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Abstract

Both fast and turbulent fluidized beds exhibit entrainment, but the differences in the flow phenomena are not well understood.

This study targeted a comparative analysis of the cluster (or streamer), mass flux, and segregation datasets from these two

fluidization regimes. The particle systems were narrow particle size distributions (PSDs), binary mixtures, or broad PSDs of

Geldart Group B particles. Relative to the fast fluidized bed, the turbulent bed exhibited (i) higher cluster probability and

frequency, but lower cluster duration; (ii) lower local mass flux; and (iii) similar segregation extents. Regarding clusters, the

relative dominance of the variables on probability was similar for both regimes, but there was a difference for probability and

frequency. For overall mass flux, particle-related properties were more dominant with the turbulent bed. As for segregation,

the radial position was the most influential in the fast fluidized bed, but the least in the turbulent one.

Keywords
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Introduction

The fluidization regimes are well-acknowledged to be demarcated based mainly on superficial gas velocities,
with the transition between the regimes characterized by various transition velocities1-5. On one hand,
unique features exist in each regime, like presence or lack of bubbles and/or entrainment. On the other hand,
overlapping features are well-known across different regimes, like the segregation of particles of different sizes
and/or densities.

For dense-phase fluidization, the regimes, in order of increasing gas velocity, are particulate or homogenous
fluidization, bubbling fluidization, and turbulent fluidization 2. The particulate fluidization regime lacks
bubbles and is limited to Geldart Group A particles. In contrast, the bubbling regime has approximately
well-defined bubbles, and exist for both Geldart Groups A and B. The turbulent fluidization regime is noted
for the formation of chaotic voids or less well-formed bubbles. Many studies have been performed to reveal
the similarities and differences between the various dense-phase fluidization regimes. Bubbles exist in both
the bubbling and turbulent regimes, but bubble breakup is a lot more dominant than bubble coalescence in
the latter, leading to smaller, less well-defined bubbles that give much smaller pressure fluctuations 6,7. It
has been reported that, in the transition from bubbling to turbulent fluidization, more gas passed through
the bed as bubbles for the Geldart Group B sand particles, but the flow of gas through the bed as bubbles did
not increase for the Geldart Group A FCC (fluid cracking catalyst) particles 8. With respect to lean-phase
fluidization, the two regimes from high to lower particle concentration are referred to as fast fluidization and
dilute transport 9. As with dense-phase fluidization, these two regimes are distinguishable. Fast fluidization
tends to have more of a core-annulus structure, whereas dilute transport can have none. Furthermore, fast
fluidization can have significant back-mixing, whereas dilute transport has little.
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The regimes of interest in this study are the two right at the boundary of dense- and lean-phase fluidization,
namely, the turbulent and fast fluidized beds. Regarding the turbulent fluidization regime, it marks the onset
of entrainment 1, and the bed surface becomes less distinguishable 2. It is common in industrial fluidization
because of advantages including vigorous gas-solid contact, favorable bed-to-surface heat transfer, high solid
hold-up (typically 25-35% by volume), and limited axial gas mixing7. The fast fluidization regime is operated
as a circulating fluidized bed due to the much higher entrainment rates9. In contrast to the turbulent fluidized
bed in which only the gas flow is controlled, both the gas and solid flows are controlled in the fast fluidized
bed. In both regimes, a denser region exists at the bottom and a more dilute region at the top, leading some
studies to define the transition velocity between the two regimes based on the axial voidage profiles 5.

Some studies have investigated the differences across the dense- and lean-phase fluidization regimes. The
power spectral densities derived from pressure fluctuations indicated that bubble formation, eruption and
coalescence contributed to the pressure fluctuation signal for particulate and bubbling fluidization, whereas
clusters contributed to the signal response for turbulent fluidization and higher-velocity regimes 10. Further-
more, the standard deviations of local voidage fluctuations were observed to be much lower in a high-density
circulating fluidized bed riser relative to the bubbling and turbulent flow regimes, while the radial profiles of
chaotic parameters were flatter in the bubbling and turbulent flow regimes than in dense suspension upflow
11. For particles of a wide particle size distribution (PSD), the reactor efficiency in the turbulent and fast
fluidization regimes was higher than in the bubbling fluidization regime 12. In both the turbulent and fast
fluidization regimes, cluster sizes were observed to decrease with increasing velocity 13. All these studies
have provided beneficial insights into the different fluidization regimes. What remained amiss was a direct
comparison of various fluidization phenomena between the turbulent and fast fluidized beds, which motivated
the current study.

