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Abstract

In biomass processing fluidized beds are used to process granular materials where

particles typically possess elongated shapes. However, for simplicity, in computer

simulations particles are often considered spherical, even though elongated particles

experience more complex particle–particle interactions as well as different hydrody-

namic forces. The exact effect of these more complex interactions in dense fluidized

suspensions is still not well understood. In this study we use the magnetic particle

tracking technique to compare the fluidization behavior of spherical particles to that

of elongated particles. We found a considerable difference between fluidization

behavior of spherical versus elongated particles in the time-averaged particle velocity

field as well as in the time-averaged particle rotational velocity profile. Moreover, we

studied the effect of fluid velocity and the particle's aspect ratio on the particle's pre-

ferred orientation in different parts of the bed, which provides new insight in the flu-

idization behavior of elongated particles.

K E YWORD S

fluidization, elongated particles, particle orientation, particle velocity

1 | INTRODUCTION

Fluidized beds are encountered in many industrial applications such as

gasification, drying, coating, food processing, and gas phase polymeri-

zation. In many of these processes the fluidized particles have a non-

spherical shape. This is particularly the case in biomass processing

which is rapidly gaining importance because of the need to switch to

more sustainable energy and material sources. Biomass such as wood

chips, wood pellets, and straw-like materials are characterized by an

elongated shape. Elongated particles feature much more complex

particle–particle interactions as well as complex hydrodynamic forces

that depend on particle shape and orientation to the flow. This creates

a need for better understanding of fluidization of elongated particles

which explains why such systems have received considerable atten-

tion in recent years. Fluidization of elongated particles such as cylin-

ders, ellipsoids, and spherocylinders has been the topic of several

numerical investigations.1-5 More fundamental research has also been

conducted to obtain a better understanding of the hydrodynamic

forces acting on individual elongated particles.6-9

Experimental investigations for validation of computational

models for dense gas–particle flows are still quite scarce, especially

for three dimenensional (3D) systems. The best established and

mostly used noninvasive technique is PIV-DIA,10 but it is limited to

quasi-two dimensional systems. The first experimental research on

fluidization of nonspherical particles was carried out using this tech-

nique.1,11,12 For 3D systems, X-ray tomography (XRT) has been widely

used for fluidized beds with spherical particles.13-16 For most particle

sizes, this technique can only provide insight in the bubble behavior of

fluidized beds and unfortunately no information on the particle orien-

tation, which is an important parameter for nonspherical particles. The

latter requires particle tracking techniques. Recently, X-ray particle

tracking velocimetry was used to investigate binary fluidized beds
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with cylindrical particles.17,18 X-ray rheography is a novel technique

that can be used to obtain velocity fields for 3D granular systems.19,20

Positron emission particle tracking (PEPT) is another established parti-

cle tracking technique,21,22 which has also been successfully used to

track the orientation of nonspherical particles.23

The disadvantage of employing techniques like XRT and PEPT is

that they require special facilities and safety measures. Therefore, the

application of these techniques is challenging. Magnetic particle track-

ing (MPT)24-30 has emerged as a novel experimental technique that

has proven to be less expensive and safer than XRT and PEPT. MPT

relies on following a magnetic dipole of a single tracer particle which

allows tracking of the particle position, together with its orientation.

In this work we use the MPT technique to investigate the fluidiza-

tion behavior of elongated particles. In particular, we will investigate

spherocylinders of different aspect ratio, representative of biomass

particles. We compare the fluidization behavior of spherocylindrical

particles of two aspect ratios: aspect ratio 4 (AR-4) and aspect ratio

6 (AR-6), with that of spherical particles (AR-1), for several superficial

gas velocities.

2 | MAGNETIC PARTICLE TRACKING

The principles behind MPT technique are thoroughly discussed in Ref-

erence 24. Here we only present a short summary. MPT is an experi-

mental technique which relies on tracking a single magnetic marker.

The magnetic tracer particle generates a quasi-static magnetic field,

given by:

�H �up,�rpsð Þ= 1
4π

−
μm�up
�rpsj j3

+
3μm �up��rpsð Þ�rps

�rpsj j5
 !

