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Abstract. This research proposes a numerical study of the fluidization of non-spherical particles in confined pipes. The
fluidized bed system presented here consists of an ascending water flow in a 25.4 mm-ID pipe with 300 aluminum beads of
4.8 mm diameter combined in a triangle configuration, forming 100 bonded particles. Bonded atoms can assume different
formations and geometries, and, therefore, can characterizes problems found in several branches of industry. The results
obtained for a flow rate of 250 L/h showed the formation of plugs that quickly jam inside the pipe. We compared our
results with the ones observed in ongoing experiments and both are in good agreement. Other experiments are still being
carried out concurrently with the numerical simulations, and will be eventually used to validate our numerical model.
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1. INTRODUCTION

Fluidization of a bed of solid particles is mainly dictated by the gas/liquid flow conditions and by the physical proper-
ties of the particles and the fluid. The transition between a packed bed and a fluidized one takes place for certain critical
values of the controlling parameters. In the case of solid-liquid fluidized beds (SLFB) consisting of spherical particles,
when the fluid velocity is increased above that for minimum fluidization (Umf ), for example, the system enters a uniform
and homogeneous regime, something well-known and understood (Didwania and Homsy, 1981; Nicolas et al., 1996).
However, those regimes are seldom observed in practice. Most of processes involving fluidized beds operate with fluid
velocities well above that for minimum fluidization and, in those cases, the system becomes unstable, with transverse
waves, bubbles, or elongated bubbles being observed (Guazzelli, 2004).

Understanding the hydrodynamics and particle displacement during the flow is crucial for the development, design and
optimization of fluidization processes. However, the physics of these systems and the singular phenomena arising from
them are complex and often difficult to be observed experimentally. Therefore, numerical simulations have become an
important tool to investigate the dynamics of fluidized beds by analyzing individual particle trajectories or by quantifying
flow parameters, such as the velocity field or contact forces (Esteghamatian et al., 2017; Cúñez and Franklin, 2019b).
Over the years, several approaches have been used to describe the fluid-solid interactions. But methods based on the
combination of the Discrete Element Method (DEM) with Computational Fluid Dynamics (CFD), also known as CFD-
DEM, are commonly adopted (Deen et al., 2007). In this approach, the fluid is treated as a continuous medium, while
the particle phase treated as a discrete medium, being tracked through the calculated flow field. In addition, most of the
works simplify CFD-DEM models by considering spherical particles. However, most particles in industrial processes
are actually non-spherical or consist of more than one solid species. Recently studies have shown that the geometry and
properties of the particles can influence the bed porosity, induce particle agglomeration, and have an effect on the grain
segregation in polydispersed beds and bed stratification (Shiyuan et al., 2010; Zhou et al., 2011; Boer et al., 2018; Cúñez
and Franklin, 2019a). In particular, in fluidized beds used in wastwater treatment, biological films form around each
particle, so that they tend to bound together in duos or trios. Therefore, the modeling of non-spherical particles started to
draw a considerable amount of attention.

There are several ways of representing a non-spherical particle in DEM, but they can basically be divided in two main
branches: the single-particle approach and the clustered-particle approach (Zhong et al., 2016). In the first, the particle
is one single solid described by a unique formulation, where the most common ones are the polyhedral (Hogue, 1998;
Vollmari et al., 2016), ellipsoidal (Zhou et al., 2011) and the superquadric formulations (Hilton et al., 2010; Podlozh-
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nyuk et al., 2017). Despite being relatively popular among non-spherical DEM simulations, these formulations demand
expensive computational costs and complicated numerical algorithms to deal with the diverse contact scenarios. Besides,
another great challenge in simulating non-spherical particles is to model correctly the drag force over the non-spherical
body (Zastawny et al., 2012; Ouchene et al., 2015). One way to overcome these issues, is to use the clustered-particle
approach, which is mainly restricted to multi-sphere models (Höhner et al., 2011). In this method, complex shapes are
represented by a combination of overlapping (Farivar et al., 2020), simply connected (Chen et al., 2015) or clumped
spheres (Cho et al., 2007). The latter takes into account the properties of the material that bond the spheres together and,
therefore, is sometimes used to perform simulations of flexible fibers or to evaluate the mechanical properties of solid
materials (Guo et al., 2015; Quist and Evertsson, 2016). These models are easier to implement and uses a sphere-sphere
contact algorithm, which is already validated for most of DEM softwares (Farivar et al., 2020).