Therefore, this study targeted a detailed comparative analysis of the cluster (or streamer), flux and segre-
gation phenomena between the fast and turbulent fluidized beds. The particle systems were either narrow
PSDs, binary mixtures, or broad PSDs of Geldart Group B particles. Random forest analysis was employed
to evaluate the relative influence of the variables on the phenomena assessed.

Datasets

Comprehensive datasets have been obtained in both a fast fluidized bed14-19 and a turbulent fluidized
bed20,21. The schematic diagrams of the experimental setups are displayed in Figure 1. The fast flu-
idized riser had an inner diameter of 0.30 m and was 18.3 m tall, and had a mixing pot at the bottom and
a rounded elbow exit at the top. The turbulent riser had an inner diameter of 0.184 m and was 4 m tall,
and had a sintered stainless steel porous plate at the bottom and a blind tee exit at the top. Recirculation
of the solid particles back to the riser was enabled via a pair of cyclones in series for the fast fluidized bed,
and a single cyclone for the turbulent fluidized bed.

2
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Figure 1. Experimental setups of the fast (left) and turbulent (right) fluidized beds. The fast fluidized riser
had an inner diameter of 0.30 m and was 18.3 m tall, while the turbulent riser had an inner an inner diameter
of 0.184 m and was 4 m tall. The fast fluidized bed schematic is reprinted from17, Copyright 2012, with
permission from Elsevier. The turbulent fluidized bed schematic is reprinted from21, Copyright 2012, with
permission from Elsevier.

The Geldart Group B particles evaluated are listed in Table 1. The particle types included glass, high-density
polyethylene (HDPE), polystyrene and sand, with the average diameters (dave ) ranged between 165 – 650
μm and densities (ρπ ) between 900 – 2650 kg/m3. The broad particle size distributions (PSDs), with larger
standard deviations (σ /dave ), were particles used as received from the vendor. The other particles were
pre-sieved to obtain narrower PSDs between two available sieves, which were either used as is (i.e., narrow
PSDs) or mixed to form binary mixtures.

4
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Also listed in Table 1 are the operating conditions. The superficial gas velocities (Ug ) used in the fast
fluidized bed were in the range of 10 – 17 m/s, which are an order of magnitude greater than that in the
turbulent fluidized bed of 1.5 and 1.7 m/s. While the overall solid fluxes (Gs ) were controlled through a
slide valve in the fast fluidized bed to range between 50 – 300 kg/m2/s, that in the turbulent bed depended
on the superficial gas velocity (Ug ) and ranged between 0.05 – 0.51 kg/m2/s.

Table 1. Geldart Group B materials and operating conditions for the fast 14-19 and turbulent 20,21 fluidized
beds.

Regime Material dave (μμ) ρς (kg/m3) σ/dave (%) Ug (m/s)
Gs

(kg/m2/s)

Fast Narrow
PSD

Narrow
PSD

Narrow
PSD

Narrow
PSD

Narrow
PSD

Narrow
PSD

Large glass 650 2500 9 13.5; 17 120; 260
Small glass 170 2500 12 13.5; 17 120; 260
Large HDPE 650 900 11 13.5; 17 120; 260
Binary
Mixture

Binary
Mixture

Binary
Mixture

Binary
Mixture

Binary
Mixture

Binary
Mixture

Binary-size
(50% Large
glass + 50%
Small glass)

170; 650 2500 9; 12 13.5; 17 120; 260

Binary-density
(50% Large
glass + 50%
Large HDPE)

650 2500; 900 9; 11 13.5; 17 120; 260

Broad
PSD

Broad
PSD

Broad
PSD

Broad
PSD

Broad
PSD

Broad
PSD

Glass 170 2500 25 10; 15 50; 300
Turbulent Narrow

PSD
Narrow
PSD

Narrow
PSD

Narrow
PSD

Narrow
PSD

Narrow
PSD

Glass 165 2500 5 1.5 0.37
Polystyrene 327.5 1050 5 1.5 0.05
Sand 196 2650 5 1.7 0.19
Binary
Mixture

