
 
 

Delft University of Technology

Modelling dust liberation in bulk material handling systems

Derakhshani, Sayed Mohammadebrahim

DOI
10.4233/uuid:0d8c6401-fc4e-4b7b-babc-6eb9573d79b3
Publication date
2016
Document Version
Final published version
Citation (APA)
Derakhshani, S. M. (2016). Modelling dust liberation in bulk material handling systems. [Dissertation (TU
Delft), Delft University of Technology]. https://doi.org/10.4233/uuid:0d8c6401-fc4e-4b7b-babc-
6eb9573d79b3

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.4233/uuid:0d8c6401-fc4e-4b7b-babc-6eb9573d79b3
https://doi.org/10.4233/uuid:0d8c6401-fc4e-4b7b-babc-6eb9573d79b3
https://doi.org/10.4233/uuid:0d8c6401-fc4e-4b7b-babc-6eb9573d79b3


Modelling Dust Liberation in
Bulk Material Handling

Systems

Sayed Mohammadebrahim DERAKHSHANI





Modelling Dust Liberation in
Bulk Material Handling

Systems

Proefschrift

ter verkrijging van de graad van doctor
aan de Technische Universiteit Delft,

op gezag van de Rector Magnificus prof. ir. K.C.A.M. Luyben,
voorzitter van het College voor Promoties,

in het openbaar te verdedigen op
dinsdag 3 mei 2016 om 10.00 uur

door

Sayed Mohammadebrahim DERAKHSHANI

Master of Science in Mechanical Engineering, Iran University of Science and
Technology, Iran

geboren te Isfahan, Iran.



Dit proefschrift is goedgekeurd door de
Promotor: Prof. dr. ir. G. Lodewijks
Copromotor: Dr. ir. D. L. Schott

Samenstelling promotiecommissie:
Rector Magnificus, voorzitter
Prof. dr. ir. G. Lodewijks, Technische Universiteit Delft, promotor
Dr. ir. D. L. Schott, Technische Universiteit Delft, copromotor

Independent members:
Prof. dr. ir. B. J. Boersma, Technische Universiteit Delft
Prof. dr. ir. J. R. van Ommen, Technische Universiteit Delft
Prof. dr. Ing. A. Katterfeld, Universitat Magdeburg
Prof. dr. ir. J. A. M. Kuipers, Technische Universiteit Eindhoven
Dr. ir. A. Thornton, Universiteit Twente

Sayed Mohammadebrahim Derakhshani,
Modelling Dust Liberation in Bulk Material Handling Systems,
Ph.D. Thesis Delft University of Technology, with summary in Dutch.

Published and distributed by: Sayed Mohammadebrahim Derakhshani
E-mail: e.derakhshani@gmail.com

Keywords: Dust liberation phenomenon, Discrete Element Method (DEM), Computational
Fluid Dynamics (CFD), Conveyor, Transfer point.

Copyright © 2016 by Sayed Mohammadebrahim Derakhshani

All rights reserved. No part of this publication may be reproduced, stored in a retrieval
system, or transmitted in any form or by any means without the prior written permission
of the copyright owner.

ISBN 978-94-6186-643-1
Printed in the Netherlands.



To my lovely wife



“Even under the assumption that God’s existence is unlikely, the potential
benefits of believing are so vast as to make betting on theism rational.”

Blaise Pascal, 1623-1662
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C h a p t e r

1
Introduction

Dust consists of suspended particles in the atmosphere that can be liberated from different
origins by anything, from human activity and atmospheric events to industrial processes
[1, 2]. Industrial dust is one of the main types of dust, which is liberated from a variety
of sources, such as unsealed surfaces, dry bulk material handling equipment, bulk storage
terminals, construction, agricultural activities and mining industries [3–6].

Dust has negative effects on the environmental conditions, human health as well as
industrial equipment and processes [7]. It is reported by Witt et al. [8] that spillage of
materials from the belt conveyor systems in the bulk storage terminals is in the order of
1.5% and it can increase maintenance costs by up to 20%. The Royal Institute of technology
in Sweden performed a study on 40 plants to determine the amount of material losses during
the handling process. It was indicated that the value of the bulk material spillage during
the handling process reaches nearly 0.2 wt%. Also, the other costs such as the cost of
labor devoted to cleaning up spillage, cost of medical check-ups for personnel due to dusty
environment should be added to the mentioned costs [9, 10].

1.1 Dust liberation phenomenon
Glossary of Atmospheric Chemistry Terms [11] defines dust as: “Small, dry, solid particles
projected into the air by natural forces, such as wind, volcanic eruption, and by mechanical
or man-made processes such as crushing grinding milling, drilling, demolition, shovelling,
conveying, screening, bagging, and sweeping.”.

Figure 1.1 shows how Handbook of Chemistry and Physics [12] categorized the particles
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based on their size into three types of dust, namely, suspended atmospheric dust, settling
atmospheric dust, and heavy industrial dust.

Particle Size (µm)  0.01             0.1            1              10           100          1000 

Types of Dust Suspended 

Atmospheric Dust 

Settling 

Atmospheric Dust 
Heavy 

Industrial Dust 

Particulate 

Contaminants 

    Cement Dust   

   Fly Ash   

   Smoke     

 Smog     

 Tobacco Smoke     

 Soot      

Visibility Electron 

Microscope 
Microscope Naked Eye 

 
Figure 1.1: Categorization of dust according to the particle size and visibility of particles.

The first two types of dust have no significant effect on the hydrodynamic properties
of airflow [13], while the heavy industrial dust, along with the larger particles can affect
the hydrodynamic of airflow, for example, at the transfer point of a belt conveyor with
the discharge trajectory of materials. Hence, particles with the diameters in the range
100-1000 µm not only have the ability to be liberated as the heavy industrial dust into the
surrounding air, but also affect the hydrodynamics of the airflow.

The transfer point of a belt conveyor is a place with a very high potential for dust to be
liberated [14], see Figure 1.2. Heavy industrial dust can be liberated from the discharge
trajectory of the materials due to the interaction between the dry bulk materials and the
bulk material handling systems. As a result of these collisions, some fine particles are
liberated from the discharge trajectory and are carried with the airflow into the surrounding
air as dust.

Figure 1.2: Schematic picture of dust liberation at the transfer point of a belt conveyor.

Due to undesirable effects of dust, minimizing the rate of dust liberation at the transfer
point has been a major issue in the design of transfer points from the beginning of invention
of belt conveyors [9]. This problem has not been solved yet and it is of importance to employ
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a reliable and cost effective tool in studying the dust liberation in the field of bulk material
handling systems. This tool will help designers to minimize the rate of dust liberation from
a bulk material handling system beforehand of construction process through modifying its
design.

A number of factors that can change the rate of dust liberation at the transfer point
of a belt conveyor are the material properties, the design of conveyor, the inter-particle
collisions, the interaction between particles and equipment, and the surrounding air effect
[15–19]. In this study, a selected tool is utilized to study and investigate the effect of these
factors on the dust liberation at the transfer point of a belt conveyor.

1.2 Thesis objectives and research question

Having a good understanding of the dust liberation phenomenon helps to prevent dust
liberation or to minimize its negative effects on the environment, the equipment and human
health. Industrial dust are considered as one of the sources of dust which is widely liberated
from the bulk material handling systems during the transportation process. This study
will focus on the transfer point of a belt conveyor to determine which factors should be
considered in the design of a belt conveyor to decrease dust liberation at the transfer point.

The scientific techniques such as experimental investigations and numerical methods are
existing cost-effective ways that are employed as reliable tools in studying the dust liberation
phenomenon. A number of advantages of numerical methods compared to experimental
investigations are the lower cost of numerical methods compared to the experimental
investigations, the possibility of extracting more detailed information from the numerical
results, and the relative ease of performing a simulation whereas it is difficult to repeat
an experiment. Hence, the numerical techniques are considered as the affordable ways
for studying the dust liberation and make it possible to identify the factors that have
influence on the dust liberation. Indeed, numerical techniques give designers the opportunity
to optimize the design of equipment before construction and minimize the rate of dust
liberation from a belt conveyor.

In this thesis, a numerical method will be chosen and employed to simulate the dust
liberation at the transfer point of a belt conveyor. Accordingly, the dust liberation at the
transfer point will be numerically studied and its dispersion into the surrounding air of the
conveyor will be investigated.

The objective of this research is to take the advantages of numerical methods as reliable
design tools in modelling the material transportation at the transfer point of a belt conveyor.
In this way, the factors that have the potential in changing the rate of dust liberation will be
identified by a numerical technique and the dust liberation at this point will be numerically
modelled. Accordingly, the main research questions of this thesis are defined as follows:

“1. What numerical method can be employed as a tool in studying the dust
liberation in bulk material handling systems?”

“2. How to assess the validation of the selected numerical method for the
application of dust liberation modelling?”

“3. Which factors should be considered in the design of the transfer point
of a belt conveyor?”
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1.3 Research methodology

A number of studies have been conducted in the past years with the aim of modelling dust
liberation at the transfer point of conveyors with numerical techniques [8, 15, 20–23]. In
this study, a literature review will be conducted to answer for the first main question of
this research and then the proper numerical method for simulating dust liberation at the
transfer point of a convener will be selected.

On the other side, numerical models need to be calibrated and validated with reliable
data to ensure that they are realistic tools for simulating the natural phenomena and
industrial processes. In this thesis, a series of experiments and simulations will be conducted
to determine the parameters and sub-models of the numerical method and then the numerical
model will be validated for the application of dust liberation modelling. In this way, the
second main research question of this research will be answered.

Finally, the numerical model together with the experimental investigations will be used
to determine the discharge trajectory of materials at the transfer point of a belt conveyor.
Through this way, the numerical model will be re-evaluated based on the experimental
results of a conveyor system. In addition, a series of simulations will be conducted to
investigate which factors should be considered in the design of the transfer point of a belt
conveyor. As a result, the third main research question of this thesis will be answered.

1.4 Outline of thesis

In this thesis, the dust liberation at the transfer point of a belt conveyor will be modelled
with a numerical method. The outline of the thesis is structured as follows:

In Chapter 2, the numerical techniques will be reviewed in detail to select a suitable
method for modelling the dust liberation at the transfer point of a belt conveyor. The
numerical techniques are compared with each other from the viewpoint of accuracy and
computational effort as well as the ability of modelling the particle phase. At the end, the
theoretical framework of the selected model will be presented in detail.

In Chapter 3, the Discrete Element Method (DEM)-Computational Fluid Dynamics
(CFD) coupling technique that was proposed in Chapter 2 will be utilized in modelling a
Single Particle Sedimentation (SPS) within three types of fluid. In this way, the CFD-DEM
parameters (the CFD cell size and coupling interval) will be calibrated and the proper
CFD-DEM sub-models (drag force and voidage models) will be selected. Also, the optimum
ratio of the particle diameter to the CFD cell size (Dp/∆x) and the critical ratio of the
domain width to the particle diameter (W/Dp) will be determined in this chapter.

In Chapter 4, the validated CFD-DEM model of Chapter 3 will be re-evaluated for a
dense regime of particles flow in which the inter-particle collisions will be considered in
the simulation. Also, the microscopic and macroscopic properties of quartz sand will be
determined through experimental studies and numerical investigations. The DEM and
CFD-DEM models will be employed to determine the coefficients of rolling and sliding
friction between the sand particles (µr,pp and µs,pp). In the last part of this chapter, the
effect of DEM boundary condition on the computational time will be investigated through
utilizing a slice of DEM domain instead of the whole domain in a way that the slice of
material represents the realistic mechanical behaviour of materials.
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In Chapter 5, the validated CFD-DEM model of Chapter 4 will be checked through
modelling a dense regime of particles flow inside a fluidized bed. The interaction between
the airflow and sand particles will be experimentally and numerically studied to finalize the
validation process of the CFD-DEM model. The Coefficient of Restitution (CoR) between
the sand particles together with the coefficients of rolling and sliding friction between the
sand particles and wall (µr,pw and µs,pw) will be determined in this chapter.

In Chapter 6, the CFD-DEM model of Chapter 4 will be utilized in simulating the
discharge trajectory of sand particles at the transfer point a belt conveyor. The basic
principles of dust liberation at the transfer points will be reviewed in this chapter. Also,
a series of experiments and simulations will be conducted to determine the coefficients of
rolling and sliding friction between the sand particles and belt conveyor (µr,pb and µs,pb).
At the end, the effective factors on the dust liberation at the transfer point such as the size
and density of particles, the velocity and direction of airflow, and the viscous effects near
the belt conveyor are numerically modelled and studied.

Finally, in Chapter 7, the conclusions of this research and the recommendations for
the future researches are presented. The flowchart of this PhD thesis is represented in
Figure 1.3.
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C h a p t e r

2
Numerical Methods for Modelling the Par-
ticulate Flows

The importance of studying the dust liberation phenomenon in bulk material handling
systems was reviewed in Chapter 1. A number of advantages of numerical methods
compared to experimental approaches were discussed and then the first main research
question of this thesis was defined as: “What numerical method can be employed as
a tool in studying the dust liberation in bulk material handling systems?”.

In this chapter, the numerical approaches are reviewed in detail to answer the
first research question through selecting a numerical method with the application in
modelling the dust liberation from bulk material handling systems. The factors that
influence the rate of dust liberation from bulk material handling systems like a belt
conveyor are the physical properties of particles, the inter-particle interactions, and
the particle-equipment collisions. These factors, as well as the computational cost of
the numerical technique, are regarded as the most important criteria in the selection
of numerical method in this study.

The advantages and disadvantages of the numerous numerical methods in mod-
elling particle-fluid two-phase flows will be briefly reviewed in section 2.1 and the
appropriate approach for modelling the dust liberation at the transfer point of a
belt conveyor will be selected. The theoretical background of the DEM method will
be presented in section 2.2 and the sub-models and important parameters of the
CFD-DEM coupling method will be introduced in section 2.3.
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2.1 Modelling the particle-fluid two-phase flow

Leonhard Euler (1707-1783) proposed the Euler equations, which describe conserva-
tion of mass, and conservation of momentum for an inviscid fluid. Claude-Louis Navier
(1785-1836) and George Gabriel Stokes (1819-1903) introduced viscous transport into
the Euler equations, which resulted in the Navier-Stokes equations [1]. Recently, high
speed computers have been used to solve approximations of the Navier-Stokes and
continuity equations using a variety of numerical techniques like Finite Difference
Method (FDM), Finite Volume Method (FVM), and Finite Element Method (FEM).
This area of study is called CFD which is based on the Navier-Stokes equations [2, 3].

Two main approaches for modelling the interaction between particles and fluid
phases [4] are the Eulerian-Eulerian and Eulerian-Lagrangian approaches. In both
approaches, the fluid phase is modelled according to the continuum theories through
solving the Navier-Stokes equations. However, in the first, the particle phase is
considered as artificial continuum media while in the latter, the position of particle
phase is tracked individually during the time.

1. Eulerian-Eulerian approach
The behaviour of material, particle and fluid phases, is modelled as a continuous

mass rather than discrete particles in the Eulerian-Eulerian approach. The modified
Navier-Stokes equations are used in this approach to model dispersed and continuous
phases as separate inter-penetrating and interacting fluids. The momentum exchange
between the phases are simulated by source terms in the governing equations of each
phase [5].

2. Eulerian-Lagrangian approach
In the Eulerian-Lagrangian approach, the fluid is considered as a continuous

medium and particles are assumed as points in the fluid. In this approach, the
Navier-Stokes equations are modified to account the effect of fluid-particle interaction
and Newton’s second law is applied to track continuously the motion of a large
amount of particles in a Lagrangian frame [5].

The particles in this approach can be formulated in two ways: point particle
approximation (one-way coupling) and real particle size consideration (two-way or
four-way coupling). In the one-way coupling, the particles are considered as points
which are distributed in the continuum media. Therefore, the Navier-Stokes equations
are solved for a continuous medium without any modification and particles are carried
by the fluid flow. In this method, the dispersed phase does not have any influence on
the continuous phase and the momentum is only transferred from the fluid phase
to the particle phase. In the second case, the real size of a particle is considered in
the modelling which leads to the momentum exchange between the dispersed and
continuous phases, the so-called two-way coupling. The interaction between particles
along with the momentum exchange between the continuum and particle phases is
implemented in the four-way coupling.
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2.1.1 Review of numerical methods for modelling the partic-
ulate flows

The numerical approaches that are widely used in modelling the particle-fluid two-
phase flows are reviewed in this part.

Two-Fluid Model
The Two-Fluid Model (TFM) is one of Eulerian-Eulerian approaches [6] that is

conducted in the numerical simulations such as modelling the dust liberation at the
transfer point of conveyors [7, 8]. In this method, the size of computational cell is
much larger than the size of particles of the dispersed flow which greatly reduces the
computational time. The drawback of TFM is that some properties of the particle
phase such as the coefficient of restitution and coefficients of sliding and rolling
friction between particles are not implemented; in the other words, the interaction
between particles and particles-equipment can not be modelled exactly with TFM.

Immersed Boundary Method
The Immersed Boundary Method (IBM) was originally developed by Peskin in

1972 [9], so that the fluid and bodies are represented by the Eulerian and Lagrangian
coordinates, respectively. In this method, the CFD cells around the particles are
dynamically refined in which the CFD cells are much smaller than the particle size
and the fluid field is fully resolved around each particle. Implementation of the fine
grids will lead to the detailed information about the fluid flow around a particle. On
the other hand, this makes IBM very expensive from the viewpoint of computational
time and this issue limits the application of IBM to a limited number of particles.

Direct Numerical Simulation
The Direct Numerical Simulation (DNS) [10] is a special kind of CFD in which

the Navier-Stokes equations are fully resolved without any turbulence model. In the
DNS, all the spatial scales of the turbulence are fully resolved in the computational
mesh, from the smallest dissipative scales, up to the integral scale, associated with
the motions containing most of the kinetic energy [11]. The computational time for
exact solutions of a low Reynolds number takes a couple of weeks on today’s largest
supercomputers which is the main drawback of DNS [12].

Lattice Boltzmann Method
The Lattice Boltzmann Method (LBM) is a numerical technique that has been

developed for modelling physical phenomena of Newtonian fluid flows based on
the discrete Boltzmann equation which is coupled to the collision models such as
Bhatnagar-Gross-Krook (BGK) [13]. In the other words, the LBM is based on the
microscopic models and mesoscopic kinetic equations while the FDM, FEM, and
FVM methods discretize the macroscopic continuum equations [14].

The ability to easily represent complex physical phenomena, ranging from multi-
phase flows to chemical interactions between the fluid and the surrounding environ-
ment is one of the advantages of this technique. In comparison, with the traditional
methods, the LBM technique has a number of disadvantages. For instance, the
combination of high and low resolution areas or application of curved grids is difficult.
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Also, a few commercial or open sources softwares have been developed based on the
Lattice Boltzmann theory.

Smoothed-Particle Hydrodynamics
The Smoothed-Particle Hydrodynamics (SPH) [15, 16] is a mesh free particle

method that is developed based on the interpolation method to approximate values
and derivatives of continuous field quantities by a set of discrete elements. The
SPH has some advantages compared to the traditional CFD methods and also it has
some intrinsic limitations. It can easily deal with complicated geometric settings
and introducing more than one material is often trivial for SPH while the traditional
methods have difficulty with the interface problems [17].

Some disadvantages are, for instance, implementation of a boundary condition
is very hard and it is computationally slower than the other traditional methods
because the time step is adjusted according to the sound speed within the fluid [18].

Discrete Element Method
The Discrete Element Method (DEM) is a numerical technique for computing the

motion and collisions of particles that was developed by Cundall and Strack [19] in
order to solve the problems of the rock mechanics. Afterwards, researchers focused
on other applications of DEM such as modelling the granular materiel or powder
mechanics [20, 21].

The DEM is essentially a Lagrangian approach which is capable to accurately
model the inter-particle collision and the particle-equipment interactions. The DEM
is relatively computationally intensive, which limits either the length of a simulation
or the number of particles. On the other hand, parallel processing capability is one of
the advantages of DEM codes to scale up the number of particles or duration of the
simulation [22]. The DEM can be used in the design and optimization of processes
and equipment to avoid the expensive prototyping and predictable errors.

Coupled Computational Frameworks
A number of researches have been focused on coupling between the DEM method

with other numerical methods to increase the accuracy of simulation results by having
more detailed information about the particle phase in the whole domain of fluid
phase. Coupling DEM with CFD methods will lead to have the four-way coupling
technique with the capability of modelling the inter-particle collisions as well as the
interaction between particles and equipment.

The IBM and DNS techniques can be coupled with DEM to include the inter-
particle collisions in the modelling [23, 24]. However, these kinds of coupling requires
substantially more grid resolution and consequently more computational effort.
Hence, the IBM-DEM and DNS-DEM coupling techniques can be applied in the
small systems to study the physical process in detail and consequently improving the
accuracy of the large scale models.

There is a number of obvious advantages of LBM-DEM and SPH-DEM approaches
[25, 26]. The traditional CFD solvers have enormous difficulties to tackle the com-
plexity of the geometry while in LBM-DEM and SPH-DEM techniques the particle
movement and domain deformation are inherently included [27] and they have an
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extreme flexibility to treat with complex boundary conditions. Parallel processing is
the other advantage of these approaches because the collisions are calculated locally.

The first difference between the CFD-DEM method with SPH-DEM and LBM-
DEM methods is about the way that the force is calculated in the governing equations
of these methods. In the CFD-DEMmethod, the aggregate coupling force is calculated
first and then it is distributed to particles while in the SPH-DEM and LBM-DEM
models the coupling force is calculated on for individual particles and then the total
force is applied to the SPH and LBM particles. Due to the high cost of the drag force
calculation, the cost of SPH-DEM and LBM-DEM is much higher than CFD-DEM
[28]. Also, the void fraction field is utilized in the CFD-DEM method to capture the
effect of the particle phase onto the fluid phase [29] which is the latter difference
between these methods.

2.1.2 Selecting the suitable method for modelling dust liber-
ation

Numerical techniques provide the opportunity to obtain detailed information about
the fluid and particle interaction at lower cost than the expensive experiments. A
number of numerical models with the ability to be used in the modelling particle-fluid
two-phase flows were introduced.

The collision between equipment, material and air molecules, and the effect of
surrounding air on the discharge trajectory was addressed in Chapter 1 as some
reasons for dust liberation at the transfer points. It is seen that the dust liberation
phenomenon is inherently a particle-fluid two-phase flow, therefore, the following
criteria should be considered in the selection of numerical method which is suitable
for modelling dust liberation at the transfer point of a belt conveyor.

1. The microscopic properties of the particle phase
The coefficient of restitution and the coefficients of rolling and sliding friction are

three microscopic properties of material. These microscopic properties are unique for
different materials and they have a significant effect on the macroscopic properties of
material such as the Angle of Repose (AoR), the erosion rate, and the rate of dust
liberation [30–32]. TFM is inherently an Eulerian-Eulerian approach and therefore
the microscopic properties of particles are not modelled by this method. The CFD,
IBM, DNS, and LBM techniques have the same disadvantage that can be fixed
through coupling with a Lagrangian technique such as DEM to include the material
properties in the simulation.

2. Inter-particles and particle-equipment collisions
The collision between particles and equipment is one of the causes of dust liberation

in the bulk material handling. Some particles will leave the discharge trajectory
due to the inter-particle and particle-equipment collisions and will be carried with
the airflow as the dust into the surrounding air. Therefore, the selected numerical
technique should be able to model the collision between particles and equipment.

Hence, the numerical techniques that utilize the Eulerian technique to simulate
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the particle phase are not able to accurately model the collision between particles and
equipment. For instance, the TFM, CFD, IBM, DNS, and LBM methods individually
are not able to model the inter-particle collision and they need to be coupled with a
Lagrangian technique such as DEM to obtain more information about the particle
and equipment collisions.

3. The computational effort
It was explained in part 2.1.2 that more detailed information about the fluid flow

can be extracted by utilizing the IBM, DNS, LBM, and SPH techniques. On the
other hand, it is necessary to link these techniques to a Lagrangian technique to
obtain more information about the collisions between particles and equipment. The
IBM, DNS, LBM, and SPH are generally expensive techniques and coupling with a
Lagrangian technique extremely increases the computational effort. These techniques
get illogical, especially, for simulations with numerous particles. The other option
is coupling the CFD with DEM to decrease the computational effort on the fluid
side while the detailed information about the particle level can be obtained by DEM
model.

The criteria that need to be considered in the selection of the suitable technique for
modelling the dust liberation at the transfer point of a belt conveyor are summarized
in Table 2.1.

Table 2.1: Summary of numerical techniques for modelling particle-fluid flows.

Numerical method Microscopic
properties

Particles and
equipment
collisions

Fluid-particle in-
teractions

CFD No No No
DEM Yes Yes No
TFM No Yes Yes
CFD-DEM Yes Yes Yes
DNS, IBM, SPH, LBM No No Yes
(DNS, IBM, SPH, LBM)-DEM Yes Yes Yes

The collision between particles and equipment and the pressure difference around
the trajectory of material are two reasons that fine particles are separated from the
discharge trajectory of material. It should be noted that the detailed information
about the fluid flow around each particle is not necessary and determining the pressure
distribution in the domain is sufficient [33–35]. As seen in Table 2.1, the CFD-DEM
coupling technique is able to model the collision between particles and equipment,
modelling the microscopic properties of the materials as well as determining the
pressure distribution in the domain with the computational effort far less than the
other techniques. Consequently, the CFD-DEM coupling technique will be used in
this study to model dust liberation at the transfer point of a belt conveyor.
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2.2 Discrete Element Model (DEM)

In this study, LIGGGHTS-PUBLIC [36] as an open source and non-commercial
software, is used to determine the microscopic properties of quartz sand and to
simulate the inter-particle collision and the interaction between the particles and
equipment. The capability of coupling with OpenFOAM [37] as an open source and
non-commercial CFD software package is the other advantage of this software. In
this section, the theoretical framework of the DEM will be described in detail.

2.2.1 Contact model
The movement of discrete particles is governed by Newton’s second law of motion.
The net force acting on an individual particle i comprises a gravitational force mig
and particle-particle contact force fpp,i. The translational and rotational motions of
particle i with mass mi and the moment of inertia Ii are governed by the following
equations:

mi
dui
dt

= fpp,i +mig (2.1)

Ii
dωi

dt
= Mi =

kc∑
j=1

(Mt,ij + Mr,ij) (2.2)

In which, ui and ωi are the translational and angular velocities of particles and
kc specifies the number of particles in collision with particle i. Mi is the momentum
arising from the tangential components of the contact forces. The momentum acting
on particle i by particle j is composed of two components: Mt,ij that is generated by
the tangential force, and Mr,ij , which is because of the rolling friction momentum
[38].

Two linear and non-linear elastic contact models of the LIGGGHTS software are
the Hookean and Hertz-Mindlin contact models, respectively. The Hertz-Mindlin
contact model that is a well-known contact model for modelling the non-cohesive
interactions [39] is shown in Figure 2.1. In this model, the first spring-dashpot
represents the normal contact between particles and/or geometry, the coefficient of
Coulomb friction µc represents shear interactions and the second spring-dashpot
undertakes the tangential interaction between particles.

When the overlap contact distance δij between two particles of radii Ri and Rj
is less than Rij = Ri +Rj , the following formula for the frictional force between two
granular particles is used:

fpp,i = (knδn,ij − γnun,ij) + (ktδt,ij − γtut,ij) (2.3)

Where k and γ are the stiffness and visco-elastic damping constant of spherical
particles, respectively. Also, the relative velocity between two particles is defined
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Figure 2.1: Schematic picture of simplified Hertz-Mindlin contact model between two
particles.

by uij . The tangential force between two particles grows according to a tangential
spring and dashpot model until Ft/Fn = µc and then is held at Ft = µcFn until the
particles loose contact. Equation 2.4 shows the formulation of stiffness constants in
the normal and tangential directions.

kt = 8Geff
√
Reffδn (2.4)

kn = 4/3Eeff
√
Reffδn (2.5)

Where Eeff , Geff , and Reff are the effective Young’s modulus, the effective
shear modulus, and the effective radius, respectively, which are expressed by the
following equations.

1/Eeff = (1− ν2
1)/E1 + (1− ν2

2)/E2 (2.6)
1/Geff = 2(2− ν1)(1 + ν1)/E1 + 2(2− ν2)(1 + ν2)/E2 (2.7)
1/Reff = 1/R1 + 1/R2 (2.8)

The formulation of the visco-elastic damping constant in the normal and tangential
directions is shown in Equations 2.9 and 2.10.

γt = −2βd
√

5/6
√
Stmeff (2.9)

γn = −2βd
√

5/6
√
Snmeff (2.10)

Where βd is the dimensionless damping coefficient and the effective mass meff is
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expressed by 1/meff = 1/m1 + 1/m2. The Sn, St, and βd are formulated as below:

St = 8Geff
√
Reffδn (2.11)

Sn = 2Eeff
√
Reffδn (2.12)

βd = ln (e)/
√
ln2 (e) + π2 (2.13)

2.2.2 Governing equations of rolling resistance
The granular material with irregular and complicated shapes are widely used in many
industrial processes and fields [40, 41]. One of the expensive parts of DEM modelling
is considering the particle shape in the simulation. Therefore, rolling friction is
incorporated in DEM as an alternative solution of the particle shape consideration
[42–45].

