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It is well known that hydrodynamics observed in large scale gas—solid fluidized beds are different from those observed
in smaller scale beds. In this article, an efficient two-fluid model based on kinetic theory of granular flow is applied,
with the goal to highlight and investigate hydrodynamics differences between three-dimensional fluidized beds of diame-
ter 0.10, 0.15, 0.30, 0.60, and 1.0 m, focusing on the bubble and solids flow characteristics in the bubbling regime.
Results for the 0.30 m diameter bed are compared with experimental results from the literature. The bubble size evolu-
tion closely follows a correlation proposed by Werther for small beds, and a correlation proposed by Darton for suffi-
ciently large beds. The bubble size increases as the bed diameter is increased from 0.10 to 0.30 m, and remains
approximately constant for bed diameters from 0.30 to 1.0 m. Concurrently, an increase in bubble rise velocity is
observed, with a much high bubble rise velocity in the largest bed of diameter 1.0 m due to gulf stream circulations.
The dynamics in shallow and deep beds is predicted to be different, with marked differences in bubble size and solids

circulation patterns. © 2015 American Institute of Chemical Engineers AIChE J, 61: 1492—-1506, 2015
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Introduction

The hydrodynamic behavior of gas—solid fluidized beds
(FBs) is complex, difficult to understand, and remains an
active area of research, in particular for large scale FBs.
Processes can behave in a totally unpredicted manner if the
influence of the complex hydrodynamics is ignored in these
reactors. This not only reduces the efficiency of the process
but can also lead to an economically unviable operation of
the reactor. Therefore, a proper understanding of the hydro-
dynamics of FBs is essential to improve the performance
and to achieve a rational scale-up to a commercial scale FB.
Conversely, lack of understanding of the fundamentals of
dense gas—particle flows in general has led to several diffi-
culties in the design and scale-up of these reactors.' Difficul-
ties can be associated with operating conditions and/or
reactor dimensions. Information from a small scale reactor is
used to predict the hydrodynamics in a larger scale reactor.
However, failure has been reported2 with this principle, as
flow structures in large scale reactors are quite different
from those observed in small scale reactors. Primarily, this is
caused by wall-effects which are more dominant in small
scale reactors than in large scale reactors. Solids circulation,
gas flow and gas—solids contacting patterns in large reactors
are different from those in small scale.” In small scale reac-
tors, solids move upwards in the wakes of bubbles, while for
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industrial scale reactors more complicated toroidal gulf
stream circulations, upflow in the center and downflow near
the walls, are dominant.*” The bubbles are primarily respon-
sible for improved gas—solid contact and consequently the
chemical conversion in a FB reactor. Unfortunately, the bub-
ble size, the bubble frequency, and the bubble rise velocity
are all strongly influenced by the bed size. In smaller beds
bubbles move in the form of slugs, particularly at higher
inlet gas velocities, whereas in larger beds bubbles grow in
size due to coalescence. Because of the decreased wall effect
in large scale FBs, bubbles move faster, resulting in less
exchange with the dense phase.6 These differences in the
bubble behavior directly affect the contacting between gas
and solids, and hence affect the chemical conversion. Fur-
thermore, the hydrodynamics is expected to change when
one moves from a very deep bed to a very shallow bed. A
shallow bed at fixed inlet gas velocity shows a spontaneous
oscillation of the free surface, and bubbles in a shallow bed
have no room to develop on their way to the free surface.’
Many studies®” are available on the effect of column diam-
eter on the hydrodynamics of a bubble column. To some
extent, the bubble behavior in a FB can be interpreted by anal-
ogy, but the bubble behavior in a solid bed is even more com-
plex. Therefore, it is essential to know and understand the
changes in hydrodynamic behavior in a gas—solids FB, when
scaling up from very small to very large scale, and when
changing the depth of a bed from very shallow to very deep.
Werther'” suggested a minimum laboratory bed diameter
of 0.50 m to conserve similar bubble characteristics related
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to hydrodynamics, solids distribution, heat and mass transfer.
Glicksman and McAndrews'' found that the bubble rise
velocity increases and the bubble chord length and bubble
frequency decrease with bed diameter up to 0.6 m for FBs
with relatively large particles. Particles from different classes
show different flow behavior in different size reactors. Group
A particles can achieve a condition where the rate of bubble
growth equals the rate of breakup for relatively low gas
velocity. So the average bubble size remains constant when
the maximum stable bubble size is reached. In contrast, bub-
bles grow too much larger size for Group B particles than
for Group A particles. Bubbling FBs are widely used in
industry, due to their excellent heat and mass transfer char-
acteristics and solids mobility required for efficient catalyst
regeneration. The hydrodynamics of a bubbling FB is even
more complex and known to change rapidly with change in
bed diameter. Scaling laws have been developed by many
researchers'>™'” to scale parameters, such as pressure drop and
solids holdup, with bed diameter. Knowlton et al.'* mentioned
that with increasing bed diameter, there is a leveling off of the
rate of change of the scaling to a constant value. The bed
diameter at which this leveling off occurs is different for dif-
ferent particle classifications. For Geldart B type particles the
leveling off occurs at larger bed sizes compared to Geldart A
type particles. Recently, a critical review on scale up of bub-
bling FB has been presented by Riidisiilia et al."’

Almost all studies available in the literature on the
effect of bed diameter and scale-up are concerned with experi-
mental and/or theoretical observations. Most experimental
works conclude with a recommendation for numerical simula-
tions to obtain detailed understanding of the experimental
observations and the proposed scaling laws. To our knowl-
edge, no numerical study on the effect of bed diameter on the
hydrodynamics of a full three-dimensional (3-D) FB has been
done, possibly due to the high computational costs. Fortu-
nately, with increasing computational power such numerical
simulations have become possible. In this work, we present
two-fluid model (TFM) simulations, based on the Kkinetic
theory of granular flow (KTGF), of bubbling fluidization for
Geldart B particles in a cylindrical FB with diameters of 0.10,
0.15, 0.30, 0.60, and 1.0 m, respectively. We first show the
reliability of the model by comparing results for a 0.30 m bed
with experimental measurement of Laverman et al.'” We cal-
culate the bubble size by different possible approaches, and
propose the most reliable approach. Then, we quantify the
effect of bed size on the bubble size, the bubble aspect ratio,
the bubble rise velocity, porosity distribution and solids veloc-
ity, and solids flow pattern. We also highlight the hydrody-
namic differences between very shallow beds and deep beds.