Binary
Mixture

Binary
Mixture

Binary
Mixture

Binary
Mixture

Binary
Mixture

Glass-
Polystyrene
(25%, 50%,
75%)

165; 327.5 2500; 1050 5; 5 1.5 0.16 – 0.30

Broad
PSD

Broad
PSD

Broad
PSD

Broad
PSD

Broad
PSD

Broad
PSD

Sand 195 2650 5, 10, 25, 40,
65

1.7 0.19 – 0.51

For both the fast and turbulent fluidized beds, local measurements were taken at 11 radial positions and 5
heights along the riser for each particle system and operating condition. The riser phenomena assessed here
include cluster (namely, local appearance probability, duration, and frequency) 16,17,20, mass flux (both local
flux and overall flux across the cross-section) 15,21 and segregation 14,21. The same instruments fabricated by
PSRI were used for characterization. Specifically, the local clusters were measured using fiber optic probes,
which housed two fibers that converged at the probe tip, while the local mass fluxes were measured using

5
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extraction probes with an inner diameter of 0.017 m and the probe tip oriented 90° to the probe shaft to
capture upward or downward flow. The samples collected from the extraction probes were sieved to obtain
segregation data.

Analysis Method

The Random Forest (RF) method 22 was adopted to determine the relative importance of each variable on
cluster, flux, and segregation characteristics. The scaling of variables was not needed.

The self-organizing map (SOM) was also adopted to ascertain the influence of the variables or lack thereof.
SOM is useful in reducing multi-dimensional data to two-dimensional representations to ease the interpreta-
tion of large datasets 23,24. The datasets were scaled to the same bounds between -0.5 and 0.5 25before SOM
was carried out:

xscaled = x−xmin

xmax−xmin
− 0.5(1)

where x, xmin and xmax are respectively the value of the data point considered, the minimum value of the
variable, and the maximum value of the variable.

The two-sample t-test was used to evaluate if there is any significant difference between the datasets from the
fast and the turbulent beds, without assuming that the populations have equal variances. The test statistic
was calculated by:

t = x−y√
s2x
nx

+
s2y
ny

(2)

where x and y are the sample means, sx andsy are the sample standard deviations, andnx and ny are the
sample sizes. The null hypothesis that the two datasets are from populations with means that are not different
was tested at the 95% confidence level.

All analyses were performed with Matlab R2016b.

Results and Discussion

Cluster

Figure 2 displays the boxplots of the local cluster data, specifically 1188 datasets from the fast fluidized
bed 16,17 and 378 datasets from the turbulent one 20. The fiber optic probe was used for cluster detection,
with each measurement lasting 30 s and cluster identification enabled using wavelet decomposition. Cluster
probability is the fraction of time instances whereby cluster is detected, and is bounded between 0 and 1,
while cluster duration and cluster frequency reflects respectively cluster size and number of clusters per unit
time. Using a two-sample t-test, the null hypotheses were rejected for all three characteristics, indicating the
data from the fast and turbulent fluidized beds were from populations with different means within the 95%
confidence level. Relative to the fast fluidized bed, the turbulent bed withUg values of an order-of-magnitude
lower gave higher cluster probability, lower duration, and much higher frequency. In particular, the higher
cluster probability for the turbulent bed was tied to the significantly higher number of clusters (i.e., cluster
frequency). The lower cluster probability and frequency in the fast fluidization regime are tied to lower bed
densities than the turbulent bed, since by definition the former is classified under lean-phase fluidization
while the latter dense-phase fluidization1,2,9. The higher cluster duration in fast fluidization is presumed
to be due to the less chaotic hydrodynamics relative to the turbulent bed, because the latter is dominated
by bubble break-up 2 and is known to exhibit higher standard deviations of local voidage fluctuations 11.
Another study postulated that cluster sizes adjust to balance the gas drag force and gravity, thus smaller
clusters were observed to exist in the turbulent bed compared to the fast one 13, which agrees with the
comparison here.

