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SUMMARY

For the past century, fluidized beds have been standard equipment in many branches
of industry. In most applications they are used to manipulate granular and powder-like
materials, whose particles can roughly be approximated as spheres. Therefore, numeri-
cal models and investigations have focused mainly on fluidized beds with spherical par-
ticles. Recent decades witnessed an increase in the use of fluidized beds in biomass pro-
cessing. Unlike other materials typically used in fluidized beds, biomass is characterized
by relatively large and elongated particles. For the sake of simplicity, numerical models
for simulating fluidization of elongated particles have so far neglected a lot of specifics
that can occur during this process and even applied the same models and conclusions
that were developed for fluidization of spherical particles.

The goal of this thesis is to define what is necessary for performing physically cor-
rect Computational Fluid Dynamics - Discrete Element Model (CFD-DEM) simulations
of elongated particles fluidization. This thesis emphasizes the difference in fluidiza-
tion between spherical and elongated particles and looks into ways to include specific
particle and fluid interactions related to elongated particles into numerical (CFD-DEM)
model. Results from CFD-DEM simulations were validated using two experimental tech-
niques, magnetic particle tracking (MPT) and X-ray tomography (XRT). This thesis is
part of larger project of multi-scale modeling of fluidized beds with elongated particles
and is focusing on the middle scale, bridging fully resolved, direct numerical simulations
(DNS) with large scale, two fluid model (TFM) or multi-phase - particle in cell (MP-PIC)
models, capable of simulating industrial sized fluidized beds.

This thesis first looks in to the effect of including shape induced lift force and hy-
drodynamic torque, which were so far neglected in CFD-DEM simulations of elongated
particles. It is shown that including lift force and hydrodynamic torque leads to consid-
erable changes in the particle vertical velocity and particle preferred orientation in the
fluidized bed. Looking into the mixing characteristics, as one of the most important pa-
rameters of fluidized beds, also considerable differences were found. Further differences
in fluidization behaviour of spherical and elongated particles, as well as the effect of in-
creasing particle aspect ratio, were shown experimentally, using MPT. Clear differences
between spherical and elongated particles were found concerning the particle velocity
and rotational velocity distributions. The effect of increasing particle aspect ratio and
gas inlet velocity on fluidization of elongated particles was shown. Using XRT, the dif-
ference in bubbling and slugging fluidization between spherical and elongated particles
was shown. In the end, the effect of newly developed multi-particle correlations for hy-
drodynamic forces and torque was tested, and it is concluded that they can improve the
accuracy of simulations of dense fluidized beds containing elongated particles.

The findings of this thesis clearly show that the models and assumptions developed
for fluidization of spherical particles cannot simply be transferred to the fluidization of
elongated particles. The results presented here give a new insight in the fluidization of
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elongated particles. They are also valuable for validation and development of larger scale
models capable of simulating industrial size fluidized bed with elongated particles.



SAMENVATTING

In de laatste honderd jaar zijn gefluïdiseerde bedden (wervelbedden) de standaard appa-
ratuur in veel taken van industrie. In de meeste toepassingen worden ze gebruikt om gra-
nulaire en poederachtige materialen te bewerken, waar de deeltjes als min of meer rond
benaderd mogen worden. Numerieke modellen en onderzoeken hebben zich daarom
vooral gericht op gefluïdiseerde bedden met ronde deeltjes. In de laatste tientallen jaren
worden gefluïdiseerde bedden steeds meer toegepast in het verwerken van biomassa.
In tegenstelling tot andere materialen die typisch in gefluïdiseerde bedden worden ver-
werkt, wordt biomassa gekarakteriseerd door relatief grote en uitgerekte deeltjes. Voor
de eenvoud hebben numerieke modellen voor de simulatie van fluïdisatie van uitge-
rekte deeltjes tot nu toe veel specifieke interacties genegeerd die kunnen optreden in dit
proces, en zelfs dezelfde modellen en conclusies gebruikt als die waren ontwikkeld voor
fluïdisatie van ronde deeltjes.