In this work, we investigate numerically the fluidization by water of non-spherical particles in narrow pipes, i.e. when
the ratio between the pipe and the particle diameter is less than 50 (Cúñez and Franklin, 2019b). In such scenarios, the
problem can become more complicated, because instabilities characterized by the formation of waves or plugs can occur
(Anderson and Jackson, 1967; Cúñez and Franklin, 2019b). We present here the preliminary results considering each
particle formed by three bonded spherical atoms in a triangle configuration. The main objectives are to understand the
effect of non-sphericity on the physics of fluidized beds and develop a CFD-DEM methodology that can be further used
to analyse analogous systems.

2. SIMULATION SETUP

The full three dimensional simulations are performed using the open source package CFDEM (Goniva et al., 2012).
It couples the well-known OpenFOAM CFD software, which is based on the finite volume method, with the LIGGGHTS
code, employed for the DEM calculations. Both softwares are completely free and open source. The technical details of
the simulations are presented in the next sections.

2.1 Mathematical formulation

There are two fundamentally possible formulations to couple the CFD and DEM models: namely the "Resolved" and
the "Unresolved" approaches (Kloss et al., 2012). Their choice depends mainly on how the scale of particles compares
with the flow domain. If the particle diameter is small enough to fit in one computational cell, the unresolved formulation
can be used. For fluidized bed simulations where narrow pipes are considered, the mesh size must be small enough to
capture the main characteristics of the flow. In such cases, the particle diameter is usually larger than the cell size and,
thus, the resolved formulation is more suitable. A resolved coupling demands a very refined mesh around the particles
and, when a large number of particles is considered, it highly increases the computational cost of the simulation. One
way to circumvent this problem is by using an unresolved approach referred to as "big particle model", where the region
of influence of a particle is artificially increased and their volume increase is compensated by adding a fictitious porosity
(Kloss et al., 2012). In this formulation, the motion of the liquid is described by the incompressible volume-averaged
Navier–Stokes equations (Kloss et al., 2012):
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where αf is the volume fraction, ~uf is the mean velocity, p is the pressure, ρf is the fluid density, ~~τf is the stress tensor
and ~Rpf is the particle-fluid momentum exchange due to drag force, given by (Mondal et al., 2016):

~Rpf =
~Kpf

ρf
(~uf − 〈~up〉) (3)

where 〈~up〉 is the averaged particle velocity and ~Kpf is the implicit momentum exchange term between the solid and
liquid phases:
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(4)

To calculate ~Kpf , ~Fd was described by the Gidaspow drag correlation (Gidaspow et al., 1991). This relation is given
as a combination of the Wen and Yu model (Wen, 1966), when αf > 0.8, and the Ergun equation, (Ergun, 1952) when
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αf ≤ 0.8. For details see (Kloss et al., 2012). The motion of solid particles is dictated by Newton’s second law, using the
linear and angular momentum equations, given by Eqs. 5 and 6, respectively (Cúñez and Franklin, 2019b):
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wheremp is the mass of the particle, Ip is the moment of inertia, ~ωp is the angular velocity, ~Tp is the torque and ~Fpressure,
~Fd, ~Fvm and ~F~g are the forces generated by the fluid pressure gradients, fluid drag, virtual mass, and gravity, respectively.
The two last terms in the right-hand side of Eq. (5) are the particle-particle and the particle-wall contact forces, respec-
tively.