Hosted file
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image3.emf available at https://authorea.com/users/344990/articles/471345-fast-versus-

turbulent-fluidization-of-geldart-group-b-particles

Figure 2. Box plots of local cluster characteristics. The left column corresponds to 1188 datasets from a fast
fluidized bed 16,17, while the right column corresponds to 378 datasets from a turbulent fluidized bed20.

To understand the relative influence of the various variables, Figure 3 displays the random forest analysis
results. The variables include particle properties (namely, dave andρπ ), riser position (namely, radial position
normalized with respect to the riser radius (r/R ), and axial position normalized with respect to the riser
height (h/H )) and operating condition (namely, Ug andGs ). Regarding cluster probability, the similarity
between the fast and turbulent fluidized beds lies inh/H being the most dominant and Ug being least
dominant in both fluidization regimes. For the cluster duration and frequency, the relative influences were
different for the two fluidized beds. For the fast fluidized bed, four of the six variables (namely, dave , ρπ
,r/R, and Gs ) were approximately similar in influencing cluster duration, while dave was the most influential
on cluster frequency. The lack of a more distinctively dominant variable among the six evaluated here is
because the single most influential factor has been reported earlier to be whether the particle system was
monodisperse or not (Figure 4) 26.

As for cluster duration and frequency in the turbulent fluidized bed,h/H was by far the most dominant,
which is tied to the steep particle concentration drop with height typical of this regime2, while r/R was the
least important, which is consistent with the relatively flat radial profiles of chaotic parameters reported
earlier 11. The different variables governing the cluster duration and frequency suggest that the underlying
mechanisms leading to cluster formation were different in the different regimes.

Hosted file

image4.emf available at https://authorea.com/users/344990/articles/471345-fast-versus-

turbulent-fluidization-of-geldart-group-b-particles

Figure 3. Random Forest out-of-bag permuted predictor importance estimates for local cluster characteris-
tics. The left column corresponds to 1188 datasets from a fast fluidized bed 16,17,25, while the right column
corresponds to 378 datasets from a turbulent fluidized bed20.

In an earlier study 26, the 1188 cluster datasets in the fast fluidized bed were found to be classifiable into two
distinct data assemblies, with one composed of monodisperse particle systems (i.e., three narrow PSDs) and
the other of non-monodisperse particle systems (i.e., two binary mixtures and one broad PSD), as shown in
the cluster frequency versus duration plot in Figure 4. Clearly, the clusters from turbulent fluidization appear
to be markedly different from that of fast fluidization, particularly in terms of much higher cluster frequency.
Although the turbulent datasets consist of both monodisperse and non-monodisperse particle systems, the
data points only overlap with the monodisperse data points of the fast fluidized bed. A closer look was taken
at the data collected from turbulent fluidization to investigate if the data can be classified into distinct data
assemblies based on the monodispersity versus non-monodispersity of the particle system, per that observed
for fast fluidization (Figure 4). Figure 5 shows the plots of cluster frequency versus duration, with the
data for the different particle systems represented by different symbols. Using different colors to represent
all nine different particle systems, Figure 5a indicates no obvious demarcation into distinct data assemblies.
Using three colors to represent the three particle systems (namely, narrow PSDs, binary mixtures, and broad
PSDs), Figure 5b shows that, relative to the narrow PSDs, the maximum frequency of the binary mixtures
was approximately half of that of the narrow PSDs or broad PSDs. Figure 5c presents data for the binary
mixtures and the two constituents of narrow PSDs. Although the narrow PSD of polystyrene (PS) particles
gave high-frequency clusters, the binary mixtures did not exhibit these, but instead gave clusters with larger
durations than that of either constituent. As for the broad PSD mixtures, Figure 5d shows that the cluster
frequencies were largely similar to that exhibited by the narrow PSD, and a few clusters had durations
greater than that of the narrow PSD. Therefore, whereas the presence of particle mixtures (either binary
mixtures or broader PSDs) gave significantly lower cluster durations in the fast fluidized bed (Figure 4),
the effect is less marked in the turbulent fluidized bed (Figure 5). This again affirms that the underlying
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mechanisms governing cluster formation are different in the different regimes.