This article is organized as follows. First a short descrip-
tion of the TFM is given, focusing on the main governing
equations. Details on postprocessing of simulation data, to
calculate bubble properties, are given. Subsequently, the
results are presented, including details of the simulation set-
tings, validation, and a discussion of the results. We finish
with our conclusions.

11,16

Two-Fluid Model

The two-fluid continuum model describes both the gas
phase and the solids phase as fully interpenetrating continua
using a generalized form of the Navier—Stokes equations.lg’19
To describe the solids phase rheology, the KTGF*?! is
used. The conservation equations are given in Tables 1 and
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Table 1. TFM Governing Equations
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2. Here, the subscripts g and s represent the gas and solids
phase, respectively. Details of the TFM used in this work,
and the approach to efficient numerical solution in cylindri-
cal coordinates, have been reported in Verma et al.>*> In our
previous work,? we have presented a thorough validation of
our TFM by comparing the bubble characteristics in a
0.10 m diameter bed for different granular materials and
comparing with experimental X-ray tomography results.

Post-Processing of Simulation Data

Postprocessing of 3-D simulation data is crucial when it
comes to calculating bubble properties, in particular for the
bubble size and the bubble rise velocity. For instance, the
bubble may not remain spherical or even regular in shape
and the bubble velocity may not be effectively in the direc-
tion of flow in a large FB. Not only the bubble size and
velocity but also other parameters such as the bubble aspect
ratio, porosity distribution, solids velocity and solids circula-
tion patterns are equally important to quantify the fluidiza-
tion characteristics. Therefore, before moving on to a
detailed discussion of the results, in the following we present
our approach to calculate the bubble and solids properties.

Bubble size

To calculate the bubble characteristics, information on the
gas volume fraction (porosity), available for each computa-
tional cell in the domain of interest, is used. A threshold
porosity value in the range of 0.70-0.75 can be used to
define the bubble boundary, as justified in our previous
work.?? In this work, we have made the choice to designate
cells with a porosity larger than 0.75 as bubble cells. A
sophisticated technique of creating a cell list for individual
bubbles has been developed, and a linear interpolation of
porosities is used to calculate the precise location of the
bubble boundary in the sharp gradient between bubble and
emulsion phase. Note that most experimental measurements
of 3-D bubbles in FBs are actually pseudo-two dimensional
measurements, either in a vertical plane (intrusive probes) or
in a horizontal plane (tomographic measurements). The bub-
ble size correlations available in the literature are obtained
from such measurements. These measurements techniques
are quite fair for small bed sizes, where small and regularly
shaped bubbles are observed, which are symmetric in either
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Table 2. KTGF Closures for TFM
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of the measurement planes. However, for larger bed sizes
irregular bubble shapes are observed. Levenspiel24 pointed
out the problem of scale-up due to the difficulty of estimat-
ing a reasonable bubble size for frantically changing shapes
of bubbles in large beds. Perhaps this is an advantage for
simulations: one can obtain as detailed information as
desired. Therefore, to make a fair comparison of bubbles in
different bed sizes and also with literature correlations, we
present the bubble size as calculated from three possible
approaches. The three definitions of equivalent bubble diam-
eter, given in Eqs. 1, 2, and 3, respectively, are pictorially
shown in Figure 1. In Eq. 1, a cross-sectional plane in the
r-0 direction (horizontal plane) at a specified height is con-
sidered. This approach of calculating the equivalent bubble
diameter is similar to experimental measurements from
tomographic techniques,”>>’ where scanning of a 3-D FB is
performed instantaneously in 2-D cross-sectional planes. We
should note that researchers®~® have obtained pseudo-3-D
images of the bubbles, by using the time scale, indicating
bubble motion, in the third direction. This may lead to
inconsistencies on the bubble size because the time depend-
ent process (the bubble rise velocity) is highly dependent on
the bubble size. So to test the reliability of this approach it
is worthwhile to investigate results obtained from a similar
approach. The second approach is to calculate the bubble
size from Eq. 2, where a cross sectional plane in the r-z
direction (vertical plane) through the center of the 3-D bed
is considered. This approach is similar to intrusive probe
measurements to obtain the bubble pierced length, where the
signal of the rising bubble piercing the probes is recorded to
estimate their vertical size and motion. It is well know that
bubbles are nonuniformly distributed in 3-D FBs. Therefore,
the bubble pierced length may not represent the actual bub-
ble diameter. Although semiempirical correlations are fitted
for lateral motion of the bubble by measuring signals at dif-
ferent lateral positions in 3-D FBs, these are independent
measurements, considering signal variation at one fixed loca-
tion at a time. Nevertheless this approach of measurements
seems to be more reliable, when measuring bubbles in differ-
ent bed diameters. The most realistic approaches consider
the full 3-D volume of the bubble to obtain the equivalent
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bubble diameter. Very advanced experimental techniques are
required to calculate the actual 3-D bubble volume, such as
volumetric tomography at very high spatial resolution. These
techniques are very costly and not easy to develop. However,
simulations have a natural advantage to follow this approach:
we track individual 3-D bubble volumes and calculate the
equivalent bubble size, equivalent meaning based on a spher-
ical bubble of equal volume (Eq. 3). Information on the bub-
ble expansion in the lateral and/or in the axial direction can
be obtained from the bubble aspect ratio (Eq. 4), defined as
the ratio of maximum vertical length of the bubble to the
maximum horizontal length.

