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The fluidization behavior of cylindrical particles in a spouted bed was first investigated experimentally using a camera

setup. The obtained average spouted bed height was used to evaluate the accuracy of different drag models in CFD-DEM

simulations with the superquadric approach to model the particle shape. The drag model according to Sanjeevi et al.

showed the best agreement. With this model, cylindrical particles were simulated in a rotor granulator and the particle

dynamics were compared with the fluidization of volume equivalent spherical particles.
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1 Introduction

In the pharmaceutical industry in particular, cylindrical pel-
lets are usually produced by extrusion and then rounded in
a spheronizer, dried and coated [1]. Fluidized bed rotor
granulators (FBRG), which combine all three process steps,
are highly suitable for this purpose. This is achieved by the
special design of a FBRG, which consists of a rotating round
base plate and a fixed cylindrical wall with an annular gap
for the fluidization air [2–5].

With the rapid increase in computing power, numerical
simulation is becoming increasingly important for the pre-
diction and description of complex multiphase processes,
such as fluidized beds. With the two-way coupling of com-
putational fluid dynamics (CFD) and discrete element
method (DEM) it is possible to model and simulate the gas
and particular phases even in complex processes. Two-way
coupling CFD-DEM simulations are particularly suitable to
obtain more in-depth knowledge of particle dynamics in
fluidized beds [6–9]. In CFD, the flow field of the gas in the
process is determined, treating the fluid phase as a continu-
um. In DEM, the interactions of the individual particles are
calculated based on contact models describing the physical
properties of the particles, such as adhesion, and their me-
chanical behavior under slow, fast, and repeated loading [5,
9–14]. Most CFD-DEM based studies of fluidized beds in
the literature describe processes with spherical particles or
non-spherical particles which are considered as spheres
with an equivalent diameter. Muguruma et al. [15] were the
first to numerically investigate the particle dynamics of
round particles in a rotor processor without fluidizing gas

using DEM. Neuwirth [16] and Grohn et al. [5] considered
the fluidization gas flow and investigated the dynamics of
spherical particles in a FBRG with CFD-DEM simulations.

Due to their shape, the use of ideal spheres leads to fast
detection of solid contact, since the surface of a sphere
always has the same distance to its center. However, many
products and particular materials are mostly of irregular
shape. Simplifying real particle shapes to spheres is useful
when particles only present slight irregularities, or when
their size is small enough to assume that the shape is irrele-
vant compared to other factors such as solid viscosity or
capillarity [17]. Some authors [18, 19] slightly increased the
DEM friction parameters to implicitly account for shape
irregularities. However, Govender et al. [19] found that the
spherical description sometimes cannot properly represent
the rolling of particles, the deviation of porosity, and the
segregation of particle mixtures with highly irregularly
shaped particles.
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There are different methods to consider the particle shape
in numerical simulations [20]. A common approach is to
use the multisphere model according to Favier et al. [21]. A
cluster of overlapping spheres that do not interact with each
other is used for the shape representation of the particles.
From the sum of the force balances on each sphere, the
dynamics of the entire cluster can be calculated. Depending
on the complexity of the particle shape and the accuracy of
the mapping, the number of individual spheres in the clus-
ter varies [22]. The increasing number of spheres per cluster
leads to a direct increase in the time required for the contact
detection, and thus in the computational time of a simula-
tion [6, 22–26]. A disadvantage of this method is that the
internal stresses of the multisphere particle are inadequately
mapped and the deformation properties also depend on the
number of individual spheres in the cluster. Using the mul-
tisphere approach, Weis et al. [13, 27] studied the particle
dynamics of cylinders during the particle rounding in a
spheronizer, which is similar to processes inside a FBRG.