Het doel van dit proefschrift is te definiëren wat nodig is om fysisch correcte Com-
putational Fluid Dynamics - Discrete Element Model (CFD-DEM) uit te voeren voor de
fluïdisatie van uitgerekte deeltjes. Dit proefschrift legt de nadruk op het verschil in fluïdi-
satie tussen bolvormige en uitgerekte deeltjes, en bekijkt manieren om specifieke inter-
acties in te bouwen tussen de deeltjes en het gas, gerelateerd aan hun uitgerekte vorm,
in numerieke (CFD-DEM) modellen. Resultaten van CFD-DEM simulaties zijn gevali-
deerd met behulp van twee experimentele technieken, magnetic particle tracking (MPT)
en X-ray tomography (XRT). Dit proefschrift is onderdeel van een groter project op het
gebied van multi-scale modeling van gefluïdiseerde bedden met uitgerekte deeltjes en
richt zich op de middelste schaal, welke een brug bouwt tussen direct numerical simu-
lations (DNS) en grote schaal two fluid model (TFM) of multi-phase-particle in cell (MP-
PIC) modellen, die in staat zijn industriële schaal gefluïdiseerde bedden te simuleren.

Dit proefschrift bekijkt eerst het effect van het meenemen van vorm-gerelateerde lift
krachten en hydrodynamisch draaimoment, welke tot nu toe genegeerd zijn in CFD-
DEM simulaties van uitgerekte deeltjes. Er wordt aangetoond dat het meenemen van
lift en draaimoment tot behoorlijke veranderingen leidt in de deeltjes verticale snelheid
en de voornaamste oriëntatie van de deeltjes in het gefluïdiseerde bed. Als we naar het
menggedrag kijken, als een van de voornaamste parameters van gefluïdiseerde bedden,
zien we ook behoorlijke verschillen. Nog meer verschillen in fluïdisatiegedrag tussen
bolvormige en uitgerekte deeltjes, alsook het effect van aspect ratio, zijn aangetoond
middels MPT experimenten. Duidelijke verschillen tussen bollen en uitgerekte deel-
tjes zijn gevonden voor de deeltjes snelheid en rotatiesnelheid distributies. Het effect
van toenemende deeltjes aspect ratio en gas inlaat snelheid op de fluïdisatie van uitge-
rekte deeltjes is aangetoond. Met behulp van XRT is het verschil tussen bubbelend en
slakvormende fluïdisatie aangetoond. Tegen het eind is het effect van een nieuw ont-
wikkelde meer-deeltjes correlatie voor hydrodynamische krachten en draaimomenten
uitgetest, en is geconcludeerd dat deze de nauwkeurigheid van simulaties van dichte

vii



viii SAMENVATTING

gefluïdiseerde bedden met uitgerekte deeltjes kan verhogen.
De resultaten van dit proefschrift laten duidelijk zien dat de modellen en aannames

ontwikkeld voor fluïdisatie van ronde deeltjes niet simpelweg overgebracht kunnen wor-
den naar fluïdisatie van uitgerekte deeltjes. De resultaten geven nieuw inzicht in de fluï-
disatie van uitgerekte deeltjes. Ze zijn ook waardevol voor validatie en ontwikkeling van
grotere schaal modellen die industriële schaal gefluïdiseerde bedden kunnen simuleren
met uitgerekte deeltjes.
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1.1. FLUIDIZATION

When discussing chemical reactions and chemical engineering one usually imagines
two liquids mixing and reacting in a test tube or large industrial reactors. However, in
industry it is often necessary to manipulate large amounts of powders or granular ma-
terials. The most effective way to do so proved to be fluidization. This phenomenon
occurs if a fluid passes upwards, through a layer of powder or granular particles at high
enough flow rate [6]. Under these conditions the bed expands and the whole mass of
particles starts to behave and shows properties that look very much like a boiling liquid.
Fluidized conditions are ideal for manipulating large amounts of granular material, with
large flexibility in operating conditions. This process offers high contact between fluid
phase and solid particles, rapid mixing of solid particles, and a high heat transfer rate
between the fluid phase and solids with the ability to maintain a uniform temperature.
The equipment in which such processes occur are called fluidized beds and due to their
advantages they have become irreplaceable in industry. Typical processes in which flu-
idized beds are the central equipment are: coal gasification, gasoline production from
other petroleum fractions and natural or synthesis gases, different synthesis reactions,
coating and drying of solids, water treatment and metallurgical processes and heat ex-
change.

In recent decades, with the increase of need to diversify our energy sources with
more sustainable and renewable ones, fluidized beds have become promising equip-
ment, specifically in dealing with biomass energy sources. An important property that
distinguishes the use of fluidized beds in this kind of process from well established ones
is that the particles are considerably larger and characterized by an elongated shape.
Some typical examples of biomass particles can be seen in Fig. 1.1. As almost all under-
standing of fluidized bed operations comes from processes in which particles are mostly
powder like and approximately spherical, the question arises if this understanding can
simply be translated to fluidized beds with large and elongated particles.

