Evaluation of the effect of bed thickness in bubbling fluidized beds: CFD-DEM study
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Abstract

The effect of bed thickness in rectangular fluidized beds is investigated through the CFD-DEM simulations of
small-scale systems. Numerical results are compared for bubbling fluidized beds of various bed thicknesses with
respect to particle packing, bed expansion, bubble behavior, solids velocities, and particle kinetic energy. Good
two-dimensional (2D) flow behavior is observed in the bed having a thickness of up to 20 particle diameters.
However, a strong three-dimensional (3D) flow behavior is observed in beds with a thickness of 40 particle
diameters, indicating the transition from 2D flow to 3D flow within the range of 20 to 40 particle diameters.
Comparison of velocity profiles near the walls and at the center of the bed shows significant impact of the front
and back walls on the flow hydrodynamics of pseudo-2D fluidized beds. Hence, for quantitative comparison
with experiments in pseudo-2D columns, the effect of walls has to be accounted for in numerical simulations.
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1. Introduction

Gas-solids fluidized bed reactors are widely used in the chemical industries owing to their excellent gas-solids
contact and favorable heat- and mass-transfer characteristics. Continuous efforts have been made during the past
decades to gain a thorough understanding of the fundamentals of gas-solids fluidized beds. The literature is
abundant with experimental studies on two-dimensional (2D) fluidized beds or pseudo-2D fluidized beds, which
are planar rectangular columns of limited thickness. The primary aim of these studies has been to investigate the
fundamentals of fluidization, such as bubble properties, flow patterns, and solid mixing, using non-invasive
visual or imaging techniques (for example, some recent studies include Caicedo, Marques, Ruiz, & Soler, 2003;
Shen, Johnsson, & Leckner, 2004; Pallares & Johnsson, 2006; Busciglio, Vella, Micale, & Rizzuti, 2008; and
Hernandez-Jimenez, Sanchez-Delgado, Gomez-Garcia, & Acosta-Iborra, 2011). A great amount of qualitative
information gathered from the pseudo-2D beds has been utilized to improve understanding of the flow behavior
in three-dimensional (3D) fluidized beds. Moreover, experiments in various pseudo-2D beds provide abundant
data for quantitative validation of computational fluid dynamics (CFD) codes.

In a thin pseudo-2D fluidized bed, the front and back walls restrict the solids movement to two dimensions,
leading to a quite different flow behavior from a 3D system. For example, the bubble coalescence in a pseudo-
2D bed differs from that in a 3D bed, as discussed by Geldart (1970). Additionally, wall frictional effects
substantially affect the movements of bubbles and particles. Both effects are attributed to the limited thickness of
the pseudo-2D fluidized bed. Various bed thicknesses were reported in the experimental studies of pseudo-2D
fluidized beds. For some experiments, the bed thickness was less than 10-particle-diameter to avoid 3D flow
behaviors such as variations of velocity components and gradients along the thickness direction (e.g.,
Hernandez-Jimenez, Sanchez-Delgado, Gomez-Garcia, & Acosta-Iborra, 2011). For such thin bed thicknesses,
the frictional effect from the front and back walls could be so significant that particles bridge the bed and give
uncharacteristic results (Lyall, 1969). Greater bed thicknesses help to moderate the wall frictional effect. As a
general rule, the bed thickness should be less than the characteristic length of the flow, i.e., bubble size, for most
studies (Jin & Zhu, 2001). Otherwise, the strong 3D flow pattern due to a great bed thickness causes difficulties
in detecting small bubbles using non-invasive visual or imaging technigques. Given the extensive use of pseudo-
2D fluidized beds, it is necessary to evaluate the effect of bed thicknesses to better interpret experimental
findings.

The effect of bed thickness has mainly been studied with respect to the minimum fluidization velocity, which
was consistently shown to increase as the bed thickness decreases (Kathuria & Saxena, 1987; Saxena & Vadivel,
1988; Caicedo, Ruiz, Marques, & Soler, 2002; Sanchez-Delgado, Almendros-lbanez, Garcia-Hernando, &
Santana, 2011). Moreover, it was shown that the minimum fluidization velocity of thin beds depends on the
static bed height because of wall friction. Studies by Sanchez-Delgado, Almendros-lbanez, Garcia-Hernando, &
Santana (2011) and Saxena and Vadivel (1988) suggest that the wall effect on the minimum fluidization velocity
can be neglected when the ratio between bed thickness and particle diameter exceeds 100. Several discussions on
the differences between pseudo-2D and 3D beds can be found in the literature. Geldart (1970) measured the
frequency, concentration, and size of bubbles bursting at the surfaces of pseudo-2D and 3D gas-solids fluidized
beds. They found that the diameters of bubbles bursting at the surface of a 3D bed were larger than those
observed at the surface of a pseudo-2D bed with similar flow conditions. Geldart and Cranfield (1971) measured
bubble shapes, sizes, velocities, and concentrations, as well as bed expansion and solid mixing rates in pseudo-
2D beds having large particles. In a later study, Cranfield and Geldart (1974) compared the measurements taken
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in their 61cm>2cm bed with the data obtained in a 3D bed with a cross-sectional dimension of 61cm>61cm.
They found significant differences between pseudo-2D and 3D beds with respect to voidage at minimum