Another approach to consider the particle shape of solids
such as cylinders, cubes, ellipsoids, and rhomboids is given
by the superquadric (SQ) expression. For these shapes, it is
a more direct and computationally efficient approach. A
superquadric shape is described by the parameterized equa-
tion proposed by Barr et al. [28]. The superquadric ap-
proach offers the advantage that only one centroid and one
orientation are needed to track the particle. Cleary [29] used
this approach to simulate the mixing properties of non-
spherical particles in DEM. He found that the mixing process
is less effective for elongated particles than for spherical ones.
Also in DEM, Ma et al. [30, 31] analyzed the effect of the as-
pect ratio of ellipsoidal and rod-shaped particles on diffusion
and convection based on the orientation distribution of par-
ticles. Ji et al. [32] used DEM simulations to investigate the
mixing process of spherical and non-spherical particles in a
horizontal rotating drum with a good agreement between the
experimental and simulated values. Often, flat spouted bed
apparatuses are used to validate CFD-DEM simulations, be-
cause the pseudo 2D motion of the particles in the bed can be
well obtained with particle image velocimetry (PIV). This
method was used in our previous work experimentally only
[33] as well as experimentally and numerically [11, 12].
Atxutegi et al. [6] implemented different drag models for
superquadric particles in CFD-DEM. They calculated the
particle motion of spherical and ellipsoidal particles in a
spouted bed using different drag models and compared the
results with experimental measurements. For the ellipsoidal
particles, the drag model of Sanjeevi et al. [34] was found to
be the most suitable. Gao et al. [35] investigated the fluidiza-
tion behavior of cylinders, rods, and cuboid particles in a flu-
idized bed using CFD-DEM and implemented two different
drag models. The comparison of the simulation results with
the experimental measurements showed the best agreement
with the drag model according to Hölzer and Sommerfeld
[36]. It was found that the deviation of the fluidized bed
height was between 10 % and 14 %.

The aim of this study is to investigate the influence of the
particle shape modeled with the superquadric approach on
the dynamics of spherical and cylindrical particles in a
FBRG using CFD-DEM simulations. First, the fluidization
behavior of cylindrical particles in a spouted bed is calcu-
lated using four different drag models in CFD-DEM simula-
tions. The numerical results are validated with experimental
data of the spouted bed height. Subsequently, the most suit-
able drag model is used to simulate the particle motion of
such cylindrical particles in a FBRG. Then, the results for
the cylindrical particles are compared with those for volu-
metric equivalent spherical particles to draw conclusion
about the influence of particle shape.

2 Model Description

2.1 CFD-DEM Model

For the simulations, the CFD was coupled with the DEM.
For this purpose, CFD describes the fluid phase by the vol-
ume-averaged Navier-Stokes equation considering the vol-
ume fraction of the gas phase eg and the momentum sink
term ~Sp of the particulate phase. The equation is solved in
the Eulerian framework with a finite volume method. The
mass and momentum governing equations are [37]:

¶ egrg

� �
¶t

þ � egrg~ug

� �
¼ 0 (1)

¶ egrg~ug

� �
¶t

þ � egrg~ug~ug

� �
¼ �eg�pþ � eg~tg

� �
þ~Sp

þ egrg~g (2)

where rg is the density, p represents the pressure, ~ug

describes the velocity and tg is the stress tensor of the gas
phase. The particulate phase is determined in DEM, firstly
introduced by Cundall and Strack [38], where the motion of
each single particles is calculated by the motion equations
for translation and rotation according to Newton and Euler.
To account for the influence of the gas phase on the par-
ticles, the drag force ~FD;i, pressure gradient force ~F�p;i and
viscous gas force~F~t;i are additionally considered:

mp;i
d~vp;i

dt
¼~FD;i þ~F�p;i þ~F~t;i þ~Fg;i þ

Xk

j¼0

~Fc;ij (3)

Ip;i
d~wp;i

dt
¼
Xk

j¼0

~Mt;ij þ ~Mr;ij
� �

(4)

where~vp;i describes the translational velocity of each parti-
cle with the mass mp,i, ~Fg;i is the gravitational force and the
sum of ~Fc;ij represents all contact forces acting on the
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particle due to interactions with other particles or walls. For
the calculation of the angular velocity ~wp;i of each particle
with the moment of inertia Ip,i, the sums of the torques ~Mt;ij

caused by the tangential forces acting on the particle and
the sum of the torques ~Mr;ij due to rolling friction are deter-
mined. A more detailed description of the CFD-DEM cou-
pling can be found in [7, 39, 40].

2.2 Superquadric Approach

The superquadric approach is a general method of mathe-
matically describing the particle shapes of non-spherical
particles with five degrees of freedom. It allows the
modeling of a large variety of particle shapes used in
industry [23, 28, 41]. The superquadric equation is given as
[28]:

x
rx

����
����

n2

þ y
ry

�����
�����

n2
 !n1=n2

þ z
rz

����
����

n1

¼ 1 (5)

where rx, ry, rz are the semi-axis lengths of the superquadric
elements, n1 and n2 are blockiness parameters that control
edge sharpness and x, y, and z are the coordinates of the
center of gravity. An ellipsoid for example results in
n1 = n2 = 2, a cylinder-shaped element is obtained if n1� 2
and n2 = 2, and a cubic shape is generated if n1 = n2� 2.