Figure 1.1: Typical example of biomass materials, form wood chips, wood pellets to straw-like material.

The design and optimization of fluidized bed reactors relies on numerical models
that are successful in predicting the behavior of fluidized beds with spherical particles
and can do so even on industrial scales, with millions of particles. In case of fluidized
beds containing elongated particles usage of these models, approximating the elongated
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particle shape as spherical, is questionable. It is clear that elongated particles will have
much more complex particle-particle interactions as well as more complex and even ad-
ditional hydrodynamic forces (see chapter 2). However, the effect and importance of
these differences on larger scale, in dense fluidizing conditions, is still not well under-
stood. Note that in many applications the elongated biomass particles are mixed with
more-or-less spherical particles. For example, biomass gasification is often taking place
in a bed containing sandlike particles. This is not only done to improve the heat man-
agement, but also to prevent fluidization problems occurring at high biomass fractions.

From the introduction of fluidized beds in industrial processes, in the first half of
the 20th century, its path to commercial success was difficult and followed by a num-
ber of failures. The root cause for these difficulties came from a lack of understanding
of the fundamental processes that occur inside of the fluidized bed reactor. In order
to avoid similar difficulties in the development and optimization of fluidized beds with
elongated particles it is necessary to fully understand their behavior during the fluidiza-
tion process. The first step in doing so is defining their specifics and identifying the main
difficulties in correct prediction of their behavior.

1.2. SPECIFICS OF ELONGATED PARTICLES

When comparing the fluidization behavior of elongated particles to spherical ones, the
most obvious difference comes from the particle-particle interactions. In case of spher-
ical particles, all particle collisions are symmetric, unlike for elongated particles where
the majority of collisions are asymmetric, as can be seen in Figure 1.2. Resolving colli-
sions between elongated particles is obviously more complex due to the different orien-
tations that particles can assume and due to the relatively larger torque (compared to
volume-equivalent spheres) that is generated during collisions. The problem of resolv-
ing particle-particle interactions in Computational Fluid Dynamics - Discrete Element
Model (CFD-DEM) simulations of elongated particles was addressed by Mahajan et al.
(2018) [7]. This thesis will mainly focus on the effect of fluid-particle interactions.

(a) (b)

Figure 1.2: Typical example of particle collisions for (a) spherical and (b) spherocylindrical particles.

The force that the fluid exerts on the particles is the main driver of fluidization. There-
fore properly resolving fluid-particle interactions is of utmost importance for successful
simulations of elongated particles fluidization. Properly estimating the hydrodynamic
forces that act on elongated particles is challenging as they depend on particle orienta-
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tion to the mean fluid flow. When an elongated particles is inclined under some angle
to the fluid flow, next to a drag force, the fluid will also exert a shape induced lift force
and hydrodynamic torque on the particle. These phenomena have until recently been
neglected in all simulations of elongated particles, on the one hand because they were
considered to be negligible compared to the drag force and on the other hand because
there were no correlations that could take them in to account in CFD-DEM simulations.

Moreover, during fluidization, particles most of the time find themselves in dense
fluidizing conditions where crowding effects, caused by surrounding particles, have an
effect on the hydrodynamic forces and torque that the particles experience. For spher-
ical particles there are a number of correlations that take this crowding effect into ac-
count. However, for elongated particles this is not the case. The first correlations for
hydrodynamic forces and torque on elongated particles in a crowded environment were
developed quite recently by Sanjeevi et al. (2020) [5]. Because so far these correlations
have not yet been applied in CFD-DEM simulations, their exact effect and importance is
still not known. In order to properly simulate fluidization of elongated particles all these
issues need to be addressed.

1.3. SCOPE OF THESIS

The goal of this thesis is to deepen the understanding of fluidization of elongated par-
ticles. Because the parameter space is already very large, to keep the amount of work
manageable, we will limit ourselves to systems containing all the same (monodisperse)
elongated particles, in most cases of aspect ratio 4. This will serve as a basis of future
work focusing also on mixtures of particles of different shape. To reach our goal, we
will use both CFD-DEM simulations (Chapters 2, 5 and 6) and different 3D experimen-
tal techniques (Chapters 3 and 4). Specifically, in this thesis we will try to answer the
following questions:

1. What is the effect and importance of shape induced lift force and hydrodynamic
torque on the fluidization behavior of elongated particles?

