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Abstract The production and handling of non-spherical granular products plays an
important role in many industries. It is often necessary to consider the real particle
shape of the real particles as an essential prerequisite for modeling these processes
reliably. This work presents a new approach for approximating the drag coefficient
of non-spherical particles during simulation. This is based on the representation of
the particle shape as a clump of multiple spheres, as it is often used in the Discrete
Element Method (DEM). The paper describes the calculation of the drag coefficient
based on the arrangement of the spheres within the clump depending on the Reynolds
number and the flow direction. Numerical simulations of the flow around regularly-
and irregularly shaped particles, as well as experiments in a wind tunnel, are used
as the basis of model development. The new drag model is able to describe the drag
coefficient for irregularly shaped particles within a wide range of Reynolds numbers.
It has been implemented in the toolbox CFDEM® coupling. The new drag model is
tested within CFD-DEM simulations of particle behavior in a spouted bed.

1 Introduction

Particle-laden multiphase flows are relevant in various areas of process technology.
Typical examples are fluidized or spouted beds, pneumatic conveying of granular
media and mixing and separation processes. The accurate prediction of the physical
behavior of the particles and the continuous fluid phase is important for the three-
dimensional modeling of these processes. At higher particle volume concentrations,
the interactions among the particles and between the fluid and dispersed phase be-
come more decisive. Also, the shape of the particles has an essential influence on the
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particle behavior. For this reason, the simulation with a coupling of the Discrete Ele-
ment Method (DEM) and CFDmethods is the preferred choice, if the computational
expense is justified.

2 Modeling of Non-spherical Particles

The shape of a non-spherical particle is often characterized by its sphericity, which
is the ratio between the surface of a volume-equivalent sphere and the surface of the
real particle. This method is used in many drag models [1, 2]. Other possibilities are
the Corey shape factor used by Swamee et al. [3] and the lengthwise and crosswise
sphericity used by Leith [4] and Hölzer et al. [5].

In common DEM software (EDEM [6], PFC [7]), a multi-sphere approach is used
to model non-spherical particles for bulk mechanics, wherein an arbitrarily shaped
particle is approximated by a clump of different spheres (Fig. 1). In the presented
work, this multi-sphere arrangement is also used to calculate the drag forces of the
particles resulting from the fluid flow in CFD-DEM simulations. Thus, for every
sphere within the clump, a partial drag force FD,i is calculated based on the position
of the sphere within the clump, the overlap with other particles and the flow direction.
The sum of these values over all spheres within a clump gives the drag force of the
non-spherical particles FD , which depends on the orientation of the particle to the
fluid flow and the Reynolds number.

2.1 Drag Forces on Non-spherical Particles

There are many studies on the drag force coefficient of spheres and non-spherical
particles. These include experimental investigations based on settling experiments
and wind tunnel tests [8–10]. The influence of the alignment of the particle to the
flow is not studied in detail. It is only distinguished in a lengthwise or crosswise
flow. Numerical investigations are available for selected particle shapes. Ellipsoids
and discs are studied in [11–13], which also include the influence of the angle of

Fig. 1 Transition from a real particle over a 3D scan model to a multi-sphere clump in DEM to the
approximation used for the calculation of the drag forces of a non-spherical particle
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attack. There are some reliable correlations for the drag coefficient of shaped particles
[1–3, 14], which contains the Reynolds number and the sphericity as parameters.
Newer formulations by Hölzer and Sommerfeld [5] also capture the influence of the
alignment of the particle to the flow. This is done through the usage of the lengthwise
and crosswise sphericity of the particles. In the present work, the influence of the
particle shape, the Reynolds number and the angle of attack is studied within a
wider range. The data from the literature were supplemented with additional CFD
calculations and experimental investigation. The approach used is explained below.