The contact forces can be divided into two components, a normal ~Fcn, given by Eq. 7, and a tangential ~Fct one, Eq. 8.
A spring-dashpot model based on a stiffness k, damping η, and friction µfr,i coefficients, is used to describe the contact
forces (Cundall and Strack, 1979).

~Fcn,ij =
(
−knδ3/2nij − ηn~uij · ~nij

)
~nij (7)

~Fct,ij =
(
−ktδtij − ηt~usij · ~tij

)
~tij (8)

In the above equation the subscripts n and t represent the normal and tangential components, respectively. ~nij is the unit
vector that connects the center of the particles, ~uij is the relative velocity between particles i and j, ~usij is the slip velocity
at the contact point and ~tij = ~usij/ |~usij |. Finally, the tangential overlap (sliding) of the particles at contact must satisfy

a local frictional yield criterion,
∣∣∣~Fct,ij

∣∣∣ > µfr
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∣∣∣ and ~Fct,ij = −µfr
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∣∣∣~tij . The same equations presented
in Eqs. 7 and 8 are applied to the particle-wall contact. Details regarding each force model can be found in (Cúñez and
Franklin, 2019b,a).

The deformation of the bonds can also be described by its specific contact model (Guo et al., 2013). Usually, the bond
Young’s modulus is considered to be lower than the one used for the particle to account for the elastic properties of the
bond material (Shen et al., 2016). However, in this work, for the sake of simplicity, the bond material is considered to be
the same as the particle one, i.e., a rigid material. Therefore, effects such as deformation or the breakup of bonds will not
occur during the flow.

2.2 Problem description

We consider a water fluidized bed system consisting of 300 spherical atoms combined in a triangle formation. Figure 1
shows a sketch of the bonded particle used to perform the numerical simulations. The particles considered here are built
from three identical spherical atoms, each with a diameter of dp. The surface of each adjacent sphere is in contact and the
spheres do not overlap. The bonds have a diameter of half of the diameter of the atoms and are considered to be solid, i.e.
completely fill the internal space.

Figure 1. Sketch of the bonded particle used in the simulations

The spherical atoms are considered to be formed of aluminum and their properties are summarized in Tab. 1 (Cúñez
and Franklin, 2019a). The different friction coefficients applied for the particle-particle contact µfr,p and the particle-wall
contact µfr,w were used to account for the differences between the materials.
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Table 1. Spherical atom and fluid physical properties

Atom diameter dp (mm) 4.8
Atom density (kg/m3) 2760
Young’s modulus E (GPa) 71
Poisson ratio σ 0.34
Restitution coefficient e 0.5
Particle-particle friction coefficient µfr,p 0.5
Particle-wall friction coefficient µfr,w 0.9
Liquid density ρf (kg/m3) 1000
Liquid viscosity µf (Pa.s) 0.001

Figure 2. a) Initial random distribution of the bonded particles. b) Packed bed. Initial condition for the fluidization
process.

The problem is initialized with a random distribution and orientation of the particles throughout a 25.4 mm diameter
pipe of 0.55 m in length. At first, the particles are allowed to fall freely under water until a steady state is reached. Then,
the ascendant flow rate slightly increases until it reaches a maximum value after 1 s. Here, we present the results for only
one flow condition, which is given by a water flow mean velocity of Ū = 0.137m/s, approximately Q ≈ 250L/h. The
initial particle distribution as well as the steady state packed bed are presented in Fig. 2

It is important to notice that the implementation of the bond formulation in LIGGGHTS has already been tested and
validated against numerical and experimental results (Schramm et al., 2019), and thus it is not discussed in this work.

2.3 Numerical setup

The problem is considered to be fully three-dimensional. For the walls on the side, a no-slip boundary condition for
the fluid was imposed. At the inlet, the bottom boundary, we applied a zero gradient condition for the pressure. At the top,
a zero gradient boundary condition was set for the velocity and a fixed value condition for the pressure. These conditions
assume that a developed flow arrives at the exit of the pipe and generates a pressure gradient throughout the domain. The
initial velocity is interpolated from zero to 0.137 m/s on the inlet over the first second of the simulation. This condition is
more realistic and allows the bed to detach smoothly from the bottom boundary as the flow rate increases.