The detection of particle contacts requires only the solu-
tion of one set of nonlinear equations per particle. In the
used DEM framework the equations are solved by Newton-
Raphson iterative routine which is well described by Ver-
beke and Cools [42]. The whole algorithm for contact
detection was developed by Podlozhnyuk et al. [40]. They
extended the soft-spherical approach for non-spherical par-
ticles:

Fc;ij;n ¼ �kn;ijdn;ij � hnun;ij (6)

Fc;ij;t ¼
�kt;ijdt;ij � htut;ij if Fc;ij;t

�� �� £ m Fc;ij;n

�� ��
�m Fn;ij

�� �� if Fc;ij;t

�� �� > m Fc;ij;n

�� ��
�

(7)

where dn,ij and dt,ij are the normal and tangential displace-
ment, un,ij and ut,ij are the normal and tangential compo-
nent of the contact velocity vector of the particle with
another particle or a wall and m is the sliding friction coeffi-
cient. hn and ht are the normal and tangential damping
coefficients, respectively. The spring stiffness and damping
coefficient were calculated using the Hertz-Tsuji model [43]
and a modified equivalent radius as proposed by Podlozh-
nyuk et al. [40]. They calculated the contact force of collid-
ing superquadric particles using the mean local curvature
coefficient [44] of the contact point. A detailed description
of the superquadric approach used in this work is given by
Podlozhnyuk et al. [40].

2.3 Drag Force Modeling

The drag force acting on the particle is determined by the
following equation:

~FD;i ¼
1
8

CDrgpd2
p ~ug �~up
� �

~ug �~up

�� ��e2�b
g (8)

where ~ug �~up
� �

describes the relative velocity of a particle
and the gas phase and CD is the drag coefficient. The drag
forces for spherical particles are calculated in this study
according to the well-known drag model proposed by Di
Felice [45]. In recent years, several models have been devel-
oped to calculate the drag force of non-spherical particles.
Extensive work in this field was done by Atxutegi et al. [6],
who implemented a total of four correlations of the drag
coefficient for non-spherical particles modeled with the
superquadric approach. The implemented code was also
used in this study. An overview of the compared drag coeffi-
cient models can be seen in Tab. 1.

The often used correlation of Hölzer and Sommerfeld
[36] (Eq. (9)) considers the shape and fluid-solid relative
orientation based on the surfaces projected on the stream-
wise and crosswise planes. There is no limitation for the
application of this correlation in terms of shape and
Reynold number. Based on Lattice Boltzmann method, San-
jeevi et al. [34] proposed a drag model (Eqs. (13) and (14)).
They followed the expression developed by Zastawny
et al. [48] in which ai are fitting parameters corresponding
to the particle shape. The last two correlations for the
drag force (Eqs. (15) and (21)) are similar in structure.
Dioguardi et al. [47] improved the model proposed by Ba-
gheri and Bonadonna [46]. In both models, the factor of
particle shape is taken into account. Dioguardi et al. [47]
also requires an iterative calculation of the final particle
velocity.

In Fig. 1, the drag coefficients versus the particle Reynolds
number are plotted for a spherical particle according to Di
Felice’s drag model [45] and for an equal-volume cylindrical
particle according to the four drag models implemented.
While the model of Bagheri and Bonadonna [46] always
gives lower drag coefficients than Di Felice [45], the drag
coefficients according to the model of Dioguardi et al. [47]
are slightly higher. As described, the drag force models of
Hölzer and Sommerfeld [36] and Sanjeevi et al. [34] depend
on the angle of attack (angle between the particle central ax-
is of symmetry and the orientation of the incident fluid).
Both models estimate different drag coefficients depending
on the particle orientation, with CD being higher if the
cylindrical particle biggest surface area is normal to the
fluid flow. The drag coefficients for both models for 0� are
always below Di Felice [45], but for 90� they are clearly
above. Further information can be found in Atxutegi et al.
[6].
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3 Validation of the Drag Models

3.1 Setup of the Spouted Bed and Simulation
Parameters

In order to validate the drag models (Tab. 1) with the super-
quadric approach and to select the most appropriate model
for the prediction of the drag force acting on cylindrical
particles during fluidization, the experiments in a spouted
bed apparatus (Fig. 2a) were performed. The walls of the

prismatic spouted bed setup were constructed from trans-
parent polymethyl methacrylate and the bottom consisted
of a wire mesh with a 3 mm ·3 mm mesh width and 0.8 mm
thick wire. The fluidization of the particles was recorded
with a HD camera (a2A2590-60ucPRO, Basler AG) at
60 Hz. A LED light (Constellation 120E, Integrated Design
Tools Inc.) provided good exposure. A pressure gauge
(MULTIFIX Druckregler 0,5–10 bar, RIEGLER & Co. KG)
and rotameter (L16/630, Rota Apparate- und Maschinen-
bau Dr. Hennig GmbH & Co. KG) were used to set the

Chem. Ing. Tech. 2023, 95, No. 1–2, 244–255 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Table 1. Correlations for the drag coefficient for superquadric particles.

