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In granular flow operations, often particles are nonspherical. This has inspired a vast amount of research in under-
standing the behavior of these particles. Various models are being developed to study the hydrodynamics involving
nonspherical particles. Experiments however are often limited to obtain data on the translational motion only. This
paper focusses on the unique capability of Magnetic Particle Tracking to track the orientation of a marker in a full 3-D
cylindrical fluidized bed. Stainless steel particles with the same volume and different aspect ratios are fluidized at a
range of superficial gas velocities. Spherical and rod-like particles show distinctly different fluidization behavior. Also,
the distribution of angles for rod-like particles changes with position in the fluidized bed as well as with the superficial
velocity. Magnetic Particle Tracking shows its unique capability to study both spatial distribution and orientation of
the particles allowing more in-depth validation of Discrete Particle Models. © 2017 The Authors AIChE Journal pub-
lished by Wiley Periodicals, Inc. on behalf of American Institute of Chemical Engineers AIChE J, 63: 5335-5342, 2017
Keywords: noninvasive experimental techniques, granular flow, nonspherical particles, rotation, translation

Introduction

The various applications of fluidized beds in chemical and
process industries have resulted in a vast amount of research
and literature to understand the complex hydrodynamics.
Because of the sheer size of industrial fluidized beds, research
has long been restricted to small lab scale experimental stud-
ies. These experiments1 often are restricted to pseudo 2-D sys-
tems for visual access,2’3 or the use of probes that disturb local
flow phenomena or expensive 3-D particle tracking‘l’5 or tomo-
graphic techniques.®

Since the 1990°s however the use of computer simulations
have extended the capabilities of research beyond the lab
scale. The Discrete Particle Model (DPM) has gained a lot of
interest due to its capability to represent the key features of
particulate flows more accurately. As such, the amount of
research has grown explosively, as exemplified by the review
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articles of Zhu et al.” and Deen et al.® So far most of the
research focused on spherical particles, for which the interac-
tion forces, that is, drag and contact forces, are relatively well
defined.

As roughly a decade the focus has slowly shifted to study
nonspherical particles. Especially, the number of papers on
Discrete Element Modeling (DEM) has grown exponentially.9
The collision detection for particles of arbitrary shape and size
poses a big challenge. To avoid increasing complexity even
further, most of the research has focused on granular flow
only, without gas or liquid interactions. When introducing a
fluid, particle-fluid interactions such as drag'® and the different
lift forces have to be incorporated,'' all of which strongly
depend on the relative orientation, local packing structure and
mutual alignment.

Experimental validation of these models is important to
enhance our understanding of the key parameters for the
developed models. The number of techniques that are capable
of measuring rotation or orientation of particles however is
limited. A multipositron emission particle tracking (multi-
PEPT) method was used to study the rotation of 12 mm cube
particles.'? Zhang et al.'*'* have used a combination of Infra-
red imaging and a microwave heater to study a single cylindri-
cal tracer in a fluidized bed. particle tracking velocimetry
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(PTV) is quite often used to study the rotation and orientation
of particles.'>” Vollmari et al.'"®'? reported a quite elaborate
study on nonspherical particles, studying the pressure drop
and orientation of different shapes of particles.

Recently, a novel magnetic particle tracking (MPT) tech-
nique was developed as a safer and less expensive particle
tracking technique. MPT uses a single tracer particle that has a
dipole, which allows for detection of the particle position and
orientation. It has already been used to study granular flow in
a rotating drum,?® a fluid dynamically downscaled fluidized
bed,?! spouted beds?* and fluidized beds.>*** In Buist et al.,”
we have already shown and compared the rotation behavior of
spheres in a pseudo 2-D fluidized bed, using MPT and DPM.
In this study, we will show the strength of the MPT to study
orientation and rotation of nonspherical particles in a cylindri-
cal fluidized bed.

The outline of this work is as follows; first the Magnetic
Particle Tracking technique is shortly introduced. Subse-
quently, the setup and particles are discussed. Finally results
on the translation, rotation, and orientation of the different
types of particles in a gas fluidized bed are discussed.