The number of predicted bubbles is used to obtain the
averaged equivalent bubble diameter. In this work, the pre-
dicted equivalent bubble diameter is compared with the cor-
relations of Darton et al.?’ and Werther.* Expressions for
these correlations are given in Table 3
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Porosity distribution

The porosity distribution function (PDF) quantifies the rel-
ative occurrence of porosities in the emulsion phase and the
bubble phase. To obtain the PDF a small porosity bin size of
0.01 is used, and the variable cell size in the computational
cylindrical domain is properly taken into account.

Bubble velocity

. . . 233132
For most experimental measurement in the literature,” "

the bubble rise velocity is calculated by cross-correlating a
bubble signal captured at two different locations, separated by
a small vertical distance. For a proper comparison, we have
also calculated the bubble rise velocity from a cross-
correlation function (CCF) of the porosity values in r-0
planes separated by a vertical distance of 15 mm. Details of
calculating this CCF have been reported in our previous
work.?® Another approach to calculate the bubble rise veloc-
ity is by using a “bubble tracking method,” considering

gas fraction
1y
0.8

Figure 1. Pictorial representation of the definition of
three different bubble diameters on a single
isolated bubble and showing planes of mea-
surement in the 3-D FB.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Table 3. Equivalent Bubble Size Correlations Compared in This Work

Author(s) Correlation

Uop- U,y (m/s) Bed Size (m)

Darton et al.

1/30+6.41)1-21

Werther De=dy [1+27(Up=Upy)]

De=0.54(Us—Uy)"* (H+4v/Ap) " g0

0.005-0.20 0.30 X 0.30

0.30 X 0.20

0.61 X 0.61
1.0
0.45

1.0

0.05-0.30

Geldart B, d, =0.00853 m

individual bubble motion. In this approach, the displacement
of the centroid of each bubble is traced. The net movement of
the centroid of a bubble with time provides the bubble rise
velocity. We have compared the predicted bubble rise veloc-
ity with the correlation of Hilligardt and Werther,>* which is
given in Table 4.

Solids motion

The solids motion in the 3-D bed is averaged azimuthally
and time-averaged to emphasize the average motion of solids
from the center to the wall. Note that in our plots not all
vectors will be shown to avoid close overlapping vectors and
to maintain clarity of the plots.

Results and Discussion

In this work, the choice of bed material and operating
conditions corresponds to those of the experimental measure-
ments by Laveraman et al.'’ They performed experiments
using positron emission particle tracking on a bed of diame-
ter 0.306 m, using different granular materials and different
superficial gas velocities. Specifically, we will focus on lin-
ear low density polyethylene (LLDPE) particles at an inlet
gas velocity of 2.5U,,.. This will allow us to compare our
simulation results with experimental measurements for a spe-
cific bed diameter, after which we will study scale-up effects
by varying the bed diameter. Details on the TFM simulation
settings can be found in Table 5. The FB dimensions, with
details of the computational grid size, are presented in Table
6. We performed simulations for a total time of 10.0 s.
Time-averaging was performed by ignoring the initial first
second to avoid inclusion of start-up effects. The quasi-
steady state is identified when the time-averaged solids cir-
culation patterns have become steady.

Grid independence, drag force comparison, and
experimental validation

Before investigating the effect of bed diameter on bubble
and solids flow characteristics, we will show the grid size
independence, drag force correlation, and experimental vali-
dation for a bed of diameter 0.30 m. It is known that numer-
ical solutions are grid dependent, where solutions obtained
on too coarse grids might not be accurate. Refined grid sim-
ulations are required to obtain accurate solutions. At the

same time, simulations on too fine grids require very small
time-steps, which simply makes them computationally too
expensive for large 3-D FBs. The proper choice of grid size
should be such that it resolves gas—solids flow structures on
the smallest relevant microscopic length and time scales. In
our previous study,”> we showed that the number of grid
cells in the azimuthal direction does not have a significant
effect; 24 to 30 cells in the azimuthal direction is sufficient
to obtain a grid independent solution. Therefore, in this
work, we take a fixed value of 30 cells in the azimuthal
direction and test the grid dependence in the radial and axial
directions. Simulation results obtained using grid sizes of 3.4
and 5.0 mm (with an equal grid size in radial and axial
direction for both cases) are compared. Figure 2a shows that
the bubble size predicted using a grid size of 5.0 mm is
slightly larger than for a 3.4 mm grid, and proportionally the
bubble rise velocity is slightly larger (see Figure 2b). This is
caused by the fact that bubbles smaller than 5.0 mm cannot
be resolved on a grid of 5.0 mm. Figure 3 shows the azimu-
thally and time-averaged solids circulation pattern, compar-
ing experiment and simulation. The simulation results show
close agreement with experimental findings, with small dif-
ferences in the lower vortex configuration, which is clear in
the simulation and diminished in the experiments. The small
differences between simulation and experimental results can
be attributed to the particle size distribution in the experi-
ments. Figure 4a shows the azimuthally and time-averaged
axial solids velocity profile at three different height. The
simulation results show close agreement with the experimen-
tal observations for the grid size of 3.4 mm. However, simu-
lation on such refined grids becomes computationally too
expensive for larger beds. Therefore, to reduce the computa-
tional efforts we have chosen to use the 5 mm grid size in
radial and axial directions. The results on bubble diameter,
bubble velocity and solids velocity do not show a significant
difference for these two different grid sizes.