2.1.1 Numerical Investigations

Computational fluid dynamics (CFD) is used to calculate the drag of non-spherical
particles. The investigations are carried out based on steady state and transient sim-
ulations on a stationary particle, with the exact particle shape in an incompressible,
turbulent air flow. The SST k–ωmodel is used for themodeling of the turbulence. The
CFD toolboxOpenFOAM® 2.3.x [15] is used to solve theReynolds-averagedNavier–
Stokes (RANS) equation for the flow around the investigated particle shapes, which
are shown in Fig. 2. These include both regularly shaped particles, such as cylin-
ders and ellipsoids, and irregularly shaped particles, which were obtained through
a 3D scanner. First, simulations for the flow around a sphere were used to validate
the computational model. It was found that the drag forces were calculated in good

Fig. 2 Overview of the investigated particle shapes
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accordance with the known models from the literature [16, 17] up to a Reynolds
number of about 14,000. For the simulation of the flow around the arbitrarily shaped
particle, the numerical investigations are carried out for Reynolds numbers ranging
from 1 to 5000.

2.1.2 Experimental Investigations

A wind tunnel was used for experimental studies of the drag force on non-spherical
particles. This Göttinger-Type wind tunnel, build by Westenberg Engineering, has
a rectangular-shaped nozzle of 300 × 300 mm and an open test section of 600mm
length (Fig. 3). The possible air velocities are between 0.5 and 40m/s. The alignment
of the particle to the flow can be defined by the mounting device, which is connected
to a six-axis force sensor so as to measure the drag force onto the investigated object.
The validation of themeasurement devicewas performedwith different-sized spheres
at the full velocity range of the wind tunnel. Further trials with ellipsoids showed
that a minimal air velocity of 8 m/s was sufficient for the investigated particle sizes
to ensure a good reproducibility and accuracy of the measurements.

The experiments were performed for selected particle shapes from Fig. 2. This
involved truncated cone A, an ellipsoid and different cylinders. The particles were
producedwith a 3D printer, wherein an adapter for the connectionwith themeasuring
device was integrated. The study with the wind tunnel included 80 measurement
series of five–eight variants of the particle Reynolds number. The drag forces were
measured at flow rates from 5 to 35 m/s. The resulting particle Reynolds numbers
were between 15,000 and 40,000. The angle of attack was changed stepwise with
φ = 0, 30, 45, 75 and 90◦ (ellipsoid, cylinder) and φ = 0, 45, 90, 135 and 180◦
(truncated cone).

Fig. 3 Schematic of the measurement arrangement (left) and closed wind tunnel test facility (right)
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Fig. 4 Results of the numerical simulations and wind tunnel test for the drag coefficient of the
ellipsoid (left) and the truncated cone (right) for different angles of attack and Reynolds numbers

2.1.3 Results

The results of the investigation from the wind tunnel tests and the numerical simu-
lation are shown in Fig. 4. In addition, the data are compared with the drag model
by Hölzer and Sommerfeld [5]. It can be seen that the numerical simulations fit well
with the experimental results for the ellipsoid. Both sets of data are below the model
by Hölzer and Sommerfeld, especially at higher Reynolds numbers. The results of
the simulation and the experiments show a small jump for the truncated cone around
Re =10,000. It has not yet been fully clarified as to whether the reason is to be found
in the measurement or in the simulation approach.

The simulation and the experimental data for the truncated cone show a clear
influence of the angle of attack on the drag coefficient. This behavior cannot be
reproduced by the drag model by Hölzer and Sommerfeld. There is no difference
shown between the alignment to the flow for 0◦ and 180◦. It can be recognized from
thewind tunnel tests that the drag coefficient is nearly independent of theflowvelocity
for the investigated Reynolds numbers above 10,000. The known drag models from
the literature confirm this behavior. Only the particle shape and the angle of attack
influence the drag coefficient value.