fluidization, &, , minimum fluidization velocity, U, and minimum bubbling velocity, u_, . Additionally, they
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reported differences on visible bubble flow, bubble-rising velocity, and bed expansion between pseudo-2D and
3D beds. Rowe and Everett (1972) studied the influence of bed thickness in a rectangular column by varying bed
thicknesses from 0.014 m to 0.30 m using X-rays. They estimated the range of bed thicknesses for transition
from 2D to 3D behavior and found significant dependence of bubble properties on the bed thickness in the 2D
regime. Glicksman and McAndrews (1985) studied the effect of bed thickness with large particles. They
reported that the pseudo-2D bed exhibits larger bubbles, higher bubble voidage, and higher visible bubble flow
rate than the 3D bed and that the bubbles in a pseudo-2D bed rise more slowly than bubbles of a similar size in
the 3D bed. Further, they reported that the bubble behavior was independent of bed thickness if the bed thickness
is five times larger than the mean bubble diameter, suggesting the wall effect is negligible. Recently,
Lyczkowski, Bouillard, Gamwo, Torpey, & Montrone (2010) investigated the bubble characteristics in a
variable-thickness fluidized bed containing horizontal tube bank by comparing absolute and differential pressure
fluctuations. Bubble velocities in the thin pseudo-2D bed were found to be 4 to 5 times lower than those in a 3D
bed, although bubble diameters were similar in both pseudo-2D and 3D fluidized beds.

In the aforementioned experimental studies, it was clear that direct comparison of detailed flow hydrodynamics
between pseudo-2D and 3D beds is very difficult due to limitations in diagnostic tools and measurement
techniques. CFD can be a very effective complementary tool to the experiments for achieving a detailed analysis
of hydrodynamics in complex gas-solids flows (Grace & Li, 2010). Kawaguchi, Tanaka, and Tsuji (1998)
compared discrete element method (DEM) simulations of pseudo-2D fluidized beds using 2D and 3D models to
address the wall effect. For a thin fluidized bed (with a ratio between bed thickness and particle diameter of
t/d,=5) with a central jet, they reported prominent differences between 2D and 3D models at the beginning of the
fluidization process. However, once the fluidization pattern was established, the differences between 2D and 3D
model results were limited to the motion of particles near the corner. Busciglio, Vella, Micale, and Rizzuti
(2009) conducted 3D simulations of a pseudo-2D bubbling fluidized bed with exact dimensions to assess the
suitability of a 2D simulation for predicting the bubble properties in such a system. According to their
investigation, there was no significant difference between 2D and 3D simulations as far as the bubble
characteristics were concerned. However, no quantitative comparison with respect to the detailed flow
hydrodynamics was reported in their study. Feng & Yu (2010) carried out a detailed study to investigate the
effect of bed thickness on the segregation behavior of particle mixture in a gas fluidized bed. Both 2D and 3D
CFD-DEM simulations were compared in terms of solid flow patterns and microdynamic variables. Their study
suggested that both 2D and 3D simulations can capture the key features of the mixing/segregation process, but
there exist significant quantitative differences between 2D and 3D simulations. Li, Grace, and Bi (2010)
investigated the influence of the solid-phase wall boundary condition by performing 2D and 3D Eulerian—
Eulerian numerical simulations of a pseudo-2D bubbling fluidized beds. Their study suggested that the wall
effects play an important role in the CFD simulations of pseudo-2D fluidized bed. For this reason, a model that
is capable of capturing the particle-wall interaction accurately is needed for numerical simulations. Since
particle-wall interaction can be captured more directly by Eulerian-Lagrangian model than Eulerian-Eulerian
model, the Eulerian-Lagrangian approach with the flow of particles modeled at particle-scale level, such as
DEM, is preferential for studying the effect of bed thickness on the flow hydrodynamics in pseudo-2D fluidized
beds.



With the significant improvements in computational power and numerical algorithms, more and more CFD work
on multiphase flows can be found in the open literature, and remarkable progress has been made in CFD
modeling of gas-solid fluidized beds. In most CFD studies, 2D simulation is used to simulate the flow
hydrodynamics in a 3D cylindrical system, which has been shown to work reasonably well for low-velocity
fluidization, such as bubbling fluidized bed. On the other hand, 2D simulation is also used to simulate pseudo-
2D experiments for predicting the bubble characteristics (Busciglio, Vella, Micale, & Rizzuti, 2009; Li, Grace,
& Bi, 2010; Hernandez-Jimenez, Sanchez-Delgado, Gomez-Garcia, & Acosta-Iborra, 2011), and satisfactory
agreement between the 2D numerical simulations and the experimental measurements on bubble size distribution
and shape factors has been obtained. However, 2D simulations of a pseudo-2D column over-predicted bubble
velocity and solid velocity, mainly because of the ignorance of the wall effect from the front and back walls (Li,
Grace, & Bi, 2010; Hernandez-Jimenez, Sanchez-Delgado, Gomez-Garcia, & Acosta-Iborra, 2011).