Gas—particle drag plays an important role in FB reactors.
In literature, many studies are available comparing different
drag force models. However, almost all are limited to 2-D
systems. Therefore, in this study, we compare drag model
from Ergun37/Wen and Yu®® and the drag model of Van der
Hoef et al.** Figure 4b shows results obtained with both
models for a grid size of 3.4 mm, along with experimental

Table 4. Literature Correlation for Bubble Velocity for Geldart B Type Particles

Author(s) Correlation Uop- U,y (mfs) Bed Size (m)
Hilligardt and Werther ub:o_z\/50_7]\/m+l//([]0—(]mf) 0.05-0.30 0.30 X 2.0
0.67AR < 1.7 0.50 X 0.50
w={ 0.51V/AR1.7< AR < 4 1010
1AR >4
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Table 5. TFM Simulation Settings

Particle density 800 kg/m®
Particle diameter 1.1 mm
Coefficient of restitution 0.69
Initial solids volume fraction 0.6
Minimum fluidizing velocity (U,,) 0.26 m/s
Superficial gas velocity 2.5Upn¢

Van der Hoef et al.**
Srivastava et al.>
107%s

10.0 s

Gas—particle drag
Frictional stress model
Flow solver time-step
Total simulation time

results from Laverman et al.'” We choose to compare the
different drag models for the finer grid to emphasize that
even for a fine enough grid the simulation results are sensi-
tive of the drag model used. The simulation results show
close agreement with the experimental observations when
drag model from Van der Hoef et al.** is used. Superiority
of Van der Hoef et al.**model over other drag models has
previously been reported by Bokkers®® for single bubble
injection in a FB. Therefore, in this study, we used drag
force model from Van der Hoef et al.>* Note that for larger
grid sizes it becomes increasingly important to take into
account the effect of formation of subgrid scale structures on
the effective gas—solid drag. This has been modelled by Sun-
daresan and coworkers®>”*? as an adapted drag force, includ-
ing terms which depend on the local solid volume fraction
and the so-called filter size.

General bubble characteristics

Figure 5 shows instantaneous 3-D bubble contours for dif-
ferent bed diameters. This figure clearly shows that small
beds have bubbles with a regular shape in the bottom section
of the bed, and elongated bubbles in the top section of the
bed. Moving toward larger beds, the bubbles become more
chaotic and randomly shaped. Mostly bubbles are initiated
near the wall and move toward the center of the bed, driven
by the lower resistance offered in the center. We also
observe that in the largest beds, specifically for bed diame-
ters 0.6 and 1.0 m, significantly many lenticular (pancake
shape) bubbles are initiated from the bottom (see Figures
5c—e). These lenticular bubbles change to regular bubbles
within a few centimeters height. References 41, 42 also men-
tion formation of these lenticular shape cavities at the bot-
tom. They also mention that these cavities rise with great
difficulty because of its bluff shape and the viscous nature of
the bed. At a height of 5 to 6 cm these lenticular cavities
split into smaller regular bubbles. In our simulations, these
phenomena are predominantly predicted for the larger beds.

Figure 6 shows the azimuthally and time-averaged poros-
ity plots. The porosity at the center is higher for a smaller
bed and gradually decreases for larger beds, specifically in
the bottom section of the bed. The region of higher average
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Figure 2. Effect of the grid size on (a) the equivalent
bubble diameter, and (b) the bubble rise

velocity, at different height from the bottom
in the bed diameter of 0.30 m.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

porosity is the bubble active zone, which intensifies and
moves toward the center with increasing height. These plots
reveal the preferred path of bubbles through the bed. At the
distributor, for bed diameters of 0.10, 0.15, and 0.30 m, the
bubbles prefer to form at /R = 0.8, while for bed diameters
of 0.60 and 1.0 m, the bubbles prefer to form at 7/R close to
1.0 and reach the center of the bed (/R =0) at a height
approximately equal to the bed diameter. Stefanova et al.®
also observed the highest time-average local voidage at 7/
R=0 for a 0.29 m diameter bed and at r/R=0.6 for a

Table 6. Computational Parameters and Bed Size Specifications

Property Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Bed diameter (m) 0.10 0.15 0.30 0.60 1.00 1.0/2.0
Overall height of the domain (m) 0.50 0.60 0.60 1.25 1.75 0.40
Initial particle bed height (m) 0.30 0.30 0.30 0.60 1.00 0.10
Number of grids in r-direction (nr) 10 15 30 60 100 100/200
Number of grids in -direction (n0) 30 30 30 30 30 30
Number of grids in z-direction (nz) 100 120 120 250 350 80
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Figure 3. Azimuthally and time-averaged solids circula-
tion in the bed diameter of 0.30 m, obtained
from (a) experiment; Laverman et al.'” and (b)
simulation. For clarity only every third vector
in the radial and axial direction is shown.

1.56 m diameter bed, when measured at a height of 0.47 and
0.6 m, respectively. For the bed diameter of 0.10 m, above a
height of approximately twice the bed diameter the high
time-averaged porosity reveals that bubbles are moving in
the form of slugs. The round nose of a slug bubble is
observed in the 3-D bubble contours seen in Figure 5a. This
round nose shape indicates smooth slugging.** In such a
slugging bed, the solid flows past the slug in an annulus
region near the wall. This is dominant for a bed diameter of
0.1 m because of the sufficiently deep bed compared to the
bed diameter.

A local solids holdup is observed for all bed diameters in
the time-averaged porosity plot in Figure 6 at H/hy =1 near
the wall. This region is the least active bubble zone and is
created due to eruption of bubbles into the freeboard region
and flashing of particles toward the wall. The width of this
heap increases with increase in bed diameter, revealing that
bubbles erupt mostly from the center of the bed. Figure 6
also shows that the high particle shear zone (g, <0.5) in the
center becomes dominant when the bed size is increased
from 0.15 to 1.0 m. This shows that rising voids follow a
nearly perfect annulus trajectory, with solids holdup in the
bottom center and near the wall at the top. Very similar
trends in porosity gradient are predicted for bed diameters of
0.1 to 0.6 m. However, small differences for the bed diame-
ter of 1.0 m are seen, where the porosity is more widely
spread in the top section of the bed, with a lower porosity
region near the center at H/h, = 1. This shows that bubbles
in a 1.0 m diameter bed tend to not erupt in the center, or
that the bubbles do not reach the center as they travel from
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the bottom. At this stage, the argument could be that the
bubble size variation with axial and lateral position is differ-
ent in a bed of 1.0 m. We will return to this point later.