Magnetic particle tracking

Magnetic Particle Tracking is a technique that tracks the
magnetic field of a single magnetic tracer. The magnetic field
strength is measured with the use of Anisotropic Magnetic
Resonance (AMR) sensors. The technique and its performance
has been thoroughly discussed in our previous work; Buist
et al.>*** By positioning multiple AMR sensors around the
domain of interest the magnetic field of the marker can be
reconstructed, which is given by

) )]

~
[Fps|”

7ps=T7,—T is the vector between the particle and sensor posi-
tion, u,, the magnetic moment of the marker, e, the orientation
unit vector of the magnet, which may be characterized through
its spherical coordinate system with angles ¢ and 0. Figure 1
gives a schematic representation of this technique. The theo-
retical magnetic field strength at the sensor position and orien-
tation is given by multiplication of Eq. 1 with the orientation
vector of the sensor
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Minimization of the difference of the theoretical field
strength with the sensor data (S,,) gives the most probable
position and orientation. This is done by minimization of the
average probability function over all N sensors
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Sequential Quadratic Programming is used to solve the associ-
ated minimization problem, which allows for enforcement of
constraints on the solution for the marker position
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Figure 1. Schematic representation of the principle
behind magnetic particle tracking.
The magnetic field measured by the sensors is deter-
mined by the relative distance between the tracer and
the sensors. As well as the orientations of both the sen-
sor and the particle. [Color figure can be viewed at
wileyonlinelibrary.com]
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where the value 0.13 corresponds to the inner radius of the
sensor array. The orientation is determined by the unit vector,
with the following constraints, given in the SQP method

&)

Setup

The particles that have been used in this work all have the
same volume and density and are equivalent to 3 mm diameter
spheres. Rods with three different aspect ratios have been
used, of which the longest two were made by cutting stainless
steel 316 welding rods to the desired length. All particles were
treated in a tumbler to grind off the sharp edges resulting from
the cuts. The smallest aspect ratio rods were manufactured by
machine turning 303 stainless steel. The spheres are grinding
balls made of stainless steel 304. Because the spheres and
smallest aspect ratio rods can be magnetizeable, they were

Table 1. Particle Properties

Name Dimensions [mm] SAE Grade L/D Sphericity U [M/s]
Sphere 3.00 =0.01 304 1 1.00 2.80
Small rods 2.00 £0.02 x 4.50 =0.02 303 2.25 0.82 2.47
Medium rods 1.60 £0.02 x 7.0 £ 0.5 316 4.38 0.72 2.36
Long rods 1.20+0.02 x 12*+0.5 316 10 0.58 2.55
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annealed to remove any remaining magnetic properties. The
properties of the particles are given in Table 1. Calculation of
the minimum fluidization velocity has been performed by

determining the pressure drop over the bed as a function of the
superficial gas velocity. It must be noted that even though a
minimum fluidization velocity for the long rods has been
specified, this is actually the onset of channel formation. Fig-
ure 2 shows a picture of the spheres and the long aspect ratio
rods after annealing. The magnets used in the MPT have the

Figure 3. Overview of the 3-D fluidized setup including

the sensor array and Helmholtz coil.

[Color figure can be viewed at wileyonlinelibrary.com]

Table 2. Properties of the 3-D-Fluidized Bed[TQ2]
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same dimensions as the fluidized bed particles, but are made
of Neodymium N50 and have a magnetic moment of 0.014
Am? with its principle axis aligned along the rod length, the

Figure 4. Azimuthal profile of the occupancy in the
cylindrical fluidized bed at 2.5 m/s above
Ums, for the intermediate rods.
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Figure 5. Azimuthally averaged vertical velocity (m/s)
profiles for the spheres in a cylindrical fluid-
ized bed at 1 and 2.5 m/s above u,,; respec-
tively.