Model Equations

Hölzer and Sommerfeld [36] cD ¼
8

Rep
ffiffiffiffiffiffi
Fk

p þ 16

Rep

ffiffiffiffi
F
p þ 3ffiffiffiffiffiffiffi

Rep
p

F3=4
þ 0:421 · 100:4 � logFð Þ0:2 1

F?
(9)

F ¼
pd2

eq

8rx ry rz

n1n2

B 1

n1

;
2

n1

þ 1
� �

B 1

n2

;
1

n2

þ 1
� � (10)

F ? ¼
pd2

eq

4Y ?
(11)

F k ¼
pd2

eq

4
84ry rz

n1n2

B
1

n1

;
2

n1

þ 1
� �

B
1

n2

;
1

n2

þ 1
� �

�Y k

� � (12)

Sanjeevi et al. [34] cD;s ¼ cD;s ¼0� þ cD;s¼90� � cD;s ¼0�
� �

sin 2s (13)

cD;0� ;90� ¼
a1

Rep
þ a2

Rea3
p

 !
e�a4Rep þ a5 1� e�a4Rep

� �
(14)

Bagheri et al. [46] cD ¼
24kS

Rep
1þ 0:125 RepkN=kS

� �2=3
h i

þ 0:46kN

1þ 5330

RepkN=kS

(15)

kS ¼ F1=3
S þ F�1=3

S

� �
=2 (16)

kN ¼ 10a 2 � logFN½ �b 2

a2 ¼ 0:45þ 10= e 2:5 logr0ð Þ þ 30
� �

(17)

b2 ¼ 1� 37= e 3 logr0ð Þ þ 100
� �

(18)

FS ¼ fe1:3 deq=LIS
� �

¼ d3
eq= L2:3I0:7� �

(19)

FN ¼ f 2e d3
eq=LIS

� �
¼ d3

eqS= L2I2� �
(20)

Dioguardi et al. [47]
cD ¼

24
Ret

1�Y
2
þ 1

	 
0:25

þ 24
Ret

0:1806 Re0:6459
t

� �
Y �Ret

0:08 þ 0:4251

1þ 6880:95

Ret

Y 5:05
(21)
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volume flow. Several grounding cables on the equipment
provided discharge of the minor electrostatic effects during
the fluidization experiments.

The geometry of the spouted bed was discretized with
snappyHexMesh (Fig. 2b) consisting of 13 712 cells. The
CFD-DEM coupling was carried out using the software
CFDEMcoupling [39]. The gas flow field was solved with
OpenFOAM (OpenFoam v6). Ambient air with a density of
1.2 kg m–3 was considered as an incompressible fluid in all
simulations. The k–e model [49] was used to account for
turbulence. The CFD parameters are listed in Tab. 2.

The discrete phase was solved with DEM using the soft-
ware LIGGGHTS [39]. Cylindrical particles made of beech

wood were taken in the experiments and
considered in the simulations. According
to Wen and Yu [50], the minimum fluid-
ization velocity of spheres of equal vol-
ume was about 0.91 m s–1. Similar to our
previous works [5, 51], we used different
experimental setups to obtain the particle
properties needed for the contact model
in DEM. In order to determine the
Young’s modulus and the coefficient of
restitution, a Nanoindenter (Hysitron TI
Premier, Bruker Corporation) was used.
The static and rolling friction coefficients
were obtained with a Texture Analyser�

(TA.XTplus, Stable Micro Systems).
Tab. 3 presents the particle properties for
the DEM simulations.

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 1–2, 244–255

Figure 1. Evolution of the drag coefficient as a function of the Re number for each drag
model.

Table 2. Parameters for the CFD simulation of the spouted bed.

Parameters of the gas Unit Value

Number of grid cells – 13 712

CFD time step s 2 ·10–5

Gas – Air

Turbulence model – k–e

Kinematic viscosity m2s–1 1.58 ·10–5

Gas temperature �C 20

Gas density kg m–3 1.2

Table 3. Parameters for the DEM simulation of the spouted
bed.