Figure 7 shows the PDF for different bed diameters, for a
height between 0.15 and 0.30 m from the bottom. The PDF
plots shows that bubble (high porosity) holdup is higher for
smaller beds and decreases for larger beds. This is consistent
with the observations reported by Volk et al.** and by Wer-
ther.'® A higher bubble holdup, in smaller beds of 0.1 and
0.15 m, is the cause of continuous chains of rising bubbles
in the center and less emulsion/dense phase surrounding
them. A decreasing trend in bubble holdup and an increasing
amount of denser phase is predicted when the bed diameter
is increased further from 0.30 to 1.0 m. Effectively this
decrease in bubble holdup with increase in bed size may
result in a decrease in mass transfer area, hence the chemical
conversion is altered."®
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Figure 4. Azimuthally and time-averaged axial solids

velocity at three different height in the bed
diameter of 0.30 m, comparing experiments
and simulations.
(a) Effect of different grids size. Solid lines represent
simulation on grids size of 3.4 mm and dashed lines rep-
resent simulations on 5.0 mm grid size in radial and
axial direction respectively. (b) Effect of different drag
force models. Line with solids symbols: Van der Hoef
et al.**, line with open symbols: Ergun®’/Wen and Yu®.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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(d)

Figure 5. 3-D bubble iso-surfaces (¢4 =0.75) for a bed diameter of (a) 0.10, (b) 0.15, (c) 0.30, (d) 0.60, and (e) 1.0 m

diameter.

Note that these images are not to (relative) scale. Actual dimensions of the beds are given in Table 6.

Bubble size

The bubble size is the most important factor in the design
and scale-up of FBs. In the literature, a very mixed under-
standing of the bubble size is available, particularly for Gel-
dart B particles in bubbling FBs. Many different correlations
are available. The best known are from Darton et al.*’ and
Werther.*® The Darton correlation is based on capacitance
probe measurement and X-ray photography in beds with a
diameter in the range of 0.30-1.0 m, whereas the Werther

Hhg [-]
Hig 1]
Hihg [-)
Hmg [-]

4
02 08 0.20.40.60.8 0.20.4 0608
R "R R[]
(a) (b) (c)

correlation is based on capacitance probe measurements in
beds with a diameter in the range of 0.45-1.0 m. Both these
correlations are dependent on excess gas velocity and height
from the bottom, but do not take into account the bed diame-
ter explicitly. Rather, the authors>>>° developed these corre-
lations by collecting data obtained from different bed sizes.
We will compare the bubble sizes predicted for different bed
diameters with these two correlations. For the Darton corre-
lation, the initial bubble size A, was set to zero, assuming
zero bubble size at zero height. The bubble size increases

Hhg -]

0.4

02 04 06 08 02 04 06 08 porosity
R[] R[]
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Figure 6. Azimuthally and time-averaged porosity plot in a bed diameter of (a) 0.10, (b) 0.15, (c) 0.30, (d) 0.60, and

(e) 1.0 m.

Initial particle bed height (h0) for (a—c) is 0.30 m, for (d) is 0.60 m, and for (e) is 1.0 m. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 7. PDF plot for different bed diameter, between
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

with increasing height from the bottom, due to bubble coa-
lescence and continuous gas extraction by the bubble from
the emulsion phase. 3-D bubbles can coalesce either by
merging of trailing bubbles or by moving sideways (in the
horizontal direction) and incorporating nearby bubbles.
Details on bubble properties predicted from simulations in
different bed diameter are discussed in the following
paragraphs.

Figure 8 shows a comparison of the three definitions of
equivalent bubble diameter in the bed of diameter 1.0 m. From
all three approaches, a monotonously increasing trend in the
equivalent bubble diameter with height is observed. However,
quantitatively different trends of bubble growth are predicted
when considering 2-D planes and the 3-D volume of the

0.20 T = 1 ¢ 4 = |1 — 0 I
DBV
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23D
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Figure 8. Comparing three different approaches of cal-
culating the equivalent bubble diameter, as
shown in Figure 1, in the bed diameter of
1.0 m as a function of height from the bot-
tom.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 9. The average bubble diameter as a function of
height calculated from (a) horizontal cross-
sectional plane (Eq. 1) and (b) central vertical
plane (Eq. 2), comparing different bed diame-
ters and literature correlations.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

bubble. It is interesting to see that D,y and D,y effectively
follow the Werther correlation, while D.;.p follows more
closely the Darton correlation. This may be due to the fact that
the Werther correlation is based on measurements of the bub-
ble pierce length, which apparently follows the definition of
D.y. Glicksman and McAndrews'! also confirmed the correla-
tion between the mean vertical bubble chord length and the
mean bubble diameter based on a log-normal distribution of
the bubble size. Our results show that only the Darton correla-
tion predicts a bubble size close to one obtained from the 3-D
bubble volume for all axial positions. Recently, Karimipour
and Pugsley45 presented a critical review on the bubble size
and the bubble velocity and found superiority of the Darton
correlation to predict the actual bubble size. Our results clearly
show that the precise approach of calculating the equivalent
bubble diameter can make a profound difference on the
obtained bubble size.

Figures 9a, b, and 10 show the equivalent bubble diameter
calculated from horizontal (D,), vertical (D,y) cross-sectional
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Figure 10. The average bubble diameter as a function
of height, calculated from 3-D volume (Eq.
3) of the bubble, comparing in different bed
diameters and literature correlations.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

planes and the bubble volume, respectively, for different bed
diameters. These figures show an increase in bubble size
when moving from smaller to larger beds. The figures also
shows that for the bed diameter of 0.10 and 0.15 m the bub-
ble size is nearly the same whether calculated horizontally,
vertically, or from the 3-D bubble volume. This can intui-
tively be expected if the bubbles are spherical and regular in
shape. Figures 9a, b shows a considerable increase in D,y and
D,y as the bed diameter is increased from 0.30 to 0.60 m and
from 0.60 to 1.0 m respectively. However, Figure 10 shows a
considerable increase in D,;.p only when the bed diameter is
increased from 0.15 to 0.30 m. For bed diameters of 0.30,
0.60, and 1.0 m, D,3.p does not show a significant difference.
This shows that bubble size is leveling off for a bed diameter
in between 0.30 and 0.60 m. Werther'® mentioned the level-
ing off in the bubble properties at a bed diameter of 0.5 m.
Our simulation results show that this statement is true if the
bubble size is determined from the bubble volume. Further-
more, other bubble properties studied in the following sec-
tions will reflect in detail the leveling off with increasing bed
diameter. Figure 10 also shows that the bubble size predicted
by the simulations are close to the Darton correlation if catch-
ment factors in their correlation is taken into account. This
might be caused by the fact that in our simulations bubbles
less than 5 mm (one grid size) are ignored in the processing.
At this stage, we can conclude that the Darton correlation
shows a close agreement throughout the height for larger bed
diameters. We suggest to use it with caution for smaller bed
diameters. For the bed diameters of 0.1 and 0.15, the Werther
correlation shows very good agreement.