Hosted file

image5.emf available at https://authorea.com/users/344990/articles/471345-fast-versus-

turbulent-fluidization-of-geldart-group-b-particles

Figure 4. Cluster frequency versus duration. 1566 datasets, with 378 from the turbulent fluidization regime
and 1188 from the fast fluidization regime.

Hosted file

image6.emf available at https://authorea.com/users/344990/articles/471345-fast-versus-

turbulent-fluidization-of-geldart-group-b-particles

Figure 5. Cluster frequency versus duration for the turbulent fluidization regime: (a) all 378 datasets; (b)
all 378 datasets, represented by three colors reflecting three particle systems (namely, narrow PSDs, binary
mixtures, broad PSDs); (c) 210 datasets of binary mixtures and narrow PSD constituents; and (d) 168
datasets of broad PSD mixtures and the narrow PSD constituent.

Mass Flux

Using the extraction probe, both the upward and downward local mass flux at each radial position was
measured over 20 to 30 s. The overall mass flux at each axial position was calculated as the net mass flux
integrated across the riser cross-section 15,21:

Gs =
∑total radial positions
r=1 [(Gr,upward −Gr,downward) ×Ar](3)

where Gr is the measured local mass flux at radial positionr , and Ar is the annular area corresponding to
eachr . The local mass flux was normalized with respect to the overall mass flux for a fairer comparison in
view of experimental variations of±10% in Gs

15,21:

Gr,net,norm =
Gr,upward−Gr,downward

Gs
(4)

Figure 6 presents the boxplots of the overall and local mass flux data, specifically 1320 datasets from the
fast fluidized bed15 and 255 datasets from the turbulent one21. Clearly, the overall flux (Gs ) in the fast
fluidized bed was a few orders of magnitude greater than that in the turbulent fluidized bed. It should be
noted that the overall flux in the fast fluidized bed was controlled to meet targeted values by a slide valve
that controls the amount of particles entering the riser, whereas that in the turbulent fluidized bed depended
on the targeted superficial gas velocity (Ug ). As for the normalized local flux (Gr,net,norm), using the
two-sample t-test, the null hypothesis was rejected, indicating the data from the fast and turbulent fluidized
beds had different means at the 95% confidence level. Although the median values were of the same order
of magnitude for both beds, the spread of values was a lot greater for the turbulent bed relative to the fast
bed, suggesting greater radial and axial variations of local flux in the former.

Hosted file

image7.emf available at https://authorea.com/users/344990/articles/471345-fast-versus-

turbulent-fluidization-of-geldart-group-b-particles

Figure 6. Box plots of local and overall flux. For local flux, the fast fluidized bed had 1320 datasets15, while
the turbulent fluidized bed had 255 datasets21. For overall flux, the fast fluidized bed had 1320 datasets 15,
while the turbulent fluidized bed had 378 datasets 21.

To understand the relative influence of the variables on overall and local flux, Figure 7 displays the results
from the random forest analysis. For overall flux, the variables were negatively and positively correlated
in the cases of fast and turbulent beds, respectively. Two further notes on this are highlighted. Firstly, it
should be noted that the magnitude of the estimates for overall flux in fast fluidization was approximately
half that in turbulent fluidization, which is because the most dominant influence by far in the former has
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been identified to be the pressure at the bottom of the riser 27. Secondly, the positive relationship between
overall flux and particle properties (namely, dave and ρπ ) in turbulent fluidization is expected, since the
overall flux has been linked to the collisional momentum transfer effects earlier20. Specifically, it was shown
for the binary mixture of narrow PSDs of glass (referred to as ‘fine’ due to the lower terminal velocity) and
PS (referred to as ‘coarse’ due to the lower terminal velocity) that the overall flux increased then decreased
with the percentage mass of the fines (i.e., the glass species), and the non-monotonic behavior was tied
to a trade-off in which collisional momentum transfer from fine to coarse particles dominated at lower fine
contents and a decreasing amount of coarse particles dominated at high fine content. In contrast to overall
flux, the relative influences for local flux were similar between the fast and turbulent beds for local flux. With
respect to local flux, r/R was the most dominant, followed by h/H , implying the importance of position
within the riser relative to other variables. The radial dependence is expected for the fast fluidized bed
due to the well-acknowledged annulus flow behavior 19,28,29, but surprising for the turbulent bed wherein
core-annulus flow structures are not generally acknowledged to exist 4. Notably, the turbulent fluidized bed
data presented here has been shown to display more prominent radial variations of the local fluxes for some
particle systems, namely, the narrower lognormal PSDs and pure polystyrene systems21, which suggests
differences between the core and annulus flows. More studies are needed to ascertain this.