Arrows indicate main direction of flow. [Color figure
can be viewed at wileyonlinelibrary.com]

density is roughly 7400 kg/m® vs. 8000 kg/m’ for the
stainless-steel bed material. With this small density difference
the magnet is assumed to move with the main flow of the bulk
material.

The cylindrical fluidized bed is shown in Figure 3 and the
main properties are given in Table 2. The cylindrical fluidized
bed consists of a 174 mm internal diameter Perspex tube. The
distributor plate is a drilled brass plate with an open structure
of 20%. The distributor is made of aluminium. All parts
are selected to be nonmagnetizeable. The sensor array is a
MagTrack system by Matesy with 72 sensors operating at a
sampling frequency of 1000 Hz, the particle position and ori-
entation is sampled at 50 Hz. The entire setup is placed inside
a Helmholtz coil which is tuned to generate a magnetic field
that exactly counteracts the earth’s magnetic field.

Results

For the results of the MPT measurements the spheres and
the small and intermediate rods are used. Long aspect ratio
rods would not fluidize. Instead, only formation of channels
was found, caused by interlocking of the long rods. Five dif-
ferent settings for the gas velocity were chosen with incre-
ments of 0.5 m/s above u,r. An initial bed packing with an
aspect ratio H/D of 0.75 is used, corresponding to a bed height
of roughly 0.13 m. Each experiment is run for 3 h.

Subsequently, we will focus on azimuthally averaged pro-
files, meaning that we will investigate properties as a function
of the radial and vertical position. The occupancy in a grid cell
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located at a radial position r labeled by i and vertical position
h labeled by j is calculated from

Nineas
Ngridcells meﬂ;é

o0=1 pe(i))
Nineas p’ ‘

6=0 p ¢ (i,))

and then corrected for the volume of the cell, because the vol-
ume of the cell scales with the radial position. The grid size is
1 cm in the radius by 1 cm in height, there are 36 grids along
the azimuth. all cells with less than 20 samples have been set
to 0. Figure 4 shows the cumulative occupancy along the azi-
muth for the intermediate rods at the highest gas flow rate. A
more or less even distribution of particles is found along the
radius of the bed, extending to roughly 20 cm above the dis-
tributor plate and gradually decaying toward the freeboard. A
similar profile was obtained for the spheres and thus not shown
here. The bed expansion is roughly a factor 1.5 for the rods
and 1.25 for the spheres.

0(i.j)=

p=1

Linear velocity distribution

Figures 5 and 6 show the profiles of the vertical velocity for
the two types of particles at 1 and 2.5 m/s above uy. It is
remarkable to note that the circulation patterns for the rods in
Figure 6 are inverted. At 1 m/s above u, the rods move
upward near the wall and downward near the centre of the flu-
idized bed, while at 2.5 m/s above u,¢ the rods move upward
near the centre of the bed and downward near the wall. At
2.5 m/s above u,; a double circulation pattern is obtained.
This inversed flow profile was also discussed in the work of
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Figure 6. Azimuthally averaged vertical velocity (m/s)
profiles for the intermediate rods in a cylin-
drical fluidized bed at 1 and 2.5 m/s above
Ums, respectively.

Arrows indicate main direction of flow. [Color figure
can be viewed at wileyonlinelibrary.com]

December 2017 Vol. 63, No. 12 AIChE Journal


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

Aspect ratio=1 (spheres)

Uex
9z o ——25m/s
| —+—20m/s
——15m/s
01 — ——10m/s
—=—0.5m/s
W
E 00 4 ==
- — e
= \-\\
01 —
02 —
i I I ! I ! I
0.00 0.02 0.04 0.06 0.08
rm]

Aspect ratio=4.5 (rods)

Uex
02 — ——25m/s
——20m/s
T ——15m/s
——1.0m/s
0.1 ——05mis
0.0 —
0.1 —
02 —
I : I I I
0.00 0.02 0.04 0.06 0.08

r[m]

Figure 7. Height-averaged vertical velocity component along the radial positions, at different excess gas velocity

for the spheres and the intermediate rods.