Figure 11 shows the azimuthally and time-averaged bub-
ble size as a function of dimensionless radial position, con-
sidering different sections of the bed. In the bed section
from 1 to 15 cm (Figure 11a), the bubbles are larger at the
central axis for bed diameters of 0.10, 0.15, and 0.30 m,
while for bed diameters of 0.60 and 1.0 m larger bubbles are
located in an annular region between the wall and the central
axis. This is the reason why bubbles in larger bed have to
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of dimensionless radial position, averaged
between a height of (a) 0.01-0.15 m and (b)
0.15-0.30 m and (c) for bed diameter of 0.6
and 1.0 averaged between 0.01 and 0.50 m
from the bottom.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 12. The bubble aspect ratio, comparing different
bed diameters, as a function of (a) the bub-
ble diameter and (b) the height from the bot-
tom.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

move a long distance to reach the center. In the bed section
from 15-30 cm (Figure 11b), the bubbles in the center are
still smaller for a bed diameter of 1.0 m. Figure 11c com-
pares the lateral variation of bubble size in the beds with a
diameter of 0.6 and 1.0 m. The bubbles in the bed of 0.60 m
diameter attain a nearly uniform distribution, whereas bub-
bles in the larger bed of 1.0 m diameter tend to be larger at
a radial distance of about 2/3 of the bed radius. This shows
that lateral variation of the bubble size is dependent on the
bed diameter. The bubbles reach the center at a height
approximately equal to the bed diameter.

The shape of the bubbles can be estimated from the bub-
ble aspect ratio. Figure 12a shows the aspect ratio as a func-
tion of bubble size, for different bed diameters. A decreasing
trend in bubble aspect ratio with increasing bubble size is
predicted, until the bubble size equals half the bed diameter.
When the bubble size becomes larger than half the bed
diameter, the bubble starts to show vertical elongation. This
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is dominant in the smaller beds of 0.10 and 0.15 m diameter
because larger bubbles in smaller beds are expected to move
in the form of slugs. The bubbles aspect ratio observed in
beds of diameter 0.60 and 1.0 m are nearly equal, both with
flattened large bubbles. These larger bubbles show more lat-
eral expansion due to diminished wall effects and more
available space to expand in the radial direction.

Figure 12b shows changes in the bubble aspect ratio with
the height from the bottom, revealing that the bubble aspect
ratio decreases with increasing bed diameter. Flat bubbles
are predicted in the bottom section, but with increasing
height from the bottom the bubble aspect ratio increases for
all beds sizes. The bubble aspect ratio is smaller in the larg-
est bed, again revealing that bubbles have more space to
expand in the radial direction as the bed diameter is
increased. Glickman and McAndrews'' made the same
observation that the bubble chord length decreases with
increasing bed diameter up to 0.6 m for large particle FBs.
Figure 12b shows that above a height of 0.30 m, the bubble
aspect ratio is nearly constant and equal to the average value
of small and large bubble aspect ratios as projected from
Figure 12a. This shows the existence of smaller and larger
bubbles in the higher section of the bed, due to splitting of
larger bubbles.

Overall, our analysis of bubble size shows that bubbles
are initiated from the region near the wall and reach the cen-
ter at a height equal to the bed diameter. The effective bub-
ble size should be predicted taking into account 3-D bubble
volume. In the smaller beds, bubbles are small and nearly
spherical, and larger slugging bubbles are predicted above a
height of twice the bed diameter. In the larger beds, bubbles
are larger and predominantly of random shape. The bubbles
expand more in the horizontal direction in larger beds. The
bubbles predicted in bed diameters of 0.6 and 1.0 m show
similar characteristics for the bubble size and bubble shape
factor.

Bubble rise velocity

As mentioned in the postprocessing section, the bubble
rise velocity can be obtained either from tracking individual
bubbles, or by cross-correlation of porosity values between
two horizontal cross-sectional planes separated by a vertical
distance of 15 mm. Figure 13a shows the bubble rise veloc-
ity in a bed of 0.30 m comparing these two approaches.
Both approaches predict nearly the same bubble rise velocity
in a 0.30 m bed. When comparing the two approaches at a
fixed height for different bed diameters, as in Figure 13b,
the bubble rise velocity is indeed very similar for small beds
but different for the larger bed diameters of 0.60 and 1.0 m.
This may be caused by the fact that the bubble tracking
method is biased toward smaller bubbles, which rise more
slowly, and might not be accurate enough to predict the
motion of very large bubbles, which rise fast. In general, due
to the random motion of bubbles, particularly in very large
beds, calculating the bubble rise velocity from bubble track-
ing methods becomes complicated in 3-D FBs, possibly lead-
ing to inaccurate results. Therefore, we believe that for a fair
comparison between the bubble rise velocity in our simula-
tions and the literature correlation,33 the cross-correlation
technique is the most accurate one. Furthermore, bubble rise
velocity correlations available in the literature*>?* have
mostly been obtained from similar auto- and cross-
correlation techniques. Therefore, from this point onwards,
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0.30 m, and (b) compared for all bed size at
fixed height of 0.09 m from the bottom.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

0.

we will report bubble rise velocities calculated from the
cross-correlation technique.