Hosted file

image8.emf available at https://authorea.com/users/344990/articles/471345-fast-versus-

turbulent-fluidization-of-geldart-group-b-particles

Figure 7. Random Forest out-of-bag permuted predictor importance estimates for local (left column) and
overall (right column) mass flux. For local flux, the fast fluidized bed had 1320 datasets 15, while the
turbulent fluidized bed had 255 datasets 21. For overall flux, the fast fluidized bed had 1320 datasets 15,
while the turbulent fluidized bed had 378 datasets 21.

Entrainment correlations typically incorporate dimensionless numbers such as Reynolds (Re), Archimedes
(Ar) and Froude (Fr), and also particle properties in terms of minimum fluidization velocity (Umf ) and
terminal velocity (Ut ) 30. The equations to calculate these parameters (namely, particle Re (Rep), relative
Re (Rei), terminal Re (Ret),Ut , Ar, Umf , and Fr) are presented in the Appendix.

Figure 8 shows the relative influence of the variables on the overall flux in the fast and turbulent fluidized
beds. Comparing the two regimes, the relative influence of the variables were different. An earlier study
has indicated that the pressure at the bottom of the riser (Pbot ) was the most influential on overall flux in
the fast fluidization regime, while other variables comparatively had a negligible influence 27. ThePbot data
was unfortunately not available for the turbulent dataset, so cannot be shown for comparison between the
regimes. Nonetheless, it can be inferred from the approximately two-fold larger magnitudes of the estimates
for the turbulent bed the relatively greater importance of particle properties, which implies thatPbot was not
as dominant an influence.

In addition, Figure 9 shows the SOM weight planes, which are useful for ascertaining the dominance of
the influence 27, of the two most dominant influencers, the least dominant influencer and also the overall
flux for each regime. Specifically, the shades reflect the weights, with lighter and darker representing larger
and smaller weights, respectively. The more similar the color gradients are, the stronger the correlation
of the variables is. Clearly, (i) the color distributions for overall flux of the fast fluidized bed are rather
dissimilar even with the top two influences (top row) shown in Figure 8, indicating a less significant effect of
particle-related properties on overall flux, since Pbot was an overly dominant influence 27; and (ii) the color
distributions for overall flux of the turbulent fluidized bed are much more similar to the top two influences
(top row), indicating a more significant influence of these particle properties related parameters. The SOM
weight planes of the least influence (bottom row) in each fluidization regime are also shown in Figure 9. For
the fast regime, the patterns are dissimilar. For the turbulent regime, some similarity in patterns with the
overall flux is evident, but lesser compared to the top influences. Thus, the SOM analysis further affirms
the more significant influence of particle properties or its related parameters on the turbulent bed relative
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to the fast one. Interestingly, although the driver for the overall flux in the turbulent bed was Ug , it had
the least influence as a standalone variable, which again emphasizes the importance of particle properties in
affecting overall flux in the turbulent regime.

Hosted file

image9.emf available at https://authorea.com/users/344990/articles/471345-fast-versus-

turbulent-fluidization-of-geldart-group-b-particles

Figure 8. Random Forest out-of-bag permuted predictor importance estimates for overall mass flux for the
fast fluidized bed 15 and turbulent fluidized bed21. 1320 and 378 datasets analyzed for fast and turbulent
fluidization, respectively. The error bars represent two standard deviations of 10 repeats.

Figure 9. SOM weight planes (100 neurons) of three most dominant influences (top row) and two least
influences (bottom row) on overall flux, as depicted in Figure 8, for the fast and turbulent fluidized beds.
1320 and 378 datasets analyzed for fast and turbulent fluidization, respectively.