[Color figure can be viewed at wileyonlinelibrary.com]

Kunii and Levenspiel.26 For shallow beds and at low excess
gas velocity down flow of solids in the centre was found,
which disappeared at higher superficial gas flow rates. The
double circulation pattern for spherical particles was also
found in Two-Fluid simulations of Verma et al.”” and experi-
ments of Laverman et al.*

The spheres in Figure 5 show an upward velocity near the
centre and a downward velocity near the wall for both 1.0 and
2.5 m/s above u,,. The absolute velocities for the circulation
patterns are higher and the double circulation pattern at 2.5 m/s

Ugx 25 mis Ugx 25 mis
2.00 2.00
0.40 0.40
175 175
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1.50 1.50
0.30 0.30
125 125
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0.03 0.06 0.03 0.06
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Figure 8. Azimuthally averaged rotational velocity mag-
nitude (rot/s), for the spherical particles (left)
and the cylindrical particles (right), fluidized
at u.,=2.5 m/s.

[Color figure can be viewed at wileyonlinelibrary.com]
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is less pronounced, but in agreement with the work of Laverman
etal?

Figure 7 shows the height averaged vertical velocity compo-
nent, where an occupancy weighted average was evaluated.
The averaged velocity profiles of the rods are very close to
zero. At low velocities above u,,¢ an inverted profile is seen
with upward flow near the wall and downward flow near the

Ugy 2.5 m/s
] 50 —
040 —| 5
0.35 —|
1 = 40 —
0.30 —|
| - 40 1
0.25 |
£ i o 30— /
0.20 —| - 30
0.15 | ] L
i 20
20 —
0.10 - 9
i 10
005 - 1
0.00 == 0 10 1
0.03 0.06 0.03 0.06
rim] m]

Figure 9. Azimuthally averaged inclination angle © (left)
and height averaged inclination angle (right)
at u., 1 m/s. Note that 6 =0 is defined as a
particle oriented in the horizontal plane.

[Color figure can be viewed at wileyonlinelibrary.com]
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Figure 10. Distribution of the inclination angle for the intermediate rods at different excess gas velocities.

The red lines indicate the random distribution for a sphere.”> Orientations of 0 and =90° are indicated below the first figure.

[Color figure can be viewed at wileyonlinelibrary.com]

centre. At higher velocities, a transition to the “normal” circu-
lation pattern is found. However, because of a strong double
circulation pattern the absolute magnitude of the averaged
velocities is small. For spheres a strong pattern is only seen for
1.5 m/s above u,,¢ and higher. This is possibly related to the
transition from a “normal” to an inverted flow profile.

Rotational velocity distribution

Figure 8 shows the azimuthally averaged distribution of the
magnitude of the rotational velocity for the spherical and
cylindrical particles fluidized at 2.5 m/s excess gas velocity.
Here, we have probed the angular velocity magnitude for rota-
tions around two axes perpendicular to the magnetic dipole
orientation e, that is, we ignored the spin around e,. The
overall magnitude of this rotational velocity is in the range of
1 to 2 rot/s which is somewhat lower than observed in a
pseudo 2-D setup as in our previous work,? this is related to
the large contributions of the wall on the rotational velocity.
This is confirmed by the slightly higher rotational velocity
near the bottom and the walls for both spherical and cylindri-
cal particles. It is however remarkable to see that the spheres
tend to rotate faster in the bulk than in the freeboard, that is,
rotation is governed by particle—particle or particle-wall inter-
actions. Conversely, the cylinders tend to rotate more in the
freeboard region and have a distinctly lower averaged rota-
tional velocity in the bulk, that is, the rotation of cylinders in
the bulk seems hampered by the particle—particle interactions
through either interlocking of the mass or mutual alignment of
the particles.