ð1Þ

where �rps =�rp−�rs is the relative position vector between the tracer

particle and the sensor, μm is the magnetic moment of the tracer

(a) (b)

F IGURE 1 (a) Full experimental setup, (b) close-up of the column with sensor array. 1-fluidized bed, 2-sensor array, 3-Helmholtz coil, and
4-humidifier [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Dimensions and properties of the experimental setup

Fluidized bed

Parameter Value

Width 0.15 m

Depth 0.15 m

Height 1 m

Column material Aluminum

MPT sensor array

Parameter Value

Sensor type Tri-axis AMR

Number of sensors 24

Height 0.45 m

Distance between opposing sensors 0.26 m

Frequency 1,000 Hz

F IGURE 2 Three dimensional printed alumide particles of aspect
ratio AR-1, AR-4, and AR-6 [Color figure can be viewed at
wileyonlinelibrary.com]
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particle, and �up is its unit orientation vector. The magnetic field gener-

ated by the tracer particle is detected by employing multiple aniso-

tropic magneto resistive (AMR) sensors. The tracer particle position

and orientation is estimated by minimizing the difference between the

theoretical and measured magnetic field strength of all sensors. The

theoretical magnetic field strength is calculated for each sensor based

on its position and orientation by multiplying Equation (1) with the

orientation vector of the sensor

St = �H �ep,�rpsð Þ��es ð2Þ

Subsequently, the difference between the theoretical field

strength and sensor data is minimized using Equation (3):

P=

PN
i=1erf

S −Sm,iffiffi
2

p
σi

� �
N

ð3Þ

where N is the number of sensors, Sequential Quadratic Programming

is used to solve the associated minimization problem.

The experimental error in determining the magnetic tracer posi-

tion and orientation depends on magnetic moment of the magnet. For

the tracer with a magnetic moment of 0.014 Am2 used in this work,

the uncertainty in determining its position and orientation is of the

order of 2 mm and 2�, respectively. More information about determi-

nation of uncertainty can be found in Reference 26.

3 | EXPERIMENTAL SETUP

The experimental setup used in this work is shown in Figure 1. A

square gas-fluidized bed is surrounded by a 3D sensor array that con-

sists of four rings, each carrying six tri-axis AMR sensors. Setup and

control are provided by Matesy GmbH. Each tri-axis sensor measures

the magnetic field in 3 orthogonal directions, resulting in a total of

72 signals coming from the whole sensor array. The fluidized bed and

sensor array are positioned in the center of a large Helmholtz coil to

counter the effect of the earth's magnetic field. The fluidizing gas is

air, the source of which is connected to a humidifier to minimize gen-

eration of static charge during fluidization. Because in these experi-

ments we are using relatively large granular particles, not powders,

using moist air for fluidization will not lead to sticking agglomerate

formation. All equipment parts consist of nonmagnetizable materials.

The dimensions and properties of the experimental setup are listed in

Table 1.

TABLE 2 Particle properties

Particles

Parameter AR-1 AR-4 AR-6

Number of particles 30,000 30,000 17,750

Particle length (L) - 12 mm 18 mm

Particle diameter (2R) 5.3 mm 3 mm 3 mm

Particle material Alumide Alumide Alumide

Particle density 1,442 kg/m3 1,442 kg/m3 1,442 kg/m3

Mass of particle 0.112 g 0.112 g 0.186 g

Bed height 18 cm 18.4 cm 19.2 cm

Minimum fluidization velocity (Umf) 1.58 m/s 1.7 m/s 2.64 m/s

Magnet

Material N52 (NdFeB) N52 (NdFeB) N52 (NdFeB)

Length - 7.00 mm 12 mm

Diameter 3 mm 1.6 mm 1.2 mm

Density 7,200 kg/m3 7,200 kg/m3 7,200 kg/m3

Magnetic moment 0.14 Am2 0.14 Am2 0.14 Am2

Tracer particle

Particle length (L) - 12 mm 18 mm

Particle diameter (2R) 5.30 mm 3 mm 3 mm

Particle material Cork European lime European lime

Particle density (without magnet) 240 kg/m3 548 kg/m3 548 kg/m3

Particle density (with magnet) 1,796 kg/m3 2057 kg/m3 1,498 kg/m3

Mass of particle (with magnet) 0.14 g 0.16 g 0.18 g
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In this study three types of particles are investigated, with differ-