Ai et al. [46] assessed four different types of rolling resistance models. It was
indicated that model C produced satisfactory predictions of the stockpile formation
while models A and B both had a deficiency in modelling a stable pile. Model C is also
known as elastic-plastic spring-dashpot model that applies a momentum consisting
of two components: a spring momentum M k

r and a viscous damping momentum M d
r

on the particle to account for the rolling friction. The resistant momentum between
two particle i and j can be represented as:

M r = M k
r + M d

r (2.14)

Figure 2.2 shows the mechanism of rolling resistance which generates a resistant
moment M r.

Figure 2.2: Rolling resistance and rolling resistance angle a) mechanism of rolling resistance;
b) rolling resistance angle [46].

According to Wensrich [30], in the modified version of model C, the rolling damping
is not being considered in the new formulation of rolling stiffness. Equation 2.15 is
represented the rolling stiffness of the modified model C:
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kr = ktR
2
eff (2.15)

Since the rolling oscillations are partly small in comparison with the typical time
constants in the DEM, the motion effect of shear damping at the contact is negligible.
So mobilization of the shear damping occurs at the higher levels of rolling stiffness
and it is not necessary to use an additional parameter (rolling damping) in the
DEM simulation [30, 46, 47]. Thus, the modified version of model C will be used in
this study. The modified resistant momentum between two particles i and j can be
represented:

M r = M k
r = −kr4θr (2.16)

2.2.3 DEM time step

One of the important subjects in DEM simulation is determination of the time
step. A sufficient short time step is required to ensure the numerical stability and
accuracy of DEM simulation. On the other hand, a DEM simulation is limited by
computational effort which limits utilization of the small DEM time-steps.

On the other hand, it is essential that the ratio of skin size that is the extra
distance beyond force cut off to the distance that particles can travel relative to
each other at one time-step be greater than 1, otherwise, some interactions may be
missed or overlap energy may be generated artificially [48]. To ensure about this
issue, Rayleigh and Hertz time are implemented in DEM code. The formulation of
Rayleigh time step tr and Hertz time step th are given in Equations 2.17 and 2.18
[48]. In order to be sure about the accuracy of DEM simulations, it is better to use
10 percent of Rayleigh time as the DEM time step [49].

tr = πDp

2

√
(ρp/G)/(0.163ν + 0.8766) (2.17)

th = 2.87×
(
m2/

(
Dp

2 × E
2 × umax

))0.2
(2.18)

Where ν and G are Poisson ratio and shear modulus between particles, respec-
tively.

2.3 CFD-DEM coupling method

In the CFD-DEM model, the motion of particles is calculated by DEM while CFD
is utilized to solve the local averaged Navier-Stokes equations for the fluid phase.
The CFDEM open source software [48] together with the other open source software
packages, OpenFOAM and LIGGGHTS, has been used to implement the coupling
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between CFD and DEM. Figure 2.3 illustrates how information exchanges between
CFD and DEM models.

In this section, the theoretical framework of the three sets of Navier-Stokes
equation, drag force models, and voidage models that are widely used in the field of
particle-fluid two-phase flows are presented in detail.
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Figure 2.3: Information exchange between CFD and DEM models.

The coupling interval (CI) determines the time passing between two CFD and
DEM data exchanges which is defined as follows:

∆tCFD = CI ×∆tDEM (2.19)

2.3.1 The governing equations of the particle and fluid phases
In the CFD-DEM coupling method, the fluid phase is treated as a continuum media
and the fluid flow is calculated by Navier-Stokes equations based on the law of
conservation of mass and momentum. The particle phase is considered as a discrete
phase and the motion of particles are determined by Newton’s second law of motion.
The governing equation for the transnational motion of particle i with mass of mi is
written as follows [29]:

mi
dui
dt

= fpf,i + fpp,i +mig (2.20)

Where ui is the translational velocity of a particle. The fluid-particle interaction
force fpf,i, the gravitational force mig, and the inter-particle collision force fpp,i are
the involving forces in Equation 2.20. The rotational motion of particle, Mi, which
arises from the tangential components of the contact forces was already defined by
Equation 2.2.
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The fluid-particle interaction force is the sum of all types of particle-fluid interac-
tion forces including the drag force fd,i, pressure gradient force f5p,i, viscous force
f5.τ,i, virtual mass force fvm,i, Basset force fB , and lift forces such as Saffman fSaff
and Magnus force fMag [50] that act contrary to the gravitational force mig. The lift
forces, including Saffman and Magnus lift forces, are due to the rotation of particle
and for the spherical particle without rotational motion, the effect of lift forces is
negligible [51]. Therefore, the fluid-particle interaction force on an individual particle
i is as follows:

fpf,i = fd,i + f5p,i + f5.τ,i + f
′′

i (2.21)

f
′′

i = fvm,i + fB,i + fSaff,i + fMag,i (2.22)

Depending on the treatment of the pressure drop in the Navier-Stokes equations,
three sets of formulation have been proposed to be applied in the CFD-DEM coupling
model, referred to as set I, II, and III [29]. Sets II and III are known as model A and
B, respectively, and set I is named as Bfull model because its similarity to model B.
The conservation of mass for both phases in all three sets is formulated as follows:

∂(εfρf )
∂t

+5.(εfρfuf ) = 0 (2.23)

∂(εpρp)
∂t

+5.(εpρpup) = 0 (2.24)

Where εf and εp are the fluid and particle void fractions in a numerical cell. The
relation between the void fractions is as follows:

εf + εp = 1 (2.25)

The momentum conservation equations for sets I, II, and III are written as follows:

I :



∂(ρfεfuf )
∂t

+5.(ρfεfufuf ) = −5 p− FsetIpf +5.τ + ρfεfg (2.26a)

FIpf = 1
∆V

n∑
i=1

(fd,i + f5p,i + f5.τ,i + f
′′

i ) (2.26b)

fpf,i = fd,i + f5p,i + f5.τ,i + f
′′

i (2.26c)

II :



∂(ρfεfuf )
∂t

+5.(ρfεfufuf ) = −εf 5 p− FsetIIpf + εf 5 .τ + ρfεfg (2.27a)

FIIpf = 1
∆V

n∑
i=1

(fd,i + f
′′

i )− 1
∆V

n∑
i=1

(ρfVp,ig) (2.27b)

fpf,i = fd,i + f5p,i + f5.τ,i + f
′′

i (2.27c)
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III :



∂(ρfεfuf )
∂t

+5.(ρfεfufuf ) = −5 p− FsetIIIpf +5.τ + ρfεfg (2.28a)

FIIIpf = 1
εf∆V

n∑
i=1

(fd,i + f
′′

i )− 1
∆V

n∑
i=1

(ρfVp,ig) (2.28b)

fpf,i =
(fd,i + f

′′

i )
εf

− ρfVp,ig (2.28c)

Where V and Vp,i are the total volume of a numerical cell and the volume of
a particle, respectively. The investigations of Zhou et al. [29] shows that all three
models are usable for studies such as fluidization and pneumatic conveying. However,
set III is a simplified version of set I and it is usable when the particle phase is steady
and uniform [52]. Considering the objective of this research, set I will be employed
in the CFD-DEM simulations of this study.

2.3.2 Drag force models

The formulation of the drag force fd is as follows:

fd = ksl(uf − up) (2.29)

Where the ksl is the momentum exchange coefficient that represents the amount
of drag force exchange between the CFD and DEM models. Many correlations have
been proposed to calculate the drag force between the particle and fluid phases,
particularly, the equations of Ergun [53], Di Felice [54], Gidaspow [55], and Koch
Hill [56]. In this study, these well-known drag force models are evaluated by different
benchmarking tests to select the proper drag model for simulating the dust liberation
phenomenon.

Ergun drag model
Flow through a packed bed can be regarded as fluid flow through number of

submerged objects such as spherical particles with diameter of Dp. To calculate
the pressure drop in a packed bed in a specified flow rate, the following equation is
proposed by Ergun [53] for εf ≤ 0.8:

ksl = ∆p
H

= 150 µf

Dp
2

(1− εf )2

εf
+ 1.75 ρf

Dp
(1− εf )|uf − up| εf ≤ 0.8 (2.30)

Where ∆p is the pressure drop, H is the height of the bed, Dp is the particle
diameter, εf is the porosity of the bed, µf is the fluid viscosity, (ufp = uf − up) is
the superficial velocity (the volumetric fluid flow rate divided by the cross-sectional
area of the bed), and ρf is the fluid density. As seen in the Ergun equation, the
pressure drop is a function of the packing size, length of bed, volume fraction of fluid,
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density and viscosity of fluid phase, superficial velocity and particle diameter.
Wen-Yu drag model
The Wen-Yu drag model [57] uses a correlation from the experimental data of

Richardson and Zaki [58]. This model is valid when the internal forces are negligible
which means that the viscous forces dominate the flow behaviour.

ksl = 3
4Cd

εf (1− εf )
Dp

ρf |uf − up|εf−2.65 εf > 0.8 (2.31)

Where the drag coefficient Cd is described by:

Cd =


24
Rep

[1 + 0.15(Rep)0.687] Rep ≤ 1000 (2.32a)

0.44 Rep > 1000 (2.32b)

The particle Reynolds number is given by:

Rep = εfρf |uf − up|Dp

µf
(2.33)

Gidaspow drag model
The Gidaspow drag model [55] is a combination of the Wen-Yu and Ergun

equations. The combination of the two drag models 2.30 and 2.31 in the Gidaspow
drag model is defined as:

ksl =
{
Wen− Y u model εf > 0.8 (2.34a)
Ergun model εf ≤ 0.8 (2.34b)

Di Felice drag model
Di Felice [29, 54] proposed an empirical expression for the momentum exchange

coefficient ksl as follows:

ksl = πDp
2

8 ρfCd|uf − up|εf (2−ξ) (2.35)

Where Cd and ξ are given as below:

Cd = [0.63 + 4.8√
Rep

]2 (2.36)

ξ = 3.7− 0.65exp[− (1.5− logRep)2

2 ] (2.37)



2.3 CFD-DEM coupling method 23

Koch-Hill drag model
Koch and Hill [56] proposed a new drag model based on the Lattice-Boltzmann

simulation results as follows:

ksl = 18µfεf 2εp

Dp
2 (F0(εp) + 1

2F3(εp)Rep) (2.38)

Where:

F0(εp)


1 + 3

√
εp

2 + 135
64 εpln(εp) + 16.14εp

1 + 0.681εp − 8.48εp2 + 8.16εp3 εp < 0.4 (2.39a)

10εp
εf 3 εp ≥ 0.4 (2.39b)

F3(εp) = 0.0673 + 0.212εp + 0.0232
εf 5 (2.40)

2.3.3 Voidage models
The voidage models of the CFDEM package that are used to determine the void
fraction of CFD cells are centre, divided, and big particle models. The centre and
divided models are valid for the cases that the particle size is less than the CFD
grid [48]. The void fraction distribution between CFD cells are shown for all voidage
models in Figure 2.4.

Figure 2.4: Schematic picture of particle volume distribution between CFD cells for centre,
Divided, and big particle models.
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In the centre model, the total volume of a particle is specified for a fluid cell in
which the particle centre is located, whilst in the divided model the void fraction is
calculated based on the distribution of particle volume between the CFD cells. The
big particle model is usable for the cases where the size of particle is larger than the
CFD grid and the void fraction is calculated in a similar way as the divided model.

If the centre or divided voidage models utilize in the CFD-DEM model, the fluid
flow around a particle is not solved in detail and the CFD-DEM model is known as
unresolved model. Whereas, some information about the fluid flow around a particle
can be obtained through utilization of the big particle model and the CFD-DEM
model is referred to resolved model.

2.4 Conclusions
The objective of this chapter was selecting a proper numerical approach for modelling
the dust liberation in bulk material handling systems. It was concluded that the
CFD-DEM coupling method is the proper technique for modelling the dust liberation
at the transfer point of a belt conveyor as a bulk material handling system. The
other results of this chapter are presented below.

1. It was indicated that it is neither possible nor necessary to fully resolve the flow
and pressure field of the fluid phase around the particles in the discharge trajectory
of a belt conveyor. Hence, the unresolved CFD model are utilized to simulate the
fluid phase while more detailed information about the particle phase such as position
and velocity of particles are determined with the DEM model.

2. A number of advantages of the CFD-DEM coupling method compared to
the other numerical methods are the lower computational effort than the other
coupled methods, the ability to determine the microscopic properties of the materials,
modelling the inter-particles and particle-equipment collisions, improving the accuracy
of airflow field simulation through the obtained information from the particle phase.
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C h a p t e r

3
CFD-DEM Modelling of the Single Particle
Sedimentation

A number of numerical approaches with the ability of modelling the fluid-particle
two-phase flows were reviewed in Chapter 2. It was concluded that the CFD-DEM
method is the proper method for modelling dust liberation at the transfer point of a
belt conveyor.

In this chapter, the reliability and accuracy of the CFD-DEM model is evaluated
for a dilute regime of particle flow through modelling the SPS. The analytical solution
[1], numerical results [2, 3], and experimental data [4] are used in the calibration,
verification, and validation processes of the CFD-DEM model. Firstly, the CFD-DEM
model is calibrated and the optimum ratio of the particle diameter to the CFD cell
size (Dp/∆x) together with the drag force and voidage model are determined. In
addition, a parametric study is conducted to investigate in which ratios of domain
width to particle diameter W/Dp, the voidage models are usable so that the walls do
not influence the simulation results. Secondly, the sedimentation of a particle from air
into water is used to verify the calibrated model. Finally, the particle sedimentation
at different particle Reynolds numbers is utilized to assess the validity of the verified
CFD-DEM model.

In section 3.1, the analytical formulation of the SPS together with the equations

Parts of this chapter have been published in Engineering Computations, vol:33, iss:4 (2016).
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of momentum exchange between the fluid and particle phases will be extracted in
detail. In section 3.2, the benchmarking tests that are utilized in the calibration,
verification, and validation of the CFD-DEM model will be presented. Finally, in
section 3.3, the validity of CFD-DEM model will be investigated for a dilute regime
of particle flow.

3.1 The analytical framework of the SPS
The trajectory and terminal velocity of a particle during the sedimentation process
can be analytically extracted in order to be used in the accuracy evaluation of the
numerical models [1, 5]. There is not particle-particle force (fpp,i = 0) for a single
particle which leads to have the two-way coupling model [6]. The other influential
forces in the SPS process are categorized into driving forces and damping forces.
The only driving force in the SPS is the gravity force mig that forces the particle to
settle downward through the fluid. On the other hand, the damping forces are the
Archimedes or buoyancy force fA,i, drag force fd,i, virtual mass force fvm,i, Basset
force fB,i, and Saffman fSaff,i and Magnus fMag,i lift forces that act contrary to
the gravitational force. The fluid-particle interaction force fpf,i of Equation 2.20 is
represented as follows:

fpf,i = fA,i + fd,i + fvm,i + fB,i + fSaff,i + fMag,i (3.1)

The lift forces, including Saffman and Magnus lift forces, are due to the rotation
of the particle [7]. In this study, it is assumed that the particle is perfectly spherical
and without rotational motion, therefore the effect of lift forces will be negligible.
The Archimedes force fA,i and the drag force fd,i in Equation 3.1 are formulated as
follows:

fA,i = gρfup (3.2)

fd,i = 1
8CDπD

2
pρfup2 (3.3)

In which, the CD is the drag coefficient for a spherical particle. The following relation
for the drag coefficient is proposed by Abraham [8].

CD = 24
9.062 ( 9.06√

Rep
+ 1)2 0.2 ≤ Rep ≤ 1000 (3.4)

Rep = ρfupDd

µf
(3.5)

It should be noted that the drag coefficient has a constant value of 0.44 for the
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Reynolds numbers bigger than 1000 and smaller than 2× 105 [8].
The virtual mass force fvm,i that is also called the apparent mass is the required

force for accelerating the surrounding fluid around a particle. The Basset force fB,i
is because of the lagging boundary layer development with changing the relative
velocity during the movement of a particle in the viscous fluid. The virtual mass
force fvm,i and Basset force fB,i are presented below.

fvm,i = CA ρfup
dup
dt

(3.6)

fB,i = CH Dp
2√πρfµf

∫ t

0

∂up
∂t′

/
√
t− t′dt′ (3.7)

CA and CH are, respectively, the coefficients of the added mass and history term
[9] that were determined by experiments [10]. The relation between the CA, CH , and
the acceleration number AC = u2

p/aDp is illustrated in Figure 3.1. In which, ‘a’ is
the acceleration of a particle during the movement within a fluid.

Figure 3.1: Variation of the coefficients of the added mass, CA, and history term, CH , with
the acceleration number, AC = u2

p/aDp, [11].

The sedimentation of a spherical particle inside a container consists of three stages:
acceleration, constant speed, and deceleration. Each of these stages are influenced
by a series of driving and damping forces. For instance, the Basset and virtual mass
forces play a role in the acceleration state of the SPS and the lubrication force is an
important force when a particle gets close enough to the wall of domain [12, 13].

The net forces acting on the particle become zero, when a particle reaches into
constant speed which is known as the terminal velocity of particle ut. At this
stage, the weight of a spherical particle is exactly equal to the upward drag force
and buoyancy force [14]. In other words, dup

dt gets zero in Equations 3.6 and 3.7.
The balance of forces at the terminal velocity of a spherical particle is shown in
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Equation 3.8.

mg = fA + fd (3.8)

Substitution of Equations 3.2 and 3.3 in Equation 3.8 and solving for terminal
velocity ut will yield the following expression:

ut =
√

4gDp

3Cd
(ρp − ρf

ρf
) (3.9)

In the Stokes flow where the inertial forces are small compared with viscous forces
(Rep << 1) [15], the drag force is represented by the following equation.

fd,i = 6πµDpup (3.10)

Substitution of Equations 3.10 in Equation 3.8 and solving for terminal velocity
will yield to the terminal velocity of a spherical particle moving under Stokes flow
condition as follows:

ut = gD2
p

18µf
(ρp − ρf ) (3.11)

In this study, the terminal velocity of a spherical particle will be used as a
reference value in selecting the suitable drag force and voidage models as well as
calibrating the CFD cell size and coupling interval in the CFD-DEM model.

3.2 Benchmarking tests

The calibration, verification, and validation of the CFD-DEM model needs to be
conducted based on the reliable data such as analytical solution, numerical results, and
experimental data. Bagherzadeh [1] analytically modelled the particle sedimentation
within different fluids. Zhao et al. [2] and Derakhshani et al. [3] utilized the un
resolved CFD-DEM method and fully resolved IBM-DEM method respectively to
model a particle sedimentation within air and water. Cate et al. [4] experimentally
extracted the trajectory and velocity of a settling particle within silicon oil for
different Reynolds numbers. These experimental data was also used in the validation
of the IBM-DEM method [3]. Hence, in the cases that the experimental data are not
available like the study carried with Zhao [2], the results of IBM-DEM method will be
utilized together with the analytical solution as reliable values to assess the accuracy
of the CFD-DEM model. The results of these studied will be used in this research
to study the sedimentation of a particle with unresolved and resolved CFD-DEM
model.
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3.2.1 Test set-up
The particle is located in (L/2, W/2, h) of the container and then it is released
within the fluid at t=0 s. The geometric characteristics of benchmarking tests are
illustrated in Figure 3.2.

 

Size and position (mm) Case A Case B 

Length (L) 20 100 

Width (W) 10 100 

Height (H) 30 160 

Height of particle (h) 45 120 

Particle diameter (Dp) 1 15 

 

 

W 

L 

D 

h H 

z y 

x 

Figure 3.2: Schematic picture of domain geometry and particle position at t=0 s.

The particle sedimentation was investigated in cases A and B within three medium:
air, water, and silicon oil. The physical properties of the fluids and particles involved
in the simulations are presented in Table 3.1.

Table 3.1: The physical properties of fluid and particle phases used for benchmarking tests.
Type of fluids Case ID ρf (kg/m3) µf×10−3 (kg/m.s) ρp (kg/m3) Dp (mm)
Water [2] A1 998.2 0.998 1.2 1Air [2] A2 1.19 0.0184

Silicon oil [4]

B1 970 373

1120 15B2 965 212
B3 962 113
B4 960 58

3.2.2 Calibration, verification, and validation plan
The CFD-DEM model is calibrated through determination of its parameters (CFD
cell size and coupling interval) and sub-models (drag force and voidage models).
Cases A1 and B1 are the benchmarking tests that are firstly used in the calibration
of the CFD-DEM model.

As explained in section 2.3.3, the centre and divided voidage models are valid
for the cases that the particle size is less than the CFD cells while the big particle
model can be used even in the cases that the size of particle is larger than the CFD
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cells. Accordingly, the CFD cell size, the voidage model, and the size of domain are
dependent items that should simultaneously be considered in the calibration process.

Almost all iterative methods converge with a finer grid to a higher accuracy, but
it requires considerable computational effort [16]. In this study, the grid dependency
analysis is performed to determine the optimum size of the CFD cell. The grid
dependency analysis is firstly performed for case A1 to determine the relation
between the ratio of particle diameter to the CFD cell size Dp/∆x and the voidage
models. Four values of Dp/∆x (0.5, 1, 2, and 4) are chosen to analyse the dependency
of the simulation results on the CFD cell size. In this way, the validity of the centre
and divided voidage models is also evaluated for the cases that the size of CFD cells
is in the order of particle diameter.

In case B1, utilization of Dp/∆x = 0.5 will lead to have only three CFD cells in
the width of domain (W/Dp = 3) that is not common in the CFD. Accordingly, the
big particle model is the only usable model in this case and the Dp/∆x of 2, 4, and
6 is used in the grid dependency analysis.

As already stated, the ratio of domain width to the particle diameter (W/Dp) is
an important factor that should be considered in the calibration process. Therefore,
a parametric study is conducted for case A1 to investigate in which ratios of W/Dp,
the centre/divided voidage model is usable so that the walls do not influence on the
simulation results.

The drag force and coupling interval are the other items that are selected in the
calibration process. The CFD-DEM parameters and sub-models that are used in the
calibration of the CFD-DEM model are presented in Table 3.2.

Table 3.2: Range of parameter variations and different models used in the CFD-DEM model.

Case ID Drag Voidage Coupling
Dp/∆x W/Dpmodel model interval

A [2]
Di Felice Centre

10 and 100 0.5, 1, 2, 4 5, 10, 20Gidaspow Divided
Koch-Hill Big particle

B [4] Gidaspow
Di Felice Big particle 100 2, 4, 6 6.7

After calibrating the CFD-DEM model, the sedimentation of the particle from
air (case A2) into water (case A1) is simulated to verify the CFD-DEM model. At
the end, the experimental results that were carried out at particle Reynolds numbers
ranging from 4.1 to 31.9 (cases B2 to B4) are used to validate the verified CFD-DEM
model.

3.2.3 The accuracy of CFD-DEM model
The accuracy of simulation results are assessed in accordance with the percent error
which is defined as the difference between the simulation results (S) and the reference
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value (R) as follows:

Percent error = |R− S|
R

× 100 (3.12)

The reference value in this study is selected based on the analytical result and
the experimental data for case A and case B, respectively.

3.3 The CFD-DEM modelling of the SPS
The aim of this section is to calibrate the CFD-DEM parameters and to identify
the proper sub-models of CFD-DEM method. As already mentioned, the terminal
velocity of a particle during the sedimentation process will be used as a reference
value to calibrate, verify, and validate the CFD-DEM model.

3.3.1 The CFD-DEM calibration
Grid Dependency Analysis (Dp/∆x)

Figure 3.3 shows the terminal velocity of a particle within water (case A1).
As seen, the predicted terminal velocities with the centre and divided models at
Dp/∆x = 0.5 are 0.150 m/s and 0.152 m/s, respectively. The obtained results are in
agreement with the analytical value, 0.160 m/s, with the percent errors of 6.2% and
5.0% for the centre and divided models. On the other hand, by utilizing the finer
grid (Dp/∆x=1), the void fraction of CFD cells tends toward zero where the centre
and divided models are not valid [17].
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Figure 3.3: The effect of voidage models and the CFD cell size on the accuracy of the
determined terminal velocity: case A1.

The big particle model with Dp/∆x ratios of 2 and 4 was used to investigate the
effect of utilizing the finer grid on the accuracy of the CFD-DEM model. Figure 3.4
shows that the terminal velocity of the particle is 0.152 m/s with the percent error
of 5% for both ratios of Dp/∆x.
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Figure 3.4: Evaluating the accuracy of big particle model versus the CFD cell size: case A1.

Hence, the grid dependency analysis along with the big particle voidage model
was performed for case B1 to determine the proper value of Dp/∆x. The results of
the grid dependency analysis are shown in Figure 3.5.
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Figure 3.5: Assessing the accuracy of the big particle model for different size of CFD grid:
case B1.

As seen, the terminal velocity of a particle with Dp/∆x=4 is 0.0369 m/s that is
in good agreement with the analytical value, 0.0382 m/s, and the experimental result,
0.0373 m/s, with the percent error of 1.1%. It should be noted that the reported
uncertainty of the experimental data is 5% [4] which confirms the accuracy of the
CFD-DEM results.

The difference between the terminal velocity of the particle through utilizing the
finer grid (Dp/∆x = 6) is very negligible which confirms Dp/∆x = 4 as the optimum
size of the CFD cell. Consequently, the big particle model with Dp/∆x = 4 should
be used in the cases that the utilization of the big particle model is unavoidable in
the CFD-DEM model.
The CFD-DEM coupling interval

Typically, the information is exchanged between CFD and DEM models every 10-
100 DEM time steps. Here, the effect of coupling interval on the computational time
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and the accuracy of numerical results was evaluated for case B1. The experimental
terminal velocity of case B1, 0.0373 m/s, was used to assess the accuracy of results.
The CFD-DEM results according to the coupling intervals of 10 and 100 times DEM
time step are compared in Table 3.3.

Table 3.3: Determining the optimum value of coupling interval between CFD-DEM.
Coupling Computational Terminal Percent
interval [-] time [sec] velocity [m/s] error [%]

10 42489 0.0389 4.3
100 2112 0.0386 3.5

The results indicated a significant difference between the computational time
of two different coupling intervals. Hence, the coupling interval of 100 is selected
because it is much faster than the other without significant compromising in the
accuracy of results.
Drag force models

Figure 3.6 shows a comparison between the terminal velocities of a settling particle
within water (case A1) for three different drag models: Di Felice, Gidaspow, and
Koch-Hill.
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Figure 3.6: Evaluating the drag force models based on the analytical solution with Dp/∆x =
0.5 and Divided model: case A1.

It can be seen that the Di Felice and Gidaspow drag models are in better agreement
with the analytical results than Koch-Hill. The percent error for Di Felice is 5.0% and
for Gidaspow is 0.1%. The Di Felice and Gidaspow drag models were assessed again
by the experimental data of a settling particle within silicon oil, case B1. Figure 3.7
shows that the results obtained by the Gidaspow drag model are very well fitted
to experimental data with the percent error of 1.1%. Consequently, the Gidaspow
drag model is considered as a reliable and accurate drag model and is selected for
CFD-DEM simulations in this study.
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Figure 3.7: Evaluating the accuracy of drag force models based on the experimental data,
IBM-DEM results, and analytical solution: case B1.

The domain size effect (W/Dp)
It was indicated in the previous parts that the divided and big particle models

are respectively the proper voidage models in the modelling case A1 and case B1.
The main reason that the divided model was not usable for case B was the W/Dp

ratio.
A parametric study was conducted to check the validity domain of the voidage

models based on W/Dp ratios. The ratio of W/Dp is 10 for case A according to
Figure 3.2. Hence, it will be varied in the range of 5, 10 and 20 by assuming W=L
to investigate the accuracy and validity of voidage models based on W/Dp.
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Figure 3.8: Evaluating the effect of domain size on the accuracy of CFD-DEM results base
on case A1.

Figure 3.8 shows that the divided model becomes valid where W/Dp is larger
than 10 while the big particle model is accurate in the whole range of W/Dp ratios.
In addition, it was seen that the big particle model with Dp/∆x=4 is a reliable
voidage model with the percent error of 5% even when the ratio of W/Dp is small in
the order of 5.
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Considering the computational expenses of the big particle model and the similar-
ity between the results of big particle and divided models, it was concluded that the
divided model can be used with W/Dp ratios bigger than 10 while the big particle
model is usable for 5 ≤W/Dp.

3.3.2 The CFD-DEM verification
In this part, sedimentation within the air into the water was used to verify the
calibrated CFD-DEM model. As seen, when the particle enters into the water its
speed decreases due to the strong viscous effect. After 0.2 second, the particle touches
the bottom of the container and its speed gets zero. A comparison between the
CFD-DEM results and numerical results of Zhao [2] for a particle that falls from air
into water is shown in Figure 3.9.
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Figure 3.9: Particle sedimentation within air into water: a comparison between CFD-DEM
results and results of Zhao et al. [2].

Evaluating the CFD-DEM results with the analytical solution indicated that all
three voidage models are able to predict the terminal velocity of a settling particle.
The difference between the results of Zhao and this study is 5% for both divided
and big particle models. In this study, the particle reached to the bottom of the
container about 0.03 second early because the predicted particle terminal velocity of
this research within the water is about 5% bigger than Zhao’s terminal velocity.