In this study, Eulerian-Langrian simulations of fluidized beds with varying thicknesses are conducted by using
an open-source code, MFIX-DEM. The effects of bed thickness on the bubble behavior and solids movement are
investigated for a small-scale system. Specifically, the transition from 2D to 3D flow behavior as the bed
thickness increases is determined. In addition, a 2D simulation is conducted to reveal the differences between 2D
and 3D simulations.

2. MFIX-DEM simulation
2.1. Mathematical models

In MFIX-DEM, the discrete element method (DEM), also known as the discrete particle model (DPM), is used
to describe the solids flow at a particle-scale level. The solids phase is represented by actual individual particles
in the flow, and inter-particle collisions are directly resolved using the soft-sphere (based on a spring-dashpot
model) model of Cundall and Strack (1979) and Tsuji, Kawaguchi, & Tanaka (1993). In the soft-sphere model,
collision between particles is treated as a continuous process taking place over a finite time. The contact force is
then calculated as a function of the distance between colliding particles based on physically realistic interaction
laws using empirical spring stiffness, dissipation constant, and friction coefficient. The particle-wall interaction
is treated in the same way as the particle-particle collision. The gas-phase governing equations for mass and
momentum conservation are similar to those in the traditional gas-phase-only flow, but with gas volume fraction
due to the presence of the solids phase and additional coupling terms due to interactions between the two phases.
For the sake of brevity, the full details of governing equations along with the numerical implementation,
including the coupling procedure, are not provided here. However, interested readers can find them in Garg,
Galvin, Li, & Pannala (2010). A detailed and systematic verification study of MFIX-DEM was conducted and an
acceptable level of confidence in the code has been pursued (Garg, Galvin, Li, & Pannala, 2011).
Comprehensive validation studies on MFIX-DEM were also conducted through a series of test cases covering a
broad range of applications of gas-solids flow (Li, Garg, Galvin, & Pannala, 2011).

2.2. Simulation setup

The fluidized bed geometry chosen for the current study is 10 cm wide and 50 cm high with various thicknesses.

Spherical glass beads with diameter and density of 1 mm and 2500 kg/m? respectively are used in the current
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study considering the wide use of glass beads in pseudo-2D fluidized bed experiments. Bed thicknesses of 0.5,
1.0, 2.0, 4.0, and 10 cm, corresponding to 5, 10, 20, 40, and 100 d,, are simulated. The total particle numbers are
40,000, 80,000, 160,000, 320,000, and 800,000, respectively. The superficial gas velocity is kept constant at 0.8

m/s for all simulations, which is 1.5 times the minimum fluidization velocity, U_. , based on the correlation of
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Wen & Yu (1966). The 3D computational domain is discretized by a 5-mm uniform grid in each direction. In
order to reduce the computational time for the DEM simulation, small spring constants for particle-particle and
particle-wall collisions are used, which allows using a large solid time step. The maximum overlap between
particles is monitored during the simulation to make sure that no excessive overlap due to small spring constants
occurs (van der Hoef, Ye, van Sint Annaland, 2006). The Gidaspow drag law (Gidaspow, 1994) is employed in
the whole study to model the interphase momentum transfer. Other parameters used in the simulations are listed
in Table 1. A 2D simulation with 8,000 particles is conducted in which the bed thickness of 1-particle-diameter
is considered for studying the differences between 2D and 3D modeling. A loosely packed bed formed due to
gravity is used as the initial condition for the startup of fluidization. A uniform gas flow is fed through the
bottom boundary. The gas flow then leaves the system through the top boundary at a constant pressure. A no-slip
boundary condition is used for the gas phase at all side walls. An additional simulation with a free-slip boundary
condition for the front and back walls is conducted to evaluate the effect of the gas phase boundary condition.

Table 1.

3. Results and Discussion

To accelerate the computational speed, MFIX-DEM with OpenMP parallelization scheme was utilized.
Simulation is conducted on computer node with two Xeon gquad-core CPUs running at 2.8 GHz. A total of 10 s
of simulation is completed, with transient results recorded at a frequency of 100 Hz for post-processing. To
study the effects of bed thickness, results with respect to bed expansion, bubble behavior, and solid velocities of
different cases are analyzed after the flow reaches a fully developed state. For further investigation of certain
time-averaged quantities, such as mean velocity and mean voidage, the total simulation time is extended for
several cases of interest. In addition, results by the 2D DEM simulation are compared with the 3D simulations to
address the differences between 2D and 3D modeling.