For the calculations, a computational mesh was built using the blockMesh utility of OpenFOAM. The mesh consisted
of a total of 36,250 hexaedral cells, with a maximum cell volume of ≈ 1.15× 10−08m3.

The equations are solved using a PISO (Pressure-Implicit with Splitting of Operators) pressure velocity coupling loop
with two main pressure corrections and one non-orthogonal flux correction to account for the slightly non-orthogonal
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cells generated by the cylindrical geometry. The DEM time-step was set to 1 × 10−6s, which satisfies a 10% Rayleigh-
and Hertz time scales. Usually, the DEM time steps are one order of magnitude smaller than that of CFD because of the
dynamics of particle collision (Kloss et al., 2012). For unresolved calculations, it is good practice to keep the coupling
between the CFD-DEM time-steps around 50-100 DEM time-steps (Mondal et al., 2016). So, to perform more accurate
CFD simulations, the CFD time-step was set to 5× 10−5s, corresponding to 50 DEM time-steps.

3. PRELIMINARY RESULTS

Figure 3 shows snapshots of the bonded particles positions through time. In a first glance, it is possible to observe the
formation of solid structures that collapse and regroup as they move upward in the pipe. Those compact regions are also
known as plugs, and there have been few studies that tried to understand their dynamics, specially in confined systems
(Cúñez and Franklin, 2019b). Besides the plug formation, some of the structures observed in the simulation of Fig. 3
sometimes get jammed while ascending. Cúñez and Franklin (2019b) showed how the contact forces propagate within the
plugs and attain the tube wall and, thus, have a great influence on the plug formation. The same analysis can be employed
here. However, in this case, the particles have a larger size combined with a non-spherical shape, which can induce other
patterns than plugs, such as jams or even the pipe obstructions.

Figure 3. Evolution of the bed fluidization through time.

The particle’s motion and structures from Fig. 3 were analysed by tracking each particle individually, and by checking
the volume fraction distribution in different sections of the pipe. All the data was processed by means of numerical scripts
(Cúñez and Franklin, 2019a) and specific plots were made to evaluate the average bed height, plug lengths and its upward
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and downward velocities (bed celerities).
Figure 4 shows the plug evolution as a function of time, and the statistical distribution of the plug lengths. We can

observe that, as the bed rises up, the plug slowly loses particles, decreasing in length (given by the difference between the
blue and black symbols in Fig. 4a). Thereafter, the top of the bed drops quickly hitting a new ascending plug. The bed
height varied from 0.08 m to 0.15, with an average value of 0.1164 m, and the plug length distribution shows an average
of plugs around 0.039 m. Table 2 summarizes the results obtained by this numerical simulation and compare them with
ongoing experiments. As we can see, the average parameters of the simulation present a maximum error compared to
the experiments lower than 5% for all values except for the average plug length. Perhaps if we analyse a larger number
of plugs, this result can be improved, once the initial random distribution of the particles also affects the results at the
beginning of the fluidization process. Nevertheless, the preliminary results from the simulations are encouraging.

Figure 4. a) Plug evolution through time. Black symbols represent the start of the plug; blue symbols represent the end of
the plug; green line is the averaged bed high. b) Probability density function of the plug lengths.

Table 2. Comparison between numerical simulation and experimental results.

Values Experiment Numerical Simulations Error %
Average height of the fluidized bed (m) 0.1112 0.1164 4.68
Bed upward celerity (m/s) 0.0211 0.0207 1.90
Standard deviation of upward celerities (m/s) 0.0119 0.0146 22.69
Bed downward celerity (m/s) -0.0325 -0.0331 1.85
Standard deviation of downward celerities (m/s) 0.0334 0.039 16.77
Length scale of plugs (m) 0.0338 0.0389 15.09
Standard deviation of length scale (m) 0.0197 0.0185 6.09
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