It was seen that the centre and divided models with Dp/∆x of 0.5 and the big
particle model with Dp/∆x of 4 are respectively the proper CFD cell size and voidage
models when the W/Dp ratio is greater than 10. Consequently, the parameters and
sub-models that are presented in Table 3.4 are verified in this step and can be used
in the validated model.

Table 3.4: Parameters and sub-models of the verified CFD-DEM model.
Case ID Dp/∆x Voidage model Drag force model Coupling interval

A 0.5 Divided Gidaspow 100B 4 Big particle
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3.3.3 The CFD-DEM validation

In this section, cases B2 to B4 were simulated with the verified CFD-DEM model to
assess the validity of the model in accordance with cases that have already not been
used in the calibration and verification processes. Figure 3.10 shows a comparison
between the results of this study with the experimental data, analytical solution, and
IBM-DEM results.
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Figure 3.10: Validation of the CFD-DEM model based on the experimental results of cases
B2 to B4.

The error bars in this figure illustrate 5% uncertainty for the experimental values
[4]. The relative percent errors between the results of this study and experimental
data for cases B2 to B4 are 1.6%, 3.7%, and 4.6%, respectively which indicate a good
agreement between the simulation results and experimental data.

The percent error in case B4 increased because in this case the viscosity of silicon
oil is less than the other cases which increases the terminal velocity of the particle.
Therefore, the particle reaches into its terminal velocity in the places close to the
bottom of container at t = 1.05 s while the sedimentation time is only 1.2 s. As
already stated, the lubrication force has an important roll when a particle gets close
to walls of domain which is not included in the CFD-DEM model of this study.
Accordingly, it can be one of the reasons for the increase in the percent error of case
B4 while still is less than the uncertainty of the experimental data.

Finally, it can be concluded that the CFD-DEM model with the proposed Dp/∆x,
voidage model, coupling interval, and drag force model (see Table 3.4) is a reliable
and accurate model for modelling a dilute regime of particle flow such as the SPS
phenomenon.

3.4 Conclusions
The objective of this chapter was evaluating the accuracy and reliability of the CFD-
DEM model through modelling a dilute regime of particle flow like a Single Particle
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Sedimentation within different fluids. The results of this chapter are presented in
the following.

1. There is not any inter-particle collision in the fluid-particle two-phase flows
like the SPS. Consequently, the CFD-DEM model is validated for a dilute regime of
particle flow which the 2-way coupling incorporates between the fluid and particle
phases.

2. According to the grid dependency analysis, the ratio of the particle diameter
to the CFD cell size (Dp/∆x) was determined equal to 0.5. This ratio along with
the divided voidage model should be used where the ratio of the domain width to
the particle diameter W/Dp is larger than 10.

3. The grid dependency analysis indicated that the big particle voidage model
together with Dp/∆x = 4 can be utilized for W/Dp > 5 in the CFD-DEM model
where the divided voidage is not applicable.

4. The numerical benchmarks indicated that the CFD-DEM results obtained with
the Gidaspow drag force model are more accurate than the other drag force models.
Also, the coupling interval of 100 times DEM time step will lead to sufficiently fast
simulation and accurate enough results in the SPS modelling.
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C h a p t e r

4
Determination of Micro-Macro Properties
of Quartz Sand

The Single Particle Sedimentation (SPS) within air, water, and silicon oil was
modelled with the CFD-DEM coupling method in Chapter 3. A number of parameters
and sub-models of the CFD-DEM model were determined through modelling the
SPS and assessing the validity of the CFD-DEM model with the experimental data.
It was concluded that the validated CFD-DEM model is reliable for modelling a
dilute regime of particle flow because only a single particle was employed in the SPS
modelling.

In this chapter, the validated CFD-DEM model of Chapter 3 is re-evaluated for
a dense regime of particle flow in which the inter-particle collisions are considered in
the DEM simulation. For this purpose, a series of experiments are conducted and
the CFD-DEM model of Chapter 3 is utilized to re-evaluate its validity based on
experimental data for a dense regime of particle flow. The coefficients of rolling and
sliding friction between the sand particles (µr,pp and µs,pp) are determined with the
DEM model as well as CFD-DEM model. Also, the effect of utilization of different
boundary conditions in the DEM model is investigated.

A number of physical properties of sand particles will be introduced in section 4.1.
In section 4.2, three sets of benchmarking tests will be used to re-evaluate the CFD-

Parts of this chapter have been published in Powder Technology 269, 127 (2015) [1].

47



48 Determination of Micro-Macro Properties of Quartz Sand

DEM model and to determine µr,pp and µs,pp as the microscopic properties of sand
particles. The macroscopic properties of sand, namely, the Angle of Repose (AoR)
and the discharging time of sand particles from an hourglass, will experimentally be
measured in section 4.3. The microscopic properties of sand will be determined with
the DEM model as well as the CFD-DEM models in section 4.4. Also, the effect of
utilizing various DEM boundary conditions on the computational time of simulations
will be examined in this section.

4.1 The physical properties of quartz sand
In Chapter 1 was explained that the particles with the diameters in the range 0.1-1.0
mm belong to the heavy industrial dust group. From the viewpoint of particle size,
various types of materials such as sand can be located in this group of materials. Sand
will be employed in this research, because it is the second most abundant mineral
material on the surface of earth [2] and the fine particles of the sand composition
can be liberated as the dust at the transfer point of a belt conveyor.

Various types of sand with different physical properties are widely employed
in the industrial process. Hence, It is necessary to have an accurate and reliable
determination of the physical and mechanical properties of sand to use in the
numerical model. In order to determine the physical properties of sand, a series of
experiments are conducted to measure the particle and bulk density of sand together
with the Particle Size Distribution (PSD) of sand particles.

The AoR as one of the macroscopic properties of quartz sand is measured in
this study. Two main types of the AoR, namely, the static and dynamic angles,
were widely used in earlier studies [3–5]. Also, there are at least eight methods
of measuring the AoR with slightly different values of the AoR [6, 7]. There are
several technical issues such as human factors, test procedure, equipment design, and
methods of evaluation that affect the amount of the AoR. Therefore, the published
values of the AoR for the same materials are rarely comparable with each other. In
this study, three different series of experiments; hourglass, rectangular container, and
conical pile formation; are carried out to measure the AoR of quartz sand together
with some other values.

The other macroscopic property, known as the discharging time, is the time that
it takes the particles to leave the top part of an hourglass. This value is used along
with the AoR to accurately determine the coefficients of rolling (µr,pp) and sliding
(µs,pp) friction of quartz sand with the CFD-DEM model.

4.1.1 Particle Size Distribution (PSD)
A sieve analysis is performed to determine the particle size distribution of the materials.
Sieve analysis is one of the traditional measurement techniques for the separation
of fine particles from coarse particles by means of a meshed or perforated surface.
This method is frequently used because of its simplicity, cheapness, availability, and



4.2 Benchmarking tests 49

precision. Available sieve sizes are regulated by standards. The standard sieve series
are specified in ISO 565:1990, ISO 3310-1:2000 (international), EN 933-1 (European)
and ASTM E11:01 (US). In this study, ISO 3310-1:2000, which is based on the
principle of a fixed ratio between the sieve openings, was used to evaluate the
granulometry of quartz sand. In the ISO standard, the relation between sieve size
and the particular size is specified by number series that are called preferred numbers
[8]. The nominal aperture sizes of wire mesh series used in this study were 0.063,
0.150, 0.212, 0.300, 0.425, 0.500 and 0.6 mm. Also, the nest of sieves is assembled
with the coarsest mesh at the top to the finest mesh at the bottom and then the sieve
test carried out by a vibrating machine for 10 min. Also, before each experiment, the
powder was stored in the drying oven (120◦C) for at least 24 h, which could make
them dried completely.

4.1.2 Particle and bulk density
Particle density is a relatively well-defined quantity. Particle density is not dependent
on the degree of compaction of material, whereas the bulk density has different values
depending on whether it measures in the freely settled or compacted state [9].

In this study, the particle density is determined using an ultra-pycnometer 1000.
By putting the sand inside the sample cell, the ultra-pycnometer measures the
occupied volume of the sample cell through the injection of helium inside the sealed
sample cell. By default, this procedure is repeated for five times by ultra-pycnometer
and at the end the average density of sand particles is measured by the pycnometer.

The most common method of measuring the bulk density is collecting a known
volume of the sample without any compaction and determining the mass. Measure-
ments of bulk density are commonly made by carefully collecting a soil sample of
known volume and then drying the sample in an oven to determine the dry mass
fraction. In this study, the same procedure is done to determine the bulk density of
dried quartz sand.

4.2 Benchmarking tests
The hourglass, rectangular container, and conical pile formation are three different
tests that are carried out to measure the macroscopic properties of quartz sand. The
test procedure is described in the following.

4.2.1 The hourglass
The hourglass was used to measure two macroscopic properties of quartz sand, namely,
the discharging time and the AoR. Figure 4.1 shows the laboratory equipment that
was used in the determination of these two macroscopic properties. The inner
diameter of the upper transparent chamber is 32mm which fills with a certain
amount of quartz sand. Sand particles flow from the top part when the plug of the
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hourglass neck is pulled (t = 0 s). The time that it takes the sand particles to leave
the upper part of the hourglass is measured as the discharging time with an accuracy
of ±0.1 s.
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Figure 4.1: a) Schematic picture of the calculating method of the AoR within the hourglass
b) The hourglass experimental set-up that was used in the measurement of the AoR and
discharging time.

The AoR and discharging time of the sand particles is measured for different
amounts of sand: 25, 50, and 75 g. Also, two different neck diameters of the bottom
lid, 5 and 8 mm, are used to determine the effect of neck diameter on the discharging
time. In each experiment, the AoR of the sandpile is measured when the sand
particles on the upper part of the hourglass gets stable.

4.2.2 The conical pile formation

Conical piles form in many industrial processes and especially in bulk terminals while
materials are stored in the yards. In this study, two methods are employed to form a
conical pile: funnel method and cylindrical method.

In the funnel method, the sand particles are poured over a base through a funnel
that is kept close to the tip of the sand pile to decrease the effect of particle velocity
on the AoR. Figure 4.2 shows the other way of conical pile forming that is the
cylindrical method. In this method, sand particles are poured into a hollow cylinder
and then the cylindrical wall moves upward with a constant speed to create a conical
pile. The velocity of the cylinder is a key parameter that affects the AoR. Here, the
cylinder lifts upward with a constant speed of 10mm/s and then it is kept in the
constant height of 10mm from the base. The conical pile gradually forms during the
discharging process of quartz sand.
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Figure 4.2: Schematic picture of the experimental set-up to determine the AoR in the
conical pile formation test.

4.2.3 The rectangular container
The rectangular container test is an experimental technique to illustrate the effect
of a domain on the macroscopic properties of the materials. In this research, a
rectangular container with adjustable walls is utilized to investigate the effect of walls
on the AoR for various widths of container. The experimental set-up of rectangular
container is shown in Figure 4.3.

Figure 4.3: Experimental set-up of the rectangular container (sand particles are poured
between the front and rear walls).

The front and rear walls of container have an additional restriction on the mobility
of particles that are in contact with them. Indeed, the particles close to the walls are
influenced by the walls and it is propagated into the particle assembly in the whole
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domain. To investigate the wall effect on the AoR, two adjustable walls are placed
inside the container while the distance between these walls can be changed between
4 to 200 times the particle diameter. The distance between the walls is increased
to the extent that the AoR gets constant in the mid plane of the container. This
distance is the critical width of the container where the front and rear walls do not
any influence on the AoR.

4.3 Experimental results

Determining the uncertainty of experimental results is an important issue in the
laboratory activities. In this section, the uncertainty of the AoR and discharging time
is determined. The physical properties of sand are measured by a series of experiments
and then the experimental results of the benchmarking tests are presented in detail.

4.3.1 Uncertainty of experimental results

No physical quantity can be measured with perfect certainty, hence experimental
measurements are subject to some uncertainties [10]. Experimental error is the
difference between a measurement value and the true value. The four main sources of
experimental uncertainties are limited accuracy of the measuring apparatus, limitation
and simplifications of the experimental procedure, uncontrolled environment changes
and human errors [11].

Determination of the uncertainty in the experimental results is performed based on
the applicability of the results. The experimental results of this study are supposed to
be used in validation of the numerical results, therefore, each experiment is repeated
several times to obtain a consistence average of the desired quantities.

The AoR is one of the quantities that is experimentally measured with various
levels of uncertainty. According to the accuracy of the chronometer which was used
to measure the discharging time, the uncertainty of the measured time is in the order
of ±0.1 s which was confirmed through repeating the experiments for three times.
Grasselli and Herrmann [12] did a series of experiments to measure the AoR of a pile
for the powder material with a particle size of 0.250mm. They determined the AoR
with the uncertainty of ±1.6◦. The experimental observations of this study revealed
that the uncertainty of the measured angle of reposes is in the order of ±1.1◦ which
is about the ±2.8% of the measured angles.

4.3.2 Determining the PSD of quartz sand

The Particle Size Distribution (PSD) is another mechanical properties of material
that is important because of its application in the modelling the dust liberation
phenomenon. Hence, it is necessary to determine the PSD of quartz sand to be
used in the DEM model. A sieve analysis was performed to characterize the particle
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size distribution of quartz sand and the result of the sieve analysis is illustrated in
Figure 4.4.
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Figure 4.4: Sieve analysis results of quartz sand based on ISO 3310-1:2000 standard.

The experimental results indicated that the D50 value of quartz sand is 0.600mm.
Table 4.1 shows the PSD of quartz sand that is used in DEM simulation in which
contains a wide range of particle diameters; from fine particles to coarse particles.

Table 4.1: Particle size distribution of quartz sand used in DEM simulation.
Particle Mass of sand (g) Mass fraction (%) Cumulative

diameter (mm) distribution (%)
0.300 14.18 6.21 6.21
0.425 41.71 18.29 24.50
0.500 59.39 26.05 50.55
0.600 112.78 49.45 100

4.3.3 Particle and bulk density of quartz sand
The average of five experiments with the deviation of 0.005% shows that the particle
density of quartz sand is equal to 2653 kg/m3. It was observed that repeating an
experiment for three times results in a consistent value for the bulk density of quartz
sand. The experimental results indicated that the bulk density of quartz sand is
1530 kg/m3.

4.3.4 The hourglass test
The hourglass was filled with three different amounts of sand 25, 50, and 75 g, which
led to different discharging times.It was observed that three times is sufficient to
repeat each experiment to make sure about the consistency of the results. The
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experimental results are presented in Table 4.2 for two different sizes of the hourglass
neck.

Table 4.2: Discharging time of quartz sand versus the amount of sand in the hourglass test.
Neck diameter Mass of sand (g) Experimental AoR (degree)of hourglass (mm) discharging time (sec)

5
25 6.6 41.6
50 16.2 41.6
75 25.3 41.6

8
25 2.6 38.8
50 4.9 39.8
75 7.3 39.8

4.3.5 The Conical pile formation test
Figure 4.5 shows the experimental results of the conical pile test that were obtained
by the cylindrical method and the funnel method.

Figure 4.5: A comparison between the Angle of Repose of the conical pile which formed
with the cylindrical method (top) and funnel method(bottom).

The experimental results indicated that the mean values of the AoR based
on the cylindrical and funnel methods are 33◦ and 39◦, respectively. This is in
accordance with previous research [7] that illustrated the dependency of the AoR on
the experimental method. The difference between the AoR can be explained by the
concept of mean kinetic energy of particles. In the cylindrical test when the walls
moved up, the majority of particles dropped down, while at the funnel test, particles
were poured slowly over the base so that the average kinetic energy of particles in
the cylindrical test are higher than the averaged kinetic energy of particles in the
funnel test.
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4.3.6 The rectangular container test
The effect of the boundary condition on the AoR was checked through utilization of
the adjustable domain. The width of container was changed from 4 to 200 times of
the D50 of sand particles. The wall effect on the amount of the AoR for particles close
to the wall and particles in the central plane of container is illustrated in Figure 4.6.
The experimental results show that the AoR in the middle plane of container tends
toward 35.1◦ while the AoR is close to 36◦ for the particles near the walls. This
difference shows that the wall effect on the AoR should be considered in the DEM
simulations.

Figure 4.6: The variation of the AoR on the middle plane versus the distance between the
adjustable walls for W/Dp = 200.

The distance between the adjustable walls is gradually increased from 4 to 200
times of particle diameter to investigate the variations of the AoR according to the
changes of the container width. The variations of the AoR versus the container width
is shown in Figure 4.7.
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Figure 4.7: The variation of the AoR versus W/Dp in the rectangular container test.

It was observed that the AoR gets constant when the container width is larger
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than 32 times of the particle diameter. Therefore, the critical value of container
width is 32 because the walls do not have any more effect on the assembly of particles
that are located in the centre of the container.

4.4 Determining the microscopic properties of quartz
sand

The DEM model needs to be initialized by a number of material properties. In this
study, it is assumed that the sand particles are spherical and non-cohesive material.
Some properties of quartz sand that were used in DEM modelling are presented in
Table 4.3.

Table 4.3: Properties of quartz sand used in the DEM simulations.
Parameter Symbol Base value

Particle diameter Dp Table 4.1
Particle density ρp 2653 kg/m3

Young’s modulus E 50e6 N/m2

Poisson ratio ν 0.3
Coefficient of restitution e 0.9 [13]

The time step of the DEM model is the other important parameter that has a
considerable effect on the accuracy of DEM results and the numerical computation
time. By considering the Rayleigh and Hertz criteria [14] and running a number of
benchmark simulations, the proper time-step for DEM simulation was determined
equal to 2.0e-06 s, which is in the order of 10% of Rayleigh time step.

The first simulation stands on the experimental results of the hourglass test,
including the discharging time and the AoR. In this simulation, the coefficients of
rolling and sliding friction, µs,pp and µr,pp, are calibrated by the experimental results.
The verification stage is performed with a new set of the experimental results of the
hourglass. At the end, the verified DEM will be validated by doing a comparison
between the experimental results of the conical pile test and DEM simulations. This
process is shown in Figure 4.8. The same process is conducted for the CFD-DEM
model to assess the effect of air on the amount of determined values of µs,pp and
µr,pp.
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Calibration

• Hourglass test
• Weight of sand: 25 g
• Neck diameter: 5 mm

Verification

• Hourglass test
• Weight of sand: 50 and 75 g
• Neck diameter: 5 mm

Validation

• Hourglass test                                           
• Weight of sand: 25, 50 and 75 g
• Neck diameter: 8 mm

• Conical pile test
• Weight of sand: 141 g
• Cylinderical method

Figure 4.8: A flowchart of calibration, verification, and validation process of the DEM and
CFD-DEM models together with the specification of the experimental tests.

4.4.1 Accuracy assessment of the numerical results

The accuracy of DEM and CFD-DEM simulations, which is the closeness of the
simulation results to the experimental values [11], should be evaluated by an accredited
criterion. In this study, the percent error is used as a criterion to assess the accuracy
of simulation results so that the experimental results are considered as the reference
data (R) in the percent error(see Equation 3.12).

The Maximum Allowable Percent Error (MAPE) is a criterion that is used in this
study. In order to determine the maximum allowable percent error of the simulation
result, knowing the minimum amount of experimental result (E) and the uncertainty
of experimental and simulation results is necessary. The uncertainty of the measured
time and the AoR in this study is in the order of ± 0.1 s and ±1.1◦, respectively.
Also, the same numerical uncertainty is assumed for the simulation results of the
measured time and the AoR. The relation that is used to determine the MAPE is as
follows:

MaximumAllowable PercentError (MAPE) = |2×Runcertainty|
Rmin

× 100 (4.1)

The MAPE criterion is actually the maximum relative error that is possible to be
observed between the results of a quite similar experiment due to the uncertainty of
the experimental results. For instance, if the measured time is Rmin = 2.0 sec with
the uncertainty of Runcertainty = ±0.1 sec, the MAPE will be calculated as follows:

MAPE = |(Rmin + |Runcertainty|)− (Rmin − |Runcertainty|)|
Rmin

× 100 (4.2)
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According to the assumed values for Rmin and Runcertainty, the MAPE will be
10% which means the possibility of a relative error in the order of 10% even between
the results of a quite similar experiment. Consequently, the maximum acceptable
relative error between the experimental data and simulation results of this example
is assumed to be 10%.

4.4.2 DEM calibration: Modelling the hourglass

It was confirmed in literatures [15] and [16] that the different combinations of the
coefficients of rolling and sliding friction in DEM simulation can lead to an identical
AoR. In this study, the discharging time was measured along with the AoR in the
experiments in order to determine the reliable and practical values for coefficients of
rolling and sliding friction of the sand particles.

The hourglass with the same geometry of the experimental set-up was simulated
with DEM to determine the microscopic properties of sand particles. The number of
particles in DEM simulations was 162,997 particles which represents 25 g of quartz
sand. In the DEM simulation, the coefficients of rolling and sliding friction as two
main microscopic properties of granular materials are changed according to the ranges
indicated in Table 4.4.

Table 4.4: The variation range of coefficients of rolling and sliding friction in DEM simulation.
Parameter Variation range

Coefficient of sliding friction 0.2 - 0.7
Coefficient of rolling friction 0.0 - 0.5

Figure 4.9 shows the contour plot of the AoR as a function of µs,pp and µr,pp for
25 g of quartz sand. These results have been achieved for an hourglass with the neck
diameter of 5 mm. With the increase in the value of µs,pp and µr,pp, the AoR will
gradually increase until µs,pp and µr,pp reach to 0.7 and 0.5, respectively. At these
values, the blockage occurred and particles remained in the top part of the hourglass.
These values are considered as the upper limits of the coefficients of friction in DEM
simulation.

As expected, the AoR gradually increases with the increase of the coefficients
of friction. The discharging time, the amount of the time that takes the sand
particles leave the top part of the hourglass, was employed as the second macroscopic
property in the calibration process. This time depends on the various parameters like
coefficients of friction, neck diameter of the hourglass, and the amount of material.

The contour plot of the discharging time for 25 g of sand particles as a function
of µs,pp and µr,pp is shown in Figure 4.10. As seen, the discharging time decreases
as the coefficient of rolling friction increases. Indeed, a lower amount of sand
leaves the hourglass because increasing the coefficient of rolling friction increases the
AoR. Consequently, particles inside the hourglass get stable much faster than a low
coefficient of rolling friction.
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Figure 4.9: Effect of rolling and sliding coefficients of friction on the AoR for 25 g of quartz
sand.

Figure 4.10: Effect of rolling and sliding coefficients of friction on the discharging time for
25 g of quartz sand.
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Figure 4.11: Intersection of AoR and discharging time of DEM simulations based on the
experimental results for 25 g of quartz sand.
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According to Table 4.2, the AoR is 41.6◦ and the discharging time experimentally
took 6.6 s for 25 g of sand. The comparison between the DEM and experimental
results for this amount of sand indicated that the coefficients of rolling and sliding
friction should be 0.30 and 0.52, respectively. The intersection of these values versus
the different combination of coefficients of friction is shown in Figure 4.11.

The accuracy and reliability of the calibrated model was verified by a new series
of experimental results. For this purpose, the experimental results of the hourglass
for 50 and 75 g of quartz sand in addition to the results that were obtained for
the hourglass with the neck diameter of 8 mm were compared with the results that
obtained with the calibrated DEM model.

Table 4.5: Verification of the calibrated DEM model according to the AoR for different
amount of quartz sand.

Neck diameter Mass of sand (g) AoR (degree) Percent
of hourglass (mm) Experimental DEM error (%)

5
25 41.6 41.1 0.5
50 41.6 42.8 2.9
75 41.6 41.5 0.2

8
25 38.8 40.2 3.6
50 39.8 41.1 3.3
75 39.8 41.6 4.5

Table 4.6: Verification of the calibrated DEM model according to the discharging time for
different amount of quartz sand.

Neck diameter Mass of sand (g) Discharging time (sec) Percent
of hourglass (mm) Experimental DEM error (%)

5
25 6.6 6.3 4.5
50 16.2 15.3 5.6
75 25.3 23.5 7.1

8
25 2.6 2.8 7.7
50 4.9 4.7 4.1
75 7.3 6.8 6.8

The minimum experimental values of the AoR and discharging time are 38.8◦
and 2.6 sec, respectively. Therefore, the MAPE values of AoR and discharging time
will be 5.7% and 7.7% and the percent error of the simulation results should be less
than these values (see section 4.4.1). As seen in Tables 4.5 and 4.6, the percent errors
of DEM results are less than the MAPE values and consequently, the DEM model is
verified based on the determined values for µs,pp and µr,pp.
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4.4.3 DEM validation: Modelling the conical pile formation
In this part, the validity of the verified DEM model was assessed by simulating a
conical pile. The domain of DEM simulation is similar to the experimental domain
of the conical pile test. The granulometry of quartz sand is based on the PSD
given in Table 4.1 and the coefficients of rolling and sliding friction are 0.3 and 0.52,
respectively. The wall of cylinder moved up with a constant velocity of 10 mm/s
until the height of 10 mm. The conical pile gradually shaped with giving enough
time to the sand particles to be settled on the base. The mean kinetic energy of
particles was used as a criterion in the DEM simulation to assess the stability of the
sandpile. In this study, the reference value of the mean kinetic energy of particles
is 10−9 kg.m2/s2 which means at this value the sandpile is stable and the DEM
simulation results are ready for post processing.

The experimental value of the AoR was 33◦ in the cases that the conical pile
was formed through the cylindrical method. In this experiment, the MAPE value
of the experimental results with uncertainty of ±1.1◦ is 6.6%. Figure 4.12 shows
that the average AoR of DEM simulation for the conical pile test is 34.2◦ with the
percent error of 3.6% which is less than MAPE value and confirms the validation of
the DEM model.
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Figure 4.12: The comparison between the AoR of experimental data and DEM result.

4.4.4 CFD-DEM modelling of the hourglass
The microscopic properties between the sand particles, µs,pp and µr,pp, can numer-
ically be determined in two different ways: with and without considering the air
effect in the calibration process. In section 4.4.2, the microscopic properties were
determined by DEM and without considering the effect of air. In this section, the
air effect on the calibrated microscopic properties of the DEM model was evaluated
through coupling DEM model with CFD model.

The determined values of µs,pp and µr,pp was used in CFD-DEM model for the
hourglass with 25 g of quartz sand and neck diameter of 5 mm. Table 4.7 presents the
values and sub-models of the CFD-DEM model that are based on results obtained in
Chapter 3.
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Table 4.7: Numerical settings of CFD-DEM modelling of 25 g of quartz sand.

Drag model Void fraction Coupling Time step (sec) Friction coefficient
model interval DEM CFD µs µr

Gidaspow Divided 100 2.0e-6 2.0e-4 0.48, 0.50 0.27, 0.28
Archimedes 0.52, 0.55 0.30, 0.32

(a) The contour plot of the AoR (sec)

(b) The contour plot of the discharging time (sec)

Figure 4.13: The variations of the AoR and discharging time in accordance with the changes
of coefficients of rolling and sliding friction: D=5 mm, mp= 25 g.

The majority of particles get stable at the mean kinetic energy of 10−09 kg.m2.s−2.
The CFD-DEM simulations were conducted on a node with 16 GB of memory and
two quad cores 2.33 GHz processors, so that each simulation took approximately
3 days. Figure 4.13 shows the contour plot of the AoR and discharging time as a
function of µs,pp and µr,pp for 25 g of quartz sand.

Table 4.2 shows that the experimental values of AoR and discharging time are
41.6 ◦ and 6.6 s, respectively. The intersection point of these values specifies µr,pp
and µs,pp with decimal places up to 3 in Figure 4.14. In the field of DEM studies,
it is common to use values with decimal places up to 2 for coefficients of friction.
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Hence, the specified µr,pp and µs,pp in Figure 4.14 were rounded up to 2 decimal
places and µr,pp and µs,pp was determined equal to 0.30 and 0.49, respectively.
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Figure 4.14: Intersection of AoR and discharging time at AoR of 41.6 ◦ and discharging
time of 6.6 s: D=5 mm, mp= 25 g.

To assess the validity of the determined values for µr,pp and µs,pp, CFD-DEM
simulations were conducted for 50 and 75 g in the hourglass with the neck diameter of
5 and 8 mm. Tables 4.8 and 4.9 show a comparison between the AoR and discharging
time of CFD-DEM results and experimental data.

As seen in Tables 4.8 and 4.9, the CFD-DEM results are less than the MAPE
values of AoR and discharging time (5.7% and 7.7%) which confirms the accuracy of
the CFD-DEM model based on the modified µr,pp and µs,pp values.

Table 4.8: Verification of calibrated CFD-DEM model based on the AoR for different amount
of quartz sand.

Diameter Mass of AoR (degree) Percent
of neck (mm) sand (g) Experimental CFD-DEM error (%)

5
25 41.6 41.6 0.5
50 41.6 41.6 0.7
75 41.6 41.6 1.2

8
25 38.8 38.9 3.8
50 39.8 39.8 1.5
75 39.8 39.8 4.0
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Table 4.9: Verification of calibrated CFD-DEM model according to the discharging time for
different amount of quartz sand.