2. What is the effect and importance of using multi-particle correlations for hydro-
dynamic forces?

3. What are the essential differences in fluidization behavior between spherical and
elongated particles?

1.4. OUTLINE OF THESIS

This thesis is arranged in seven chapters outlined below:

Chapter 2, "Effect of lift force and hydrodynamic torque on fluidization of non-
spherical particles" where we compare results from CFD-DEM simulations of elongated
particles of aspect ratio 4 with different hydrodynamic forces and torque considered. In
this chapter we show the effects of considering shape induced lift force and hydrody-
namic torque on fludization behavior of elongated particles.
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Chapter 3, "Fluidization of spherical versus elongated particles - experimental in-
vestigation using Magnetic Particle Tracking" where we use a non-invasive 3D experi-
mental technique (magnetic particle tracking - MPT) to compare fluidization behavior
of spherical to elongated particles. We looked into fluidization of elongated particles of
aspect ratio 4 and 6 at different inlet gas velocities.

Chapter 4, "Fluidization of spherical versus elongated particles - experimental in-
vestigation using X-ray tomography" where we use X-ray computer tomography to look
into bubble or slugging properties for spherical and elongated particles of aspect ratio
4. Our findings about slugging frequencies, obtained using X-ray tomography, are sup-
ported by a cheap and simple sound signal analysis shown in Appendix B.

Chapter 5, "Fluidization of elongated particles - effect of multi-particle correla-
tions (drag, lift and torque) in CFD-DEM simulations" where we apply multi-particle
correlations for hydrodynamic forces and torque in CFD-DEM simulations and com-
pare them with simulations using previously known single particle correlations. The
multi-particle correlations are validated by comparing with the results obtained from
MPT experiments from Chapter 3.

Chapter 6, "Spherical versus elongated particles - numerical investigation of mix-
ing characteristics in a gas fluidized bed" where we use CFD-DEM simulations to com-
pare vertical mixing characteristics between spherical and elongated particles of aspect
ratio 4.

Chapter 7, "Conclusion" where we summarize the main conclusions and give rec-
ommendations for future work.





2
EFFECT OF LIFT FORCE AND

HYDRODYNAMIC TORQUE ON

FLUIDIZATION OF NON-SPHERICAL

PARTICLES

The aim of many industrial processes is to manipulate solid particle aggregates within
gas suspensions. Prime examples of such processes include fluidised bed reactors, cyclone
separators and dust collectors. In recent years, fluidised bed reactors have been used in
gasification of biomass particles. When fluidised, these particles are subject to various hy-
drodynamic forces such as drag, lift and torque due to interactions with the fluid. Compu-
tational approaches, which can be used to replicate laboratory and industrial scale pro-
cesses, offer a crucial method for the study of reactor design and for the formulation of
optimal operating procedures. Until now, many computer models have assumed parti-
cles to be spherical whereas in reality biomass feedstocks typically consist of non-spherical
particles. While lift and torque are of minimal importance for spherical particles, non-
spherical particles experience varying lift force and torque conditions, depending on par-
ticle orientation relative to the direction of the fluid velocity. In this study, we present a
numerical investigation on the effect of different lift force and torque correlations on flu-
idised spherocylindrical particles. We find that lift force has a significant influence on
particle velocities parallel to the direction of gravity. On the other hand, particle orienta-
tion is dependent on hydrodynamic torque. Results from this numerical study provide new
insight with regards to the dynamics of non-spherical particles that can be of paramount
importance for industrial processes involving non-spherical particles.

Part of this chapter has been published in Chemical Engineering Science 195, 642–656 (2019) [8].
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2.1. INTRODUCTION

M ANY industrial processes such as fluidised bed reactors, cyclone separators, dust
collectors and pulverised-coal combustors involve the processing of dense gas-

solid flows. These devices are categorised as gas-solid contactors, of which the fluidised
bed reactor is a proto-typical example [7, 9–11]. Due to their favourable mass and heat
transfer characteristics, gas-fluidised beds are utilised in a number of industries such as
the chemical [12, 13], petrochemical [14, 15] and energy industries [16, 17].In addition,
fluidised bed reactors are used in large-scale operations involving the granulation, dry-
ing and synthesis of fuels, base chemicals and polymers [11]. In recent years there has
been increased application of fluidised beds in biomass gasification [18–21] using a va-
riety of raw materials such as rice husks [22], cooking oil [17] and willow [23]. Hence,
the prediction of the response of dense gas-solid flows in fluidised reactors via compu-
tational investigation is highly important for both reactor design and the determination
of optimal operating conditions for a variety of important applications. However, simu-
lations of dense gas-solid flows generally represent the solid phase as perfect spherical
entities whereas, in reality, the solid biomass phase is composed of discrete particles of
varying non-spherical geometries [7, 24–27].