Segregation

Figure 10 shows the boxplots of the segregation data (specifically, the percentage mass of the more massive
species) for both the fast and turbulent fluidized beds. The particle mixtures were either binary mixtures or
broad PSDs. Compared to the fast fluidized bed, the turbulent bed exhibited a greater spread of segregation
extents. Interestingly, although the null hypotheses were rejected for cluster and flux characteristics, the null
hypothesis cannot be rejected for the segregation datasets at the 95% confidence level, indicating that there
is no significant difference between the means of the two populations. The similarity is surprising because
segregation is driven by granular temperature 31,32, whereby larger particles dissipate more than smaller
particles, and it was expected that the dissipation would be more significant in the fast fluidized bed wherein
collisional stress was greater.

Hosted file

image11.emf available at https://authorea.com/users/344990/articles/471345-fast-versus-

turbulent-fluidization-of-geldart-group-b-particles

Figure 10. Box plots of local segregation data in terms of percentage mass of the more massive species for
binary mixtures and broad PSDs. The fast fluidized bed had 324 datasets 14, while the turbulent fluidized
bed had 190 datasets 21.

Figure 11 presents the random forest analyses of the relative influence of the variables on segregation extents.
While both axial and radial segregation are well acknowledged for risers14,21,33-36, two interesting observations
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are made with respect to the contrast between the fast and turbulent fluidized beds. Firstly, while r/R was
the most influential in the fast fluidized bed, it was the least in the turbulent bed. This is because the core-
annulus profile is generally more significant in the fast fluidized bed relative to that in the turbulent one, and
the radial profiles of chaotic parameters have been reported to be flatter for the turbulent bed 11. Notably,
this is in contrast to that for local mass flux (Figure 7), in which r/R was the most dominant influence for
both regimes. More studies are needed to understand why r/R has such significant effect on the local mass
flux but not segregation in the turbulent fluidization regime. Secondly, while h/H had a negligible influence
in the fast fluidized bed, it was more significant in the turbulent bed. This is to be expected as the particle
concentration gradient is more significant than that of the fast fluidized bed. Therefore, although Figure
10 shows the two segregation datasets from the two fluidization regimes were statistically similar, Figure 11
suggests that different mechanisms govern the segregation behaviors.

Hosted file

image12.emf available at https://authorea.com/users/344990/articles/471345-fast-versus-
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Figure 11. Random Forest out-of-bag permuted predictor importance estimates for local segregation data
in terms of percentage mass of the more massive species for binary mixtures and broad PSDs. The fast
fluidized bed had 324 datasets14, while the turbulent fluidized bed had 190 datasets21.

While the mixture compositions were fixed in both the binary mixtures and broad PSDs for the fast fluidized
bed, the percentage mass of the binary mixtures (namely, 25%, 50% and 75% of fine, which refers to the
narrow PSD glass) and also the widths of the broad PSDs (σ /dave = 10%, 25%, 40%, and 65%) were
varied in the turbulent bed. Figure 12 shows the random forest analysis of the relative influence of the
variables for the binary mixtures and broad PSDs. Although r/R was the most influential in segregation in
the fast fluidized bed (Figure 11) 25, it had little influence on both non-monodisperse particle systems (i.e.,
binary mixtures and broad PSDs) in the turbulent bed (Figure 12). Figure 12 shows clearly that the relative
influences for the two types of non-monodisperse mixtures were different, which agrees with earlier studies
that also indicated different behaviors between binary mixtures and broad PSDs 14,16,20,21,37-39. For binary
mixtures, the composition of the constituents was approximately as important as the overall mass flux (Gs

) in influencing segregation. On the other hand, for the broad PSDs, h/H was the most influential, followed
by σ /dave andGs , which were equally influential. Interestingly, in both cases, the extent of polydispersity
(specifically, represented by the percent fines for the binary mixtures and σ /dave for the broad PSDs) andGs

had similar influences on segregation.

Hosted file

image13.emf available at https://authorea.com/users/344990/articles/471345-fast-versus-
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Figure 12. Random Forest out-of-bag permuted predictor importance estimates for local segregation data
in terms of percentage mass of the more massive species for binary mixtures (90 datasets) and broad PSDs
(100 datasets)14.