ent aspect ratios (L/D = 1, 4, and 6), shown in Figure 2. Particles of

aspect ratio 1 (AR-1) and 4 (AR-4) are volume equivalent to each

other, while particles with aspect ratio 6 (AR-6) have the same diame-

ter as AR-4 but differ in length. The minimum diameter of the particles

is limited by the need to insert a magnet inside the tracer particle. The

particles are 3D printed and made of alumide, a 3D printing material

consisting of nylon filled with aluminum dust. The advantage of using

this material (over more commonly used plastics) is that it allows,

through particle contacts, for electrically conductive paths to the alu-

minum bed walls, thus preventing slow buildup of static charge during

the experiments. In all experiments the mass of the bed is kept the

same at 3.3 kg. For this mass of the bed, the initial bed heights for our

particles are 17.5, 17.9, and 18.5 cm for AR-1, AR-4, and AR-6 parti-

cles, respectively. Tracer particles for aspect ratios 4 and 6 are made

of European lime wood, with a density of 548 kg/m3, and have the

same shape and size as the bulk particles. The wooden particle is

drilled along its long axis and in the middle of the particle a cylindrical

neodymium magnet is inserted. The spherical tracer particle is made

in a similar way: a cork sphere with a density of 240 kg/m3 and

5.3 mm diameter is drilled from side to side and in the middle a spheri-

cal magnet with 3 mm diameter is positioned. The drilled holes are

closed and filled with silicone. Inserting a magnet inside the tracer par-

ticle will change its moment of inertia which has to be taken into

account when the presented results are used for validation of numeri-

cal models. The dimension and properties of the particles, tracer parti-

cles, and magnets used are listed in Table 2. The overall tracer particle

density closely matches the density of the bulk particles. In case of

aspect ratio 6 particles, the density of the tracer particle and bulk par-

ticle is identical. However, a difference in density between the tracer

particle and the bulk particles for AR-1 particles is 25% and for AR-4

particles 31%. Due to the higher density of the tracer particle, it can

spend a longer time at the bottom of the column and will not be lifted

as high in the freeboard region as the other particles. This difference

in density does not present a problem because in dense fluidizing con-

ditions, the tracer particle will move with the rest of the bulk particles

and there will be no segregation.24,31 The only regions where caution

should be taken for interpreting the results are the freeboard region

and the lower part of the bed, close to the distributor plate.

4 | RESULTS

In this section we present and compare the fluidization characteristics

for spherocylindrical particles of three different aspect ratios (aspect

ratio 1, 4, and 6). The particles of aspect ratio 1 and 4 were fluidized

using four different gas velocities, at 1.4Umf, 1.6Umf, 1.8Umf, and

2Umf, while the particles of aspect ratio 6 were fluidized only at 1.4

and 1.6Umf due to limitations of the air supply. All experiments were

run for 3 hr to obtain good statistical averages. We present our results

in terms of the particle velocity in the vertical (z) direction, particle ori-

entation, and particle rotation velocity.

F IGURE 3 Pressure drop measurements and minimum
fluidization velocity determination for AR-1, AR-4, and AR-6 particles.
The dashed red line represents the determined minimum fluidization
velocity, the dotted lines indicates the used fluidization velocities:
green 1.4Umf, purple 1.6Umf, blue 1.8Umf, and cyan 2Umf [Color figure
can be viewed at wileyonlinelibrary.com]
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4.1 | Minimum fluidization velocity

The minimum fluidization velocity Umf for the particles was obtained

from pressure drop measurements as described in References 1, 32 by

intersection of the packed bed pressure drop line and the fluidized bed

static pressure drop at decreasing flow rate. The pressure drop mea-

surements were carried out using a MPX5050DP differential pressure

sensor attached to the bottom of the column. The air flow rate was

incremented in steps of 10 nm3/hr, and for each value measurements

were taken for 60 s at 100 Hz for both increasing and decreasing flow

rate. The pressure drop curves for the three types of particles are pres-

ented in Figure 3. When determining the minimum fluidization velocity

for elongated particles we need to be careful because of the additional

fluidization regimes that appear in the fluidization of such particles.

