bed height (h) vs. bubble frequency, bub-
ble velocity and bubble chord length, respectively. Error
bars represent 95% confidence intervals. Analogously, Fig-
ures 11–13 contain similar plots for lognormal distributions
with r/dsm in the range of 10–70%. It should be noted that
the larger error bars for the widest lognormal distribution of
r/dsm ¼ 70% should be expected, since biggest bubble chord
lengths are found in this distribution, which implies a greater
variation of chord lengths measured. Collectively, it is
observed in Figures 8–13 that bubble frequency, velocity
and chord length increase monotonically with increase in
PSD width for both Gaussian and lognormal PSDs. Because
the previously reported degree of segregation for lognormal
distributions is non-monotonic with respect to PSD width,
the original anticipation that (some or all) bubble character-
istics would be similarly be non-monotonic does not hold.

Since bubbles have been known to play an important role
in segregation behavior, it is worthwhile to take a more
detailed look at the bubble trends to see if they are consist-
ent with expectations. In particular, for both Gaussian PSDs
and the narrower (r/dsm � 30%) lognormal PSDs, the bubble
characteristics vary monotonically with distribution width, as
did the previously reported segregation measurements.7 So the
question remains: does the direction (increasing or decreasing)
of the bubble trends make sense in light of the segregation
data? More specifically, since bubbles are known to be ‘‘mix-
ing agents,’’ an increase in the frequency and velocity of bub-
bles is presumed to enhance mixing, and vice versa.

Because an increase in the width of a Gaussian PSD was
found to lead to increased segregation (Figure 1), it was ini-
tially expected that bubble frequency and velocity would
decrease with increasing PSD width. Surprisingly, it is
observed in Figures 8 and 9 that as the width of the Gaussian
PSD increases, the frequency and velocity of the bubbles
increase too. With regards to bubble sizes, bigger bubble sizes
are expected to enhance mixing: Rowe et al.28 asserted that
the most important mechanism for transporting particles up
the bed is by the bubble wake, which is �20% of the volume

Figure 7. Radial profiles of mean bubble size profiles
at each axial position for Gaussian distribu-
tion with r/dsm 5 30%.
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of bubbles for the size range investigated here.17 Nevertheless,
Figure 10 illustrates that bubble chord length increases with
PSD width (consistent with previously reported work on
Group A particles32), which thus does not seem to explain the
increasing segregation extent. Hence, the results indicate that,
not only is there a lack of correlation between bubbling and
segregation phenomena, but even for the distributions (Gaus-
sian) where there is a correlation, the trends are opposite of
expectation. A similarly puzzling observation is observed for
lognormal distributions over the range in distribution widths
associated with increasing extent of segregation (r/dsm ¼ 10–
50%). Namely, the bubble frequency, velocity, and chord
length increase with distribution width (Figures 11–13, respec-
tively), which is seemingly contrary to the increasing levels of
segregation (Figure 1). In particular, for the range of lognor-
mal distributions investigated, bubbling is largely monotonic
with an increase in width but segregation is not.

A more careful look at the bubble measurements holds the
key to understanding the link between bubbling and segrega-
tion patterns. Bubbles indeed serve as mixing agents, but the
observed segregation is due instead to the absence of bub-

bles. In particular, a bubble-less layer—a bottom region of
the bubbling bed where bubbles are not detected by the fiber
optic probe—is observed in some systems. Specifically, the
bubble-less region is where zero bubble frequency is
detected, as evidenced in Figures 8 and 11; the correspond-
ing velocity and chord length are not plotted, as these pa-
rameters are not relevant in the absence of bubbles. This
layer is evidenced in Figures 8–10 for Gaussian systems.
The largest bubble-less layer is observed for r/dsm ¼ 30%,
in which bubbles are not detected for the three lowest axial
positions, whereas only the lowest axial position appears
bubble-less for r/dsm ¼ 10 and 15%. This trend in the bub-
ble-less layers corresponds directly to segregation levels,
which is greatest for r/dsm ¼ 30% in the Gaussian system.
A similar correspondence is noted for the lognormal systems
across all distribution widths. Recall from Figure 1 that the
segregation behavior is surprisingly non-monotonic with
respect to PSD width for the lognormal distributions, with
segregation extent peaking for the lognormal distribution
with r/dsm ¼ 30%. Figures 11–13 illustrate that the most

Figure 8. Axial profiles of bubble frequency for Gaus-
sian distributions.

Figure 9. Axial profiles of bubble velocity for Gaussian
distributions.

Figure 10. Axial profiles of bubble size for Gaussian
distributions.

Figure 11. Axial profiles of bubble frequency for log-
normal distributions.
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segregated lognormal distribution of r/dsm ¼ 30% has the
largest bubble-less layer. While bubbles are detected from
the second lowermost position upwards for the more uni-
formly mixed lognormal distributions of r/dsm ¼ 10, 50, and
70%, bubbles can only be detected from the third lowermost
position upwards for the lognormal distribution of r/dsm ¼
30%. Hence, the experimental data conclusively show that
regardless of the magnitude of the bubble parameters meas-
ured in the upper layer, the larger the bubble-less layer, the
more segregated a system becomes.