Diameter Mass of Discharging time (sec) Percent
of neck (mm) sand (g) Experimental CFD-DEM error (%)

5
25 6.6 6.7 1.5
50 16.2 15.9 3.1
75 25.3 25.1 0.8

8
25 2.6 2.50 3.8
50 4.9 4.7 4.1
75 7.3 7.0 5.5

4.4.5 Modelling the rectangular container
Investigating the effects of the domain size on the macroscopic properties of materials
is an interesting subject and it was studied in this part. A rectangular container
with the same geometry of the experimental set-up was used to assess the effect of
interaction between particles and boundaries on the AoR. The distance between the
adjustable walls was changed from 4 to 32 times of the particle diameter. Depending
on the container width, it was filled with the various amounts of sand particles with
the granulometry presented in Table 4.1. A comparison between the AoR of the
experimental data and DEM results for various widths of container and two different
boundary conditions of the DEM model is shown in Table 4.10.

Table 4.10: Comparison between the AoR of DEM simulation and experimental results
(PSD based on Table 4.2 for quartz sand).

W/Dp

Experiments Periodic B.C. Wall B.C.
AoR AoR Computational AoR Computational

(degree) (degree) time (sec) (degree) time (sec)
4 N.A. 35.9 1928 41.6 1698
6 41.0 35.6 4695 39.2 2681
8 40.5 35.3 9873 38.2 8206
12 38.5 35.2 17929 36.8 20217
24 36.5 35.1 35880 36.2 27592
32 35.1 35.2 37558 35.6 29624

Table 4.10 shows that the AoR gradually moves toward a constant value, while
the distance between the adjustable walls is about 24 times of the particle diameter.
The AoR gets constant at the W/Dp = 32 which means the wall boundary does not
have any influence on the AoR at this value. as a result, the critical ratio of W/Dp

was determined equal to 32 for cases that the wall boundary condition was employed
in DEM simulation.

On the other hand, when the front and rear wall boundary conditions of container
were replaced by the periodic boundary condition in DEM simulations, the results
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indicated that the AoR was approximately same for all ratios of W/Dp. In such
cases, the critical ratio of W/Dp will be 4, which indicates a significant decrease in
the number of particles inside DEM domain.

A comparison between the computational speed of those types of boundary
conditions (wall b.c. and periodic b.c.) indicated that at the same W/Dp, the
periodic boundary condition is computationally more expensive than the fixed wall
boundary condition. Indeed, the time that it takes the particles to get stable in
the DEM simulation when the boundary condition is periodic is much longer than
the time with the wall boundary condition. On the other hand, a similar AoR is
obtained in W/Dp = 4 for periodic boundary condition while this value is achievable
in W/Dp = 32 for the wall boundary condition. It is seen that the simulations with
the periodic boundary condition are at least 15 times faster than the simulations
with the wall boundary condition.

4.5 Conclusions
The objective of this chapter was evaluating the CFD-DEM model for a dense regime
of particle flow. Also, a series of experiments and simulations were performed to
determine the microscopic and macroscopic properties of quartz sand. The results of
this chapter are concluded as follows.

1. The experimental results indicated that the AoR and discharging time in the
hourglass test with 25 g of sand and neck diameter of 5 mm are 41.6◦ and 6.6 s,
respectively. Also, it was observed that the experimental uncertainty of the AoR and
discharging time is ±1.1◦ and ±0.1 sec, respectively.

2. The DEM was employed to determine the µr,pp and µs,pp between the sand
particles without considering the effect of air on the macroscopic properties. The
simulation results indicated that the DEM results will be equal to the experimental
results in the cases that the µr,pp and µs,pp are equal to 0.30 and 0.52 in the DEM
model.

3. The hourglass was also modelled with CFD-DEM in a way that the effect of
air on the macroscopic properties was considered. It was observed that the µr,pp and
µs,pp of 0.30 and 0.49 will lead to the experimental values of the AoR and discharging
time.

4. It is possible to use a slice of the whole domain with the width (W ) of 32
times the particle diameter (Dp) in the DEM simulation where the wall boundary
condition is applied on the front and rare walls of the rectangular container. Moreover,
the computational time can be reduced through employing the periodic boundary
condition with the W/Dp of 4 in the DEM simulation.

5. It was concluded that the CFD-DEMmodel with its sub-models and parameters
are also applicable in modelling a dense regime of particle flow when the rate of
momentum exchange is hardly high between the particle and fluid phase.
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C h a p t e r

5
Modelling a Fluidized Bed of Quartz Sand

The coefficients of rolling and sliding friction (µr,pp, µs,pp) of the dried quartz sand
were determined in Chapter 4. In addition, different DEM boundary conditions
were compared through modelling the rectangular container. Also, the possibility of
utilizing a fraction of the domain instead of whole domain was investigated. Finally,
it was concluded that the CFD-DEM model is reliable for modelling a dense regime
of particle flow when the rate of momentum exchange is hardly high between the
particle and fluid phase.

The particle-fluid flow in the fluidized bed is likely similar to the particle-fluid
flow at the transfer point of conveyors from the viewpoint of the particle-fluid flow
regime and the number of particles that are involved in both cases. Hence, the
validated CFD-DEM model of Chapter 4 is re-evaluated through modelling a dense
regime of particle flow inside a fluidized bed in this chapter. The airflow has an
initial speed in the fluidized bed which increases the rate of momentum exchange
between the particle and fluid phases compared to case studies of previous chapters.
The effect of CFD cell size, drag force model, particle size distribution, coefficients of
friction between wall and particles, the DEM boundary condition, and the Coefficient
of Restitution (CoR) on the accuracy of the simulation results are studied in this
chapter.

In section 5.1 the theoretical background of the fluidized bed will be discussed
briefly. The benchmarking test together with the properties of quartz sand and the
geometry of the experimental set-up will be described in section 5.2. The results of the
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conducted experiments will be presented in section 5.3 to determine the macroscopic
properties of fluidized bed such as the Minimum Fluidization Velocity (Minimum
Fluidization Velocity (MFV)) and pressure drop across the bed. At the end, the
fluidized bed set-up will be simulated with the CFD-DEM model in section 5.4.

5.1 Basic principles of a fluidized bed
A fluidized bed is formed of a quantity of solid material that are placed within a
container and it represents fluid-like properties when the upward flow passed up
through the solid material [1]. In this section the macroscopic parameters that are
usually used in this field of research are explained and then the different flow regimes
within a fluidized bed are introduced.

5.1.1 Macroscopic parameters
The behaviour of a fluidized bed on the macroscopic level is described by a number
of parameters like the Minimum Fluidization Velocity (MFV), bed pressure drop
through a packed bed, the void fraction of the bed, and the height of the bed [2].

Minimum Fluidization Velocity (umf)
A cylindrical column or another type of vessel that is filled with a packed material

is called a fixed or packed bed [3]. To move from a packed bed to a fluidized bed
state, it is necessary to continually increase the air velocity until the velocity reaches
where the particles are suspended by the fluid flow, which is known as the Minimum
Fluidization Velocity (MFV), umf .

It is seen in Figure 5.1 that at the point ‘A’ close to the MFV, the pressure within
the fluidized bed drops and with increasing the airflow the pressure drop continues
until point ‘B’ [3]. At this point, the flow regime will change to one of the six flow
regimes that will be explained in section 5.1.2.
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Figure 5.1: The pressure drop inside a fluidized bed vessel as a function of the airflow.

At this velocity (MFV), the bed will be in a state of quasi equilibrium so that the
weight of particles inside the bed is equal to the drag and buoyancy forces. Beyond
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the MFV, the particle bed will be suspended by the fluid flow and a further increase
in the fluid velocity does not have a significant effect on the pressure drop, owing to
sufficient percolation of the fluid flow. Therefore, the pressure drop for uf > umf is
relatively constant.

Bed pressure drop (∆p)
When a fluid passes through a packed bed, the pressure drop that is caused by

the friction between the particles and the fluid flow is approximately proportional
to the fluid’s superficial velocity, ufp = (uf − up). By increasing the velocity of the
fluid, the hydrodynamic drag force will increase inside the packed bed and it can
exceed to the weight of particles. At this point (point A), the particles will move
up with the fluid flow and the bed starts to expand. Due to the expansion of the
bed, the interstitial air velocity decreases which leads to reduction of the drag force
(point B). In the air velocities beyond the MFV, the pressure drop gets constant and
it is equal to the weight of the bed [4].

The pressure drop in the fluidized bed can be determined based on height of the
bed H, particle diameter Dp, fluid void fraction of the bed εf , fluid viscosity µf , and
the superficial velocity ufp, that was explained in section 2.3.2. Also, the required
pressure drop for the MFV can be determined by the following equation:

∆pmf = H(ρp − ρf )(1− εmf )g (5.1)

Where the εmf is the void fraction of the bed at the MFV. The MFV can be
calculated by substitution of ∆pmf in Equation 2.30.

Height of the bed (H)
By increasing the velocity of fluid, the height of packed bed starts to increase.

The height of the bed can be measured by experimental study or it can be determined
by the following equation.

H = mp

A(1− εf )ρp
(5.2)

where mp, A, and εf are the mass of particles, cross-sectional area of the bed, and
the fluid void fraction inside the bed, respectively .

Void fraction of the fluidized bed (εf)
The void fraction depends upon the material, shape, and size of particles. The

fluid void fraction of the bed (εf ) is defined as the ratio between the occupied volume
of fluid phase (Vf ) over the total volume of bed (Vb).

Vb = A×H (5.3)

εf = Vf
Vb

(5.4)
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The relation between the particle and fluid void fraction is as follows:

εp + εf = 1 (5.5)

5.1.2 Flow regimes in the fluidized bed

The flow regime within a fluidized bed can be laminar, transient or turbulent flow
depends on the particle Reynolds number. Different parameters that influence the
flow regime inside a fluidized bed are the fluid velocity, the physical properties of
particle and fluid phases, and the size of set-up [5].

By increasing the rate of the fluid flow within a bed, the fluidized bed can pass
through seven different flow regimes [6]. Figure 5.2 shows seven flow regimes that
can be seen inside a fluidized bed by increasing the fluid velocity.

Figure 5.2: Seven types of fluid flow regime within a fluidized bed [7].

The case where the particles are not able to move inside the bed at the low
velocities of the fluid is referred to the fixed bed regime. With increasing the fluid
velocity beyond the MFV, the bed height will expand and particles start to move
inside the vessel. This regime is called the homogeneous regime and it is usually
seen for powders. The other possible regime is the bubbling regime that is seen by
increasing the fluid velocity beyond the MFV. In small vessels, the slugging regime
is seen when the velocity increases even more. In this regime, the size of bubbles are
almost equal to the length of the vessel. As the fluid velocity increases even further,
the turbulent, fast fluidization, and pneumatic transport will be seen respectively
(see Figure 5.2).

As explained in section 2.3.2, the exerted drag force on a particle is calculated
using the particle Reynolds number, Rep (Equation 2.33 ). The flow regime within
the fluidized bed vessel is determined based on the vessel Reynolds numbers Rev,
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which corresponding equation is [8]:

Rev = ρf |uf |Dh

µf
(5.6)

Where Dh is the hydraulic diameter [8] and it is calculated as follows:

Dh = 4Av
Pv

(5.7)

In which, Av and Pv are the area section of the vessel and the perimeter of vessel,
respectively. The fluid flow regime inside the empty fluidized bed is laminar at
Rev < 2300, transient for 2300 ≤ Rev < 4000, and turbulent for Rev ≥ 4000 [9].
The fluid flow regime inside the particle bed (around the particles) is considered as
a laminar flow up to Rep = 10 and it is a fully turbulent flow for Rep ≥ 2000 [8].
The fluid regime within the fluidized bed will be determined in section 5.2.4 based
on these criteria and thereby, the appropriate laminar or turbulent models will be
employed in the CFD model.

It was mentioned earlier that the sequence of the flow regime within a vessel
depends on the various parameters such as particle size, particle and fluid densities,
and the size of vessel. Geldart [5] did a series of experiments with the air fluidized
bed under the ambient conditions and proposed four groups for classification of
powders which is shown in Figure 5.3.

Figure 5.3: Geldart’s classification of powders according to fluidization properties [5].

These four groups are introduced here:
Group A (Aeratable): The homogeneous regime is seen in this group at the

fluid velocity a little beyond the MFV (uf > umf ). By increasing the fluid velocity,
the bubbling regime will appear and this class of material tends to have a maximum
size of bubbles.
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Group B (Sand-like): The bubbles are formed directly after the MFV (uf =
umf ) and the size of bubbles will increase with increasing the velocity of fluid.

Group C (Cohesive): In this group, the size of particles is very small and
particles are cohesive so that the fluidization happens very rarely in this group.
Channelling is the main problem that happens in the fluidization of these type of
materials.

Group D (Spoutable): Big particles are categorized in this group of powders.
If the fluid velocity gets greater than the MFV, the spout-fluidization regime is
formed and particles are entered into the spouting motion.

The density of the quartz sand particles and air are 2650 and 1.2139 kg/m3,
respectively. Also, the minimum diameter of sand particles and the D50 of quartz
sand, that is also the biggest size of sand particles, are respectively reported 0.3 mm
and 0.6 mm in Table 4.1. The points with regard to these values are highlighted by
the green and blue points in Figure 5.3. As seen, the fluidization in this study should
be similar to the reported properties of Group B.

5.2 Benchmarking test
In this section, the experimental set-up and its components are illustrated. The
measurement methodology and the parameters that will be used in simulations
together with the numerical settings of the model are briefly introduced in this
section.

5.2.1 Experimental setup
Figures 5.4 and 5.5 illustrate the fluidized bed set-up and the schematic layout of the
experimental set-up. Airflow is pressurized by a compressor (1) up to 8 bar and then
it relieves to 4 bar with a hand regulator (2) which guaranty the proper operation
of the flow regulator (3). A PI controller (4) measures and controls the airflow in
conjunction with the flow regulator.

Figure 5.4: A picture of the experimental fluidization set-up together with its components.
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The volumetric airflow rate is adjustable in the range of 0-100 l/min with an
accuracy of 0.5%. The airflow enters into the rectangular fluidization vessel (8) which
is composed of a distributor (5) where the airflow enters into the set-up. The airflow
then goes through a fine screen (6) into the bottom of the bed (7). A pressure
transducer (9) is used to measure the pressure inside the transducer in the range of
0-200 mbar by a digital multi meter (10) with accuracy of 1 decimal place.

 
                                                         (a)                                                                                 (b) 
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Figure 5.5: Schematic layout of the fluidized bed: a) the experimental set-up b) the vessel
distributor in accordance with Table 5.1.

The geometric specification of the fluidization vessel is presented Table 5.1.

Table 5.1: The geometric size of the fluidized bed vessel.
L (mm) W (mm) H (mm) h (mm) Wall material
200 15 350 20 Plexiglass

The fluidized vessel is filled with quartz sand until different heights of 100, 150,
200, and 250 mm. It is possible to have the same height of sand with a different
amount of sand due to consolidation. Hence, the weight of sand is measured at all
height of sand and the vessels are filled according to the same weight of sand in
similar experiments. On the other hand, the fluid velocity is set to the upper bound
of the fluid volumetric flow for 1 minute and then it reduces very slowly to the lower
bound of air flow to minimize the effect of consolidation effect between the sand
particles.

The experiments are filmed with a Sony Alpha ILCE-5000 camera which is set to
50 frames per second with video resolution of 1920× 1080. The measuring tape is on
both sides of the vessel with the scale of 1 mm to measure the height of sand inside
the fluidized bed set-up.

5.2.2 Measurement methodology

Variables that are measured in an experiment can be divided into three types of
values: the independent values which are considered as the input parameters of the
experiment, the dependent values that are measured during the experiment, and the
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derived values which are extracted from the other experimental values. Table 5.2
shows an overview of these three types of experimental variables.

Table 5.2: Three types of experimental variables.

Input values Measured values Derived values

Fluid volumetric
flow rate (Q̇)

Pressure drop (∆p) Fluid velocity (uf )

Bed void fraction (εf )
Bed height (H) Minimum fluidization velocity (umf )

When the velocity of the air increases, a lot of fluctuations will be observed during
the measurement of pressure and height of the bed. Hence, the experimental results
are recorded for 10 seconds and the average values of this period are reported in this
study [6]. According to Table 5.2, the pressure drop (∆p) is an independent value
that is accurately measured with the pressure transducer. Accordingly, the pressure
drop is considered as the reference value in modelling the fluidized bed set-up in this
study.

5.2.3 Experimental plan
All experiments are performed according to the procedure that was explained earlier
and each experiment is repeated three times since a high consistency of the measure-
ment was observed by this number of repetitions [6]. The additional information
regards to the experimental data are provided in Appendix A. The increment step
of the airflow rate is considered as 5 l/min because the trend of moving from the
packed bed toward the fluidized bed can be captured by this step. An overview of
the experimental plan is shown in Table 5.3.

Table 5.3: Experimental plan for different height of the bed in the fluidized vessel.

Initial height of the bed (mm) Volumetric flow rate of air
Variation range (l/min) Increment interval (l/min)

Empty, 100, 150, 200, 250 0-100 5
Empty, 100, 150, 200, 250 100-0 5

5.2.4 Numerical settings of the CFD-DEM model
In the field of computational fluid dynamics choosing appropriate initial and boundary
conditions is of great importance. In this study, a combination of Neumann and
Dirichlet conditions [10] is used in the implementation of the pressure and velocity
boundary conditions together with the no-slip wall boundary condition at the walls
of vessel. Tables 5.4 shows the parameters and the voidage model that are used in
the CFD-DEM simulations.
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Table 5.4: The settings of parameters and voidage model that are used in the CFD-DEM
model.
Voidage model Coupling interval ∆tDEM (sec) ∆tCFD (sec) µs,pp µr,pp

Divided 100 1.0e-6 1.0e-4 0.49 0.3

In addition, a number of parameters need to be determined and the drag force
model should be re-evaluated for the fluidization phenomenon. The rolling friction
between particles and wall is deactivated in the DEM model because the coefficient
of rolling friction is one of the parameters that will be determined in this study.The
variation range and the drag models that will be checked in this chapter are listed in
Tables 5.5.

Table 5.5: The variation range of parameters that will be determined with the CFD-DEM
model.

Wall B.C. x/∆x Force models CoR µs,pw µr,pw

wall
periodic

10, 20, 30
40, 50, 60

Di Felice
Gidaspow
Koch-Hill

0.1, 0.5, 0.9 determined 0.1, 0.2
0.3, 0.4

The maximum volumetric airflow rate inside the vessel that will be used in the
simulations of this chapter is 80 l/min which is about 0.43 m/s. At this velocity,
the particle and vessel Reynold numbers inside the fluidized bed set-up are Rep = 17
and Rev = 808, respectively. Therefore, the airflow within the vessel is a laminar
flow and based on the particle Reynolds number the drag force is calculated and
exerted on each particle (see section 2.3.2).

5.3 Experimental results

The experimental results of the fluidized bed are presented in this section.

5.3.1 Determining the Minimum Fluidization Velocity (MFV)

Figure 5.6 shows the consolidation effect on the pressure drop during increasing and
decreasing the airflow rate. This effect disappears beyond the MFV because the
materials are mixed in the high flow rate of air.

The variation of the pressure drop and the bed height inside the fluidized bed
was measured at the different height of the bed: 100, 150, 200, and 250 mm. The
measurement was performed for both processes of increasing and decreasing the air
velocity within the vessel that is illustrated in Figure 5.6.
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Figure 5.6: The variation of the bed height and the pressure drop within the fluidization
bed versus the volumetric flow rate of air.
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Figure 5.7: Determination of the MFV: top) the intersection of the fitted lines over the bed
height and the volumetric flow rate: bottom) the intersection of the fitted lines over the
pressure drop and the volumetric flow rate.
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As explained in the previous section, the air velocity at the point where the
height of bed starts to increase or the pressure drop gets constant is the MFV of the
set-up. The MFV can be extracted through the intersection of the fitted horizontal
and diagonal line over H − Q̇ or ∆p− Q̇ graphs. The MFV obtained by these two
methods is shown in Figure 5.7 for a bed height of 100 mm.

In Table 5.2 was shown that the pressure drop and the bed height are two
measured values which can be used in the determination of the MFV. As seen in
Figure 5.7, the MFV obtained form H − Q̇ or ∆p− Q̇ graphs are about 50 l/min
and 56 l/min, respectively. The MFV that was determined from the pressure drop
and the bed height graphs for the other heights of the bed are presented in Table 5.6.

Table 5.6: A comparison between the MFV derived by pressure drop and bed height.

Initial bed height (mm) umf (l/min)
Pressure drop Bed height

100 56.0 50.0
150 55.1 49.8
200 55.0 50.2
250 55.0 49.9

It was indicated that the MFV at different height of sand has an identical value
which confirms with the theory of fluidization. On the other side, the measured
pressure drops are more reliable than the measured bed height because a pressure
transducer was employed in the measurement of pressure drop. Accordingly, the
results of the pressure drop is considered as a reference value in this study.

5.3.2 The flow regime of fluidized bed

Figure 5.8 illustrates the bubble shape inside the fluidized bed for different height
of sand (100, 150, 200, and 250 mm). As seen, the bubbling flow regime is the
dominant regime of particle flow inside the fluidized bed at Q̇ = 80 l/min for all
height of the bed. The experimental results indicated that the shape of bubbles are
two-dimensional in the y-direction at all height of the bed at Q̇ = 80 l/min. The
same results was also observed at the other rates of airflow.

5.3.3 The coefficient of sliding friction between the sand and
the Plexiglass wall

The sliding angle measured in the laboratory was 17.6◦, consequently µs,pw is equal
to tan 17.6◦ = 0.32 [11]. This parameter will be utilized in section 5.4.6 to determine
µr,pw.
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Figure 5.8: Experimental shape of sand bubble inside the fluidized bed at different initial
height of sand (100, 150, 200, and 250 mm) at Q̇ = 80 l/min.

5.4 CFD-DEM results

In this section, the validated model of the previous chapter is re-evaluated through
comparing the simulation results with experimental data.

5.4.1 Grid dependency analysis

It has been reported in previous studies that the airflow can be considered as two-
dimensional in the CFD simulations in the cases that the bed length is larger than
its width (L > 5W ) [12, 13]. In this study, the bed length is about 13 times the bed
width and it can be assumed that a fluid flow is two-dimensional inside the fluidized
bed vessel.

The experimental pressure drop at the airflow rate of 30 l/min is equal to 8.2mbar
with the uncertainty of ±0.3mbar [6]. This airflow rate was used to evaluate the
effect of CFD cell size on the accuracy of CFD simulation. For this purpose, a
uniform CFD grid was used in the x and z directions and then the grid dependency
analysis was conducted to determine the optimum number of CFD cells in the x and
z directions. Table 5.7 shows the size and number of CFD cells in the CFD domain.
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Table 5.7: Determination of the optimum size of the CFD cells in the CFD domain at Q̇=30
l/min.

ID ∆x = ∆z (mm) Dp/∆x Nx ×Ny ×Nz Pressure drop (mbar)
1 20.0 0.03 10× 1× 18 5.12
2 10.0 0.06 20× 1× 35 6.72
3 6.7 0.09 30× 1× 52 7.51
4 5.0 0.12 40× 1× 70 8.10
5 4.0 0.15 50× 1× 88 8.15
6 3.3 0.18 60× 1× 106 8.16

As seen in Table 5.7, there is hardly any difference between the pressure drop
of all three last cases (ID: 4, 5, and 6) which means Dp/∆x = 0.12 is the optimum
case and utilization of the fine CFD grid does not have any effect on the accuracy of
the results. Figure 5.9 shows that the obtained results of cases 4, 5, and 6 are in a
good agreement with the experimental results while the computational effort of case
4 is less than the other two cases. Accordingly, the CFD grid size of case 4 will be
employed in the subsequent simulations of the fluidized bed.
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Figure 5.9: Grid dependency analysis with the uniform grids in the x and z direction.

The number of CFD cells in the y-direction was changed in case 4 from Ny = 1
to Ny = 5 to check the effect of utilization of three-dimensional grid on the accuracy
of the CFD-DEM results. The simulation results indicated that the pressure drop is
8.10 and 8.12 mbar for Ny = 1 and Ny = 5, respectively. Consequently, utilization
of two-dimensional CFD grid is a reasonable and realistic assumption and case 4
represents the optimum number of the CFD grid and will be employed in the next
simulations of this study.

5.4.2 The penetration effect
The amount of pressure drop is not identical for the same airflow rate during the
increasing and decreasing the rate of airflow inside a fluidized bed. The main reason
that the pressure drop in the increasing process is slightly higher than the decreasing
process is because of the penetration of the sand particles during the filling process.
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The void fraction between particles decreases because of penetration so that the
pressure drop increases during the increasing process. Figure 5.10 illustrates the
difference between the pressure drop in the increasing and decreasing processes at
different volumetric flow rate of air in the fluidized vessel. The vessel is filled with
the Poly-Sized Particles (PSP) until the bed height of 100 mm and the boundary
conditions of the CFD and DEM models were set to the wall boundary condition.
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Figure 5.10: The variation of the pressure drop versus volume airflow rate during.

This phenomenon was also seen in the CFD-DEM modelling of the fluidized bed
for different airflow rate. Hence, the pressure drop of the decreasing process is used
in this study to calibrate the CFD-DEM model and to avoid the effect of material
penetration during the parametric study.

5.4.3 Drag force models

The accuracy of three well-known drag force models, namely, Di Felice, Gidaspow,
and Koch-Hill drag models, were evaluated in Section 3.3.1 for a dilute regime of
particle flow. Also, it was observed in 4.4.4 that the Gidaspow drag force is an
accurate and reliable drag model for modelling the dense regime of particle flow. In
this section, the accuracy and reliability of the Gidaspow drag model was re-evaluated
for a fixed bed and bubbling regime at the airflow rates of 30 l/min (before the MFV)
and 80 l/min (beyond the MFV) where the rate of momentum exchange between
the fluid and particle phases is significant.

The fluidized bed was filled until the bed height of 100 mm with the PSP and the
wall boundary condition was implemented in the CFD and DEM models. Also, the
coefficients of friction between the walls and particles was set to zero. The simulation
results are presented in Table 5.8 for two different states of the fluidized bed.
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Table 5.8: The prediction of the pressure drop at the airflow rates of 30 l/min and 80 l/min
by different drag force models.

Experiments Drag force model
Di Felice Gidaspow Koch-Hill

Air flow (l/min) 30 80 30 80 30 80 30 80
Pressure drop (mbar) 8.2 15.2 9.3 13.6 8.0 13.8 9.9 13.8

Percent error(%) N.A. N.A. -13.4 10.5 2.4 9.2 -20.7 9.2

As seen in Table 5.8, all drag models predicted a pressure drop less than the
experimental value because the coefficient of rolling friction between particles and wall
is deactivated in the DEM model. On the other side, the Gidaspow model predicted
the pressure drop with the percent error of 2.4% at 30 l/min while the predicted
pressure drops based on the Di Felice and Koch-Hill models were bigger than the
experimental value with the percent errors of -13.4% and -20.7%, respectively.

With regard to points raised, it was concluded that the Gidaspow model is
a reliable drag force model for situations before and after the MFV and will be
employed in the subsequent simulations of this study.

5.4.4 The effect of particle size

A number of researches [12–18] used Mono-Sized Particles (MSP) instead of con-
sidering the granulometry of particles in modelling the fluidized bed. In this part,
a comparison was conducted to determine the effect of utilizing the MSP in the
simulation on the pressure drop and the other macroscopic properties of the fluidized
bed.

Figure 5.11 shows the variation of the pressure drop based on the airflow rate in
the vessel which was filled by the MSP and PSP. The granulometry of sand particles
in the PSP case is according to Table 4.1.

The MFV of MSP and PSP was determined equal to 50 l/min and 60 l/min,
respectively. The difference between the MFV is interpreted by the fact that the size
of voids between particles in the MSP case is more than the PSP case so that the
pressure drop in the MSP case would be less than the PSP case. Also, the pressure
drop of both cases decreases slightly after the MFV point which is in agreement with
the theory of the fluidization.
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Figure 5.11: The effect of utilization of MSP or PSP on the determined pressure drop in
the vessel

(a) The void fraction distribution within vessel

(b) The domain of pressure drop within vessel

Figure 5.12: A comparison between the simulation results at Q̇=50 l/min. left: PSP, right:
MSP.

The contours of void fraction and pressure drop within the fluidized bed for the
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MSP and PSP cases are shown in Figure 5.12. It is seen that there is not any bubble
in both cases while the pressure drop within PSP case is significantly larger than the
MSP case.

Figure 5.13 shows that the velocity of particles in the MSP case is almost zero
while the velocity of particles in the PSP is considerable which indicates particles
are very close to the experimental MFV, 55 l/min.

Figure 5.13: A comparison between the velocity of particles in PSP and MSP cases at
Q̇ = 50 l/min. This figure was extracted from the DEM results.

The other important factor that was considered in evaluating the effect of material
granulometry was the bubble shape at airflow rates beyond the MFV. Figure 5.14
shows a comparison between the experimental result and the CFD-DEM results for
the vessel filled with the PSP and MSP.

Figure 5.14: The effect of particle granulometry on the shape and size of bubbles within
fluidized bed at Q̇ = 80 l/min. Left: experiments, centre: PSP, right: MSP.

As seen in the experimental results, a number of bubbles with a various size
formed at the airflow rate of 80 l/min. The CFD-DEM results show that the result
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of PSP case is qualitatively similar to the experimental result while only one bubble
formed in MSP case during the simulation time.