Figure 14 shows the bubble rise velocity as a function of
height for different bed diameters. The bubble rise velocity
increases with increasing bed diameter and with increasing
bed height. This increase in bubble rise velocity with
increase in bed size is due to increase in bubble size and
diminishing wall effects. A notable increase in bubble rise
velocity is predicted for a 1.0 m diameter bed, above a
height of 0.15 m. This is due to the gulf streaming phenom-
enon, as discussed by Merry and Davidson.*® The gulf
streaming phenomenon is caused by nonuniform bubble flow
in the cross sectional area, causing a general upward solids
flow in one part of the bed, and downward in the other. Due
to the large cross-sectional area available in a 1.0 m diame-
ter bed, this phenomenon is dominant and resulting in a
higher bubble rise velocity. The gulf stream pattern will be
further discussed in detail in the later section when we com-
pare solids circulation patterns.
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Figure 14. The bubble rise velocity as a function of
height from the bottom, compared in differ-
ent bed size.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Figure 15a shows the bubble rise velocity for different
bed diameters at fixed height of 0.09 m, together with the
Hilligardt and Werther®® correlation. For a fair comparison,
the bubble size predicted from the Werther’® correlation is
used in their bubble rise velocity correlation. At this fixed
height, the bubble rise velocity increases with increase in
bed diameter, where the observed bubble rise velocity is in
closest agreement with Hilligardt and Werther correlation for
the 0.60 m diameter bed.

Figure 15b shows the bubble rise velocity as a function of
height in the bottom section of a 1.0 m diameter bed. As
expected, the bubble rise velocity increases because the bub-
bles grow with increasing height. The Hiligardt and Werther
correlation show a closed match at heights of 0.09 and
0.14 m, but above this height the simulations predict a
higher bubble rise velocity. This is due to the gulf stream
phenomenon, dominating above this height. Furthermore, the
collision characteristics of solids used here (LLDPE) lead to
a higher gas holdup, resulting in higher bubble rise velocities
at higher heights, as reported in our previous experimental
and simulation study.”® Matsen® argued that in a large bub-
bling FB, a gulf stream concentrates gas bubbles in the cen-
ter of the bed and greatly affects their velocity. The bubble
rise velocity and bed densities in such cases cannot be calcu-
lated directly from knowledge of the superficial gas velocity
and bubble size. This is also remarkable from our simulation
results for larger bed diameters. Overall, the analysis of bub-
ble rise velocity for different bed diameters confirms that the
bubbles rise much faster in the larger beds.

Solids circulation patterns

Solid particles are dragged up by the bubbles in their
wakes and, by continuity, particles will move downwards in
the regions with no or less bubbles. As a consequence, a pre-
dominantly downward flow of solids exists in regions of less
activity of bubbles, most notably near the wall. As seen
from the experimental comparison of solids circulation (Fig-
ure 3), the solids motion is upwards in the center and
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Figure 15. The bubble rise velocity for (a) different bed
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[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

downwards near the wall in the higher regions; the converse
is true in the lower regions.

Figure 16 shows the azimuthally and time-averaged solids
circulation patterns in FBs with diameters of 0.10, 0.15,
0.30, 0.60, and 1.0 m respectively. The simulations predict
two different solids circulation vortices for all bed diameters,
with differences in the vortex configurations. The center of
the solids circulation vortex at the bottom lies near the wall.
This shows that the initial bubble formation is occurring pre-
dominantly close to the wall, as already mentioned in our
earlier explanation of the porosity plots. The increase in bed
diameter eventually allows initial bubble formation even rel-
atively closer to the wall. The upper solids circulation is
elongated in smaller beds. The magnitude of solids velocity
is much higher in smaller beds. This is attributed to slugging
behavior in the top section of a smaller bed, as the bed
height is sufficiently deep compared to the bed diameter. In
the slugging region, the solids move with the roof top of the
bubble approximately equal to the bubble rise velocity. How-
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ever, in larger beds the solids are mostly carried through the
wakes of the bubble. As the bed diameter is increased from
0.30 to 0.60 and to 1.0 m, the solids move with higher
velocity due to the increase in bubble size and bubble rise
velocity. The lower vortex of solids circulation gets enlarged
and horizontally elongated as the bed size is increased, again
caused by the larger bubble size in the larger bed. The upper
vortex in the bed of 1.0 m is at a height comparable to the
initial particle bed height, indicating gulf stream circulation
as suggested by Merry and Davidson.*® They suggest these
gulf streams are introduced with an uneven distribution of
gas. The bed of 1.0 m is tall enough to create compression
of gas at the bottom, leading to an uneven gas distribution
and these complicated toroidal gulf stream circulations of
solids. Furthermore, the gulf stream circulations in the bed
of 1.0 m is clearly reflected by the higher magnitude of solid
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Figure 16. Azimuthally and time-averaged solids circu-
lation patterns in (a) 0.10, (b) 0.15, (c) 0.30,
(d) 0.60, and (e) 1.0 m diameter bed.

Initial particle bed height (h0) for (a—c) is 0.30 m, for
(d) is 0.60 m, and for (e) 1.0 m. The color bar repre-
sent the magnitude of the solids velocity in m/s. For
clarity only a reasonable number of vectors is shown.
[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 17. Comparison between shallow beds and a
deep bed for (a) the equivalent bubble
diameter and (b) the bubble aspect ratio, as
a function of height from the bottom.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

velocity descending near the wall and ascending in the cen-
ter. It should also be noted that in such deep beds the bub-
bles initiated from different directions have enough space
and time for coalescence and breakup. This will create a
more chaotic motion of the bubbles in the bed, resulting in
the unique hydrodynamics when compared with small scale
FBs. This type of gulf stream, as predicted in the bed of
1.0 m diameter, is preferred in industrial scale reactors to
limit the self-segregation and promote mixing by carrying
more solids to the top of the bed.*” Unfortunately no experi-
mental results concerning particle circulations in larger bub-
bling FBs are available.