3.1. Bed expansion

Bed expansion is one of the basic properties of a fluidized bed. The bed expansion ratio is defined as (H—Hg)/H,
where H and Hy are the bed heights at the expanded and static state, respectively. In the current study, the ratio
of the solids loading to the bed cross-sectional area is fixed for all the cases. Before the bed is fluidized, loosely
seeded particles are allowed to settle freely under the gravity for 1 second to establish the initial packing state.
Figure 1 shows the initial static bed heights for different bed thicknesses. The static bed height decreases sharply
with bed thickness up to t/d, =20, and it becomes independent of bed thickness for t/d, >20. The higher static bed
height for low bed thickness is attributed to the fact that porosity near the wall is higher than porosity in the inner
region of a packed bed. The influence of walls on particle packing decreases rapidly as the bed thickness
increases. Based on the static bed heights, packing densities can be estimated, which are consistent to the values
directly calculated in the simulations. In Figure 1, the datum point obtained from the 2D simulation with a one-

5



particle-diameter domain is shown for comparison. As no front and back walls are considered in the 2D
simulation, the static bed height is lower than that of 3D bed with a thin thickness, i.e., t/d,=5, indicating a higher
packing density. However, the static bed height of this one-layer 2D bed is greater than that of 3D beds with t/d,
> 10, mainly because of the differences between 2D and 3D sphere-packing structures.

Figure 1.

Through transient snapshots of voidage distribution for different bed thicknesses, bubbling phenomenon is
observed in all the cases except for the case with t/d,=5. For t/d,=5, the system behaves like a fixed bed with all
particles staying stationary, indicating that no fluidization occurs. Consequently, the minimum fluidization
velocity is greater than 0.8 m/s for this bed thickness. It should be noted that the minimum fluidization velocity,

U, determined from the correlation by Wen & Yu (1966) is for 3D beds with negligible wall effect. It has been

demonstrated by several studies that the wall friction increases the minimum fluidization velocity as the bed
thickness decreases. Sanchez-Delgado, Almendros-Ibanez, Garcia-Hernando, & Santana (2011) developed a
correlation for determination of the minimum fluidization velocity in pseudo-2D fluidized beds based on the
experimental results obtained in pseudo-2D beds with different particle sizes, bed thicknesses, and bed heights.

The ratio between minimum fluidization velocity of a pseudo-2D bed, U, , , to that of a 3D bed, U, , is given

mf

as

b
umf 2D — . d_p
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where t is the bed thickness, and a and b which are fitting parameters based on the experimental data, reading
as 8.5 and 1.6, respectively. Ratios between U, ,, and U, for t/d,=5, 10, 20, and 40 are calculated to be 1.91,

1.24,1.07, and 1.02, respectively. For the case with t/d,=5, the minimum fluidization velocity is predicted to be
about 1 m/s, based on this correlation. This is in accordance with the fixed bed behavior predicted by the
numerical simulation for t/d,=5. In numerical simulations, it is difficult to measure the expanded bed height due
to vigorous eruption of bubbles at the bed surface for most cases. For this reason, the axial profile of the cross-
sectional average solids holdup as shown in Figure 2 is generally used to estimate the expanded bed height.
However, no systemic conclusion can be obtained from the current results. Additionally, as seen in Figure 2, the
solids holdup for the 2D simulation with 1-particle-diameter thickness is similar to that of the 3D simulations. To
be more accurate, an average particle height in the fluidized bed proposed by Goldschmidt, Link, Mellema, &
Kuipers (2003) is examined. The average particle height is defined as

()= 2o @
1

where . is the height of i th particle, and N is the total particle number. The average particle height oscillates

due to movement of bubbles. Table 2 depicts the time-averaged values of average particle height over 5 seconds
for all cases. The bed expansion behavior is consistent with the solids holdup profile in Figure 3. Only small
differences are observed for t/d, > 10, which might suggest that the wall effect on bed expansion is negligible
once the bed is fluidized. The time-averaged particle height for the case, t/d,=40, slightly differs from other t/d,
>10 cases. The reason for this deviation is not clear, although it could be that the bed almost completes the
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transition from 2D flow to 3D flow at this thickness and starts to present strong 3D bubble behavior. For t/d,=5,
the standard deviation of <h> is close to zero as the bed behaves like a fixed bed. It is observed that the eruption
of bubbles at the bed surface in the 3D simulations is more vigorous than in the 2D simulation, which explains
the slightly lower particle height and standard deviation predicted by the 2D simulation.

Figure 2.

Table 2.