Angular distribution

The distribution of the orientation angles of the spheres is
very similar to the ideal randomly profile for a sphere and is
therefore not shown here. The distribution for the rods is far
more interesting however. The polar angle 0 ranges from 0 to
180, as shown in Figure 1, with 0 and 180 being upright and
90 being flat. Because the angles take into account the direc-
tion of the two poles, and the system feels no effect of the
earth’s magnetic field, the profiles should be symmetric along
90°. To emphasize this symmetry, we consider the inclination

5340 DOI 10.1002/aic
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angle ®, defined as 90-6, and take its absolute value in the
evaluation of averages. Figure 9 shows the averaged absolute
inclination angle at different locations in the bed at an excess
velocity of 1 m/s. Near the bottom, particles have an aver-
aged angle closer to O indicating a horizontal position, that
is, aligned with the bottom. Near the walls, the averaged
angle is larger than 32.6° indicating a preference for a verti-
cal alignment, and thus an alignment with the wall. In the
centre of the bed, the averaged angle is somewhere in
between but also smaller than 32.6° so a slight preference
for a horizontal alignment is seen. Where the orientation is
averaged along the height the preferred alignment with the
wall and the preferred angle of the bulk and bottom is shown
even more clearly. The red line at 32.6° indicates the
expected averaged angle for a random orientation distribu-
tion (behavior of spheres).

The histogram of the inclination angles (before taking the
absolute value) for the different excess gas velocities is given
in Figure 10 and shows another interesting phenomenon. At
low excess gas velocities, the rods show a preference to lie flat
while at higher gas velocities the rods show a preference for
an upright position. It might be that at lower gas velocities a
larger part of the bed is mostly at rest or gently fluidizing with
most of the rods lying flat. At higher velocities, the bed
behaves more chaotic and the particles want to align with the
wall and/or with the direction of the flow.

Conclusions

Magnetic Particle Tracking is a very powerful technique to
study both particle translation and rotation in a full 3-D cylin-
drical fluidized bed. With this technique new reference data
has been generated for validation of CFD-DEM models.® It is
expected that the effects of drag,'® hydrodynamic torque'' and
particle—particle and particle-wall interactions will largely
effect the appropriateness of these models,>> which can now
be validated with this technique. The fluidization and orienta-
tional behavior of spheres and rods equal in volume but with a
respective aspect ratio of 1 and 4.5 were studied. The particles
show a tendency to evenly distribute in the fluidized bed with

December 2017 Vol. 63, No. 12 AIChE Journal
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an inverted circulation pattern at low excess gas velocities and
a regular circulation pattern at higher velocities. The transition
between the normal and inverted circulation pattern seems to
occur later for rod-like particles.

The rotational velocity of the particles is in the order of 1-2
rotations per second, which is slightly lower than the behavior
in the pseudo 2-D system. The spheres tend to rotate more pro-
nounced in the dense zone, governed by the particle—particle
interactions, while the cylinders rotate mostly in the freeboard,
unhindered by the presence of other particles.

The orientation of the particles was also tracked. The distri-
bution of the inclination angles of the spheres was unaffected
by alignment with the geometry of the system, just as in our
previous work.*® The distribution of inclination angles for the
rods however was distinctly different, with a tendency to align
with the bed bottom and wall. Also, an effect of the superficial
gas velocity on the orientation distribution was found. At
higher gas velocities, the particles tend to align more verti-
cally, while at lower gas velocities the particles tend to align
horizontally.
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Notations
Roman symbols

d = diameter, cm
e = orientation unit vector
r = position vector, m
X, y, z= position, m
u = velocity, m/s
N = Number of
L = length, m
O = Occupancy
P = probability
W = width of the bed in pixels
H = magnetic field, A/mHeight, m
S = Sensor signal, A/m

Greek symbols

n= magnetic moment, Am2
¢ = azimuthal angle, °

o = standard deviation, °

© = inclination angle, °

0 = inclination angle, °

Abbreviations and subscripts

MPT = Magnetic Particle Tracking
DPM = Discrete Particle Model
PTV = Particle Tracking Velocimetry
PEPT = Positron Emission Particle Tracking
mf = minimum fluidization

ex = excess

i,j = counter
p = particle
S = sensor
t = theory
c = cells
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