As a result, utilization of MSP materials instead of PSP materials in the fluidized
bed simulations can lead to different quantitative and qualitative results. In this
study, the granulometry of particles is considered in modelling the fluidized bed.

5.4.5 Periodic and wall boundary conditions
The Periodic Boundary Condition (PBC) was already employed with a number of
researchers [12, 19, 20] instead of Wall Boundary Condition (WBC) to reduce the
computational time of DEM simulations. In this study, the experimental results
illustrated that the front and back walls do not have a considerable effect on the
shape of bubble inside the fluidized bed (see Figure 5.8). Hence, it immediately
comes to mind that the computational time of the DEM-CFD simulations can be
reduced by utilizing a fraction of the vessel width to reduce the number of particles
in DEM simulation.

In Chapter 4 was concluded that the computational time of DEM simulation
can be reduced through replacing the WBC with PBC so that the width of domain
reduces up to W/Dp = 4. In this study, the W/Dp = 6 was used to have more
particles in the y-direction where the PBC was implemented instead of the front and
back walls. The variation of pressure drop versus the rate of airflow for both DEM
boundary conditions is presented in Table 5.9.

Table 5.9: The influence of DEM boundary condition on the accuracy of CFD-DEM results.
Wall B.C. Periodic B.C.

Q̇

(l/min)
∆pexp
(mbar)

∆p
(mbar)

Percent
error (%)

∆p
(mbar)

Percent
error (%)

10 2.7 3.6 -35.6 3.2 -21.1
30 8.2 8.0 2.7 8.1 1.0
50 13.5 12.6 6.4 14.4 6.9
60 14.9 12.2 17.6 12.9 13.2
70 14.9 12.6 15.2 13.2 11.5
80 15.2 13.0 14.5 13.4 11.8

As seen, the results of PBC are closer to the experimental data (∆pexp) than
the results of WBC. It can be due to the deactivation of the coefficient of rolling
friction in WBC so that there is not any rolling force between particles and walls
which decreases the pressure drop in WBC. The other reason can be that the void
fraction in WBC close to the walls is slightly bigger than the other places in the
domain while with PBC this effect is not present. This effect decreases the fluid void
fraction in the CFD cells adjacent to PBC compared to the CFD cells close to the
wall in WBC. Accordingly, the average pressure drop with PBC is slightly more than
WBC in the fluidized simulations.
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The other limitation of PBC is related to the impossibility of adjusting the
coefficients of friction in the periodic boundaries. This is of importance in the cases
that considering the wall effect in the simulation is unavoidable. Hence, the effect
of PBC on the simulation results should be carefully determined in each case study.
In this study, the WBC were utilized in all simulations and in the next section, the
coefficients of friction will be activated in the DEM model to study the wall effect on
the simulation results.

5.4.6 Particle-wall friction coefficient

The coefficients of friction between the sand particles were determined equal to
µr,pp = 0.3 and µs,pp = 0.49 in Chapter 4. Also, the coefficient of sliding friction
between the sand particles and Plexiglass wall, µs,pw = 0.32, was experimentally
measured in section 5.3.3. In this part, the coefficient of rolling friction between
particles and domain was activated in the DEM model and µr,pw were determined
through the numerical technique.

For this purpose, five sets of µr,pw were chosen to be used in the DEM simulation.
Table 5.10 shows the variation of µr,pw and µs,pw between the sand particles and
wall and its significant effect on the pressure drop at the airflow rate of 80 l/min.
The experimental uncertainty of the measured pressure drop (15.2mbar) at airflow
rate of 80 l/min is ±0.3mbar [6]. Accordingly, the CFD-DEM results that are in
the range of 15.2± 0.3mbar can be considered as reliable.

Table 5.10: Different sets of µr,pw and µs,pw between the sand particles and the Plexiglass
wall at Q̇ = 80 l/min .

ID 1 2 3 4
µs,pw 0.32 0.32 0.32 0.32
µr,pw 0.10 0.20 0.30 0.40

∆p (mbar) 16.26 15.74 15.36 16.4
Percent error (%) -7.0 -3.6 -1.0 -8.2

As seen in Table 5.10, the accuracy of results improved when µr,pw increased
from 0.10 to 0.30 and with a further increase in µr,pw, the accuracy of the predicted
pressure drop decreased. As a result, the accurate pressure drop can be determined
with µr,pw = 0.30 and µs,pw = 0.32 at the airflow rate of 80 l/min with the percent
error of −1.0%.

The influence of the particle-wall friction coefficients on the accuracy of the
CFD-DEM simulation is shown in Figure 5.15 and the experimental error bars on the
plot are equal to ±0.3mbar. The average value of the pressure drop was measures
at different times of a simulation and it was indicated that the uncertainty of the
simulation results is less than ±0.1mbar. Accordingly, it is concluded that the CFD-
DEM results are accurate enough in the whole range of the airflow in accordance
with the determined values for µr,pw = 0.3 and µs,pw = 0.32.
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Figure 5.15: The variation of the pressure drop at different airflow rates according to
µr,pw = 0.30 and µs,pw = 0.32.

5.4.7 Determining the Coefficient of Restitution

The other microscopic properties of particles is the Coefficient of Restitution (CoR)
that should be determined for the quartz sand. Wang et al. [21] modelled a fluidized
bed of quartz sand with the TFM method and they used CoR of 0.9 in the simulations.
This value was also employed in Chapter 4 and the previous simulations of this
chapter.

In this section, the CoR was determined through modelling the fluidized bed in
the volumetric flow rate of 50 l/min for three sets of CoR between the sand particles.
The CoR was changed in the range of 0.1, 0.5, and 0.9 and the pressure drop inside
the fluidized bed was compared with the experimental results. Table 5.11 shows the
variation of the pressure drop versus the CoR.

Table 5.11: The effect of the CoR (e) on the pressure drop in the fluidized bed set-up.
Case study e ∆p (mbar) Percent error (%)
Experiment ... 13.5 ...

CFD-DEM
0.10 12.9 4.3
0.50 13.0 3.4
0.90 13.2 1.4

It is seen that the pressure drop increases with increasing CoR in the CFD-
DEM model. It can be interpreted by the fact that for high values of CoR (elastic
behaviour), the size of bubbles in case of formation is very small. The bubble
formation can start as soon as the CoR is set to values below 1.0 which lead to
creation of small bubbles within the vessel [22]. In this study, the pressure drop
was measured at airflow rate of 50 l/min which is really close to the MFV and the
particle bed is ready to move from the packed bed mode into the fluidization mode.
Hence, any decrease in CoR will lead to formation of very tiny bubbles in the sand
bed so that the fluid void fraction increases and the pressure drop decreases.
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On the other side, the uncertainty of the experimental pressure drop is ±0.3mbar
[6] which represents a negligible effect of CoR on the pressure drop at airflow rate
of 50 l/min. However, it was observed that the CoR of 0.9 has better agreement
with the experimental results and also, it is in agreement with the proposed CoR by
Wang [21] for quartz sand.

5.5 Conclusions
The fluidized bed set-up was experimentally and numerically studied in this chapter
and the results of this study were concluded as follows:

1. Grid dependency analysis indicated that the uniform CFD cells smaller than
5mm do not have significant effect on the accuracy of CFD-DEM results. Hence, a
dense regime of particle-fluid flow can be accurately modelled at the particle diameter
to the CFD cell size ratio of Dp/∆x = 0.12. In addition, it was indicated that the
two-dimensional CFD grid can be employed instead of three-dimensional grid in the
CFD simulations.

2. It was observed that the Gidaspow drag force model is the reliable and accurate
drag force model to be employed in modelling the fluidized bed of sand particles.

3. The sand particles were penetrated during the filling process of vessel with
sand particles and this effect was observed in both experimental and CFD-DEM
results. In this study, the airflow rate increased beyond the MFV and then it slowly
reduced to zero in order to neutralize this effect. It was seen that the penetration
has a significant effect before the MFV and its effect disappears for velocities beyond
the MFV due to the mixing process.

4. It was seen that utilization of the MSP instead of the PSP in modelling the
fluidized bed of sand will result the different values for the MFV. In addition, with
the MSP, the shape and size of bubbles were not in agreement with the experimental
results.

5. The coefficients of rolling and sliding friction between the Plexiglass wall and
sand particles were numerically and experimentally determined and are equal to 0.30
and 0.32, respectively. Utilization of these values in the CFD-DEM model led to
significant improvement in the accuracy of the determined pressure drop for all the
values of airflow rate.

6. It was seen that the front and back walls of the fluidized bed can be replaced
with the periodic boundary condition instead of the wall boundary condition in the
DEM simulation to enhance the computational effort of the DEM model. However,
the effect of PBC on the simulation results should be carefully determined in each
case study.

7. Three sets of the CoR between the sand particles (0.1, 0.5, and 0.9) was
simulated with at the airflow rate of 50 l/min. The results obtained with CoR = 0.9
are in good agreement with the experimental data with the percent error of 2.1%.

8. As a final result, it is concluded that the CFD-DEM model is successfully
validated and its parameters and sub-models are correctly selected. Accordingly, it is
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possible to employ the validated model of this chapter in simulating a dense regime
of particle-fluid flow such as modelling the dust liberation at the transfer point of
conveyors.
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C h a p t e r

6
Modelling Dust Liberation at the Transfer
Point

In Chapter 5, the validity of the CFD-DEM model was assessed for a dense regime
of particle flow with a high rate of momentum exchange between the airflow and
sand particles. In addition, the CoR between particles and the µs,pw and µr,pw were
determined through experiments and simulations.

The objective of this chapter is to identify the factors that should be considered
in the design of the transfer point to reduce dust liberation from a belt conveyor.
Hence, a series of experiments is conducted to determine the discharge trajectory
of the sand particles at different velocities of the belt conveyor. Furthermore, two
different impact plates are utilized at the transfer point to investigate the effect
of inclination angle of the impact plate on the trajectory of the sand. Then, the
experimental results are used as benchmarks to determine the coefficients of rolling
and sliding friction between the belt and sand particles µr,pb. These values are used
in the CFD-DEM model of Chapter 5 to simulated the dust liberation at the transfer
point. The CFD-DEM model is finally used as a design tool to investigate the effect
of some factors on the rate of dust liberation at the transfer point of a belt conveyor.

In section 6.1, a literature review will be done to briefly survey the conducted
studies in the past decade related to dust liberation modelling techniques at the
transfer point of belt conveyors. Basic principles of dust liberation at the transfer
point of belt conveyors will be presented in section 6.2. Then, the experimental set-up
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and numerical settings will be described in section 6.3. Experimental outcomes and
CFD-DEM results will be presented in sections 6.4 and 6.5, respectively. Finally, the
dust liberation at the transfer point of a belt conveyor will be simulated and studied
with the CFD-DEM model in section 6.6.

6.1 A review of the dust liberation modelling tech-
niques

During the past decades, researchers have taken advantage of a multitude of techniques
and methodologies such as analytical methods, experimental studies, and numerical
tools to study the dust liberation phenomena. In this study, the experimental and
numerical studies that are concerned with the dust liberation modelling at the bulk
terminals and the material handling equipment have been reviewed.

Storing dry granular material in the open storage yards is one of the major sources
of dust liberation in the environment. Computational Fluid Dynamics (CFD) has
largely been implemented in previous studies to investigate the effect of the airflow
on the dune erosion and to predict the rate of dust liberation from a stockpile [1–3].
A number of studies [4, 5] used a combination between analytical models and CFD
method to analyse the effect of airflow around the piles on the rate of dust liberation.
In these studies, the airflow around the storage piles was simulated by the CFD
method and then its results were utilized in the analytical formula to determine the
so-called emission factor [6]. A series of studies [7–12] used experimental data along
with the CFD method to investigate the role of saltation and creep modules on the
deformation, erosion, and dust liberation rates of a sandpile.

The Eulerian-Lagrangian approach of the CFX tool is another popular method
for modelling the dust liberation where fine particles do not have a significant effect
on the airflow. Diego et al. [13] modelled the dust liberation around the storage pile
in CFX 10.0 software by utilizing the Eulerian-Lagrangian approach. In the CFX,
the particles were considered as the volume-less points in the computational domain
of the Eulerian-Lagrangian approach and the hypothetical particles were carried with
the airflow without any effect on the fluid phase. In this method, the rate of dust
liberation from the CFD cells depends on various parameters such as the emission
factor, friction velocity, threshold friction velocity, and particle size.

Modelling the particle phase with Lagrangian techniques in the stockpiles is not
very cost effective because a huge number of particles is involved in the simulation.
Hence, the Eulerian-Lagrangian techniques are usually utilized in modelling the
granular material handling equipments such as the belt conveyor because a smaller
amount of material needs to be modelled in this kind of equipment in comparison with
stockpiles. The transfer chute of belt conveyors has a high potential in generating
dust which has been modelled by different numerical methods to minimize blockages
and spillage of materials [14–18]. The transfer chute is used in many industries to
facilitate bulk material transfer from one conveyor belt to another or for redirecting
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flow from a delivery point into a process or into equipment [19].

Researchers [20, 21] performed a series of simulations with the CFD method to
model the airflow around a belt conveyor. The dust lift-off model was calibrated with
experimental data to incorporate in the CFD method to determine the rate of dust
liberation from the materials on a belt conveyor. Also, Kessler et al. [22] conducted
experiments and DEM simulations to optimize a number of design parameters of the
transfer chute. In addition, the DEM modelling was utilized as a tool to trouble-shoot
and optimize the design of a transfer chute for transporting wet and sticky ores
[17, 23].

Chen et al. [24, 25] evaluated the rate of dust liberation for six configurations
of the transfer chute using experimental data and CFD simulation. A two-phase
three-dimensional Eulerian-Eulerian approach was undertaken to qualitatively assess
the performance of the transfer chutes. Also, the influence of parameters such as
the particle-particle restitution coefficient and the particle-wall slip condition was
investigated utilizing the TFM approach [26]. The TFM model was used to assess
the effect of viscosity, drag force, and turbulence models on the rate of dust liberation
at the transfer chute of a belt conveyor [27]. Also, the profiles of the air velocity
obtained from TFM model were compared with the experimental data extracted
from the Particle Image Velocimetry (PIV). The bulk material used in the above
tests was screened iron ore in which 60% of particles were in the range of 4.0-4.75
mm.

A coupling between the DEM and CFD along with an empirical model for the
dust lift-off model was undertaken to determine the dust liberation at a transfer
chute [28]. Derakhshani et al. [29] compared the discharge trajectory of mono-sized
coarse particles obtained with an analytical solution, DEM method, and CFD-DEM
coupling technique at the transfer point of a belt conveyor. A qualitative comparison
between the discharge trajectory of the materials was conducted to evaluate the air
effect on the discharge trajectory. It was observed that a realistic trajectory of the
materials can be seen through coupling the DEM with the CFD to include the effect
of air in simulations.

As seen, different numerical techniques were incorporated with empirical or
analytical solutions to study dust liberation from the bulk material handling systems.
However, as explained in Chapter 2, more detailed information about the particle
phase and its interaction with the equipment can be obtained with CFD-DEM
coupling. The CFD-DEM model makes it possible to investigate the effect of some
factors such as properties of particles and belt conveyor, the speed of a belt conveyor,
and the speed and direction of airflow around a belt conveyor on the rate of dust
liberation. These data of importance because provides engineers with the insight to
design a belt conveyor system with the lowest rate of dust liberation.
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6.2 Basic principles of the dust liberation
The transportation velocity of materials, the size and density of materials, the
properties of the surrounding air are a number of important factors that influence
the rate of dust liberation from the bulk material handling systems [30, 31]. These
factors also are the reasons of the material segregation at the transfer point of a belt
conveyor [23]. In the other word, it can be said that the dust liberation is a kind of
material segregation in a way that the fine particles are segregated from others.

Figure 6.1: Mechanisms of particle segregation [32].

Particles tend to segregate during the handling process such as moving, pouring,
and conveying even where they were originally mixed by some means [33]. A
significant difference in the particle size is the most important factor that intensifies
the segregation of material while the density is comparatively of importance where the
densities of materials and surrounding fluid are significantly different, such as in the
sedimentation of sand particles within air at the transfer point of a belt conveyor [33].
Figure 6.1 shows three mechanisms that can lead to the particle segregation, namely,
trajectory segregation, percolation of fine particles, and elutriation segregation [32].

The vibration of a surface has a direct effect on the rate of particle segregation
[14, 34–36]. In this study, it is assumed that the belt conveyor is not vibrated and
therefore the effect of vibration on the material segregation and dust liberation will
not be studied. Also, the percolation of fine particles can occur during stirring,
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shaking, vibration or when materials are poured into a heap [16, 34, 37, 38] so that
the fine particles fill the gaps between the coarse particles and move from up to
down. Considering the aim of this research which is modelling the dust liberation at
the transfer point of a belt conveyor and the absence of any vibration in the belt
conveyor system, this type of segregation does not have an influence on the material
segregation in this study. Two remaining mechanisms, trajectory and elutriation
segregations, are briefly discussed in the following.

1. Trajectory segregation
If a small particle is projected horizontally with an initial velocity into a fluid, it

can horizontally travel a certain distance (∆xh). The horizontal distance depends on
the properties of the particle and fluid, the regime of fluid flow, and its initial velocity
as was explained in Chapter 3. It is extracted from the governing equation of particle
movement within a fluid that a particle with diameter of 2Dp travels four times
larger than a particle with diameter of Dp in a Stokes flow regime (∆xh ∝ Dp

2). The
difference between ∆xh is due to difference in the exerted drag force on the coarse
and fine particles. Consequently, coarse particles can travel further away from the
transfer point of a belt conveyor compared to the fine particles and this is one of the
reasons for particle segregation and dust liberation at the transfer point.

2. Elutriation segregation
The elutriation segregation occurs in the case that the velocity of airflow is not

equal to the terminal velocities of particles with different physical properties [32].
Part of the segregation at the transfer point of a belt conveyor is because of the
elutriation segregation which is due to the different exerted drag force on the particles
with different size. Actually, the entrained air in the discharge trajectory of a belt
conveyor can segregate the fine particles from the material stream and carry them
out into the surroundings [39] as dust (see Figure 6.1).

The carry-back effect is the other factor that can be added to the segregation
mechanisms at the transfer point of a belt conveyor. Fine particles are wrapped
around the belt conveyor even after the discharge point [23] which is because of
the strong viscose effect close to the surface of belt conveyor. The wrapping effect
increases the discharge angle of the fine particles compared to the coarse particles so
that fine particles are concentrated at the lower bound of discharge trajectory.

The trajectory and elutriation segregation as well as the viscous effect will be
studied in this chapter. Also, the effect of some other factors such as the properties
of the belt conveyor and particles on the dust liberation will be parametrically
investigated.

6.3 Experimental set-up and numerical settings
In this section, the conveyor set-up along with its dimensions and the experimental
plan are explained. Also, the settings and parameters of the CFD-DEM model
employed in the simulations of this chapter are presented in detail.
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6.3.1 The belt conveyor set-up
Figure 6.2 shows a picture of the conveyor set-up and the sand feeder. A black-white
grid plane with the scale of 1mm was used to determine the discharge trajectory of
the sand particles.

(a) (b)

Figure 6.2: A picture of the experimental set-up a) the belt conveyor and the driving motor
b) the sand feeder.

The schematic layout of the conveyor set-up, sand feeder, and impact plate is
illustrated in Figure 6.3 and the corresponding dimensions of this figure are presented
in Table 6.1.

Table 6.1: The geometric size of the belt conveyor and the other component.
Parameter l lip lc−h wb wip h1 Rr tb
Size (mm) 1100 150 58.5 450 11 20 39 3

Where, wb and tb are the width and thickness of the belt conveyor and wip is the
width of impact plate. The position of the sand feeder l1 needs to be determined
experimentally in a way that the inserted sand has sufficient time to settle on the
belt conveyor before arriving at the head pulley.
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Figure 6.3: A schematic picture of the belt conveyor, sand feeder, and impact plate together
with the position and dimension of each components.
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The belt conveyor set-up has a driver by a motor with the power of 0.55 kW . The
belt speed can be adjusted in the range of 0.0m/s to 0.8m/s with a variable-frequency
drive controller that is seen in Figure 6.4. Voltcraft speedometer (DT-30LK) seen in
this figure is used to determine the speed of belt conveyor during the experiments.

Figure 6.4: Controlling and measuring the speed of belt conveyor: a) Variable-frequency
drive controller, b) Voltcraft speedometer.

The experiments are filmed with a Sony Alpha ILCE-5000 camera which is set to
50 frames per second with video resolution of 1920× 1080. It should be noted that
the photos taken by the camera are affected by the perspective effect between points
'A' and 'B' of Figure 6.3. Therefore, the experimental results at intervals after point
'B' are used in this study to assess the accuracy of simulation results.

6.3.2 The experimental plan
A series of experiments will be conducted in this research to investigate the accuracy
of the CFD-DEM model. The procedure of preparing the experimental set-up and
the plan of performing the experiments are presented in this section.

1. Determination of µs,pb
The same procedure used for determining the µs,pw in section 5.3.3 will be utilized

in this chapter to measure the µs,pb.
2. Position of sand feeder
The distance of sand feeder l1 from point 'A' should be large enough so that the

inserted particles have sufficient time to reach the speed of belt conveyor and settle
on the belt before the transfer point (see Figure 6.3). Hence, l1 will be increased to
the extent that all particles reach to the speed of belt conveyor.

On the other side, the number of particles in a simulation increases by increasing
l1 so that it can lead to an increase in the computational time. Accordingly, the
minimum length of l1 will experimentally be determined and it will be utilized in
the simulations of this study. In addition, the distance that particles travel to reach
the belt speed will be used in the determination of the coefficient of rolling friction
between sand particles and belt µr,pb in a way that will be explained in section 6.3.3.
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3. Mass flow rate of feeder
The thickness of the discharge trajectory depends on various factors such as the

speed of a belt conveyor, particle size and density, properties of the surrounding fluid,
and the direction of the airflow around the conveyor [23].

The mass flow rate of sand particles from the feeder will experimentally be
adjusted through setting the output diameter of the feeder and the mass flow rate
will be measured several times to ensure the consistency of the calibration.

4. Speed and inclination angle of a belt conveyor
The discharge trajectory of sand particles at the transfer point of a belt conveyor

depends on the inclination angle of the belt α1, initial velocity of particles, and the
driving and damping forces which is known as the projectile motion [40].
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Figure 6.5: Variation of the horizontal displacement of sand particles versus the inclination
angle of the belt.

Without considering the effect of damping drag forces from surrounding air, the
maximum horizontal displacement of a particle is calculated as follows.

xmax = up0cos(α1)
up0sin(α1) +

√
(up0sin(α1))2 + 2gz0)
g

(6.1)

In this research, the discharge trajectory of sand particles will be measured at
the belt speeds of 0.2, 0.4, 0.6, and 0.8 m/s to assess the effect of belt speed on the
discharge trajectory of sand particles. Also, considering the limitation in changing
the inclination angle of conveyor set-up, two inclination angles of α1 = 3.5◦ and
α1 = 7.0◦ will be used to investigate the effect of α1 on the discharge trajectory of
sand particles at the transfer point. These experimental results will be used in the
accuracy assessment of the CFD-DEM model.

5. Implementation of impact plate
The impact plate is part of a transfer arrangement and usually needs the most

maintenance. A non-optimized design of impact plates can lead to various problems
such as the impact plate wear and damages, spillage of material, degradation of
material, material hang-ups, blockage of the transfer point, noise emission, and high
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maintenance cost [23].
Five different scenarios that may happen for materials colliding with an impact

plate are continuous stick, continuous slip, slip-stick, slip-reversal, jam-stick [41].
Considering the fact that the sand particles are incohesive and spherical and the
impact plate and particles are rigid bodies, it can be concluded that the slip-reversal
scenario will happen at the contact point of the sand particles with the impact plate.
It means particles may slightly slip at the contact point before separation from the
impact plate.

In this research, a rectangular impact plate will be used to investigate the effect
of the impact plate on the discharge trajectory of sand particles. The impact plate
is installed in front of conveyor and it can rotate around point 'o' for α2 degrees
(Figure 6.3). The point 'o' is located in the same vertical level of the belt conveyor
where lc−h is the distance between points 'A' and 'o'.

The horizontal position of the impact plate with inclination angle of 16.0◦ is
adjusted in a way to have similar discharge trajectory with the vertical impact plate
before the contact point. Accordingly, the rebounding trajectories after the collision
with the impact plates will be comparable for both cases. Also, the inclination angle
of 16.0◦ makes it possible to capture the slip-reversal scenario at the contact point.

6.3.3 The CFD-DEM settings and simulation plan
As discussed earlier, an unavoidable limitation of the CFD-DEM technique is its
computational expense. Considering the goal of this research, that is modelling the
dust liberation at the transfer point of a belt conveyor, a fraction of the experimental
set-up including the sand feeder and the transfer point will be modelled instead of
the whole domain to reduce the numerical computational effort.

1. The CFD-DEM settings and domain size
A part of the experimental set-up (see Figure 6.3) that will be simulated in this

study is shown in Figure 6.6.
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Figure 6.6: The schematic layout of a fraction of the experimental set-up and the domain
size of the CFD-DEM model.
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The no-slip wall boundary condition at the walls of the CFD domain along with
the Neumann and Dirichlet boundary conditions [42] on the other boundaries of the
CFD model will be used in modelling the transfer point. The flow regime in the
CFD model is set on the laminar model, because the stagnant air has surrounded the
conveyor. The boundary conditions of the CFD model are presented in Table 6.2.

Table 6.2: The boundary conditions of the CFD fields in accordance with Figure 6.6.
The position of
the CFD wall

Boundary field
p uf ksl, ρf , up, εf

Left totalPressure zeroGradient zeroGradient
Right totalPressure zeroGradient zeroGradient
Top zeroGradient fixedValue zeroGradient

Bottom zeroGradient fixedValue zeroGradient
Conveyor zeroGradient fixedValue zeroGradient

Impact plate zeroGradient fixedValue zeroGradient
Front and Back slip slip slip

The sub-models and parameters of the CFD-DEM model that were determined
in the previous chapters are given in Tables 6.3.

Table 6.3: The sub-models and parameters of the CFD-DEM model.
Force
model

Voidage
model

Coupling
interval

∆tDEM
(sec)

∆tCFD
(sec)

∆x,∆y,∆z
(mm) epp epb

Gidaspow Divided 10000 1.0e-7 1.0e-3 1.25 0.9 0.5

The Hertz-Mindlin contact model is employed in the DEM model and the rolling
friction model is set to 'epsd2' which was proposed by Iwashita [43] and its theoretical
background was described in Chapter 4.

2. The numerical plan
The CFD-DEM model needs to be prepared for modelling the discharge trajectory

of a belt conveyor and it will be used to study different conditions based on the
experimental data in the first part of this numerical study. The second part of this
study is dedicated to the parametric study to investigate the effect of some design
factors on the dust liberation.

Table 6.4 shows the numerical plan for evaluating the CFD-DEM model in the
first part of numerical study. According to Hastie [23], the effect of the particle shape
can be represented by the coefficient of rolling friction in the DEM simulation. He
suggested to use a fraction of the coefficient of sliding friction between the particles
and the belt conveyor µs,pb as the coefficient of rolling friction between particles and
belt conveyor µr,pb. Therefore, µs,pb will be measured in section 6.4.1 through the
experimental investigations and then µr,pb will be determined trough the CFD-DEM
simulations in section 6.5.2.
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Table 6.4: The numerical plan for preparation and evaluation of the CFD-DEM model.

Case study ub
(m/s)

ṁp

(kg/s)
α1

(degree)
α2

(degree)
PSD
(µm)

Determination of µr,pb 0.8 0.001 0 N.A. Table 4.1

DEM vs. CFD-DEM 0.8 0.006 0 N.A. 300
600

Belt speed 0.2, 0.4,
0.6, 0.8 0.006 0 N.A. Table 4.1

Inclined conveyor 0.8 0.006 3.5
7.0 N.A. Table 4.1

Impact plate 0.8 0.006 0 0.0
16.0 Table 4.1

The other coefficients of friction between the sand particles and components of
the conveyor are listed in Table 6.5.

Table 6.5: The coefficients of rolling and sliding friction between sand particles and particles-
components.

Parameter µs,pp µr,pp µs,ph µr,ph µs,pb µr,pb
Value 0.49 0.30 0.32 0.30 measured determined

The other issue that will be investigated in this study is about the difference
between the discharge trajectories predicted by DEM and CFD-DEM models. After-
ward, the accuracy of the CFD-DEM model will be assessed at the different speeds
and inclination angles of the belt conveyor. In addition, the simulation results are
compared with the experimental observations in the case that an impact plate is
implemented in front of discharge trajectory of sand particles.

In the second part, the dust liberation is parametrically studied with the CFD-
DEM model. Table 6.6 shows the variation range of some design factors that will be
used in the parametric study. The bold font in Table 6.6 indicates the base values
that are used in the CFD-DEM simulations.

Table 6.6: The variation of design factors in paramedic study of dust liberation at the
transfer point of a belt conveyor.

Parameter Dp

(µm)
ua

(m/s)
ρp

(kg/m3) epp epb

Variation
range

300
600
PSD

-0.5
0.0
0.5

1500
2650
3000

0.1
0.9

0.1
0.5
0.9

As explained in Chapter 1, the particles are categorized in to three groups based
on their size. It is seen that the particles with diameter between 1µm to 100µm are
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in the group of the settling atmospheric dust which can suspend in the air for long
times. Hence, a small quantity of fine particles with diameter 10µm is added into
the sand particles with the PSD of Table 4.1.