Two additional points are worth commenting regarding this
link between the size of the bubble-less layer and the extent
of segregation. First, although bubbles are not detected in the
bottom layer, it is important to note that the entire bed
(including the bottom layer) is known to be completely fluid-
ized, because the pressure drop across the bed (DPbed) is
equal to the ratio of the bed weight to the cross-sectional area
of the column (W/A) at the operating superficial gas velocity
(Us). Second, the failure to detect bubbles can be traced to ei-
ther bubbles being nonexistent or bubbles being smaller than

0.1 cm, which is the separation between two fibers in each
bundle (Figure 4). Regardless of the situation, however, mix-
ing by bubbles will be ineffective in the bottom layer. More
specifically, consider liquid–solid fluidized beds which do not
exhibit the bubbling behavior. Such systems are known to dis-
play species segregation, which can be traced to the drag
force descriptions for each species. This driving force for spe-
cies segregation will also be present in gas-fluidized beds
regardless of whether or not bubbles are present. When bub-
bles are present, however, their motion induces mixing of the
various species. Accordingly, in the bottom bubble-less layer,
the segregation mechanism dominates, resulting in a gradient
of concentration across that layer (Figure 14). Along the same
lines, in the upper bubbling layer, the mixing mechanism
dominates, resulting in a well-mixed layer (note vertical na-
ture of concentration profiles in upper layer of Figure 14).

Given that the presence of bubble-less bottom regions pro-
vides a link between the observed bubbling behavior and
(integrated) segregation index, it is useful to see how the
axial profiles of each compare. Figure 14 is a plot of the
axial segregation profiles of two different size species for
the Gaussian distribution with r/dsm ¼ 30%. The y-axis is
the height of the particle bed (h), and the x-axis represents
mass-based frequency (fm), which is the mass fraction of the
species normalized with respect to bin sizes. As depicted in
Figure 14, two distinct layers of almost constant species con-
centration is observed, which has been similarly reported
before for continuous PSDs.7,41 Interestingly, but perhaps
unsurprisingly, the range of heights over which the transition
between the two distinct regions in Figure 14 arises (h �
10–15 cm) corresponds exactly to the h range at which tran-
sition from bubble-less to bubbling regimes for the same
Gaussian distribution with r/dsm ¼ 30% (Figures 8–10).
Other Gaussian and lognormal distributions similarly illus-
trate that the transition height between bubble-less and bub-
bling regime corresponds to the transition height between
the two distinct layers in the axial segregation profiles.7

Concluding remarks

Although bubbles are widely viewed as mixing agents, a
direct comparison between the species segregation trends in

Figure 13. Axial profiles of bubble size for lognormal
distributions.

Figure 12. Axial profiles of bubble velocity for lognor-
mal distributions.

Figure 14. Axial segregation profile of the finest and
coarsest species for Gaussian distribution
with r/dsm 5 30%.
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systems with continuous PSDs and corresponding bubble
characteristics has been lacking. The previously-reported,
non-monotonic segregation behavior7 (with respect to distri-
bution width) for lognormal distributions provides a unique
case study for testing the presumed link between segregation
and bubble patterns. Hence, experiments involving low-ve-
locity, bubbling, gas-fluidized beds have been carried out for
Geldart Group B particles of various widths of Gaussian and
lognormal distributions, with a focus of comparing axial seg-
regation to bubble profiles.

Measured bubble parameters (frequency, velocity, and
chord length) for the Gaussian (r/dsm ¼ 10, 15, and 30%)
and lognormal (r/dsm ¼ 10, 30, 50, and 70%) distributions
are reported. A somewhat surprising initial observation is the
lack of correlation between the degree of segregation and
the measured bubble parameters, with respect to distribution
width. In particular, although the lognormal distribution dis-
plays a non-monotonic degree of segregation as the distribu-
tion width is increased, all measured bubble parameters are
found to increase over the entire range of distribution widths
explored. Nonetheless, the key to understanding the segrega-
tion patterns is tied to the presence of a bubble-less layer at
the bottom of the (fully-fluidized) bed. Namely, the degree
of segregation is strongly tied to the height of the bubble-
less layer at the bottom of the bed. For well-mixed systems
(i.e., Gaussian distribution with r/dsm ¼ 10%, and lognormal
distributions with r/dsm ¼ 10% and r/dsm ¼ 70%), bubbles
are present axially throughout most of the bed, hence ena-
bling thorough mixing. For the most segregated systems
among the Gaussian and lognormal distributions (r/dsm ¼
30%), the largest bubble-less bottom layer is observed,
where although the entire bed is fully fluidized, bubbles are
either absent or so small (\0.1 cm) that they cannot be
detected. Hence, the larger the bubble-less layer at the bot-
tom of the bed, the more segregated the system becomes.
Another new finding resulting from this work is the mono-
tonic increase in all bubble parameters (frequency, velocity,
and chord length) with respect to PSD width.

Finally, the results of this work are expected to contribute
towards the validation of discrete element models and two-
fluid models for continuous PSDs. To date, the vast majority
of modeling efforts have focused on binary mixtures, and
various closures (kinetic theory for collisional stresses,
frictional stress, drag laws, etc.) required for adaptation to
continuous PSDs remain largely untested, partly due to the
lack of detailed experimental data-like that reported in this
work. Model validation can proceed on multiple fronts using
this dataset: existence of a bubble-less layer, trends of bub-
ble characteristics with widths of distributions, link between
segregation and bubbling profiles, etc.
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