Parameters of the particles Unit Value

Bed mass G 70

Number of particles – 1465

Density kg m–3 730

Young’s modulus GPa 12

Poisson’s ratio – 0.3

Static friction coefficient – 0.41

Rolling friction coefficient – 0.09

Restitution coefficient – 0.56

Semi-axes cylinder rx, ry, rz mm 2.0, 2.0, 2.6

Blockiness n1, n2 – 8; 2

Time step cylinder s 4 ·10–7

Figure 2. a) Experimental setup of the spouted bed and b) dis-
cretized spouted bed for the simulations consisting of 1) process
chamber, 2) gas inlet channel, 3) HD camera, 4) LED light, 5) dif-
fusing plate, 6) manometer and 7) rotameter.
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3.2 Data Processing Method

In order to calculate the maximum average spouted bed
height, the spouting is recorded in the experiment for 4 s.
Using the image processing toolbox in MATLAB, a program
was developed to determine the position of the 10 highest
particles in each image. In the simulations, 5 s of real time
are calculated. In this timeframe, the steady state from 1 s to
5 s is evaluated every 10 ms, which correspond to a total of
400 snapshots. The obtained heights of the highest particles
in each snapshots were then averaged.

3.3 Comparison of the Experimental and
Simulation Results

For the investigation of the maximum average spouted bed
height, the gas inlet velocity is varied three times (1.36 m s–1,
1.44 m s–1, and 1.61 m s–1). Fig. 3 shows the particle fluidiza-
tion behavior for a gas inlet velocity of 1.44 m s–1 at three dif-
ferent times in the experiment and in the four simulation
cases with different drag models described in Sect. 2.3. There
are clear differences in the simulated fluidization of the par-
ticles. The drag models according to Sanjeevi et al. [34] and
Hölzer and Sommerfeld. [36] lead to a clear formation of a
fountain. The maximal bed height is achieved in the simula-
tion with the model of Sanjeevi et al. [34]. In contrast, the
use of drag models according to Bagheri et al. [46] and Dio-
guardi et al. [47] lead only to a poor spouting behavior.

In Fig. 4a, all averaged spouted bed heights of the particles
at a gas inlet velocity of 1.44 m s–1 are shown over time. The
highest averaged spouted bed height of the particles with the
smallest fluctuations is achieved in the experiment, and with
the drag relation according to Sanjeevi et al. [34]. While the
model of Sanjeevi et al. [34] can reproduce the experiment
well, larger fluctuations than in the experiment can be seen.
The spouted bed height has the smallest fluctuations with the
drag model according to Hölzer and Sommerfeld [36] but
the influence of the drag force is underestimated. As previ-
ously shown in Fig. 3, the results of the models according to
Bagheri et al. [46] and Dioguardi et al. [47] are very close to
each other and lead to a significantly reduced fluidization of
the particles. These deviations were also found for the two
other investigated gas inlet velocities (Fig. 4b). For all gas inlet
velocities, the drag model according to Sanjeevi et al. [34]
shows the smallest deviations of on average 8.7 % from the
experimental data, which are within the standard deviation
of the simulation results. The spouted bed height of the par-
ticles predicted using the model of Hölzer and Sommerfeld
[36] is significantly lower by 22.6 % than the experimental
values. As already described, the drag models according to
Bagheri et al. [46] and Dioguardi et al. [47] are not suitable to
simulate the cylindrical particles in the spouted bed, because
of the high underestimation of the spouted bed heights (up
to 47.7 %) from the experiments. The performed study
showed that the correlation of Sanjeevi et al. [1] is the best

drag model to describe the fluidization of the cylindrical par-
ticles.

4 Fluidized Bed Rotor Granulator

4.1 Geometry of the Fluidized Bed Rotor
Granulator

The simulated apparatus in this study is a FBRG inspired
by the commercially used rotary granulator Rotor 300

Chem. Ing. Tech. 2023, 95, No. 1–2, 244–255 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 3. Snap shots of the fluidization of the cylindrical parti-
cles for a gas inlet velocity of 1.44 m s–1 in a) the experiment and
the simulations with the drag model according to b) Sanjeevi
et al. [34], c) Hölzer and Sommerfeld [36], d) Bagheri et al. [46],
e) Dioguardi et al. [47].
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(Glatt GmbH, Germany) with an inner diameter of
295 mm, as shown in Fig. 5. An unstructured rotating plate
with a diameter of 268 mm is located in the center. From
the bottom, incoming air flows through the 2 mm annular
gap between the rotor plate and the apparatus wall. The
high gas velocities in the gap caused by the small inflow
area compared to other fluidized beds ensure the fluidiza-
tion of the particle bed.