This modification in the PSD facilitates the parametric study in modelling the
liberation of very fine particles from the transfer point. Table 6.7 shows the modified
PSD of the sand particles based on the mass fraction and numerical percent after
adding particles with diameter 10µm.

Table 6.7: The particle size distribution of sand particles after adding a small quantity of
the fine particles with diameter of 10µm
Dp (µm) Mass fraction (%) Percent based on the number of particles (%)

10 0.000005 0.55
300 6.000006 24.43
420 18.000018 26.70
500 25.999921 22.87
600 50.000050 25.45

6.4 Experimental results
In this section, the coefficient of sliding friction between the sand particles and the
belt conveyor was measured and then the discharge trajectory of sand particles at
the transfer point was determined at different speeds and inclination angles of the
belt conveyor. The experimental results of this section will be utilized in the next
section to determine the coefficient of rolling friction between sand particles and the
belt conveyor and to assess the accuracy of the simulation results.

6.4.1 Determination of µs,pb

The coefficient of sliding friction between sand particles and belt conveyor µs,pb
was measured separately, by building a sand pack of uniform thickness on the belt
conveyor and then tilting it until sand particles slid off.

Figure 6.7: The shape of quartz sand grains.

As seen in Figure 6.7, the sand particles have irregular shape so that they cannot
roll on the surface by tilting the belt. The experimental observation confirmed that
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sand particles purely slid on the belt at the sliding angle of 28.8◦. This value will
be utilized in section 6.5 to determine µr,pb and also in modelling the discharge
trajectories of sand particles at different conditions.

6.4.2 The position of the feeder
The experimental observation indicated that sand particles will get stable on the
belt at a distance of 40mm after the position of feeder at the belt speed of 0.8 m/s.
Hence, the sand feeder was placed at l1 = 50mm in the experimental set-up and
numerical model to ensure the stability of sand particles on the belt. Figure 6.8
shows a close-up view of the sand feeder, belt conveyor, and sand particles.

Figure 6.8: Position of the sand feeder on the belt conveyor set-up.

6.4.3 Measuring the mass flow rate of feeder
In this study, the mass flow rates of 0.001 kg/s and 0.006 kg/s will be utilized in the
experiments and simulations. These mass flow rates were measured five times for
both feeders and the experimental investigations indicated that the uncertainty of
the mass flow rate at both ṁp of 0.001 kg/s and 0.006 kg/s is around ±0.0002 kg/s.

The experimental results obtained at ṁp 0.001 kg/s and ub 0.8m/s are used to
determine µr,pb. The reason is that at the mass flow rate of 0.001 kg/s only one layer
of sand particles sits on the belt conveyor which is a proper state to determine the
rolling friction between sand particles and belt. On the other side, the dust liberation
modelling at the transfer point is the goal of this research. For that, the mass flow
rate of 0.006 kg/s will be utilized in the simulations to involve more particles in the
simulation and to illustrate states closer to reality.

6.4.4 The discharge trajectory of the sand particles
The discharge trajectories of sand particles were compared at the belt speed of
0.8m/s for two mass flow rates of 0.001 kg/s and 0.006 kg/s. As seen in Figure 6.9,
the profile of the upper trajectories of both mass flow rates are similar to each other
while there is a difference between the lower trajectories which is due to different
reasons.
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Figure 6.9: The effect of mass flow rate on the discharge trajectory of sand particles at
ub = 0.8m/s. Left: ṁp = 0.001 kg/s, right: ṁp = 0.006 kg/s.

Regarding the upper trajectory, the maximum horizontal distance that particles
travel depends on the initial velocity of particles which is same at both mass flow
rates which led to the same upper trajectories. On the other side, segregation of sand
particles and the wrapping effect increased due to the increase in the rate of mass flow
so that the width of discharge trajectory (a distance between the upper and lower
trajectories at the same height) at ṁ = 0.006 kg/s is larger than at ṁ = 0.001 kg/s.
These effects will be investigated in detail with the numerical model.

In another part of the experiments, the discharge trajectories at the belt speeds
of 0.2, 0.4, 0.6, and 0.8 m/s were measured to investigate the effect of belt speed
on the trajectories of the materials. Figure 6.10 shows the discharge trajectories at
different speeds of the belt for the mass flow rate of 0.006 kg/s.

As expected, the particles travel further distance in the x-direction with the
increase in the belt speed from 0.2 m/s to 0.8 m/s. Another thing is related to the
width of discharge trajectories at different speeds of the belt. At low speeds of the
belt, materials wrap around the belt at the transfer point and leave the surface of
the belt at large wrap angles. It will lead to an increase in the width of discharge
trajectory of materials. As seen in Figure 6.10, the width of discharge trajectories
decreased at high speeds of the belt.

Some particles were separated from the left side of trajectory at the belt speed of
0.8 m/s which increased a little the width of the trajectory compared to 0.6 m/s. It
maybe due to the segregation effect that is cause by the drag force at the high speed
of belt which will be investigated with the CFD-DEM model in the next sections.
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Figure 6.10: The discharge trajectory of sand particles at the transfer point at four different
speeds of the belt conveyor.

6.4.5 Inclined conveyor

The trajectory of sand particles was also measured at two inclination angles of the
conveyor at belt speed of 0.8m/s. Figure 6.11 shows the effect of inclination angle
on the discharge trajectories of sand.

It was observed that the sand particles on a belt conveyor with higher inclination
angle travel further, which is in agreement with the theory of the projectile motion
[40]. These experimental results will be utilized in section 6.5 in assessing the accuracy
of the CFD-DEM model.
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Figure 6.11: The discharge trajectory of sand particles for different inclination angles of the
conveyor at the belt speed of 0.8m/s.

6.4.6 Utilization of impact plate

The discharge trajectories of sand particles that were in collision with an impact plate
with two different inclination angles were determined in this part. Figure 6.12 shows
the discharge trajectories for the inclination angles of α2 = 0.0◦ and α2 = 16.0◦ at
the belt speed of 0.8m/s.
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Figure 6.12: The discharge trajectory of sand particles during a collision with an impact
plate at the belt speed of 0.8m/s. Left: α2 = 0.0◦, right: α2 = 16.0◦
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As expected, the discharge trajectories are the same for both inclination angles
before the contact point. On the other side, the different trajectories after the contact
point are due to the different contact angles between the particles and plates which
explained in section 6.3.2. The rebounding process is clearly seen when α2 increases
from 0.0◦ to 16.0◦. This experimental results will be utilized later to assess the
validity of the CFD-DEM model.

6.5 CFD-DEM results
In this section, the validated CFD-DEM model of Chapter 5 is used to determine
µr,pb based on the experimental results of the previous section. Also, the accuracy
of the CFD-DEM model is assessed at different conditions of the conveyor set-up.
At the end, a parametric study is conducted to identify the factors that should be
considered in the design of the transfer point of a belt conveyor.

6.5.1 Determination of the CFD domain size
In the previous section, it was observed that the height and length of the discharge
trajectory of sand particles at the maximum speed of belt conveyor (0.8m/s) is in
the order of 140mm from point 'A' . Hence, l3 and h3 are selected in a way to ensure
the discharge trajectory will be captured in the simulations with full details (see
Figure 6.6). The dimensions of the CFD and DEM domains are selected according
to the values presented in Table 6.8.

Table 6.8: The geometric and domain size of the CFD-DEM model.
Parameter l1 l2 l3 h2 h3 w2

Size (mm) 50 80 250 150 200 11

6.5.2 Determination of µr,pb

The sliding angle between the sand particles sand belt were determined 28.8◦ which
represents the coefficient of sliding friction of tan 28.8◦ = 0.55 [44]. This coefficient
together with the coefficients of friction presented in Table 6.5 are used in this section
to determine the rolling friction between the sand particles and belt conveyor µr,pb.
Hence, the CFD-DEM simulations were conducted at different µr,pb (0.1, 0.2, 0.3,
0.4, 0.5, and 0.6) to assess the effect of µr,pb on the speed of particles and the profile
of discharging trajectory.

According to the experimental observation, the distances that it takes for the
particles to reach the speed of belt and settle on the belt is about four centimetres
after the position of the feeder (x = 7 cm) which is 1 cm before point 'A' . Hence,
this distance is also measured in the simulations at the different µr,pb to determine
µr,pb based on the length of this distance. The speed of particles on the belt is shown
in Figure 6.13.
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Figure 6.13: Top view of the belt conveyor that was used to determine µr,pb based on the
speed of particles at x = 7 cm , ub = 0.8m/s.

Figure 6.13 indicated that the preliminary determinations of µr,pb is 0.5 and 0.6
because particles reach the belt speed at x = 7 cm for both values (green colour:
up = 0.8m/s). At this stage, the discharge trajectories of the CFD-DEM model
obtained at the mentioned range of µr,pb were compared with the experimental data
to assess the effect of µr,pb on the discharge trajectory of particles.
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Figure 6.14: A comparison between the discharge trajectories of sand particles at µr,pb of
0.1, 0.2, 0.3, 0.4, 0.5, and 0.6.

As can be seen in Figure 6.14, the simulation results obtained based on µr,pb of
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0.5 and 0.6 are identical and are in good agreement with the experimental results. It
means that particles reach the belt speed at µr,pb = 0.5 and the rotational movement
of particles gets zero at x = 7 cm so that a further increase in µr,pb will have not
any effect on the rotational movement of particles. Hence, the µr,pb of 0.5 will
be considered as the coefficient of rolling friction between sand particles and belt
conveyor and it will be employed in the subsequent simulations.

6.5.3 Comparison between DEM and CFD-DEM results
The discharge trajectories of the DEM and CFD-DEM models were compared at the
belt speed of 0.8m/s and ṁp = 0.001 kg/s.
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Figure 6.15: A comparison between the discharge trajectory modelled with the DEM and
CFD-DEM methods at ub = 0.8m/s and ṁp = 0.001 kg/s.

As can be seen in Figure 6.15, the result of the CFD-DEM model fits very well
with the experimental trajectory while the trajectory of the DEM model is located
on the right side of experimental data.

This difference is due to the consideration of the air in the CFD-DEM model. The
sand particles were not affected by the drag force arising from the air in the DEM
model while the drag force was included in the CFD-DEM model. The drag force
reduces the kinetic energy of sand particles so that the particles in the CFD-DEM
simulation travel a shorter distance compared to the particles in the DEM simulation.
This indicates that the CFD-DEM method should be utilized in modelling the
discharge trajectory of sand particles to have accurate results.

6.5.4 The speed of belt conveyor
The discharge trajectories at four speeds of belt conveyor and mass flow rate of
0.006 kg/s were modelled with the CFD-DEM method. The CFD-DEM results are
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compared with the experimental investigations at the belt speeds of 0.2, 0.4, 0.6, and
0.8 m/s in Figures 6.16 and 6.17.
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Figure 6.16: A comparison between the experimental and numerical discharge trajectory of
sand particles at the belt speeds of 0.2 m/s and 0.4 m/s.

As can be seen in Figures 6.16 and 6.17, the simulation results are in good
agreement with the experimental trajectories at all range of belt speed. The discharge
trajectories as well as the width of trajectories are very well fitted into the experiments.
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Figure 6.17: A comparison between the experimental and numerical discharge trajectory of
sand particles at the belt speeds of 0.6 m/s and 0.8 m/s.

The simulation results of particles speed at different speeds of the belt conveyor
is shown in Figure 6.18 from the top view. It is indicated that all particles have
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reached the belt speed at the transfer point before leaving the conveyor.

Figure 6.18: A top view from the speed of particles at different speeds of belt conveyor.

The simulation result also confirms the accuracy of µr,pb = 0.5 at the different
speeds of belt conveyor and the mass flow rate of 0.006 kg/s. Accordingly, parameters
and sub-models of the CFD-DEM model that are specified in Table 6.3 together with
the µr,pb = 0.5 are reliable and they will be utilized in the subsequent simulations of
this chapter.

6.5.5 Inclined belt conveyor

The discharge trajectory of particles was modelled for two inclination angles of the
belt conveyor, α1 = 3.5◦ and α1 = 7.0◦ at ub = 0.8m/s and ṁ = 0.006 kg/s. The
simulation results are presented in Figure 6.19.

The CFD-DEM results are in good agreement with the experimental data for
both inclination angles. As explained in section 6.3.2, an increase in the horizontal
travel distance of the material should be seen by increasing the inclination angle
from α1 = 0.0◦ to α1 = 7.0◦.
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Figure 6.19: Simulation and experimental results of the discharge trajectory for the inclina-
tion angles of α1 = 3.5◦ and α1 = 3.5◦ at ub = 0.8m/s.

6.5.6 Utilizing the impact plates
Two impact plates that were experimentally investigated in section 6.4 were simulated
here with the CFD-DEM model. Figure 6.20 shows the simulation results of two
impact plates with inclination angles of α2 = 0.0◦ and α2 = 16.0◦.
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Figure 6.20: The effect of inclination angle of the impact plate on the discharge trajectory
at the belt speed of 0.8 m/s. Left: α2 = 0.0◦, right: α2 = 16.0◦.

The negligible difference between the discharge trajectories for distances less than
0.03m is because of the position of the camera and the perspective effect of the
taken pictures. It should be noted that the travel time and distance of particles
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are not sufficiently large to see the effect of drag force on the discharge trajectories
before the collision of particles with the impact plates. The rebounding process is
also simulated very well at α2 = 16.0◦ with the CFD-DEM model while it is seen
that some particles are sliding downwards on the impact plate at α2 = 0.0◦.

All parameters and sub-models of the CFD-DEM model were re-evaluated in
this section based on the experimental data and the required properties of the sand
particles and equipment were accurately determined in the previous parts of this
research. In the other words, it is concluded that the CFD-DEM model is ready to
be utilized in the parametric studies of the next section.

6.6 Dust liberation modelling
The trajectory segregation, elutriation segregation, carry-back effect, the properties
of the belt conveyor and particles are the factors that discussed in section 6.2 and in
this section are numerically investigated with the CFD-DEM model. These factors
are of importance because they influence the dust liberation at the transfer point
and consequently they should be considered in the design of the transfer point of a
belt conveyor.

6.6.1 The particle size effect
Particle Size Distribution (PSD) is one of the reasons of the material segregation in
the discharge trajectories.

Figure 6.21: A comparison between the discharge trajectories at two different sizes of
Dp = 300µm and Dp = 600µm at ub = 0.8m/s.
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In this part, the trajectories of two mono-sized particles, Dp = 300µm and
Dp = 600µm, were individually simulated at ub = 0.8m/s and α1 = 0.0◦.

Figure 6.21 shows the discharge trajectories of both simulations in a single plot to
illustrate the different between the results. It should be noted that the particle size
has been increased in the figures of this section to help identify the position of the
particles. As explained in section 6.2, the coarse particles travel further compared
to the fine particles. Hence, the discharge trajectory of particles with diameter
Dp = 300µm is on the left side of the discharge trajectory of particles with diameter
Dp = 600µm.

6.6.2 The effect of particle density
A parametric study was conducted to investigate the effect of particle density on the
discharge trajectory of materials. Figure 6.22 shows that the discharge trajectory
of particles with low density (1500 kg/m3) is wider than the discharge trajectory
of particles with density of 3000 kg/m3. Also, particle with the high density travel
further compared to the particle with low density which can be due to the different
terminal velocity of particle with different densities. Indeed, the terminal velocity of
particle with low density is smaller than particle with high density. This difference
increases the trajectory segregation for particles with low density. In the other words,
the exerted drag force is independent of the particle density so that the discharge
trajectory of lighter particles is further to the left compared to the trajectory of
particles with the density of 3000 kg/m3.

Figure 6.22: A comparison between the discharge trajectory of materials with different
densities.

6.6.3 The effect of belt speed
The drag force has a direct relation with the relative velocity between the particles
and airflow ufp and it can be changed based on the speed of belt conveyor. Hence,
the speed of belt conveyor is an important factor that influences the dust liberation
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at the transfer point. In this part, the discharge trajectories for the belt speeds of
0.2 m/s and 0.8 m/s were simulated with the CFD-DEM model.

Figure 6.23 shows that sand particles were slightly segregated in both speeds
of belt. However, the concentration of small particles in the left side of discharge
trajectory at ub = 0.8m/s is more than ub = 0.2m/s. This difference is due to
the fact that the initial speed of particles in the conveyor with the belt speed of
0.8 m/s is four times bigger than the other case which exerted more drag force on
the particles with the belt speed of 0.8 m/s. On the other side, more drag force is
exerted on the small particles compared to the coarse particles which increases the
segregation effect at the transfer point for the belt conveyors with high speed.

Figure 6.23: The CFD-DEM modelling of the particle segregation in the presence of air at
ub = 0.2m/s and ub = 0.8m/s.

6.6.4 The effect of airflow speed

The speed and direction of the surrounding air is the other factor that was studied
in this part. In fact, the airflow can intensify the segregation effect which results
in an increase the rate of dust liberation at the transfer point. For this purpose,
the boundary condition of the CFD model was modified in a way that the upper
boundary condition of the CFD model has a speed of 0.5 m/s in the positive or
negative directions of the x-axis.

Figure 6.24 shows how the surrounding air is induced into the discharge trajectory
of the sand particles. The trajectory segregation is not significant because the
horizontal component of the drag force is not big enough to push the small particle
into the left side of the discharge trajectory. In the other word, the speed of the
induced air into the discharge trajectory of sand particles is not strong enough to
exert a sufficient drag force on the small particles and separate them from each other.
In addition, the size distribution of sand particles is such that the exerted drag force
can not significantly influence their movement.
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Figure 6.24: Demonstration of the airflow field around the conveyor set-up at t=0.7 s when
the initial velocity of surrounding air is zero.

Figure 6.25: The gradient of the pressure domain around the conveyor set-up when the
initial air velocity was zero.

As seen in Figure 6.24, some small eddies were created around the discharge
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trajectory in the case that the initial speed of the surrounding air was zero. The
location of the eddies inside the CFD domain can be determined based on the value
of local pressure shown in Figure 6.25. There are a number of dark blue areas
(p = −0.4m2/s2) which show the location of the eddies in the domain. Also, this
issue can be extended into the next simulations of this study so that any eddy in the
CFD simulation indicates the low pressure region in the CFD domain.

At this point, the upper boundary of the CFD domain was moved with a constant
speed of 0.5 m/s in the positive direction of the x-axis. Figure 6.26 shows how the
small eddies close to the discharge trajectory disappeared when the speed of the
airflow on the top boundary of the domain increased to ua = 0.5m/s. It is also
seen that particles with different sizes have been mixed with each other due to the
direction of airflow. As explained in section 6.2, the airflow in the same direction of
the belt speed reduces the trajectory segregation because the horizontal component
of the drag force decreases in this direction.

Figure 6.26: The velocity field of airflow around the conveyor when the speed of the airflow
is ua = 0.5m/s at the top boundary condition.

Also, the direction of the airflow was changed into the negative direction of the
x-axis to investigate its effect on the segregation of sand particles. Figure 6.27 shows
how sand particles were clearly segregated at the transfer point due to the trajectory
segregation. In addition, the discharge trajectory of sand particles was shifted slightly
into the left by the airflow.
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Figure 6.27: The effect of the airflow direction on the segregation of sand particles.

It is shown that the airflow in the negative direction of the x-axis intensified the
particle segregation whereas the airflow in the positive direction of the x-axis had an
inverse consequence on the particle segregation. This is in agreement with the basic
principles of material segregation explained in section 6.2.

6.6.5 Investigating the viscous effect

A small quantity of fine particles with diameter of 10µm was added to the sand
particle to study dust liberation at the transfer point and its dispersion around the
belt conveyor (see Table 6.7). Hence, the dust liberation phenomenon around the
belt conveyor was studied for the situation that the airflow has the speed of 0.5 m/s.

It was observed that a number of particles with diameter of 10µm were separated
from the discharge trajectory and left the domain along with the return side of the
belt conveyor. The reason for this issue is that the viscous force is a dominant force at
the boundary layer of the belt conveyor and fine particles (10µm) are under a higher
drag force (fd ∝ 1/Dp

2) compared to the other sizes of sand particles (fd ∝ 1/Dp).
The particle Reynold numbers at diameter of 10µm and 300µm are 0.54 and

15.1, respectively. In accordance with the particle Reynolds number, the terminal
velocities of particles that were determined with equations 3.11 and 3.9 are equal
to 0.008m/s and 1.8m/s. It is seen that terminal velocity of 10µm particles is
very small compared to the speed of conveyor and surrounding air which means the
sedimentation time is very long for these particles and they will also be carried by
the airflow in the whole domain. In other words, the viscous force exerted by the air
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on these particles is the dominant force and they follow the airflow in the domain.

On the other hand, the gravitational force on the particles with diameter 300µm
is relatively bigger than the viscous force and consequently, these particles can not
be suspended in the surrounding air and these particles will settle in shorter time
than 10µm particles.

In the previous section, it was explained that the airflow with the speed of 0.5m/s
reduces the trajectory segregation which is seen in the Figures 6.28 and 6.29. These
figures also show how particles with a diameter of 10µm were liberated from the
discharge trajectory due to the viscous effect. These particles were carried with the
return side of the belt conveyor and they trapped into the big eddy below the belt
conveyor.

Also, there is another eddy on the left side of the discharge trajectory without
particles. This can be seen from the fact that the fine particles are liberated from
the discharge trajectory before they arrive to this region which is clearly seen in the
right side of the discharge trajectory of Figure 6.28. Also, the direction of the airflow
on the top side of this eddy is in a way that guides the fine particles into the main
trajectory before they move toward this eddy.

Figure 6.28: The velocity vector filed of the airflow around the conveyor for the ua = 0.5m/s
at t=4 sec.
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Figure 6.29: The liberation and dispersion of dust from the discharge trajectory for the
ua = 0.5m/s at t=4 sec.

At this point, the direction of the airflow was changed into the negative direction
of the x-axis with constant speed of −0.5m/s at the top boundary. As can be seen
in the Figures 6.30 and 6.31, the concentration of the dust is significantly increased
in comparison with the previous case (ua = 0.5m/s). Indeed, the airflow separates
the fine particles from the discharge trajectory and carries them into the left side of
trajectory. In other words, the trajectory segregation and the viscous effect intensify
the rate of dust liberation from the discharge trajectory when the airflow moves in
the opposite direction of the belt speed.
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Figure 6.30: The velocity vector filed of the airflow around the conveyor for ua = −0.5m/s
at t=4 sec.

Figure 6.31: The distribution of the dust around the conveyor for ua = −0.5m/s at t=4
sec.
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6.6.6 The effect of coefficients of restitution
The coefficients of restitution between the particles and also particle-belt was changed
according to Table 6.6. Figures 6.32 and 6.33 show the effect of coefficients of
restitution on the rate of dust liberation and the profile of discharge trajectory.

As seen in Figure 6.32 , the discharge trajectory of both epp are almost similar
while more particles were liberated from epp = 0.90 compared to epp = 0.10. It can
be interpreted by the fact that at high epp, small particles have more energy to be
separated from the other particles. The same thing happened when epb increase from
0.10 to 0.90 (see Figure 6.33). Consequently, the coefficients of restitution do not
have a significant effect on the discharge trajectory while they can increase the rate
of dust liberation at the transfer point of a belt conveyor.

Figure 6.32: The effect of epp on the profile of discharge trajectory and dust liberation from
the belt conveyor at t=4 sec.

Figure 6.33: The effect of epb on the profile of discharge trajectory and dust liberation from
the belt conveyor at t=4 sec.

According to the numerical investigation of this chapter, it was indicated that
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the material properties of the belt as well as particles are of importance and affect
the design of a transfer point. Also, the viscous effect play an important role in the
separation of fine particles from the discharge trajectory of a belt conveyor which
should be added into the design factors of the transfer point. The direction and
speed of the airflow will intensify the trajectory segregation and it is important when
a transfer point is located in the open terminal without any cover or wind protection
equipment. Therefore, recognition of the position of low pressure regions is a key
factor in determining the location of the dust removal systems. The density and size
of material obviously are important factors and their effect on the dust liberation
was shown in this chapter.

As final result, it is concluded that the physical properties of materials and
belt conveyor, the effect of surrounding air, and the working conditions of the belt
conveyor are the important factors that should be considered in the design of the
transfer chute of a belt conveyor. The CFD-DEM model that was utilized in this
study is successfully validated at the different conditions and it can be used in the
future studies to optimize the design of a belt conveyor along with its equipment.

6.7 Conclusions
The discharge trajectory of sand particles was experimentally and numerically studied
and the effective factors that should be considered in the design of a transfer point
were investigated. On the basis of the results of this study, the following can be
concluded:

1. The validated CFD-DEM model is reliable and accurate and can be used in
modelling the discharge trajectory of sand particles at different states of the belt
conveyor. In addition, it can be used as a design tool in studying the dust liberation
at the transfer point of the belt conveyor.

2. It was shown that the CFD-DEM model is able to accurately determine
the trajectory of sand particles that collided with the impact plates with different
inclination angles. In addition, the discharge trajectory of materials at the different
inclination angles of the belt conveyor was accurately determined by the model.

3. It was indicated that the dust can be liberated from the main trajectory due
to the different factors such as the trajectory segregation, elutriation segregation,
and the viscous effect close to the belt conveyor. Also, the properties of the belt
and material can intensify the rate of dust liberation at the transfer point of a belt
conveyor. Consequently, the material properties as well as the mentioned factors
were considered as the design factors in this study.

4. The relation between the particle size and the discharge trajectory was
investigated in this study. It was observed that the drag force has an inverse relation
with the square of the particle diameter (fd ∝ 1/Dp

2) in the Stokes regimes and
fd ∝ 1/Dp in the Newton’s region. The simulation results illustrated this effect in a
way that the small particles were located at the left side of discharge trajectory when
the speed of belt conveyor was in the positive direction of x-axis.
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5. Particles with sizes less than 10µm are carried with the belt conveyor because
the viscous force is the dominant factor at Stokes region (Rep < 0.5). Due to the
strong viscous effect at the boundary layer of the belt, the fine particles stuck to the
belt even after all other particles left the belt at the transfer point. Accordingly, the
viscous effect is the other important factor which affects the rate of dust liberation
at the transfer point of a belt conveyor.

6. The speed and direction of the airflow have a considerable effect on the rate of
dust liberation. The airflow with opposite direction from the belt speed will increase
the trajectory segregation which leads to an increase in the rate of dust liberation at
the transfer points.

7. Particles with low density are under a larger influence of the drag force
compared to the high density particles. It was shown by the simulation that particles
with lower density travel less than the high density materials.

8. The coefficients of restitution, epp and epb, do not have a significant effect on
the profile of discharge trajectory while they can increase the rate of dust liberation
at the transfer point of a belt conveyor.

9. The success of the CFD-DEMmodel was shown again based on the experimental
data at the different conditions. This model can be used in the future studies to
optimize the design of a belt conveyor along with its equipment for reducing the rate
of dust liberation.



Bibliography 127

Bibliography

[1] C. Turpin and J. L. Harion, “Numerical modeling of flow structures over various
flat-topped stockpiles height: Implications on dust emissions,” Atmospheric
Environment, vol. 43, no. 35, pp. 5579–5587, nov 2009.

[2] B. Blocken, “50 years of Computational Wind Engineering: Past, present and
future,” Journal of Wind Engineering and Industrial Aerodynamics, vol. 129, pp.
69–102, jun 2014.

[3] K. Ashrafi, M. Kalhor, M. Shafie-Pour, and V. Esfahanian, “Numerical
simulation of aerodynamic suspension of particles during wind erosion,”
Environmental Earth Sciences, vol. 74, no. 2, pp. 1569–1578, feb 2015.

[4] T. Badr and J.-L. Harion, “Effect of aggregate storage piles configuration on
dust emissions,” Atmospheric Environment, vol. 41, no. 2, pp. 360–368, jan 2007.

[5] J. Toraño, R. Rodriguez, I. Diego, J. Rivas, and A. Pelegry, “Influence of the
pile shape on wind erosion CFD emission simulation,” Applied Mathematical
Modelling, vol. 31, no. 11, pp. 2487–2502, nov 2007.

[6] J. Xuan, “Turbulence factors for threshold velocity and emission rate of
atmospheric mineral dust,” Atmospheric Environment, vol. 38, no. 12, pp.
1777–1783, apr 2004.

[7] B. Furieri, J. L. Harion, M. Milliez, S. Russeil, and J. M. Santos, “Numerical
modelling of aeolian erosion over a surface with non-uniformly distributed
roughness elements,” Earth Surface Processes and Landforms, vol. 39, no. 2, pp.
156–166, feb 2014.

[8] A. D. Ferreira and R. A. Oliveira, “Wind erosion of sand placed inside a
rectangular box,” Journal of Wind Engineering and Industrial Aerodynamics,
vol. 97, no. 1, pp. 1–10, jan 2009.

[9] A. D. Ferreira, A. B. Farimani, and A. C. M. Sousa, “Numerical and
experimental analysis of wind erosion on a sinusoidal pile,” Environmental Fluid
Mechanics, vol. 11, no. 2, pp. 167–181, apr 2010.