When fluidizing elongated particles there is no direct transition from a

fixed bed to a fluidized bed, but rather there are two channeling phases

(active and passive channeling), described in Reference 1, before the

bed reaches the bubbling fluidizing regime. For long particles, with

aspect ratio 6, the transition from a fixed bed to passive channeling is

clearly noticeable in the pressure drop curve at a gas velocity of 2 m/s.

The channels formed in the bed of AR-6 particles are more stable than

in beds of lower aspect ratio particles, which makes it harder for them

to transition to bubbling fluidization. The determined minimum fluidi-

zation velocities are listed in Table 2.

F IGURE 4 Velocity distributions for AR-1 particles in the x–z plane for different gas inlet velocities. Positions are indicated in cm. Red and
purple arrows indicate the directions of the main vortices [Color figure can be viewed at wileyonlinelibrary.com]
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4.2 | Particle velocity

Figures 4–6 show the velocity distributions in the x–z plane for parti-

cles of aspect ratio 1, 4, and 6, respectively. The data were averaged

in the y-direction and weighted by the number of particles in each cell

of 1 × 1 cm used for averaging. From Figure 4 it can be seen that

spherical particles tend to rise in the middle of the column and fall

down next to the walls. However, at low gas inlet velocities (1.4Umf

and 1.6Umf) two counter-rotating vortices can be noticed, one below

7 cm height, where particles rise next to the wall and move toward

the center of the bed, and another one above 7 cm where particles

rise in the center of the column. Increasing the gas inlet velocity

reduces the size of these lower vortices until they completely disap-

pear leaving only the upper vortex as the dominant one, which in our

case for spheres can already be observed at 1.8Umf. This behavior is

well-known and reported in References 32, 33, and can be explained

by motion of small bubbles near the walls that tend to move away

from the walls due to coalescence with neighboring bubbles. As bub-

ble motion is the main driver of particles movement in the fluidized

bed, a shift of bubble activity toward the center of the column will

cause particles to rise in the middle and descend in the vicinity of the

walls. With increasing gas inlet velocity, more bubbles will form above

the distributor plate and their size will be larger, which leads to faster

coalescence. Therefore, increasing the gas inlet velocity decreases the

size of the lower vortex until it completely disappears.

Comparing the velocity profiles of spherocylindircal particles,

shown in Figures 5 and 6, to the above discussed spherical particles it

can be noticed that they show substantially different circulation pat-

terns. At a low gas inlet velocity of 1.4Umf, spherocylindrical particles

show only one vortex and, unlike the spheres, they rise next to the

walls and descend in the middle of the column. This behavior is not

discernible during the fluidization of spherical particles and agrees

with the observations reported in Reference 25. An increase of gas

velocity to 1.6Umf leads to the separation of the flow and a double

F IGURE 5 Velocity distributions for the AR-4 particles in x–z plane for different gas inlet velocities. Positions are indicated in cm. Red and
purple arrows indicate the directions of the main vortices [Color figure can be viewed at wileyonlinelibrary.com]
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circulation pattern emerges such that the lower and upper vortex are

roughly the same size. A further increase of the gas inlet velocity leads

to a decreases of the size of the lower vortex, but it remains present

even at the highest gas velocity that we considered. Spherocylindrical

particles clearly show more distinct double circulation patterns, with

considerably larger lower vortices than spherical particles.

The specific circulation pattern of spherocylindrical particles can

be explained to be a consequence of the stronger packing of

spherocylinders compared to spheres. Entanglement and higher con-

tact surface between the particles makes it harder for bubbles to

move through such a strong packing of entangled particles compared

to propagation through the space between particles and walls. There-

fore, at low inlet gas velocity, particles will be lifted next to the walls

and descend in the middle of the column. Stronger packing also makes

it harder for bubbles to coalescence and move toward the central

region of the column, leading to a larger and more stable lower vortex.