4.2 Simulation Parameters of the Fluidized Bed
Rotor Granulator

Similar to our previous work [5], the geometry of the rotor
granulator FBRG was discretized with HyperMesh into

99 171 cells. The same software packages
as for the spouted bed in the previous
section were used. The study was per-
formed at an inlet velocity of 1.5 m s–1,
which resulted in a 25 times higher
velocity than the minimal fluidization
velocity in the gap. The rotor plate ro-
tated at 300 rpm. Again, incompressible
air with a density of 1.2 kg m–3 was con-
sidered in the simulation, while the tur-
bulence was calculated according to the
k-e model. The CFD parameters are
listed in Tab. 4.

In order to compare the simulation
results with future experiments with a
magnetic particle tracking system [52],
spherical and cylindrical particles with a
ceramic core and a shell of polyvinyl

butyral were considered in these simulations. The particles
were generated above the rotation plate. The drag force on
the spherical particles was again calculated according to the
Di Felice model [45], whereas for the cylindrical particles
the model of Sanjeevi et al. [34] was used. The properties of
the volumetric equal spherical and cylindrical particles
(Tab. 5) were measured similarly to Sect. 3.1.

4.3 Results

4.3.1 Particle Concentration

In order to investigate the influence of the particle shape on
the bed expansion in the FBRG, the analysis of the solid

volume fraction inside the apparatus is
analyzed. For the determination of the
solid volume fraction, the inner volume
of the apparatus was discretized into
3 mm ·3 mm squares in axial and radial
directions. The volume of particles lo-
cated within this regular poloidal discret-
ization grid was calculated and averaged
every 10 ms during the steady-state peri-
ods of the simulations and divided by the
volume of the associated ring cell. The
same procedure can be found in Weis
et al. [2]. The obtained data were then
averaged over the whole analyzed time
period. The calculated solid volume frac-
tions for the spherical and cylindrical
particles are shown in Fig. 6. A clear dif-
ference can be observed between the two
cases. The particle bed of the spherical
particles is much denser than in the case
of the cylindrical particles. While the
spheres move along the wall up to a
maximum height of 40 mm above the
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Figure 4. a) The averaged spouted bed height over time at gas inlet velocity of 1.44 m s–1

in the experiment and the simulations and b) the averaged spouted bed height at differ-
ent gas inlet velocities obtained with experiments and the simulations.

Figure 5. a) Geometry of the simulated fluidized bed rotor granulator and b) discre-
tized fluidized bed rotor granulator.
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rotating plate, the cylindrical particles fly up to a maximum
height of 80 mm. The bed is also wider in the radial direc-
tion for the cylindrical particles with a lower particle density
than for spheres. In the bed zone just above the rotor plate,
the curvature of the bed surface changes from convex to
concave for cylinders. It can also be observed that at the top
of the bed the spherical particles form a region with con-
stant height of the horizontal bed surface. This is not the
case with cylinders, where the bed surface is convex. Over-
all, the particle bed expands more than 3.5 times wider in
the case of the cylindrical particles than in the case of the
spherical ones. This can be explained by the fact that the
drag coefficient for the cylindrical particles is up to 3.3
times higher than for the spheres. In both cases, there is a
region of high concentration near the wall in the upper part
of the particle bed. In this zone, the motion direction of the
particles flying upwards is reversed. Furthermore, for cylin-
ders, a zone of high concentration can be seen around the
gap between the rotor plate and the wall. For spheres, the
solid volume fraction decreases here.

4.3.2 Particle Velocity

The absolute velocity distribution of the spherical and
cylindrical particles can be seen in Fig. 7. The velocity distri-
bution of the spherical particles is trimodal (peak at
0.55 m s–1), whereas it is bimodal for the cylinders (peak
at 0.37 m s–1). The average particle velocities also differs,
whereby with an average velocity of 0.62 m s–1, the cylinders
are 15.8 % slower than the spherical particles with
0.74 m s–1. In general, the distribution of particle velocities
is much broader in the case of cylindrical particles.

In order to take a more detailed look at the velocity com-
ponents of the absolute particle velocity, in Fig. 8 the heat-
maps for the tangential velocity distribution depending on
the radial and axial position of the particles are shown for
both cases. Similar to the results of the solid volume frac-
tion, for the upcoming Figs. 8–10 the inner volume of the
apparatus was discretized in axial and radial directions into
3 mm ·3 mm squares. Both the spherical and the cylindrical
particles have the highest tangential velocity directly above
the plate. However, the particles move only at a maximum
of 29 % of the maximum rotational velocity of the rotor
plate. In both cases, the phenomenon of high slip can be
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Table 4. Parameters for the CFD simulation of the fluidized bed
rotor granulator.