[10] R. Faria, A. D. Ferreira, J. L. Sismeiro, J. C. Mendes, and A. C. M. Sousa,
“Wind tunnel and computational study of the stoss slope effect on the aeolian
erosion of transverse sand dunes,” Aeolian Research, vol. 3, no. 3, pp. 303–314,
dec 2011.

[11] A. B. Farimani, A. D. Ferreira, and A. C. M. Sousa, “Computational modeling
of the wind erosion on a sinusoidal pile using a moving boundary method,”
Geomorphology, vol. 130, no. 3-4, pp. 299–311, jul 2011.



128 Modelling Dust Liberation at the Transfer Point

[12] B. Furieri, J. M. Santos, S. Russeil, and J.-L. Harion, “Aeolian erosion of
storage piles yards: contribution of the surrounding areas,” Environmental
Fluid Mechanics, vol. 14, no. 1, pp. 51–67, jun 2013.

[13] I. Diego, A. Pelegry, S. Torno, J. Toraño, and M. Menendez, “Simultaneous
CFD evaluation of wind flow and dust emission in open storage piles,” Applied
Mathematical Modelling, vol. 33, no. 7, pp. 3197–3207, jul 2009.

[14] T. Allen, Powder Sampling and Particle Size Determination. Elsevier Science,
2003.

[15] D. B. Hastie, P. W. Wypych, and P. C. Arnold, “Influences on the Prediction
of Conveyor Trajectory Profiles,” Particulate Science and Technology, vol. 28,
no. 2, pp. 132–145, mar 2010.

[16] J. Zhang, Z. Hu, W. Ge, Y. Zhang, T. Li, and J. Li, “Application of the
Discrete Approach to the Simulation of Size Segregation in Granular Chute
Flow,” Industrial & Engineering Chemistry Research, vol. 43, no. 18, pp.
5521–5528, sep 2004.

[17] A. Grima, T. Fraser, D. Hastie, and P. Wypych, “Discrete element modelling:
trouble-shooting and optimisation tool for chute design,” pp. 1 – 26, 2011.

[18] A. Roberts, “Chute Performance and Design for Rapid Flow Conditions,”
Chemical Engineering & Technology, vol. 26, no. 2, pp. 163–170, feb 2003.

[19] C. W. Benjamin, S. T. Huque, P. Donecker, and J. J. Rozentals, The Transfer
Chute Design Manual: For Conveyor Belt Systems. Conveyor Transfer Design
Pty. Limited, 2010.

[20] P. McIlvenna and R. Mossad, “Two dimensional transfer chute analysis using a
continuum method,” dec 2003.

[21] P. Witt, K. Carey, and T. Nguyen, “Prediction of dust loss from conveyors using
computational fluid dynamics modelling,” Applied Mathematical Modelling,
vol. 26, no. 2, pp. 297–309, feb 2002.

[22] F. Kessler and M. Prenner, “DEMâĂŞSimulation of Conveyor Transfer Chutes,”
FME Transactions, 2009.

[23] D. Hastie and P. Wypych, “Experimental validation of particle flow through
conveyor transfer hoods via continuum and discrete element methods,”
Mechanics of Materials, vol. 42, no. 4, pp. 383–394, apr 2010.

[24] X. Chen, C. Wheeler, T. Donohue, and A. Roberts, “Investigation of Belt
Conveyor Transfer Chute Configurations to Reduce Dust Generation Using
CFD Modeling,” Applied Mechanics and Materials, vol. 26-28, pp. 1126–1131,
jun 2010.



Bibliography 129

[25] X. L. Chen, C. A. Wheeler, T. J. T. J. Donohue, R. McLean, and A. A. W.
a. W. Roberts, “Evaluation of dust emissions from conveyor transfer chutes
using experimental and CFD simulation,” International Journal of Mineral
Processing, vol. 110-111, pp. 101–108, jul 2012.

[26] C. Wheeler and X. Chen, “Computational Fluid Dynamics (CFD) modelling
of transfer chutes: a study of the influence of model parameters,” Chemical
Engineering Science, vol. 95, pp. 194–202, may 2013.

[27] X. Chen and C. Wheeler, “Computational Fluid Dynamics (CFD) modelling
of transfer chutes: Assessment of viscosity, drag and turbulence models,”
International Journal of Multiphase Flow, vol. 69, pp. 42–53, mar 2015.

[28] A. Katterfeld, T. J. Donohue, and C. A. Wheeler, “Simulation based dust
predication of transfer chutes,” 2010.

[29] S. M. Derakhshani, D. L. Schott, and G. Lodewijks, “Modeling Dust Liberation
at the Belt Conveyor Transfer Point With CFD and DEM,” in 11th International
Congress on Bulk Materials Storage, Handling and Transportation, no. July,
Newcastle, Australia, 2013.

[30] O. D. Neikov, I. B. Murashova, N. A. Yefimov, S. Naboychenko, I. B.
Mourachova, V. G. Gopienko, I. V. Frishberg, and D. V. Lotsko, Handbook of
Non-Ferrous Metal Powders: Technologies and Applications, ser. Handbook of
Non-ferrous Metal Powders: Technologies and Applications. Elsevier Science,
2009.

[31] J. M. N. T. Gray, P. Gajjar, and P. Kokelaar, “Particle-size segregation in dense
granular avalanches,” Comptes Rendus Physique, vol. 16, no. 1, pp. 73–85, jan
2015.

[32] M. J. Rhodes, Principles of powder technology. New York, NY (USA); John
Wiley and Sons Inc., 1990.

[33] M. Rhodes, Introduction to Particle Technology. Wiley, 2008.

[34] M. Combarros Garcia, H. Feise, S. Strege, and A. Kwade, “Segregation in heaps
and silos: Comparison between experiment, simulation and continuum model,”
Powder Technology, oct 2015.

[35] C. Lin, Y. Yen, and J. Miller, “Plant-site evaluations of the OPSA system
for on-line particle size measurement from moving belt conveyors,” Minerals
Engineering, vol. 13, no. 8-9, pp. 897–909, aug 2000.

[36] T. Allen, Particle size measurement, ser. Powder Technology Series. Springer
US, 2013.



130 Modelling Dust Liberation at the Transfer Point

[37] J. M. N. T. Gray, J. Goddard, P. Giovine, and J. T. Jenkins, “Particle size
segregation in granular avalanches: A brief review of recent progress,” in
IUTAM-ISIMM Symposium on Mathematical Modeling and Physical Instances
of Granular Flows, vol. 1227, no. 1. AIP Publishing, may 2010, pp. 343–362.

[38] Y. Fan, P. B. Umbanhowar, J. M. Ottino, and R. M. Lueptow, “Kinematics of
monodisperse and bidisperse granular flows in quasi-two-dimensional bounded
heaps,” Proceedings of the Royal Society A: Mathematical, Physical and
Engineering Sciences, vol. 469, no. 2157, pp. 20 130 235–20 130 235, jul 2013.

[39] R. Ansart, A. D. Ryck, and J. A. Dodds, “Dust emission in powder handling:
Free falling particle plume characterisation,” Chemical Engineering Journal, vol.
152, no. 2-3, pp. 415–420, oct 2009.

[40] R. H. Naylor, “Galileo’s Theory of Projectile Motion on JSTOR,” Isis, vol. 71,
no. 4, pp. 550–570, 1980.

[41] W. J. Stronge, Impact Mechanics. Cambridge University Press, 2004.

[42] A. H. Cheng and D. T. Cheng, “Heritage and early history of the boundary
element method,” Engineering Analysis with Boundary Elements, vol. 29, no. 3,
pp. 268–302, mar 2005.

[43] K. Iwashita and M. Oda, “Rolling Resistance at Contacts in Simulation of Shear
Band Development by DEM,” Journal of Engineering Mechanics, vol. 124, no. 3,
pp. 285–292, mar 1998.

[44] P. Ashayer, Application of Rigid Body Impact Mechanics and Discrete Element
Modeling to Rockfall Simulation, ser. Canadian theses. University of Toronto
(Canada), 2007.



C h a p t e r

7
Conclusions and Recommendations

This thesis focused on the modelling of dust liberation at the transfer point of a
belt conveyor, wherein the factors that affect in the design of a transfer point have
particularly been studied. As a concluding chapter, firstly, the main conclusions of
this thesis are presented and the related research questions answered. Secondly, some
recommendations are proposed to bring the outcomes of this research closer to the
industrial applications.

7.1 Conclusions

Three main research questions of this thesis were formulated in Chapter 1 to support
the process of studying dust liberation at the transfer point of a belt conveyor. In
order to investigate this phenomenon, the numerical method that can be employed
as a tool in studying the dust liberation in bulk material handling systems was
selected in Chapter 2. Chapter 3, 4 and 5 focused on the calibration, verification,
and validation of the selected numerical method for the application of dust liberation
modelling. Chapter 6 investigated the factors that should be considered in the design
of the transfer point of a belt conveyor.
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The main research questions of this thesis are answered as follows:

“1. What numerical method can be employed as a tool in studying the
dust liberation in bulk material handling systems?”
The most popular numerical approaches that were widely used in modelling the dust
liberation in bulk material handling systems were reviewed to find an answer for the
first research question of this thesis. The parameters that influence the rate of dust
liberation from bulk material handling systems, for instance from a belt conveyor
system, are the physical properties of particles, the inter-particle interactions, and
the particle-equipment collisions. These parameters, as well as the computational
cost of the numerical technique, were regarded as the most important criteria in the
selection of numerical method in this study.
The unresolved CFD model was employed to simulate the fluid phase while more
detailed information about the particle phase such as position and velocity of particles
were determined with the DEM model. A number of advantages of the CFD-
DEM coupling method compared to the other numerical methods are the lower
computational effort than the other coupled methods, the ability to determine the
microscopic properties of the materials, modelling the inter-particles and particle-
equipment collisions, improving the accuracy of airflow field simulation and having
further details about the particle phase.
Consequently, the CFD-DEM coupling method was selected as the proper technique
for modelling the dust liberation at the transfer point of a belt conveyor.

“2. How to assess the validation of the selected numerical method for the
application of dust liberation modelling?”
Different case studies such as the Single Particle Sedimentation (SPS), the hourglass,
and the fluidized bed were experimentally and numerically investigated to investigate
the validity of the CFD-DEM model for a dense regime of particle flow at a low and
high rate of momentum exchange between the particle and fluid phases.

2.1 The SPS: According to the grid dependency analysis, the maximum ratio of the
particle diameter to the CFD cell size (Dp/∆x) was determined equal to 0.5. This
ratio along with the divided voidage model should be used where the ratio of the
domain width to the particle diameter W/Dp is larger than 10. The grid dependency
analysis indicated that the big particle voidage model together with Dp/∆x = 4
can be utilized for W/Dp > 5 in the CFD-DEM model where the divided voidage
is not applicable. The numerical benchmarks indicated that the CFD-DEM results
obtained with the Gidaspow drag force model are more accurate than the other drag
force models. Also, the coupling interval of 100 times the DEM time step led to
sufficiently fast simulation and accurate enough results in the SPS modelling.
Consequently, the CFD-DEM model can accurately determine the terminal velocity
of a settling particle in a dilute regime of particle flow at a low rate of momentum
exchange between the particle and fluid phases.

2.2 The hourglass: The hourglass was modelled to determine the microscopic
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properties (µr,pp and µs,pp) and macroscopic properties (Angle of Repose and dis-
charging time of sand from the hourglass) of quartz sand. The uncertainty of ±1.1◦
and ±0.1 sec was observed for the AoR and discharging time in the experimental
measurements.
It was experimentally observed that the AoR and discharging time in the hourglass
test with 25 g of sand and neck diameter of 5 mm are 41.6◦ and 6.6 s, respectively.
The DEM was employed to determine the µr,pp and µs,pp between the sand particles
without considering the effect of air on the macroscopic properties. The simulation
results indicated that the DEM results are in agreement with the experimental results
in the cases that the µr,pp and µs,pp are equal to 0.30 and 0.52 in the DEM model.
Also, the hourglass was modelled with CFD-DEM model in a way that the effect of
air on the calibration process was considered. It was observed that the µr,pp and
µs,pp of 0.3 and 0.49 will match the experimental values of the AoR and discharging
time.
Through modelling a rectangular container of sand particles, it was indicated that
a slice of the whole domain with the width (W ) of 32 times the particle diameter
(Dp) represents the behaviour of the middle plane in the real domain where the wall
boundary condition is applied on the front and rare walls in the DEM simulation.
Moreover, similar results were obtained when the periodic boundary condition with
the W/Dp of 4 was used in the DEM model while the computational time of the
DEM simulation reduced significantly.
Consequently, the CFD-DEM model with its sub-models and parameters are also
applicable in modelling a dense regime of particle flow when the rate of momentum
exchange between the particle and fluid phases was low.

2.3 The fluidized bed: The CFD-DEM model was assessed through modelling a
fluidized bed of sand particles at different airflow rates. Grid dependency analysis
indicated that utilization of uniform CFD cell smaller than 5mm does not have a
significant effect on the accuracy of CFD-DEM results. In addition, it was shown
that the two-dimensional CFD grid can be employed instead of three-dimensional
grid in the CFD simulations. Also, the coefficients of rolling and sliding friction
between the Plexiglass wall and sand particles were numerically and experimentally
determined to be 0.30 and 0.32, respectively and the Coefficient of Restitution (CoR)
between the sand particles was found equal to epp = 0.9.
It was seen that the penetration has a significant effect before the MFV and its effect
disappears for velocities beyond the MFV due to the mixing process. It was observed
that utilization of the MSP instead of the PSP in modelling the fluidized bed of sand
will result in a different value for the MFV. Also, the front and back walls of the
fluidized bed can be replaced with the periodic boundary condition instead of the
wall boundary condition in the DEM model to enhance the computational effort of
the DEM model.
Consequently, the CFD-DEM model along with its parameters and sub-models can
be used in simulating a dense regime of particle flow with a low or high rate of
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momentum exchange between the particle and fluid phases such as modelling the
dust liberation at the transfer point of belt conveyors.

“3. Which factors should be considered in the design of the transfer
point of a conveyor?”

The CFD-DEM model was successfully evaluated based on the experimental data
at the different conditions. This model can be used in the future studies to optimize
the design of a belt conveyor along with its equipment for reducing the rate of dust
liberation. It was shown that the CFD-DEM model is able to accurately determine
the trajectory of sand particles that collided with the impact plates with different
inclination angles. In addition, the discharge trajectory of materials at the different
inclination angles of the belt conveyor and different speeds of the belt was accurately
determined by the model. It was shown that the speed and direction of the airflow
has a considerable effect on the rate of dust liberation. In other words, the airflow
with opposite direction from the belt speed will increase the trajectory segregation
which leads to an increase in the rate of dust liberation at the transfer points.

It was observed that the properties of the belt and material can intensify the
rate of dust liberation at the transfer point of a belt conveyor. Consequently, the
material properties as well as the particle properties should be considered in the
design of a transfer point. Therefore, the relation between the particle size and the
discharge trajectory was investigated. It was seen that the drag force has an inverse
relation with the square of the particle diameter (fd ∝ 1/Dp

2) in the Stokes regimes
and fd ∝ 1/Dp in the Newton’s region. The simulation results illustrated this effect
in a way that the small particles was located at the left side of discharge trajectory
when the speed of belt conveyor was in the positive direction of x-axis. Particles
with sizes less than 10µm are carried with the belt conveyor because the viscous
force is the dominant factor at Stokes region (Rep < 0.5). Due to the strong viscous
effect at the boundary layer of the belt, the fine particles stuck into the belt even
after all other particles left the belt at the transfer point. Therefore, recognition of
the position of low pressure regions is a key factor in determining the location of the
dust removal systems. Accordingly, the viscous effect is the other important factor
which affects on the rate of dust liberation at the transfer point of a belt conveyor.

Particles with low density are more under the influence of the drag force compared
to the particles with high density. This issue is due to the difference between the
terminal velocities of with different densities. It was shown by the simulation that
particles with lower density travel less than the high density materials. The other
factor that was investigated is the coefficients of restitution, epp and epb. It was seen
that the coefficients of restitution do not have a significant effect on the profile of
discharge trajectory while they can increase the rate of dust liberation at the transfer
point of a belt conveyor.

Finally, it was concluded that the physical properties of materials and belt
conveyor, the effect of surrounding air, and the working conditions of the belt
conveyor are the important factors that affect the design of the transfer point of a
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belt conveyor.

7.2 Recommendations for future research
It is recommended to further investigate the following subjects to bring the outcomes
of this research closer to the industrial applications where dust liberation play an
important role.

1. Modelling a real-size transfer point will provide more detail information about
the effects of conveyor components on the airflow pattern around a belt conveyor.
In addition, this makes it possible to investigate the effect of airflow in the various
directions around a belt conveyor.

2. The vibration of a belt conveyor system can lead to the pre-segregation of
material. This issue can intensify the dust liberation from a belt conveyor.

3. Studying the effect of utilizing a closed chamber around a belt conveyor set-up
and investigating the effect of its design on the pressure distribution inside the
chamber.

4. Assessing the effect of a transfer chute and its configuration (impact plate, hood,
spoon, and scraper) on the rate of dust liberation and dispersion in the environment.

5. Fine materials can carry with the return belt and disperse in the surrounding
environment. The belt material as well as the shape of the belt surface are two
important factors that affect the dust liberation and these factors can be considered
in the future researches.

6. Dust liberation from cohesive materials and investigating the reliability of the
cohesive models in the DEM model are interesting subjects for future studies.

7. Modelling the pressure domain around a belt conveyor for determining the
best place for the dust removal systems.
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Table A.1: Laboratory conditions and measured experimental data (3 times) of the
empty fluidized bed.

Date 3-Oct-2014 Range 0 to 100 [%] 0 to 100 [l/min]
Air temperature 18◦C Increments 5 l/min
Sand mass 0 g Output Pressure drop
Input Airflow Range 0 to 10 [V] 0 to 200 [mbar]

Measurement 1 Measurement 2 Measurement 3
Air flow Voltage Pressure Air flow Voltage Pressure Air flow Voltage Pressure
[l/min] [V] [mbar] [l/min] [V] [mbar] [l/min] [V] [mbar]

0 0 0 0.00 0.00 0.00 0.00 0.00 0.00
4.9 0.13 2.6 4.80 0.13 2.60 4.90 0.13 2.60
9.9 0.27 5.4 9.90 0.26 5.20 9.90 0.26 5.20
15 0.4 8 14.90 0.40 8.00 14.90 0.40 8.00

20.1 0.53 10.6 20.00 0.53 10.60 19.90 0.53 10.60
25.1 0.67 13.4 25.00 0.67 13.40 25.00 0.67 13.40
30.1 0.8 16 30.10 0.80 16.00 29.90 0.80 16.00
35.2 0.94 18.8 35.10 0.94 18.80 35.00 0.94 18.80
40.2 1.08 21.6 40.10 1.08 21.60 39.90 1.08 21.60
45.2 1.23 24.6 45.10 1.22 24.40 45.10 1.23 24.60
50.2 1.37 27.4 50.00 1.36 27.20 50.00 1.37 27.40
55.1 1.52 30.4 55.00 1.52 30.40 55.10 1.52 30.40
60.1 1.67 33.4 60.00 1.67 33.40 60.00 1.67 33.40
65.1 1.83 36.6 65.00 1.83 36.60 65.00 1.83 36.60
70.3 2 40 70.00 1.99 39.80 69.90 1.99 39.80
75 2.16 43.2 75.10 2.16 43.20 75.00 2.16 43.20

80.1 2.33 46.6 80.10 2.34 46.80 79.90 2.33 46.60
84.9 2.51 50.2 85.10 2.52 50.40 85.10 2.52 50.40
90.2 2.71 54.2 90.00 2.71 54.20 90.10 2.70 54.00
95.3 2.92 58.4 95.30 2.91 58.20 95.30 2.92 58.40
100.1 3.11 62.2 100.20 3.12 62.40 100.20 3.12 62.40
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Table A.2: Average of the measured data (Table A.1) within an empty fluidized bed.
Air flow Air velocity Pressure Standard Devision
[l/min] [m/min] [mbar] [mbar]
0.00 0.00 0.00 0.00
4.87 1.62 2.60 0.00
9.90 3.30 5.27 0.09
14.93 4.98 8.00 0.00
20.00 6.67 10.60 0.00
25.03 8.34 13.40 0.00
30.03 10.01 16.00 0.00
35.10 11.70 18.80 0.00
40.07 13.36 21.60 0.00
45.13 15.04 24.53 0.09
50.07 16.69 27.33 0.09
55.07 18.36 30.40 0.00
60.03 20.01 33.40 0.00
65.03 21.68 36.60 0.00
70.07 23.36 39.87 0.09
75.03 25.01 43.20 0.00
80.03 26.68 46.67 0.09
85.03 28.34 50.33 0.09
90.10 30.03 54.13 0.09
95.30 31.77 58.33 0.09
100.17 33.39 62.33 0.09



140 Experimental Data of the Fluidized Bed Test

Table A.3: Laboratory conditions and measured experimental data (3 times) of the
fluidized bed at the bed height of 100 mm.

Date 3-Oct-2014 Range 0 to 100 [%] 0 to 100 [l/min]
Air temperature 18◦C Increments 5 l/min
Sand mass 480.88 g Output Pressure drop
Input Airflow Range 0 to 10 [V] 0 to 200 [mbar]

Measurement 1 Measurement 2 Measurement 3
Air flow Voltage Pressure Air flow Voltage Pressure Air flow Voltage Pressure
[l/min] [V] [mbar] [l/min] [V] [mbar] [l/min] [V] [mbar]
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4.90 0.20 4.00 4.90 0.20 4.00 5.10 0.21 4.20
9.90 0.41 8.20 10.00 0.41 8.20 9.90 0.41 8.20
15.10 0.63 12.60 15.10 0.61 12.20 15.20 0.62 12.40
19.90 0.84 16.80 20.00 0.82 16.40 20.10 0.83 16.60
24.90 1.05 21.00 24.90 1.02 20.40 24.90 1.03 20.60
29.90 1.27 25.40 29.90 1.23 24.60 29.90 1.24 24.80
34.90 1.49 29.80 35.00 1.45 29.00 34.90 1.45 29.00
39.90 1.72 34.40 40.00 1.67 33.40 39.90 1.67 33.40
45.00 1.95 39.00 45.00 1.88 37.60 45.00 1.89 37.80
50.20 2.12 42.40 49.90 2.07 41.40 49.90 2.08 41.60
55.00 2.28 45.60 55.00 2.25 45.00 55.00 2.26 45.20
60.00 2.44 48.80 60.00 2.43 48.60 60.00 2.43 48.60
65.00 2.60 52.00 65.10 2.60 52.00 65.20 2.60 52.00
70.00 2.76 55.20 70.00 2.76 55.20 70.10 2.77 55.40
75.10 2.94 58.80 75.20 2.93 58.60 75.10 2.95 59.00
80.00 3.09 61.80 80.10 3.10 62.00 80.00 3.10 62.00
84.90 3.28 65.60 85.30 3.30 66.00 85.00 3.28 65.60
90.20 3.48 69.60 90.20 3.48 69.60 90.00 3.48 69.60
95.30 3.68 73.60 95.30 3.68 73.60 95.00 3.69 73.80
100.10 3.83 76.60 100.10 3.85 77.00 100.30 3.88 77.60
94.70 3.65 73.00 95.10 3.66 73.20 95.10 3.68 73.60
89.90 3.45 69.00 90.00 3.48 69.60 90.10 3.48 69.60
85.00 3.27 65.40 84.80 3.29 65.80 85.00 3.30 66.00
80.00 3.11 62.20 79.80 3.10 62.00 79.90 3.07 61.40
74.90 2.93 58.60 74.80 2.90 58.00 74.70 2.90 58.00
69.80 2.71 54.20 69.50 2.73 54.60 69.70 2.77 55.40
64.70 2.55 51.00 64.70 2.58 51.60 64.70 2.60 52.00
59.80 2.41 48.20 59.70 2.40 48.00 59.90 2.43 48.60
54.80 2.23 44.60 54.90 2.24 44.80 54.60 2.23 44.60
49.80 2.06 41.20 49.90 2.02 40.40 49.90 2.03 40.60
44.80 1.82 36.40 45.00 1.84 36.80 45.10 1.84 36.80
39.70 1.61 32.20 40.10 1.63 32.60 40.20 1.64 32.80
34.80 1.39 27.80 35.00 1.42 28.40 35.20 1.43 28.60
30.10 1.24 24.80 30.00 1.20 24.00 30.10 1.19 23.80
24.90 1.00 20.00 25.00 1.01 20.20 25.10 1.01 20.20
20.10 0.78 15.60 19.90 0.80 16.00 20.00 0.82 16.40
15.00 0.60 12.00 15.00 0.60 12.00 15.00 0.60 12.00
10.00 0.39 7.80 10.00 0.38 7.60 9.90 0.42 8.40
4.70 0.19 3.80 4.90 0.18 3.60 4.70 0.20 4.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A.4: Average of the measured data (Table A.3) at the bed height of 100 mm.

Air flow Air velocity Pressure Corrected pressure Standard Devision
[l/min] [m/min] [mbar] [mbar] [mbar]
0.00 0.00 0.00 0.00 0.00
4.97 1.66 4.07 1.47 0.09
9.93 3.31 8.20 2.93 0.00
15.13 5.04 12.40 4.40 0.16
20.00 6.67 16.60 6.00 0.16
24.90 8.30 20.67 7.27 0.25
29.90 9.97 24.93 8.93 0.34
34.93 11.64 29.27 10.47 0.38
39.93 13.31 33.73 12.13 0.47
45.00 15.00 38.13 13.60 0.62
50.00 16.67 41.80 14.47 0.43
55.00 18.33 45.27 14.87 0.25
60.00 20.00 48.67 15.27 0.09
65.10 21.70 52.00 15.40 0.00
70.03 23.34 55.27 15.40 0.09
75.13 25.04 58.80 15.60 0.16
80.03 26.68 61.93 15.27 0.09
85.07 28.36 65.73 15.40 0.19
90.13 30.04 69.60 15.47 0.00
95.20 31.73 73.67 15.33 0.09
100.17 33.39 77.07 14.73 0.41
94.97 31.66 73.27 14.93 0.25
90.00 30.00 69.40 15.27 0.28
84.93 28.31 65.73 15.40 0.25
79.90 26.63 61.87 15.20 0.34
74.80 24.93 58.20 15.00 0.28
69.67 23.22 54.73 14.87 0.50
64.70 21.57 51.53 14.93 0.41
59.80 19.93 48.27 14.87 0.25
54.77 18.26 44.67 14.27 0.09
49.87 16.62 40.73 13.40 0.34
44.97 14.99 36.67 12.13 0.19
40.00 13.33 32.53 10.93 0.25
35.00 11.67 28.27 9.47 0.34
30.07 10.02 24.20 8.20 0.43
25.00 8.33 20.13 6.73 0.09
20.00 6.67 16.00 5.40 0.33
15.00 5.00 12.00 4.00 0.00
9.97 3.32 7.93 2.67 0.34
4.77 1.59 3.80 1.20 0.16
0.00 0.00 0.00 0.00 0.00
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Table A.5: Laboratory conditions and measured experimental data (3 times) of the
fluidized bed at the bed height of 150 mm.

Date 3-Oct-2014 Range 0 to 100 [%] 0 to 100 [l/min]
Air temperatureerature 18◦C Increments 5 l/min
Sand mass 663.603 g Output Pressure drop
Input Airflow Range 0 to 10 [V] 0 to 200 [mbar]

Measurement 1 Measurement 2 Measurement 3
Air flow Voltage Pressure Air flow Voltage Pressure Air flow Voltage Pressure
[l/min] [V] [mbar] [l/min] [V] [mbar] [l/min] [V] [mbar]
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4.80 0.23 4.60 5.10 0.24 4.80 5.10 0.24 4.80
10.00 0.48 9.60 10.10 0.47 9.40 9.90 0.47 9.40
15.00 0.72 14.40 15.10 0.71 14.20 15.20 0.72 14.40
19.90 0.96 19.20 19.90 0.94 18.80 20.00 0.95 19.00
24.90 1.21 24.20 24.90 1.19 23.80 25.10 1.20 24.00
29.90 1.46 29.20 29.90 1.43 28.60 30.00 1.44 28.80
35.00 1.71 34.20 35.10 1.68 33.60 35.10 1.69 33.80
39.90 1.97 39.40 39.90 1.92 38.40 40.00 1.93 38.60
45.00 2.23 44.60 45.00 2.17 43.40 45.10 2.18 43.60
49.90 2.48 49.60 50.10 2.38 47.60 50.00 2.39 47.80
55.00 2.60 52.00 55.10 2.58 51.60 55.10 2.58 51.60
60.10 2.88 57.60 59.90 2.76 55.20 59.90 2.76 55.20
65.20 2.96 59.20 65.30 2.94 58.80 65.10 2.97 59.40
70.40 3.12 62.40 70.00 3.11 62.20 70.30 3.12 62.40
75.10 3.27 65.40 75.10 3.26 65.20 75.00 3.27 65.40
80.10 3.44 68.80 80.00 3.45 69.00 80.00 3.46 69.20
85.20 3.65 73.00 84.90 3.65 73.00 85.00 3.65 73.00
90.20 3.82 76.40 90.00 3.85 77.00 90.00 3.84 76.80
95.00 4.05 81.00 95.10 4.02 80.40 95.20 4.02 80.40
100.10 4.22 84.40 100.20 4.25 85.00 100.20 4.30 86.00
95.00 4.02 80.40 95.00 4.03 80.60 95.10 4.03 80.60
90.00 3.79 75.80 89.80 3.83 76.60 90.00 3.83 76.60
84.90 3.64 72.80 84.90 3.65 73.00 84.90 3.66 73.20
79.90 3.48 69.60 79.80 3.46 69.20 79.80 3.48 69.60
75.10 3.29 65.80 74.90 3.27 65.40 74.70 3.30 66.00
70.00 3.09 61.80 70.10 3.09 61.80 69.60 3.10 62.00
65.00 2.92 58.40 65.10 2.93 58.60 64.60 2.93 58.60
60.10 2.75 55.00 60.20 2.76 55.20 59.80 2.76 55.20
55.20 2.57 51.40 55.00 2.57 51.40 55.10 2.59 51.80
50.10 2.34 46.80 50.10 2.35 47.00 50.00 2.35 47.00
45.10 2.10 42.00 45.10 2.11 42.20 45.20 2.12 42.40
40.00 1.86 37.20 40.10 1.87 37.40 40.10 1.88 37.60
35.10 1.62 32.40 35.20 1.64 32.80 35.20 1.65 33.00
30.10 1.39 27.80 30.10 1.40 28.00 30.00 1.41 28.20
25.00 1.16 23.20 25.10 1.16 23.20 25.10 1.18 23.60
20.00 0.92 18.40 20.00 0.93 18.60 20.00 0.94 18.80
14.90 0.69 13.80 14.90 0.69 13.80 15.00 0.70 14.00
9.80 0.45 9.00 10.00 0.46 9.20 9.90 0.46 9.20
5.00 0.23 4.60 4.80 0.22 4.40 5.00 0.23 4.60
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A.6: Average of the measured data (Table A.5) at the bed height of 150 mm.