3.2. Bubble behavior

Digital Image Analysis (DIA) is widely used in pseudo-2D fluidized beds to obtain such relevant bubble
parameters as bubble size distribution, shape factor, frequency, and rising velocity. However, there are certain
limitations in this non-intrusive experimental technique. For example, the bed thickness must be thin enough so
that the bubbles span throughout the bed thickness for detection. According to Harrison (1961) and Jackson
(1963), a bubble could be as small as a 10-particle-diameter. Hence, the bed thickness should be small enough in
order to measure most small bubbles. On the other hand, the ratio of bed thickness to particle diameter should be
greater than 10 in order to avoid the particle bridging effects. In this study, we compare the transient bubble
behavior of different bed thicknesses to determine the bed thickness suitable for DIA measurement. A threshold
value for the voidage is needed to define a bubble. Different values of 0.75, 0.8 and 0.85 have been used in the
literature (e.g. Halow, Fasching, Nicoletti, & Spenik, 1993; Kuipers, van Duin, van Beckum, & van Swaaij,
1993; McKeen & Pugsley, 2003). Figure 3 shows the transient iso-surface plot of voidage at 0.75 for different
bed thicknesses (similar phenomenon can be observed for voidage of 0.8 and 0.85). For most imaging technigques
used in the pseudo-2D fluidized bed experiments, only bubbles open to both walls can be detected. Given this
fact, the bubble surface should be normal to the front and back walls for accurate bubble edge detection, which is
the case for low bed thicknesses such as t/d,=10 and 20. However, this is not true for greater bed thicknesses,
where bubbles demonstrate strong three-dimensional characteristics as shown in Figure 3 (d) for t/d,=40. The
bubbles close to the bed surface and attached to the back wall in Figure 3 (d) will not be detected using the
imaging technique. Furthermore, even for the bubbles spanning throughout the bed thickness, the bubble
diameters might be underestimated during the measurement, as only a portion of the bubble is open to both
walls. As far as the 2D bubble behavior is concerned, the bed thickness should not exceed 40-particle-diameter
for the small system under consideration. The bubble behavior predicted by the 2D simulation with t/d,=1 is
shown in Figure 3 (a) for comparison. Since wall effects are not included in the 2D simulation, the bubble shape
differs from that of 3D simulations to certain extent. The bubbles are less spherical and occasionally exceed half
of the bed width, behaving like slugs.

Figure 3.

3.3. Solids velocities

Particle Image Velocimetry (PIV) is often used to measure the instantaneous particle velocity in pseudo-2D
fluidized beds by coupling with the DIA measurement. Combination of these two non-invasive measuring
techniques allows accurate measurement of the mean particle velocity in the dense emulsion phase, as reported
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in many experimental studies (e.g., Laverman, Roghair, van Sint Annaland, & Kuipers, 2008; Sanchez-Delgado,
Marugan-Cruz, Acosta-Iborra, & Santana, 2010; Hernandez-Jimenez, Sanchez-Delgado, Gomez-Garcia, &
Acosta-Iborra, 2011). Since most PV measurements in fluidized beds are limited to the particles close to the
transparent wall, it is critical to understand the difference between the particle velocity along the wall and
particle velocity inside the flow field. To this end, the mean particle velocities close to the front wall are
compared to those along the middle cut-plane for different bed thicknesses.

In MFIX-DEM simulations, high-frequency data of individual particle position and velocity are generated. In
addition, in each computational cell the mean particle velocity used for calculation of the inter-phase coupling
due to drag is saved at the same frequency. Due to the coarse computational grid, the mean particle velocity in
the Eulerian framework might not be sufficient for investigating the velocity gradient due to the wall effect.
Consequently, data of individual particle velocity are analyzed here. The mean particle velocity is simply
calculated as

1 M
v.(X,Y,2) :MZV‘ (3)

M is the number of particles passing a small domain at the position (X,y,z) during a specified time interval.
There are different methods to obtain the mean solid velocity. For example, to be consistent with the particle
velocity reported in the two-fluid model (TFM) simulations, the mean particle velocity field can be obtained
through the time-average of particle velocities in the Eulerian framework. By coupling the voidage distribution
and particle-velocity measurement to eliminate the influence of particles raining from the roof of bubbles, one
can obtain the same mean particle velocity of the emulsion phase as reported by Laverman, Roghair, van Sint
Annaland, & Kuipers (2008). Here, the approach based on Equation (3) is used due to its simplicity. This simple
method is enough for revealing the difference between particles velocities close to and far from the wall. Figure
4 presents the profiles of mean vertical particle velocity close to the wall and in the inner region at the height of
40 mm for different bed thicknesses calculated over 5 seconds. For small bed thicknesses of 10d, and 20d,, the
difference between particle velocity close to the wall and that along the central cut-plane is quite small, as the
friction effect from the front and back walls dominates the flow. The difference becomes significant for greater
bed thicknesses as shown in Figures 4(c) and 4(d) since the wall friction dissipates rapidly through a thin shear
zone along the wall and becomes less dominant (Nedderman & Laohakul, 1980). Similar results can be obtained
for the horizontal component of particle velocity. This result is consistent with the bubble behavior presented
before, as bubbling is an important factor driving the solids movement. The transient snapshots of particle
velocity in the dense regions are examined and show the same qualitative trend as depicted in Figure 4 for
different bed thicknesses.

Figure 4.