3 Drag Model Development

The non-spherical particle shape is represented by a clump of multiple spheres. The
spheres can have different diameters and can overlap each other. The idea of this
model approach is to estimate the drag coefficient in two steps. First, the acting drag
force for each sphere within the clump is approximated in dependence on the flow
direction, position, overlapping and shading of each sphere. With the sum of the drag
forces on each sphere, the drag coefficient cD,S can be determined for the particle.
In the literature, many models exist for the drag of single spheres. Morrison’s model
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[16] covers a very wide range of Reynolds numbers and is used as the basis for the
new drag model.

cD,S = 24
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A sphere Reynolds number is calculated for each sphere within the clump in
dependence on the diameter and the relative velocity between particle and fluid flow.
The drag force of the sphere FD,S is calculated including a weight factor W

FD,S = W
cD,S ρ

2
Urel

2 π

4
dS

2, (2)

whereUrel is the local relative velocity, dS the diameter of the sphere and ρ the fluid
density. With the sum of the drag forces of all spheres, the drag coefficient of the
particle cD can be determined

cD =
∑

FD,S
ρ

2Urel
2 π
4 dV

2 , (3)

where dV is the diameter of the volume-equivalent sphere. The weighting factor W
has to be defined as a function of the position of the sphere within the clump, the
influence of the particle Reynolds number and the alignment of the clump to the flow.
Different combinations of several parameters that describe the position and the size
of the spheres inside the clump are investigated for the definition of the weighting
factor. Some examples of these parameters are listed below and explained in more
detail in Fig. 5.

• Volume of a sphere, which is not overlapped by another sphere
• Relative free surface a f s , which is the ratio of the surface area, having direct
contact with the surrounding fluid A f s and sphere surface AS (a f s = A f s/AS)

• Incident flow surface ratio of the sphere (ash = Ash/AS)
• Incident flow surface ratio of the sphere with reversed flow direction (abs =

Abs/AS)
• Diameter of a sphere dS
• Distance to the leading sphere s (parallel to the flow vector).

Different functional combinations from these parameters were examined for the
weighting factor, including the sphere Reynolds number. The best variant so far is
given by

W = A ReS
B

(
C ash

D + E abs
F
) + G ReS

He(I ash
J+K abs L) + M ReS

N
(
O a f s

P
)
,

(4)

with A to P as model coefficients.
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Fig. 5 Visualization of the parameters for the calculation of the weighting factor W

The values of the coefficients contained in the model functions for the weighting
factor were determined using a fitting algorithm. The definition is based on the results
of CFD simulations for selected particle shapes. These particles were discretized by a
clump of sphereswith various sphere numbers. Theweighting factor is determined by
Eq. 4 for each of these spheres and the appropriate drag coefficient is calculated byEq.
3. The coefficients in Eq. 4 are adjusted to fit best the values from the CFD calculation
for a wide range of Reynolds numbers and angles of attack by an optimization
algorithm. Thereby, a particle swarm approach is used. The problem is implemented
in combination with the python program deap [18], which processes the optimization
on a multi-processor platform in parallel.

The coefficients used in Eq. 4 are listed in Table 1. The resulting drag coefficient
for a truncated cone and an irregularly shaped particle are shown in Fig. 6 in depen-
dence on the Reynolds number and the angle of attack. The new drag model gives
a better agreement with the CFD results in comparison to the model by Hölzer and
Sommerfeld.

Table 1 Shape-independent parameters used for calculation of the weighting factor in Eq. 4
Parameter Value Parameter Value Parameter Value Parameter Value

A 0.272444 E 0.860548 I 2.993242 M 1.689610

B 0.179754 F 0.711180 J 2.077819 N 0.127088

C −0.380534 G 0.034872 K 0.216286 O −0.004679

D 5.650548 H −0.021070 L 0.256386 P −0.097940
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Fig. 6 Drag coefficient for the newmodel depending on the Reynolds number and particle orienta-
tion in comparison to CFD data and the drag model by Hölzer and Sommerfeld [5]; truncated cone
(left) and stone ST1 (right)