Air flow Air velocity Pressure Corrected pressure Standard Devision
[l/min] [m/min] [mbar] [mbar] [mbar]
0.00 0.00 0.00 0.00 0.00
5.00 1.67 4.73 2.13 0.09
10.00 3.33 9.47 4.20 0.09
15.10 5.03 14.33 6.33 0.09
19.93 6.64 19.00 8.40 0.16
24.97 8.32 24.00 10.60 0.16
29.93 9.98 28.87 12.87 0.25
35.07 11.69 33.87 15.07 0.25
39.93 13.31 38.80 17.20 0.43
45.03 15.01 43.87 19.33 0.52
50.00 16.67 48.33 21.00 0.90
55.07 18.36 51.73 21.33 0.19
59.97 19.99 56.00 22.60 1.13
65.20 21.73 59.13 22.53 0.25
70.23 23.41 62.33 22.47 0.09
75.07 25.02 65.33 22.13 0.09
80.03 26.68 69.00 22.33 0.16
85.03 28.34 73.00 22.67 0.00
90.07 30.02 76.73 22.60 0.25
95.10 31.70 80.60 22.27 0.28
100.17 33.39 85.13 22.80 0.66
95.03 31.68 80.53 22.20 0.09
89.93 29.98 76.33 22.20 0.38
84.90 28.30 73.00 22.67 0.16
79.83 26.61 69.47 22.80 0.19
74.90 24.97 65.73 22.53 0.25
69.90 23.30 61.87 22.00 0.09
64.90 21.63 58.53 21.93 0.09
60.03 20.01 55.13 21.73 0.09
55.10 18.37 51.53 21.13 0.19
50.07 16.69 46.93 19.60 0.09
45.13 15.04 42.20 17.67 0.16
40.07 13.36 37.40 15.80 0.16
35.17 11.72 32.73 13.93 0.25
30.07 10.02 28.00 12.00 0.16
25.07 8.36 23.33 9.93 0.19
20.00 6.67 18.60 8.00 0.16
14.93 4.98 13.87 5.87 0.09
9.90 3.30 9.13 3.87 0.09
4.93 1.64 4.53 1.93 0.09
0.00 0.00 0.00 0.00 0.00
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Table A.7: Laboratory conditions and measured experimental data (3 times) of the
fluidized bed at the bed height of 200 mm.

Date 9-Oct-2014 Range 0 to 100 [%] 0 to 100 [l/min]
Air temperatureerature 22◦C Increments 5 l/min
Sand mass 885.88 g Output Pressure drop
Input Airflow Range 0 to 10 [V] 0 to 200 [mbar]

Measurement 1 Measurement 2 Measurement 3
Air flow Voltage Pressure Air flow Voltage Pressure Air flow Voltage Pressure
[l/min] [V] [mbar] [l/min] [V] [mbar] [l/min] [V] [mbar]
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5.10 0.30 6.00 5.00 0.28 5.60 5.00 0.28 5.60
10.10 0.60 12.00 9.80 0.55 11.00 10.00 0.56 11.20
15.10 0.89 17.80 14.90 0.83 16.60 15.00 0.83 16.60
20.10 1.18 23.60 19.80 1.11 22.20 19.80 1.11 22.20
24.80 1.46 29.20 25.00 1.41 28.20 25.00 1.40 28.00
29.80 1.76 35.20 29.80 1.68 33.60 29.90 1.68 33.60
34.90 2.07 41.40 34.90 1.97 39.40 35.00 1.97 39.40
39.90 2.38 47.60 40.00 2.28 45.60 40.00 2.27 45.40
44.90 2.66 53.20 44.90 2.54 50.80 44.90 2.55 51.00
49.90 2.84 56.80 49.90 2.75 55.00 49.90 2.77 55.40
54.90 3.01 60.20 55.00 2.98 59.60 55.00 2.98 59.60
59.90 3.19 63.80 59.90 3.16 63.20 59.90 3.17 63.40
64.90 3.36 67.20 65.10 3.35 67.00 65.20 3.37 67.40
69.80 3.52 70.40 70.10 3.52 70.40 69.90 3.55 71.00
74.90 3.68 73.60 75.00 3.68 73.60 75.10 3.68 73.60
79.90 3.87 77.40 80.00 3.88 77.60 80.00 3.89 77.80
85.00 4.01 80.20 85.20 4.05 81.00 84.90 4.05 81.00
89.80 4.25 85.00 90.30 4.30 86.00 89.80 4.25 85.00
94.90 4.45 89.00 95.20 4.45 89.00 95.00 4.50 90.00
100.10 4.70 94.00 100.00 4.70 94.00 99.90 4.70 94.00
94.90 4.45 89.00 95.00 4.48 89.60 94.90 4.48 89.60
89.90 4.25 85.00 90.00 4.30 86.00 90.10 4.28 85.60
85.00 4.08 81.60 85.20 4.10 82.00 85.10 4.09 81.80
80.20 3.85 77.00 80.10 3.88 77.60 80.00 3.88 77.60
75.00 3.68 73.60 75.00 3.68 73.60 75.00 3.70 74.00
70.00 3.50 70.00 70.00 3.50 70.00 69.90 3.53 70.60
65.00 3.32 66.40 65.00 3.34 66.80 64.70 3.34 66.80
60.00 3.16 63.20 59.90 3.15 63.00 60.00 3.15 63.00
55.10 2.96 59.20 54.80 2.96 59.20 55.10 2.95 59.00
50.10 2.71 54.20 49.80 2.69 53.80 50.10 2.72 54.40
45.00 2.44 48.80 44.80 2.43 48.60 45.10 2.45 49.00
40.00 2.17 43.40 39.80 2.15 43.00 40.10 2.17 43.40
35.00 1.90 38.00 34.80 1.89 37.80 35.10 1.90 38.00
29.90 1.63 32.60 29.80 1.62 32.40 30.10 1.64 32.80
25.00 1.36 27.20 25.10 1.36 27.20 25.00 1.36 27.20
20.00 1.09 21.80 20.10 1.09 21.80 20.00 1.09 21.80
14.90 0.81 16.20 15.10 0.81 16.20 15.00 0.81 16.20
9.90 0.53 10.60 10.30 0.55 11.00 9.90 0.53 10.60
5.00 0.27 5.40 5.20 0.28 5.60 5.00 0.26 5.20
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A.8: Average of the measured data (Table A.7) at the bed height of 200 mm.

Air flow Air velocity Pressure Corrected pressure Standard Devision
[l/min] [m/min] [mbar] [mbar] [mbar]
0.00 0.00 0.00 0.00 0.00
5.03 1.68 5.73 3.13 0.19
9.97 3.32 11.40 6.13 0.43
15.00 5.00 17.00 9.00 0.57
19.90 6.63 22.67 12.07 0.66
24.93 8.31 28.47 15.07 0.52
29.83 9.94 34.13 18.13 0.75
34.93 11.64 40.07 21.27 0.94
39.97 13.32 46.20 24.60 0.99
44.90 14.97 51.67 27.13 1.09
49.90 16.63 55.73 28.40 0.77
54.97 18.32 59.80 29.40 0.28
59.90 19.97 63.47 30.07 0.25
65.07 21.69 67.20 30.60 0.16
69.93 23.31 70.60 30.73 0.28
75.00 25.00 73.60 30.40 0.00
79.97 26.66 77.60 30.93 0.16
85.03 28.34 80.73 30.40 0.38
89.97 29.99 85.33 31.20 0.47
95.03 31.68 89.33 31.00 0.47
100.00 33.33 94.00 31.67 0.00
94.93 31.64 89.40 31.07 0.28
90.00 30.00 85.53 31.40 0.41
85.10 28.37 81.80 31.47 0.16
80.10 26.70 77.40 30.73 0.28
75.00 25.00 73.73 30.53 0.19
69.97 23.32 70.20 30.33 0.28
64.90 21.63 66.67 30.07 0.19
59.97 19.99 63.07 29.67 0.09
55.00 18.33 59.13 28.73 0.09
50.00 16.67 54.13 26.80 0.25
44.97 14.99 48.80 24.27 0.16
39.97 13.32 43.27 21.67 0.19
34.97 11.66 37.93 19.13 0.09
29.93 9.98 32.60 16.60 0.16
25.03 8.34 27.20 13.80 0.00
20.03 6.68 21.80 11.20 0.00
15.00 5.00 16.20 8.20 0.00
10.03 3.34 10.73 5.47 0.19
5.07 1.69 5.40 2.80 0.16
0.00 0.00 0.00 0.00 0.00
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Table A.9: Laboratory conditions and measured experimental data (3 times) of the
fluidized bed at the bed height of 250 mm.

Date 9-Oct-2014 Range 0 to 100 [%] 0 to 100 [l/min]
Air temperatureerature 18◦C Increments 5 l/min
Sand mass 1071.632 g Output Pressure drop
Input Airflow Range 0 to 10 [V] 0 to 200 [mbar]

Measurement 1 Measurement 2 Measurement 3
Air flow Voltage Pressure Air flow Voltage Pressure Air flow Voltage Pressure
[l/min] [V] [mbar] [l/min] [V] [mbar] [l/min] [V] [mbar]
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4.70 0.30 6.00 4.80 0.28 5.60 4.80 0.28 5.60
10.20 0.65 13.00 9.80 0.60 12.00 9.80 0.58 11.60
15.10 0.98 19.60 15.00 0.93 18.60 15.00 0.91 18.20
20.10 1.31 26.20 19.90 1.25 25.00 19.90 1.22 24.40
25.20 1.65 33.00 24.90 1.57 31.40 24.90 1.54 30.80
30.00 1.97 39.40 29.80 1.89 37.80 29.90 1.86 37.20
35.00 2.32 46.40 34.90 2.22 44.40 35.00 2.18 43.60
39.90 2.65 53.00 39.80 2.54 50.80 40.00 2.51 50.20
44.80 2.94 58.80 44.90 2.83 56.60 45.00 2.81 56.20
49.90 3.13 62.60 49.80 3.04 60.80 50.00 3.04 60.80
55.00 3.32 66.40 55.00 3.26 65.20 55.10 3.27 65.40
60.10 3.48 69.60 59.80 3.45 69.00 60.10 3.46 69.20
65.00 3.65 73.00 64.90 3.64 72.80 65.20 3.64 72.80
70.00 3.83 76.60 69.90 3.85 77.00 70.00 3.82 76.40
75.10 4.02 80.40 75.20 3.98 79.60 75.00 4.00 80.00
80.10 4.20 84.00 80.00 4.28 85.60 80.00 4.25 85.00
85.20 4.40 88.00 85.10 4.41 88.20 85.00 4.38 87.60
90.20 4.62 92.40 90.30 4.58 91.60 90.10 4.60 92.00
95.20 4.85 97.00 95.00 4.85 97.00 95.10 4.88 97.60
100.40 4.98 99.60 100.00 5.05 101.00 100.00 5.10 102.00
95.00 4.80 96.00 94.90 4.85 97.00 95.10 4.80 96.00
90.00 4.56 91.20 89.90 4.62 92.40 90.00 4.58 91.60
85.00 4.40 88.00 85.00 4.37 87.40 85.00 4.40 88.00
80.00 4.20 84.00 79.90 4.28 85.60 80.00 4.18 83.60
74.90 4.05 81.00 75.00 3.98 79.60 75.00 4.00 80.00
69.90 3.78 75.60 69.90 3.80 76.00 69.90 3.77 75.40
64.80 3.66 73.20 64.80 3.64 72.80 64.80 3.63 72.60
59.70 3.44 68.80 60.00 3.44 68.80 59.90 3.43 68.60
54.90 3.24 64.80 54.80 3.23 64.60 55.00 3.23 64.60
50.00 3.01 60.20 49.70 2.98 59.60 50.00 2.97 59.40
45.00 2.70 54.00 44.80 2.67 53.40 44.90 2.66 53.20
40.00 2.40 48.00 39.70 2.36 47.20 39.80 2.35 47.00
35.10 2.10 42.00 34.80 2.07 41.40 34.90 2.07 41.40
30.00 1.81 36.20 29.80 1.78 35.60 29.60 1.76 35.20
25.00 1.51 30.20 24.70 1.47 29.40 24.80 1.47 29.40
20.00 1.20 24.00 19.80 1.18 23.60 19.80 1.17 23.40
14.80 0.89 17.80 14.90 0.88 17.60 14.80 0.87 17.40
9.70 0.57 11.40 11.90 0.70 14.00 9.70 0.56 11.20
4.70 0.26 5.20 5.00 0.28 5.60 4.70 0.26 5.20
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table A.10: Average of the measured data (Table A.9) at the bed height of 250 mm.

Air flow Air velocity Pressure Corrected pressure Standard Devision
[l/min] [m/min] [mbar] [mbar] [mbar]
0.00 0.00 0.00 0.00 0.00
4.77 1.59 5.73 3.13 0.19
9.93 3.31 12.20 6.93 0.59
15.03 5.01 18.80 10.80 0.59
19.97 6.66 25.20 14.60 0.75
25.00 8.33 31.73 18.33 0.93
29.90 9.97 38.13 22.13 0.93
34.97 11.66 44.80 26.00 1.18
39.90 13.30 51.33 29.73 1.20
44.90 14.97 57.20 32.67 1.14
49.90 16.63 61.40 34.07 0.85
55.03 18.34 65.67 35.27 0.52
60.00 20.00 69.27 35.87 0.25
65.03 21.68 72.87 36.27 0.09
69.97 23.32 76.67 36.80 0.25
75.10 25.03 80.00 36.80 0.33
80.03 26.68 84.87 38.20 0.66
85.10 28.37 87.93 37.60 0.25
90.20 30.07 92.00 37.87 0.33
95.10 31.70 97.20 38.87 0.28
100.13 33.38 100.87 38.53 0.98
95.00 31.67 96.33 38.00 0.47
89.97 29.99 91.73 37.60 0.50
85.00 28.33 87.80 37.47 0.28
79.97 26.66 84.40 37.73 0.86
74.97 24.99 80.20 37.00 0.59
69.90 23.30 75.67 35.80 0.25
64.80 21.60 72.87 36.27 0.25
59.87 19.96 68.73 35.33 0.09
54.90 18.30 64.67 34.27 0.09
49.90 16.63 59.73 32.40 0.34
44.90 14.97 53.53 29.00 0.34
39.83 13.28 47.40 25.80 0.43
34.93 11.64 41.60 22.80 0.28
29.80 9.93 35.67 19.67 0.41
24.83 8.28 29.67 16.27 0.38
19.87 6.62 23.67 13.07 0.25
14.83 4.94 17.60 9.60 0.16
10.43 3.48 12.20 6.93 1.28
4.80 1.60 5.33 2.73 0.19
0.00 0.00 0.00 0.00 0.00
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Glossary

Below follows a list of the most frequently used symbols and notations in this thesis.
For the sake of clarity, vectors are in bold font and scalars are in normal font.

Symbol Description
Latin non capitals
a Particle acceleration
e Coefficient of restitution
fpp,i Particle-particle contact force
fpf,i Fluid-particle interaction force
fpp,i Inter-particle collision force
fd,i Drag force
f5p,i Pressure gradient force
f5.τ,i Viscous force
fvm,i Virtual mass force
fB Basset force
fSaff Saffman force
fMag Magnus force
fA,i Archimedes force
k Stiffness constant
ke Kinetic energy
kc Number of particles in collision with particle i
kr Rolling stiffness
ksl Coefficient of momentum exchange
kt Tangential stiffness
lip Length of impact plate
mi Mass of particle i
mig Gravitational force
meff Effective mass
mp Mass of particles
t Time
th Hertz time step
tr Rayleigh time step
ua Velocity of atmosphere B.C.
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ub Speed of belt conveyor
ui Translational velocity of particle i
ufp Superficial velocity
uij Relative velocity between particle i and j
umf Minimum Fluidization Velocity
ut Terminal velocity of a particle
wip Width of impact plate

Latin capitals
AC Acceleration number
Av Area of vessel
Bt Belt thickness
CA Coefficient of the added mass
Cd Drag coefficient
CH Coefficient of history term
D50 Mass median diameter
Dh Hydraulic diameter
Dp Diameter of particle
CI Coupling interval
E Experimental result
Eeff Effective Young’s modulus
G Shear modulus
Geff Effective shear modulus
H,h Height
Ii Moment of inertia for particle i
L, l Length
Mi Momentum of particle i
M r Momentum of rolling resistance
Mr,ij Rolling friction momentum between particle i and j
Mt,ij Tangential momentum between particle i and j
Nx Number of CFD cells in x-direction
Ny Number of CFD cells in y-direction
Nz Number of CFD cells in z-direction
Pv Perimeter of vessel
Q̇ Volumetric flow rate
R Reference value
Reff Effective radius
Rp Radios of particle
Rr Radios of roly
Rep Particle Reynolds number
Rev Vessel Reynolds number
S Simulation result
V Volume
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Vb Total volume of bed
Vf Volume of bed occupied by fluid
Vp,i Volume of particle i
W,w Width

Greek non capitals
α1 Inclination angle of conveyor
α2 Inclination angle of impact plate
βd Dimensionless damping coefficient
γ Visco-elastic damping constant
δij Overlap distance between particle i and j
εf Fluid void fraction
εmf Void fraction in Minimum Fluidization Velocity
εp Particle void fraction
θmr Full mobilization rolling angle
µc Coefficient of Coulomb friction
µf Fluid viscosity
µr,pb Coefficient of rolling friction between particle-belt
µr,ph Coefficient of rolling friction between particle-impact plate
µr,pp Coefficient of rolling friction between particles
µr,pw Coefficient of rolling friction between particle-wall
µs,pb Coefficient of sliding friction between particle-belt
µs,ph Coefficient of sliding friction between particle-impact plate
µs,pp Coefficient of sliding friction between particles
µs,pw Coefficient of sliding friction between particle-wall
ν Poisson ratio
ρf Fluid density
ρp Particle density
ωi Angular velocities of particle i

Greek capitals
∆p Pressure drop
∆pexp Experimental pressure drop
∆pmf Pressure drop in Minimum Fluidization Velocity
∆tCFD CFD time step
∆tDEM DEM time step
∆x CFD cell size in x-direction
∆y CFD cell size in y-direction
∆z CFD cell size in z-direction





Summary

Dust has negative effects on the environmental conditions, human health as well
as industrial equipment and processes. In this thesis, the transfer point of a belt
conveyor as a bulk material handling system with a very high potential place for dust
liberation is studied. This study is conducted based on experimental and numerical
methods as reliable tools in studying the dust liberation from bulk material handling
systems.

The main objective of this thesis is to study the effect of design parameters on
the rate of dust liberation at the transfer point with a numerical technique that
is validated by experimental data. The following steps were taken to achieve the
objectives of this thesis.

Firstly, a literature review was conducted to identify the proper numerical method
for simulating dust liberation at the transfer point of a belt conveyor. It was concluded
that a coupled CFD-DEM method is a cost effective, reliable, and accurate technique
for modelling the inter-particle and particle-equipment collisions as well as simulating
the airflow around a belt conveyor.

Secondly, the CFD-DEM model was calibrated, verified, and validated with the
data to ensure that it is a realistic tool for simulating a dilute regime of particle flow
through modelling a Single Particle Sedimentation (SPS). The SPS within water and
silicon oil (Rep = 1.5) was employed to calibrate the CFD-DEM model based on the
terminal velocity of the particle. It was observed that the divided voidage model is
not a proper voidage model where the ratio of domain width to particle diameter
W/Dp is less than 10 while the big particle voidage model together with the ratio
of particle diameter to the CFD cell size Dp/∆x of 4 is applicable for W/Dp > 5 in
the CFD-DEM model. Then, the sedimentation of a particle from air into water was
used to verify the CFD-DEM model. Finally, the validation of the CFD-DEM model
was assessed based on the experimental terminal velocity of a particle at different
Reynolds numbers (Rep=4.1, 11.6, and 31.9).

Thirdly, the CFD-DEM model was re-evaluated with experimental data for a
dense regime of particle flow with a low rate of momentum exchange between the
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particle and fluid phases. Quartz sand was used in this research, because it is the
second most abundant mineral material on the surface of earth and the fine particles
of the sand composition can be liberated as dust at the transfer point of a belt
conveyor. For the model, it was assumed that the quartz sand consists of spherical,
non-cohesive, and dried particles. The microscopic properties between sand particles
such as coefficients of rolling and sliding friction (µr,pp, µs,pp) and its macroscopic
properties like the Angle of Repose (AoR) and the discharging time of sand from an
hourglass were experimentally and numerically determined to be used in subsequent
parts of this research.

Fourthly, the experimental results of a fluidized bed were used to assess the
CFD-DEM model at a high rate of momentum exchange between the particle and
fluid phases. The effect of utilization of periodic and wall boundary conditions on the
accuracy of the results was also investigated. In addition, mono-sized and poly-sized
particles were utilized in the simulation to evaluate their effect on the macroscopic
properties of the fluidized bed such as the pressure drop and size/shape of bubbles.
At the end, the coefficient of restitution between particles and the coefficient of
rolling and sliding friction between particles and walls were determined.

Finally, the CFD-DEM model together with the experimental investigations were
used to determine the discharge trajectory of the sand particles. The influence of
different factors such as the physical properties of materials and belt conveyor, the
effect of surrounding air, and the working conditions of the belt conveyor on the dust
liberation at the transfer point of a belt conveyor were studied. It was found that the
segregation of materials at the transfer point due to the particle size and density is
one of the important factors that should be considered in the design of belt conveyors.
Also, the dominant factor at low Reynolds numbers (Re < 0.5) is the viscous force
so that the fine particles in the order of 10µm are carried with the belt conveyor
which constitutes a large portion of the dust. Therefore, recognition of the position
of low pressure regions is a key factor in determining the location of the dust removal
systems. These factors should be considered in the design of the transfer point of belt
conveyor systems to reduce the rate of dust liberation from belt conveyor systems. It
was concluded that the physical properties of materials and belt conveyor, the effect
of surrounding air, and the working conditions of the belt conveyor are the important
factors that should be considered in the design of the transfer point of a belt conveyor.



Samenvatting

Stof heeft negatieve effecten op milieu, gezondheid en industriële apparatuur en pro-
cessen. In dit proefschrift wordt het overslagpunt van een transportband bestudeerd
als systeem voor verwerking van bulkmateriaal met een zeer hoog potentieel voor
stofontwikkeling. Het onderzoek is uitgevoerd met betrouwbare experimentele en
numerieke methoden. De belangrijkste doelstelling van dit proefschrift is onderzoek
naar de invloed van ontwerpparameters op de snelheid van stofontwikkeling bij het
overslagpunt, waarbij een numerieke techniek is gebruikt die door experimentele
gegevens is gevalideerd. Dit is in vijf stappen uitgevoerd.

Allereerst is er literatuuronderzoek uitgevoerd om vast te stellen wat de juiste
numerieke methode is voor simulatie van stofontwikkeling bij het overslagpunt van
een transportband. De conclusie is dat een gekoppelde CFD-DEM-methode een
kostendekkende, betrouwbare en nauwkeurige techniek is voor het modelleren van
botsingen tussen deeltjes onderling en tussen deeltjes en apparatuur, en ook voor
simulatie van de luchtstroom rond een transportband.

In de tweede stap is het CFD-DEM-model gekalibreerd, geverifieerd en gevalideerd
met de gegevens om te garanderen dat het een realistisch hulpmiddel is voor simulatie
van een dunne deeltjesstroom, door middel van een model voor Single Particle
Sedimentation (SPS, sedimentatie van één deeltje). SPS voor water en siliconenolie
(Rep = 1.5) is gebruikt om het CFD-DEM-model te kalibreren op basis van de
eindsnelheid van het deeltje. Het gedeelde porositeitsmodel blijkt geen geschikt
porositeitsmodel wanneer de verhouding tussen domeinbreedte en diameter van het
deeltje W/Dp kleiner is dan 10, terwijl het grote deeltjes-porositeitsmodel - bij een
verhouding van Dp/∆x = 4 tussen diameter van het deeltje en de CFD-celgrootte
- van toepassing is voor W/Dp > 5 in het CFD-DEM-model. Vervolgens is het
CFD-DEM-model geverifieerd met behulp van de sedimentatie van een deeltje uit de
lucht in water. En ten slotte is het CFD-DEM-model gevalideerd op basis van de
experimentele eindsnelheid van een deeltje bij verschillende Reynoldsgetallen (Rep=
4,1, 11,6 en 31.9).

In de derde stap is het CFD-DEM-model opnieuw geëvalueerd met experimentele
gegevens voor een dichte deeltjesstroom met een langzame impulsuitwisseling tussen
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de deeltjesfase en de vloeibare fase. Bij dit onderzoek is kwartszand gebruikt, omdat
dit het op een na meest voorkomende minerale materiaal aan de oppervlakte van de
aarde is en de fijne deeltjes van het zand als stof kunnen vrijkomen bij het overslagpunt
van een transportband. Voor het model is aangenomen dat kwartszand bestaat uit
bolvormige, niet-samenhangende en droge deeltjes. De microscopische eigenschappen
van de zanddeeltjes, zoals de coëfficiënten van rol- en glijwrijving (µr,pp, µs,pp), en de
macroscopische eigenschappen, zoals de stort- of rusthoek (Angle of Repose, AoR) en
de uitstromingssnelheid van zand uit een zandloper, zijn experimenteel en numeriek
bepaald voor gebruik in latere onderdelen van dit onderzoek.

In de vierde stap zijn de experimentele resultaten van een wervelbed gebruikt
om het CFD-DEM-model te beoordelen bij een snelle impulsuitwisseling tussen
de deeltjesfase en de vloeibare fase. Het effect van het gebruik van periodieke en
wandbegrensde omstandigheden op de nauwkeurigheid van de resultaten is ook
onderzocht. Daarnaast zijn deeltjes met één grootte en met meerdere groottes
gebruikt in de simulatie, om het effect daarvan op de macroscopische eigenschappen
van het wervelbed, zoals drukdaling en de grootte en de vorm van bellen, te evalueren.
Uiteindelijk zijn de restitutiecoëfficiënt tussen deeltjes onderling en de coëfficiënten
van rol- en glijwrijving tussen deeltjes en wanden bepaald.

En ten slotte is het CFD-DEM-model in combinatie met experimenteel onder-
zoek gebruikt om het uitstroomtraject van de zanddeeltjes te bepalen. De invloed
van verschillende factoren - zoals de fysische eigenschappen van materialen en de
transportband, het effect van de omringende lucht en de werkomstandigheden van de
transportband - op de stofontwikkeling bij het overslagpunt van een transportband is
onderzocht. Er is geconstateerd dat de segregatie van materialen bij het overslagpunt
als gevolg van de grootte en dichtheid van de deeltjes een van de belangrijke factoren
is die in aanmerking moeten worden genomen bij het ontwerp van transportbanden.
Ook geldt dat bij een laag Reynoldsgetal (Re < 0.5) de dominante factor de viskeuze
kracht is, zodat fijne deeltjes van de orde van 10µm door de transportband wor-
den meegenomen; dit vormt een groot deel van het stof. Voor het bepalen van de
locatie van ontstoffingssystemen is daarom de positie van gebieden met lage druk
een cruciale factor. Deze factoren moeten in aanmerking worden genomen bij het
ontwerp van het overslagpunt van transportbandsystemen om stofontwikkeling hier
te verminderen. De conclusie is dat de fysische eigenschappen van de materialen en
de transportband, het effect van de omringende lucht en de werkomstandigheden
van de transportband de belangrijke factoren zijn die in aanmerking moeten worden
genomen bij het ontwerp van het overslagpunt van een transportband.
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