3.4. Effect of bed thickness on third dimensional velocity

The effect of walls on the velocity along the thickness of fluidized bed is evaluated by analyzing the kinetic
energy of the particles. The mean particle kinetic energy is calculated as the sum of contributions from all three
directions.



k=K, +k, +k, (4)

where K, , ky , and k, are contributions due to the velocity component in the width, height, and thickness

directions, respectively, and are calculated as

N

K, = U7 (5)
m N

K =on 2 (6)
N
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where m is the mass of the particle and N is the total number of particles inside the system. Figure 5 shows the
instantaneous variations of k_, ky , k,, and k for t/d,=100 from 5 s to 10 s after the flow is fully developed. As

can be seen from the plot, the mean particle kinetic energy fluctuates, presumably due to bubble movements. As
seen in Figure 5, the contribution from the vertical particle velocity dominates the mean particle kinetic energy
because of the fluidizing gas flow. Due to square cross section of the bed, the contributions from velocities in X
and Z directions are of similar magnitude.

Figure 5.

The time-averaged mean particle kinetic energy, K, and its z-component, k, over 5 seconds are reported in
Figure 6 (a) for different bed thicknesses. The particle kinetic energy, K , increases with the bed thickness and
then levels off at t/d,=40, while the component, k, , increases with the bed thickness monotonously. Again, it

should be noted that no wall friction from the front and back walls is considered for t/d,=1, and the result for
t/d,=5 is not included as no particle movement is predicted under such a condition. To further quantify the 3D

effect, the ratios k,/K andk,/k, are shown in Figure 6 (b). The z-component contributes less than 2% of the

total kinetic energy for t/d,=10 and 20, and increases to 6% for t/d,=40 and 15% for t/d,=100. A similar trend
can be observed for k, /K, . The results from this study suggest that cases with t/dp=10 and 20 show good 2D

flow behavior, and transition from 2D to 3D occurs around the bed thickness of 40d,. In this range (20~40dp), it
is expected that the wall friction effect starts to dissipate, and the flow is very sensitive to the bed thickness.
However, no clear transition can be determined due to the limited bed thicknesses studied here.

Figure 6.

3.5. Further discussions

In the above analyses, the last 5 s of 10 s simulation are used to obtain time-averaged properties, such as bed
height, particle velocity profiles, and mean particle kinetic energy. To ensure the results are independent of the
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time span used for averaging, simulation time of the case t/d,=20 has been extended to 30 seconds. Figure 7
shows the time-averaged particle heights and mean particle kinetic energies obtained for different simulation
time spans. The average values obtained remain the same for time spans greater than 5 s. However, comparison
of time-averaged solid-velocity profiles for different time spans (Figure 8) shows that at least 10 s averaging is
required for the mean solid velocity. The velocity profiles shown in Figure 8 are time-averaged based on the
solid velocity in each computational cell, which is consistent with the definition used in most literature. It should
be noted that the finding depicted in Figure 8 does not affect the conclusion on solid velocities drawn in Section
3.3 since no direct comparison between different cases was used.

Figure 7.

Figure 8.

The boundary condition imposed on the gas phase has been reported to profoundly affect the particle flow
behavior in past CFD-DEM simulations of the segregation process of the binary particle mixture in fluidized
beds (Beetstra, van des Hoef, & Kuipers, 2007). Hence, different wall boundary conditions for the gas phase at
the front and back wall might affect the solids flow, considering the limited grid resolution in the thickness
direction. To verify this, the effect of boundary condition for the gas phase has been investigated for the case
with t/d,=20, where no-slip and free-slip boundary conditions at the front and back walls are tested. The effect of
those boundary conditions on the left and right walls are not investigated since their effects are of less concern in
the current study. Both time-averaged particle height and particle kinetic energy are compared for no-slip and
free-slip boundary conditions, and the differences are about 1% only. Figure 9 compares the lateral profiles of
the mean vertical particle velocity and voidage at the height of 50 mm, extracted from 20 s simulations. The
effect of the gas-phase boundary condition at the front and back walls is negligible for this small bed thickness.
It is likely that the effect of the gas-phase boundary condition increases with the bed thickness. Beetstra, van des
Hoef, and Kuipers (2007) revealed that the gas phase boundary conditions for the left and right side walls of a
pseudo-2D system have a large effect on the segregation behavior, which is not investigated in the current study.
Based on their finding, it might be expected that as the bed thickness increases, the effect of gas phase boundary
conditions of the front and back walls becomes significant.

Figure 9.

The effect of particle rotation on particle kinetic energy has been evaluated in a similar manner to that of
translational kinetic energy. The mean particle rotational kinetic energy is found to be less than 1% of the
translational kinetic energy for the case with t/d,=20. Hence, its effect on the gas-solid flow field has been
neglected in the current study. For real systems with non-spherical particles, the particle rotation will be critical
and might affect the bubble behavior.