Deep and shallow bed

Up to this point, we have focused on the influence of bed
diameter in relatively deep beds, using an initial particle bed
height of one or two bed diameters. Now we will investigate
the hydrodynamics of FBs which in a sense are the opposite,
namely very wide and shallow beds. From animations of
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Figure 18. Azimuthally and time-averaged porosity plot
in the shallow bed of diameter 1.0 m.

porosity

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

such shallow beds, we observe a more intense gas bubbling
in shallow beds, with a larger number of bubbles formed at
the bottom. In shallow beds, the bubbles do not have suffi-
cient room to fully develop on their way to the free surface.
Let us now characterize the bubble development in the
domain of interest, and compare it with a similar domain in
a deep bed.

Figure 17a shows that bubble size predicted in a shallow
bed is slightly lowered when compared with the bubble size
in a deep bed with the same diameter. No significant differ-
ence in the bubble size is observed when the bed is even
more shallow by increasing the diameter to 2.0 m. Propor-
tionally, a decrease in bubble rise velocity is also predicted
in a shallow bed (not shown). Furthermore, Figure 17b
shows that bubbles have a flatter shape in the deep bed,
which may be attributed to a higher pressure head due to the
weight of the particle bed in the deeper bed. This can also
explain the reason for the larger bubble size in a deep bed,
as the bubble expands more in the lateral direction and has a
better chance to coalesce with surrounding bubbles.
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Figure 19. PDF comparison between shallow beds and

a deep bed.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Figure 20. Azimuthally and time-averaged solids circu-
lation in a shallow bed of diameter (a) 1.0 m
and (b) 2.0 m.
The color bar represents the magnitude of the solids
velocity in m/s. For clarity only a reasonable number
of vectors is shown. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.
com.]

The time-averaged porosity in Figure 18 reveals that the
porosity distribution is almost homogenous throughout in the
shallow bed, except near the axis. Compared to a deep bed,
dense particle zones are less evident, and spontaneous bubble
formation is occurring all across the cross-section. This leads
to a bubble rise predominantly in the vertical direction. This is
also clear from the PDF plot in Figure 19 where a higher prob-
ability of dense emulsion phase is observed in the deep bed.

The solids circulation pattern in a shallow bed is very dis-
tinct from a deep bed. Figure 20 shows that an additional
solids circulation vortex is formed near the wall in the 1.0 m
diameter shallow bed. If the bed diameter is further
increased to 2.0 m, the number of circulating zones increases
correspondingly. The magnitude of the solids velocity is
higher near the axis region for both shallow beds.

Conclusions

The effect of bed diameter on bubble and solids motion has
been investigated using a TFM based on KTGF. The solids
volume fraction near the wall is higher for a bed diameter of
1.0 m and gradually decreases in relatively smaller beds. In
this work, we propose that the effective bubble diameter
should be calculated taking into account the actual 3-D vol-
ume of the bubble. The bubble size predicted from bubble
pierce length or from horizontal cross-sectional area of the
bubble, is not accurate for bed diameters greater than 0.15 m.
The bubble size generally increases with increasing bed diam-
eter. A significant difference in the bubble size is predicted
when increasing the bed diameter from 0.15 to 0.30 m. The
bubble size in a bed of diameter 0.30-1.0 m does not show
any significant difference. However, the bubbles rise much
faster in the larger bed diameter. Most notably, the motion of
bubbles in a 1.0 m diameter bed is much faster due to gulf
stream circulations. Whether the bubbles reach the center of
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the bed depends on the bed height and diameter. The height
of the initial solids bed should be at least equal to the diame-
ter of the bed for the bubbles to reach the center. Slugging
bubbles are predicted for a bed diameter of 0.10 m above a
height of 0.20 m from the bottom. Very similar bubbles char-
acteristics are predicted for bed diameters of 0.30, 0.60, and
1.0 m. This shows that a leveling off is predicted for a bed
diameter laying between 0.30 and 0.60 m. Different particle
circulation patterns are observed in different sized beds. To a
certain extent similar particle circulation patterns are seen in
beds of 0.30 and 0.60 m diameter. However, very distinct
gulf stream circulation vortices equal to the bed height are
predicted in the bed of diameter 1.0 m. This is further evi-
dence that the hydrodynamics change between very small
beds to intermediate beds, and further changes occurs between
intermediate beds and very large beds.

In shallow beds, the porosity distribution is homogenous
and relatively smaller bubbles arise compared to a much
deeper bed. Increases in solids circulating zones are pre-
dicted if the bed is shallow.

A comparison with experimental results shows that our
simulations show best agreement when using a very fine grid
size. Nevertheless, this study provides a critical comparison
for five different bed diameters. Further experimental work
is highly recommended in this area. From this study, we can
conclude that the TFM can be used to investigate gas—solids
flow in a pilot plant scale FB. This will facilitate a rational
scale-up to life-size FB reactors.
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Notation
C = fluctuation particle velocity, m-s™
g = gravitational acceleration, ms >
I = unit tensor,
p = pressure, Pa
¢ = kinetic fluctuation energy, kg-s—
velocity m-s ™'
time, s
coefficient of restitution,

1

1

AR
I

1

Uyne = minimum fluidization velocity, m-s—
A = area of bubble, m?
V = bubble volume, m?
D = equivalent bubble diameter, m
H = height from the bottom/distributor, m
R = radius of the bed, m
r = radial position in the bed, m
Z = axial position of bubble, m

X = lateral position of bubble, m

Greek letters

B = interphase momentum transfer coefficient, kg-m >.s~"'

y = dissipation due to inelastic particles collisions, kg-m ™ "s~*
&= volume fraction

p = density, kgm >

O = pseudo particle temperature, m>s~
T = stress tensor, Pa

u = shear viscosity, kg-(m-s)”!

2

Subscripts
s = solid phase
g = gas phase
p = particle
b = bubble
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mf = minimum fluidization

e = equivalent

eH = equivalent from horizontal cross-sectional plane
eV = equivalent from central vertical plane
e3-D = equivalent from 3-D bubble volume
max = maximum
min = minimum
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