4.3 | Particle rotational velocity

The MPT technique allows us to track the components of the rotational

velocity perpendicular to the magnetic axis, which in case of our tracer

particles is aligned with the particle main axis. Figures 7 and 8 show pro-

files of the magnitude of the particle rotational velocity in the x–z plane,

averaged along the y-axis, for particles of aspect ratio 4 and 6, respec-

tively. From both figures it can be observed that AR-4 and AR-6 parti-

cles have the highest rotational velocities in the free board region. From

these figures it can also be seen that an increase in gas velocity leads to

an increase in particle rotational velocity in the entire bed. Comparing

Figures 7 and 8, it can be observed that particles with aspect ratio 6 have

much higher rotational velocities than aspect ratio 4 particles.

From Figure 9 it can be seen that, unlike spherocylinders, for

spherical particles, the highest rotational velocities are not encoun-

tered in the freeboard region but in the vicinity of the walls

(Figure 9a,b). With increasing gas velocity, the particle rotational

velocity in the bulk region of the bed also increases.

The occurrence of high rotational velocities next to the walls in

case of spherical particles can be associated with rolling of particles

along the wall, caused by tangential particle-wall friction. In contrast,

rolling of spherocylindrical particles along the wall around an axis par-

allel to the wall, but perpendicular to the particles long axis is nearly

impossible because of the elongated shape. There exists a possibility

that spherocylinders do roll along the long particle axis, but this mode

of rotation is not detectable with our current MPT system.

Even though the tracer particles have the same size and shape as

the rest of the bulk particles, this is not the case for the moment of

inertia, because of the inserted magnet. This needs to be taken into

consideration when the presented experimental data is used to vali-

date numerical models.

4.4 | Particle orientation

Unlike spherical particles, nonspherical particles can possess different

orientation relative to direction of the fluid flow. This is an important

characteristic of nonspherical particles, because orientation of the

particles relative to the fluid flow affects the magnitude of the drag

force they experience and also increases the importance of shape

induced lift force and hydrodynamic torque.2,7,8 Figure 10 shows the

effect of changing the gas velocity on particle orientation relative to

the z-axis. To avoid the effect of the slightly higher tracer density, dis-

cussed in Section 3, the free-board region and lower part of the bed,

and close to the distributor plate are excluded from the averaging. We

therefore focus on the bulk region between 10 and 35 cm height. For

particles in a fluidized bed, the orientation with respect to the main

direction of gas flow is important. Therefore, we focus on the z-

component of the particle orientation vector uz, which can provide

F IGURE 6 Velocity distributions for AR-6 particles in the x–z
plane for different gas inlet velocities. Positions are indicated in
cm. Red and purple arrows indicate the directions of the main vortices
[Color figure can be viewed at wileyonlinelibrary.com]

MEMA ET AL. 7 of 13

http://wileyonlinelibrary.com


information on the particles alignment: for uz = ±1 the particle is fully

aligned with the main flow, while for uz = 0 the particle is perpendicu-

lar to the main flow direction.

Figure 10 shows that with increasing gas velocity, the fraction of

particles oriented vertically increases while the fraction of particles that

orient horizontally decreases. At a low gas velocity of 1.4Umf for both

aspect ratio particles there exists a peak for horizontal orientation of

particles, which disappears with increasing gas velocity. Figure 11 com-

pares the z-orientation distribution of AR-4 and AR-6 particles at two

different gas velocities. At a gas velocity of 1.4Umf in both cases we

observe a clear peak for horizontal orientation. However while the

majority of AR-4 particles at this velocity tend to orient horizontally in

case of AR-6 particles there is also a strong preference for vertical ori-

entation. At a superficial velocity of 1.6Umf in both cases an increase in

fraction of particles oriented vertically can be observed but the stronger

preference of AR-6 particles for vertical orientation is still evident.

While Figures 10 and 11 give insight into the average orientation

of particles with respect to the z-axis, Figures 12 and 13 display the

preferred orientation of particles in different parts of the reactor. The

particle preferred orientation can be measured using the nematic ten-

sor S defined as:

S=

u2x
� �

uxuyh i uxuzh i
uyuxh i u2y

D E
uyuzh i

uzuxh i uzuyh i u2z
� �

2
664

3
775: ð4Þ

F IGURE 7 Rotational velocity (rot/s) distributions, for rotations around axes perpendicular to the long axis of the particle, in the x–z plane for
AR-4 particles [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 8 Rotational velocity (rot/s) distributions, for rotations
around axes perpendicular to the long axis of the particle, in the x–z plane
for AR-6 particles [Color figure can be viewed at wileyonlinelibrary.com]
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F IGURE 10 Effect of gas velocity on the time-averaged fraction (fp) of particle orientation in the z-direction (uz) of AR-4 and AR-6 particles
[Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 9 Rotational velocity (rot/s) distributions in the x–z plane for AR-1 particles [Color figure can be viewed at wileyonlinelibrary.com]
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Values of the diagonal components of the orientation tensor indi-

cate preferred alignment of particles with one of the Cartesian axes. If

one of the components is considerably larger than others, it can be con-

cluded that the particle is preferably aligned with that corresponding

axis. Otherwise, if the difference between the diagonal components is

less than 0.1, that is, u2x
� �

− u2y

D E��� ���<0:1 , u2x
� �

− u2z
� ��� ��<0:1 , and

u2y

D E
− u2z
� ���� ���<0:1, the particle is considered to be randomly oriented.

Figures 12 and 13 reveal the predominant particle alignment in

different parts of the bed in the x–z plane for different inlet gas veloc-

ities. Values are temporally averaged and averaged over the y-direc-

tion. The coding color scheme is such that blue cells indicate

preferred orientation of particles in the x-direction, green cells indi-

cate preferred alignment with the y-direction, and red cells indicate

alignment with the z-axis. Cyan cells indicate random orientation of

the particles.

From Figure 12a it can be seen that at 1.4Umf particles in the

entire bed feature either horizontal or random orientation. In the

lower part of the fluidized bed (below 10 cm), as well as in the central

section and in the vicinity of the walls, particles assume a horizontal

orientation such that in the middle they align with the x-axis but next

to the walls they align with the y-axis. The horizontal orientation of

the particles observed in the bulk region at the lowest fluidization

velocity is due to the very mild fluidization at this velocity and less

randomizing particle–particle collisions, therefore the features are still

close to that in a nonfluidized packed bed. In the freeboard region,

and in the parts between the middle section and walls, particles are

randomly oriented. In Figure 12b, for uf = 1.6Umf, an increase in ran-

dom orientation of particles can be observed. In the lower part, close

to the distributor plate, particles still have a preferably horizontal

alignment, as well as in the lower free-board region, between 30 and

40 cm height. The horizontal orientation of the particles in the lower

free-board region is the consequence of hydrodynamic torque.2 In this

region, particles move more-or-less individually and without the per-

turbing influence of neighboring particles they tend to orient horizon-

tally in a planar upward flow due to the stabilizing effect of

hydrodynamic torque. Next to the walls, particles still tend to align

with the y-axis but an increase of alignment with the z-axis can also

be seen in that region. A further increase of the gas velocity, see

Figure 12c,d, leads to an increase in vertical orientation, particularly in

the middle of the dense region of the fluidized bed, between 10 and

20 cm height and next to the walls. At the same time, we notice a

stronger preference in the lower freeboard region, between 30 and

40 cm height, for particles to orient horizontally.

Similar trends can be observed for AR-6 particles, as shown in

Figure 13. An increase of fluid velocity reduces the tendency of parti-

cles to orient horizontally and increases the preference for vertical ori-

entation. Comparing Figures 12 and 13a,b reveal that AR-6 particles

show stronger preference to orient vertically compared to AR-4 parti-

cles. This was already concluded from Figure 11, but from Figures 12

and 13 it becomes apparent that the stronger preference of AR-6 par-

ticles to orient vertically is mostly occurring next to the walls.

5 | DISCUSSION AND CONCLUSION

In this work, we applied MPT to compare the fluidization behavior of

spherical and elongated particles at different gas velocities. We stud-

ied three types of particles: spheres and spherocylinders with aspect

F IGURE 11 Comparison of time-averaged particle orientation in the z-direction for AR-4 and AR-6 particles [Color figure can be viewed at
wileyonlinelibrary.com]
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ratio 4 and 6. The MPT technique provides us detailed insight into

particles translation and rotation as well as particle orientation in a full

3D gas-fluidized bed.