In the current study, the width of the system (100d,) and ratio of solids loading to the cross sectional area are
fixed, and the bed thickness is varied between 5d, and 100d,. It is observed that the bed starts to present strong
3D behavior in both bubble and solids flow for t/d,=40 and the flow in the vicinity of the wall is not
representative of the gas-solid flow in the interior of the bed. In order to confirm that the above observations are
independent of the width of the bed and solids loading, a simulation with larger bed width (200d,) and static bed
height is performed for t/d,=40. In this simulation, a total of 1.2 million particles aere simulated. Similar 3D

10



bubble behavior is observed in the simulation of large bed, especially in the lower region where small bubbles
dominate. As far as the 2D bubbles are concerned, the bed thickness should not exceed 40-particle diameters.
However, the system with larger width and height does show somehow stronger 2D behavior as the ratio
between mean bubble size and bed thickness increases. The mean particle kinetic energy increases by a factor of

2.5 compared to that of the small system because of larger bubbles. At the same time, the ratio of k, to K is 2%,

which is smaller compared to that of the small bed, 6%, suggesting that the increasing width and height promotes
the 2D flow behavior to certain extent.

In this study, a 2D simulation (t/d,=1) is presented for comparison with other 3D simulations of various bed
thicknesses. Figure 10 compares the time-averaged profiles of vertical solid velocity and voidage at the height of
50 mm, extracted from 20 s simulations for three bed thicknesses. As shown in Figure 10, there exist significant
differences between 2D and 3D simulations. In recalling the different bubble behavior presented before, we see
that the 2D simulation does not show resemblance to either the thin pseudo-2D bed or the square 3D bed. In
addition, there are several limitations of the 2D DEM simulation that should be aware of. It has been generally
accepted that there is no good way to determine the voidage in a 2D DEM simulation for the inter-phase drag
force calculation (van Wachem, van der Schaaf, Schouten, Krishna, & van den Bleek, 2001). The voidage can be
calculated based on the area occupied by the particles in a grid cell. However, this is inconsistent with the
empirical correlations for the inter-phase drag force, based on the volume fraction in 3D systems. Hoomans
(2000) and Ouyang and Li (1999) proposed similar expressions to convert the 2D voidage based on area to a 3D
voidage based on volume, by linking the 2D hexogonal lattice packing to the 3D face-centered cubic (FCC)
packing. With this method, the packing density in the dense region tends to be over-predicted by 2D simulations,
leading to under-prediction of the minimum fluidization velocity. Alternatively, voidage can be calculated as in a
pseudo 3D domain with a thickness of one-particle-diameter, as used by Kawaguchi, Tanaka, & Tsuji (1998) and
Xu and Yue (1999). This approach tends to over-predict the minimum fluidization velocity as discussed by Li
and Guenther (2011). Li and Guenther (2011) proposed a simple method of linking the 2D particle flow to a 3D
system to overcome the under- and over-prediction of particle packing in most 2D DEM simulations. However,
their method is quite trivial and needs the experimental measurement on minimum fluidization velocity and
voidage for calibration. For these reasons, we simply set the bed thickness to 1-particle diameter for the
gualitative investigation in the current 2D simulation. Overall, the 2D DEM simulation is not recommended for
guantitative simulation of either pseudo-2D or real 3D systems. However, it can be used as an efficient tool for
qualitative study.

Figure 10.

It is necessary to discuss the limitations of this current study and its conclusion. First of all, the numerical
simulations conducted are for a small-scale system with relatively coarse particles, and only one flow condition
(superficial gas velocity) is considered. Hence, the conclusion drawn from this study might not be applicable to a
large system with small particles operating under various flow conditions. No comprehensive parametric study
on particle properties, such as density, particle size, and frictional coefficient, was completed due to the high
computational cost of DEM simulations. A grid-independent study still needs to be conducted since it has been
reported to affect the DEM simulation of segregation. To briefly address the effect of grid resolution in the
current study, an additional simulation was conducted for t/d,=10 by using a grid size of 3.3d,. The lateral
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profiles of mean particle velocity and voidage are shown in Figure 10 for comparison. The results of fine grid
differ slightly from that of coarse grid. However, the overall difference is negligible compared to the discrepancy
caused by different bed thicknesses. The results of the current study also suffer from the inherent limitations of
DEM simulations. For example, perfect spherical particles are used to study the particle-wall interaction, while it
is usually expected that the non-spherical particles experience more friction than spheres. Hence, with non-
spherical particles, the wall frictional effect might become more evident and propagate farther into the flow. For
highly irregular-shaped particles, a thicker bed is recommended to avoid an excessive wall friction effect (Lyall,
1969). In addition, the wall effects on the gas flow are accounted for through particle-gas drag force. However,
more detailed effects, limited to 1- or 2-particle layer close the wall, are not captured in DEM simulations. To be
more specific, the porosity has a limiting value of unity at the wall, and then its magnitude oscillates with
decreasing amplitude away from the wall. DEM is capable of predicting this phenomenon. However, the current
CFD model is not able to resolve its influence on the gas flow due to the large grid size required by the CFD-
DEM coupling. To fully resolve the gas flow field variation, a first-principle direct numerical simulation (DNS)
is needed (e.g. Yu & Shao, 2010; Xiong, Li, Zhou, Fang, Xu, Wang, He, Wang, Wang, Ge, & Li, 2011).
However, it is still computationally prohibitive to conduct gas-solids fluidized bed simulations using DNS.
Finally, caution should be taken when applying the conclusion from this study to a pseudo-2D system with
baffles and tubes, since the insertion of such structure usually promotes the 2D behavior.