4 Application

The new drag model will be tested on a complex flow configuration. Therefore, ex-
perimental investigations on a spouted bed configuration are processed. The toolbox
CFDEM® coupling is used to calculate the behavior of the fluid and the granular
phase. This is done through a coupling of the CFD code OpenFOAM® [15] and the
DEM code LIGGGHTS [19]. The momentum conservation equation for the fluid
phase uses the incompressible formulations according to a pressure gradient force
model (PGF or model A [20, 21]) that is implemented in CFDEM® coupling as
follows:

∂ε f Ui

∂t
+ ∂ε f UiU j

∂xi
= −ε f

∂p

∂xi
+ ∂ε f τ

∂xi
+ ε f g − Fpf , (5)

where ε f is the fluid phase fraction,U the fluid velocity, τ the shear tensor, and Fpf

the sum of the volume forces for the coupling between the fluid and the granular
phase. The simulations are performed with the cfdemSolverPiso solver of CFDEM®

coupling [19] using a four-way coupling approach that considers the particle–particle
and particle–fluid interactions. The new drag model is valid for the flow around a
single particle. In order to take into account effects resulting from locally high particle
volumeconcentrations (swarmeffects), the dragmodel is combinedwith a correlation
by DiFelice [22]. This approach was also used by Hilton et al. [23] and Oschmann et
al. [24]. The drag force FD also depends on the local particle volume concentration
ε f and the model parameters χ

FD = cD ρ

2
U 2 π

4
dV

2ε f
(1−χ), (6)

where

χ = 3.7 − 0.65exp

(
− (1.5 − log(Re))2

2

)
. (7)
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Fig. 7 Mean particle distribution within the spouted bed for the experimental and numerical in-
vestigations with 1000 tori: experiments (left), CFD-DEM calculation with the new drag model
(middle) and the drag model by Hölzer and Sommerfeld [5] (right)

The combination with DiFelice’s approach was implemented and tested, both for
the newly developed drag model and the drag model by Hölzer and Sommerfeld.
The grid resolution for spouted bed geometry was chosen such that the flow field is
still well-discretized and most grid cells are larger than the diameter of the Clump
spheres. In the area of the wall and the inlet region, the cell size is much smaller than
the spheres used. So, the local particle concentration may not be calculated correctly
in these regions. A resolved CFD-DEMmethod presented in [25] could lead to better
results, but requires higher computational costs and was not tested within this work.
The simulation was performed for a real time of 30 s.

The experimental setup uses a camera in combination with a backlight to describe
the particle behavior. A time series of 300 images over 5 min is used to determine
the average bed dimension. The results of the simulations for the motion of tori in
the spouted bed are shown in Fig. 7. All performed CFD-DEM simulations show a
similar fluidization of particles compared to the experiment. The average calculated
bed height is similar to the experiments. The particle velocities close to the walls
are higher, so that particles in this region are transported well above the average bed
height, a phenomenon that has not been observed experimentally. The differences
between experiments and simulations in the inlet region are due to the experimental
setup, whereas this region was not sufficiently well-lit.

There are only minor differences between the results with the new drag model
and those with the model by Hölzer and Sommerfeld. However, the whirling up
of a few particles at the wall is more pronounced with the model by Hölzer and
Sommerfeld. The results with the new drag model show a slightly better agreement
with the experimental results.
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5 Conclusions

A newmodel is presented to approximate the drag coefficient of non-spherical parti-
cles using a clumpofmultiple spheres to represent the shapeof the particle.Numerical
simulation and wind tunnel experiments are performed to determine the drag forces
of regularly and irregularly shaped particles for a wide range of Reynolds numbers
and particle orientations. These data are used to determine the necessary model pa-
rameters. The drag model shows a good fit with the CFD results within a wide range
of particle shapes, Reynolds numbers and particle orientations. It gives, in some
cases, better results than the widely used model by Hölzer and Sommerfeld [5]. The
new drag model is implemented within the CFDEM® coupling environment. It is
used in combination with the correlation by DiFelice [22] to capture the influence of
high particle concentrations on the drag values. The application of the drag model
for the simulation of non-spherical particles in spouted beds by means of CFD-DEM
calculations gives a good agreement with experimental results.
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