Parameters of the gas Unit Value

Number of grid cells – 99 171

Time – steady

Turbulence model – k–e

Inlet velocity m s–1 1.5

Temperature �C 20

Time step sphere s 5 ·10–5

Time step cylinder s 2 ·10–5

Kinematic viscosity m2s–1 1.58 ·10–5

Gas density kg m–3 1.2

Table 5. Parameters for the DEM simulation of the fluidized
bed rotor granulator.

Parameters of the particles Unit Value

Diameter sphere mm 4.02

Semi-axes cylinder rx, ry, rz mm 1.5, 1.5, 2.5

Blockiness n1; n2 – 8; 2

Bed mass kg 1.0

Number of particles – 4626

Density kg m–3 6370

Young’s modulus GPa 15.5

Poisson’s ratio – 0.3

Static friction coefficient – 0.28

Rolling friction coefficient – 0.07

Restitution coefficient – 0.51

Time step sphere s 5 ·10–7

Time step cylinder s 4 ·10–7

Rotation of the plate rpm 300

Figure 6. The time-averaged particle num-
ber density for a) the spherical particles and
b) the cylindrical particles with the same
volume equivalent diameter.
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explained by the fact that the rotor plate is not structured
and has a smooth surface. In the case of the spheres, higher
tangential velocities can still be seen at bed heights of up to
20 mm, whereas the cylinders are slower from a height of
10 mm. The higher the particles move in the system, the
lower their tangential velocities. Since the cylindrical par-
ticles rise much higher, the bed expansion is larger and the
zone in which the particles have a low tangential velocity is
also increased.

For better understanding of the particle dynamics in the
bed, the poloidal velocity arrow plots of both cases are pre-
sented in Fig. 9. The poloidal velocity is the velocity compo-
nent consisting of the z-velocity and the radial velocity. The
direction of the particle movement in the poloidal plane

can be seen by the velocity vectors. The
spherical and the cylindrical particles
move in a circular pattern in the poloidal
section of the particle bed. Similar parti-
cle dynamics were also found by Weis
et al. [1] during a spheronization process.
However, due to the fluidization gas in
the FBRG the highest poloidal velocities
can be seen near the wall where the par-
ticles are vertically accelerated by the flu-
idization gas and in the descending zone
where the particles move downwards.
The cylindrical particles exhibit a much
stronger acceleration in z direction above
the gap and move along the conical and
cylindrical parts of the wall with signifi-
cantly higher velocities. Due to the two
times higher bed height and the lower
particle bed density in the bed, the cylin-
drical particles also reach a higher axial
velocity than the spheres during their
vertical motion. An effective possibility
to describe the particle dynamics in the
poloidal plane is provided by the value of
the radial movement proportion (RMP)
developed in our previous work [53].
RMP describes the proportion of the
radial velocity to the total velocity in
xy-plane of the particles. The higher this
value, the more the kinetic energy of the
particles goes into the radial motion of
the particles in the bed. The cylindrical
particles have RMP of 14.8, which is sig-
nificantly higher than the value for
spherical particles (RMP = 3.87). It can
be concluded that the cylinders in the
particle bed move with a much higher
velocity in a circle in the poloidal plane
than the spheres.

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 1–2, 244–255

Figure 7. Distributions of the absolute velocities of spherical
and cylindrical particles in the rotor granulator.

Figure 8. The tangential velocities in poloidal plot of the fluidized bed rotor granulator
with a) the spherical particles and b) cylindrical particles.

Figure 9. The poloidal velocity of a) the spherical particles and b) cylindrical particles.