4. Conclusions

In this study, we investigated the wall effect on the solids flow behavior in fluidized beds with various
thicknesses through numerical simulations. The complex particle-wall interaction is modeled by a particle-scale
model, DEM. Based on the numerical results on bubbles, solids velocities, and particle kinetic energy, it is found
that cases with bed thickness of 10d, and 20d, present good 2D flow behavior. The bed starts to present
significant 3D behavior for the case with a bed thickness of 40d,, suggesting the transition from 2D flow to 3D
flow occurs between 20~40d,. The applicability of the conclusion drawn through a small numerical system to a
big system has been discussed and limitations of the current study are presented. Due to the inherent limitations
of CFD-DEM approach, a direct numerical simulation (DNS) is believed to be preferential to accurately
investigate the transition from 2D flow to 3D flow. However, the current study does provide certain insights on
the wall effect in pseudo-2D systems with different thicknesses which should be beneficial to design of a 2D
experiment and interpretation of the experimental finding. Overall, the friction of front and back walls is
demonstrated to have a significant impact on the flow hydrodynamics of pseudo-2D fluidized beds and it cannot
be ignored in numerical simulations. For this reason, 2D simulations that ignore the wall effect of pseudo-2D
experiments and exclude the effect of a third direction should be used cautiously for quantitative prediction.
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d Particle diameter m

H bed height m

H,  static bed height m
h particle height m
k kinetic energy J

m particle mass kg

N total particle number -

U,  Minimum bubbling velocity — m/s

U,  minimum fluidization velocity m/s
v velocity m/s

t bed thickness m

X,y,z coordinate m

Greeks

0 standard deviation of particle height —m
&y Vvoidage at minimum fluidization -
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Figure 11. Static bed heights for different bed thicknesses.
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Figure 13. Transient snapshots of bubble behavior for different bed thicknesses (iso-surface of voidage of 0.75): (a)
t/dy=1, 2D; (b) t/dp=10; (c) t/d,=20; (d) t/d,=40.
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Figure 14. Profiles of mean vertical particle velocities over 5s close to the wall and in the inner region at the height of
40 mm for different bed thicknesses: (a) t/d,=10; (b) t/d,=20; (c) t/d,=40; (d) t/d,=100.
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Figure 17. Variations of time-averaged particle height and mean particle kinetic energy for different averaging time

spans (t/d,=20).

M
o
m
=
&

netic energy (J)

+2.3E-08

kis

particle

r» Mean

.0E-08

e
N

T
L
)
& 4151
o [
1] r 2 _.m------B---__
g | -, wooo--m
t I V4
g 41_— ,
'g L s
L i
g |m
o 405
> L
o |
q’ -
E I
[ 4 . L - 1 M | 1
0 10 15 20
Averaging time (s)
(a)
--C m------ - -
!
ra
Vs
V'
/
Vs
F
7
L L 1 L 1 L L L L L 1
5 20

0 5
Averag}ng time (s)

23

(b)



—_ = N
o o ©o O O

Vs (cm/s)
n

-~
o

n
o

!

no L
2] [&)]
o\\\II\I\\I\\\II\\I\ll\\\I\\\II\\I\I\\\II\\I\

Figure 18. Variations of mean vertical particle velocity for different averaging time spans at the height of 50 mm
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thicknesses.
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Table 3. Parameters used in the MFIX-DEM simulations.

Property Value Property Value
Particle diameter, d, 1 mm Particle density 2500 kg/m®
Normal inter-particle 800 N/m Normal particle-wall 800 N/m
spring constant spring constant

Tangential inter-particle 229 N/m Tangential particle-wall 229 N/m
spring constant spring constant

Inter-particle restitution 0.97 Particle-wall restitution 0.97
coefficient coefficient

Inter-particle friction 0.1 Particle-wall friction 0.1
coefficient coefficient

Gas density 1.2 kg/m’ Gas viscosity 1.8e-5 Pa.s
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Table 4. Time-averaged particle heights and standard deviations for different bed thicknesses.

vd,=1 t/d,=5 t/d,=10 t/d,=20 t/d,=40 t/d,=100
<h> (cm) 4.04026 | 4.472902213 4.16992 4.12329 42125 4.11026
5 (cm) 0.16756 | 6.83757E-08 0.20018 0.20997 0.3164 0.21778
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