Conclusion

To enhance the understanding of the difference between the fast and turbulent fluidization regimes, the
cluster, mass flux, and segregation datasets of Geldart Group B particles were comparatively analyzed. While
the fluidized beds were of different sizes, the measurement instruments used were the same, specifically, fiber
optic probes for clusters, extraction probes for local mass flux and sieve for segregation. The particle systems
investigated in both regimes included narrow PSDs, binary mixtures, and broad PSDs.

Regarding clusters, all three characteristics (namely, probability, duration, and frequency) were statistically
different between the two regimes. Relative to the fast fluidized bed, the turbulent bed gave higher cluster
probability and frequency due to higher bed density, and lower duration due to more chaotic hydrodynamics.
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For cluster probability, the relative dominance of the variables was similar for both fast and turbulent fluidized
beds, with h/H being most dominant and Ug least. The mechanisms underlying cluster formation appeared
to be different in the two regimes, because (i) the relative influences on cluster duration and frequency were
different for the two fluidized beds; and (ii) although the monodisperse (i.e., narrow PSD) systems gave
distinctly larger clusters than the non-monodisperse (i.e., binary mixtures and broad PSDs) ones in the fast
fluidized bed, the different dispersity of the particle systems gave similar cluster durations in the turbulent
bed.

Regarding local mass flux, the data from the fast and turbulent fluidized beds were statistically different,
with the latter giving a lower median. Although the median values were of the same order of magnitude,
the prevalence of downflow was much greater for the turbulent bed. While an earlier study has shown that
particle-related properties had little influence on the overall mass flux in the fast fluidized bed, it was shown
here that particle-related properties played a more significant role in the turbulent bed.

Regarding segregation, although the segregation extents were expected to be different in the two fluidization
regime to the much greater dissipation and collisional stress in fast fluidization, the segregation datasets from
the two fluidized beds were found to be statistically similar. Radial position (r/R ) was the most influential
variable on segregation in the fast fluidized bed, but the least in the turbulent one, because of the more
pronounced core-annulus profiles in the former. While h/H had a negligible influence in the fast fluidized
bed, it was more significant in the turbulent bed.

The comparative analysis of the two fluidization regimes here, therefore, provides more insights into the
differences in flow phenomena. Further studies recommended include investigation of whether and under
what circumstances does the core-annulus profile exist for the turbulent regime, and why radial position
influences local mass flux but not segregation in the turbulent bed.
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Appendix

Particle Reynolds number (Rep) was calculated by:

Rep =
Ugdaveρg

µ (A1)

where Ug is the superficial gas velocity, dave is the average particle diameter, ρg is the gas density andµ is
the gas viscosity.

Relative Reynolds number (Rei) was calculated by:

Rei =
(Ug−Ut)daveρg

µ (A2)

where Ut is the terminal velocity of the particle.

Reynolds number based on terminal velocity (Rei) was calculated by:

Ret =
Utdaveρg

µ (A3)

Terminal velocity (Ut) was calculated by:

Ut =
U∗
t(

ρ2g
µ(ρp−ρg)g

) 1
3

(A4)

where

U∗
t =

(
18
d∗ave

2 + 2.335−1.744ϕ
d∗ave

0.5

)−1

(A5)

where ϕ is particle sphericity and d∗ave was calculated by:
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d∗ave = dave

(
ρg(ρp − ρg)

g
µ2

) 1
3

(A6)

where g is gravitational acceleration.

Archimedes number (Ar) was calculated by:

Ar =
gd3aveρg(ρp−ρg)

µ2 (A7)

Minimum fluidization velocity (Umf) was calculated by:

K1Re2p,mf +K2Rep,mf = Ar (A8)

where Rep,mf is the particle Reynolds number whenUg=Umf, and K1 and K2 were calculated by:

K1 = 1.75
ε3mfϕ

(A9)K2 = 150(1−εmf)
ε3mfϕ

2 (A10)

where εmf is volumetric bed voidage whenUg=Umf.

The Froude number (Fr) was calculated by:

Fr =
(Ug−Ut)

2

gdave
(A11)
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