Regarding the particle preferred orientation, we observed a

higher tendency for AR-6 particles to align with the gas flow than AR-

4 particles. This is particularly the case in the wall region where in

both cases particles align to the walls but AR-6 particles are also pref-

erably aligned with the direction of gas flow, while AR-4 particles are

perpendicular to it. Using the MPT results we have also mapped out

different zones in our gas-fluidized bed based on the particles pre-

ferred orientation, as shown in Figures 12 and 13. In all considered

cases, the particles assume a horizontal position in the lower part of

the bed, close to the distributor plate. In the wall region, particles tend

to align with the walls, where at low gas velocities they are lying in a

horizontal position but with increase in gas velocity they align with

the flow and assume a vertical position. The bulk region of dense par-

ticle flow is defined between 10 and 20 cm height and 5 and 10 cm in

the horizontal x-direction. In this region, at low gas velocities (1.4Umf),

the particles are oriented horizontally. An increase in gas velocity

leads to randomization of particle orientations, while further increase

to 1.8Umf and 2Umf changes the particle's preferred orientation to

vertical. Generally, we observed that with increasing the gas velocity

the particles preference to align with the direction of gas flow

increases.

In the distribution of the particle rotational velocity, we see a

clear difference between spherical and elongated particles. For a bed

of spherical particles, we observe the highest rotational velocities in

the bulk region and in the vicinity of the walls, while elongated

F IGURE 12 Distribution of the predominant orientation of AR-4 particles in the x–z plane. Here the colour scheme is: blue squares ( ) are x-
aligned, green squares ( ) are y-aligned, red squares ( ) are z-aligned, and cyan squares ( ) are randomly oriented. White space represents empty
cells. Schematic representation of color scheme is shown in Figure 13 [Color figure can be viewed at wileyonlinelibrary.com]
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particles posses the highest rotational velocities in the free-board

region. These results are consistent with findings by Reference 25.

Varying the particle aspect ratio also has an effect on the rotational

velocity: we found that higher aspect ratio particles experience higher

magnitudes of rotational velocity. As previously stated in Section 1,

we have to be cautious when considering the results of particle rota-

tion obtained from MPT, because we are only capturing one mode of

rotation.

A clear difference between spherical and elongated particles is

also observed in the particle velocity distributions, discussed in

Section 1. For spherical particles, the velocity distribution shows

that particles rise in the middle of the bed and descend next to the

walls. This behavior is dominant at all gas velocities. However, in

case of elongated particles we observed a completely different

behavior. At low gas velocity (1.4Umf), particles rise next to the walls

and descend in the middle of the bed, a result which is not obtained

for fluidization of spherical particles. For both spherical and elon-

gated particles we encounter cases where double circulation pat-

terns are present and flow is separated into two counter rotating

vortices: a lower one where particles rise next to the walls and

descend in the middle of the bed and an upper one where they are

rising in the middle and descend next to the walls. For spherical par-

ticles this behavior can be noticed only at the lowest gas velocity

(1.4Umf) while it is the main characteristic of elongated particles. For

AR-4 and AR-6 particles at a gas velocity of 1.6Umf, the particle

velocity distribution is separated in two counter rotating vortices of

the same size. Increasing the gas velocity reduces the size of the

lower vortex, while the upper one where particles rise in the middle

of the bed becomes the dominant one.

The considerable difference between spherical and elongated

particles, reported in this work, emphasizes the need for further

development of numerical models for simulation of gas-fluidized beds

with elongated particles. The presented results will be valuable for

future validations of simulation results. MPT is a powerful noninvasive

experimental technique that can provide insight into the behavior of

particles in full 3D fluidized bed. However, it also has its limitations. It

can give us only time-averaged values for important fluidization

parameters, therefore short lived structures, like bubbles and clusters,

cannot be captured with it. As bubble properties are important char-

acteristics of gas-fluidized beds, necessary for optimization of the

F IGURE 13 AR-6 particle prefered
orientation in x–z plane. Here the colour
scheme is: blue squares ( ) are x-aligned,
green squares ( ) are y-aligned, red
squares ( ) are z-aligned, and cyan
squares ( ) are randomly orientated.
White space represents empty cells
[Color figure can be viewed at
wileyonlinelibrary.com]
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equipment, in our future work we will apply XRT analysis of the same

systems to study bubbling behavior of elongated particles.
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