Figure 10. The rotational velocity of a) the spherical particles and b) cylindrical particles.
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4.3.3 Particle Rotation

The modolus of the rotation of the particles around their
center of mass is another important kinematic parameter to
analyze the particle dynamic in the FBRG. The heat maps
of the rotational velocity for the spherical and cylindrical
particles are shown in Fig. 10. Similar to the results of the
tangential and poloidal velocity of the particles, important
differences between the spheres and cylinders can be seen.
In general, particles in the vicinity of the rotor plate have
the highest rotational velocities, which is caused by the con-
tacts with the rotor plate. However, the cylindrical particles
achieve a much higher rotational velocity than the spherical
particles. In the region of the air inlet, high rotational veloc-
ities of the cylindrical particles up to 140 rpm can still be
seen even at a height of more than 40 mm. With further
increasing axial position, the rotational velocity is reduced.
In the case of the spheres, a clear decrease in rotational
velocity can already be observed from a height of 10 mm.
The reason for the higher rotational velocity of the cylinders
is the greater bed expansion. As a result, the free path length
until a new particle contact occurs is longer and also the
time period in which the particle can rotate increases.
Therefore, the average rotational velocity of the cylinders is
about 22 % higher than that of the spherical particles due to
the higher bed porosity. In the upper reversal point of the
direction of motion, the lowest rotational velocity can be
seen in both cases.

5 Conclusions

In this work the fluidization behavior of cylindrical particles
in a spouted bed and a fluidized bed rotor granulator were
analyzed with CFD-DEM simulations using the superqua-
dric approach for modeling of the particle shape. Firstly, the
accuracy of four different drag models developed for non-
spherical particles in CFD-DEM simulations was investi-
gated by comparing the fluidization behavior of cylindrical
particles in a spouted bed. Significant differences were
found in the results obtained with the different drag models.
To validate the simulation results, the average maximum
spouted bed height was determined in experiments and the
drag model according to Sanjeevi et al. [34] showed the
smallest differences with a 8.7 % deviation.

This drag model was then used to study the influence of
particle shape on the particle dynamics in a fluidized bed
rotor granulator. Due to their shape, the intensity of the flu-
idization is much higher for the cylindrical particles than
for the spheres of the same volume and mass. As a result,
the bed porosity is higher, since the bed expands more than
3.5 times in the case of the cylindrical particles. The highest
tangential velocity of particles can be seen directly above
the rotor plate in both cases. As the distance from the rotor
plate increases, the tangential velocity decreases and the bed
slip to the rotor plate intensifies. In the poloidal plane, a
clear circular motion of the particles can be seen with high-

est poloidal velocities near the wall where the particles are
vertically accelerated by the fluidization gas and in the
descending zone. Due to the lower bed density in the case
of cylindrical particles, they can move more freely and reach
higher axial velocities. The rotation velocity also increases
due to the lower bed density and the shape for the cylinders.
The highest average rotational velocities occur above the
plate where the particles move downwards from top of the
bed and in the area near the wall. It can be concluded that
the significantly higher drag coefficient of the cylinders
causes this significant difference.

This study was conducted within the research project,
which is funded by the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation), Project-
ID–AN 782/12-1 and HE 4526/25-1, which the authors
gratefully acknowledge. Open access funding enabled
and organized by Projekt DEAL.

Symbols used

a1–5 [–] Sanjeevi fitting coefficients for the
drag force

B [–] Syamlal B coefficient
CD [–] Widerstandskoeffizient
e [–] elongation shape value
f [–] flatness shape value
F [N] force
Fg [N] gravitational force
FN [–] Newton shape descriptor
FS [–] Stokes form factor
Ft [N] viscous gas force
I [kg m2] moment of inertia
k [kg m-2] spring coefficient
LIS [m] longest, intermediate, shortest

particle length
M [Nm] torque
m [kg] mass
n1, n2 [–] superquadric blockiness coefficient
p [Pa] pressure
rx, ry, rz [m] superquadric shape value (semi-axis

length)
Re [–] Reynolds number
S [–] momentum sink term
t [s] time
u [ms–1] velocity
x, y, z [–] coordinates of center of gravity

Greek letters

a2 [–] empirical value
b [–] swarm packing correction
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b2 [–] empirical value
d [m] displacement
e [–] porosity
h [–] damping coefficient
kN [–] Newton drag correction
kS [–] Stoke drag correction
m [–] sliding friction coefficient
r [kg m–3] density
t [N m–2] stress tensor
F [–] sphericity
F⊥ [–] ratio between the cross-sectional area

of the volume equivalent sphere and
the projected cross-sectional area

F|| [–] ratio between the cross-sectional area
of the volume equivalent sphere and
the difference between half the
surface area

Y [–] particle shape factor
Y⊥ [m2] stream perpendicular particle

projected area
Y|| [m2] stream wise particle projected area
w [s–1] angular velocity

Sub- and Superscripts

C contact
D drag
eq equivalent volume
g gas
i,j i-th and j-th particle
n normal
p particle/particulate phase
t tangential
r rolling friction
s angle of inflow

Abbreviations

FBRG fluidized bed rotor granulator
SQ superquadric
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