Describing non-spherical particles in simulations can give rise to a variety of issues.
While spheres can be described by a single parameter, i.e. diameter, non-spherical par-
ticles require more parameters. Even regular non-spherical shapes, such as ellipsoids
or spherocylindrical particles, require at least two parameters to account for their ge-
ometry. For highly irregular particle shapes, the computational demands with regards
to the detection of particle-particle interactions, and the calculation of resulting contact
forces, drastically increase. An additional concern is the determination of the hydrody-
namic forces and torques acting on particles due to the fluid flow. For non-spherical
particles, the hydrodynamic forces, such as drag, transverse lift and pitching torque, can
vary appreciably with particle orientation, and thus crucially dictate the translational
motion of particles. Pitching torque is generated when the centre of pressure associated
with the total aerodynamic force does not act through the centre of mass of a specific
particle. Drag force, lift force and pitching torque can be characterised by dimension-
less coefficients that depend on particle velocity and orientation relative to the flow as
well as the Reynolds number (Re). A number of drag force coefficients for non-spherical
particles are available in the literature [3, 28–32] while, recently, lift coefficient correla-
tions [2, 3, 33–35] and torque coefficient correlations [2, 3] have also been defined for
non-spherical particles.

For a dilute particle suspension and depending on the Reynolds number, the lift force
can be more than half the drag force for non-spherical particles in a gas flow [36]. As a
result, lift can significantly influence the trajectory of non-spherical particles [3, 32, 33].
However, it is not clear how lift force will affect non-spherical particles in dense systems
such as those encountered in dense gas-fluidised systems. Similarly, the effect and im-
portance of pitching torque on non-spherical particles under fluidised conditions is also
poorly understood. In this chapter, we present a preliminary investigation on the effect
of varying lift and torque conditions on non-spherical particles, specifically spherocylin-
drical particles, in a laboratory scale gas-fluidised bed reactor. We will employ a series of
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lift and torque correlations that have been derived for single isolated particles [2, 3, 32]
as an initial approximation of the lift and torque experienced by spherocylindrical parti-
cles during fluidization. We present results on the relevance of varying lift and pitching
torque conditions for sphercylindrical particles by studying particle dynamics, velocity
profiles, particle orientations, and angular momentum in a reactor.

This chapter is arranged as follows. We will first outline the CFD-DEM numerical
model used in this study focusing on the implementation of contact detection, drag
forces, lift forces and pitching torque for spherocylindrical particles (Section 2.2). There-
after we present the simulation parameters for this study in Section 2.3. In Section 2.4
we explore the effect of varying lift and torque conditions in dense fluidised beds. Finally,
we draw conclusions from this study and provide an outlook for future investigations.

2.2. NUMERICAL APPROACH

For this study we implement the CFD-DEM algorithm to simulate a coupled particle-
fluid system, which has been extensively employed to simulate systems where particle-
fluid interactions are relevant [26, 37–42]. The CFD component of the algorithm is solved
using the Open Source package OpenFOAM while the DEM component is implemented
using LIGGGHTS, which stands for LAMMPS Improved for General Granular and Gran-
ular Heat Transfer Simulations, and is an Open Source package for modelling granular
material via the discrete element method (DEM). Coupling of the CFD and DEM com-
ponents is facilitated by the Open Source coupling engine CFDEM, which executes both
the DEM solver and CFD solver consecutively. The CFDEM engine allows for execution
of the program for a predefined number of time steps after which data is exchanged be-
tween the OpenFOAM solver and LIGGGHTS solver [43]. In this study the open source
codes have been adapted for the implementation of spherocylindrical particles and fur-
ther details on the CFD-DEM approach can be found in the paper of Mahajan et al. [7].

2.2.1. DISCRETE ELEMENT METHOD (DEM)

To simulate interactions between the solid spherocylindrical particles we use the dis-
crete element method (DEM), a soft contact model first introduced by Cundall and Strack
(1979) to describe interactions between granular particles [44]. The simplest DEM con-
tact model approximates grains as either disks in 2D or spheres in 3D, an approach that
is sufficient to replicate laboratory-scale force chains [45, 46] and depict percolation-like
contact networks [47]. In DEM, the trajectory of each particle is numerically integrated
over time and subject to local contact forces and torques. Inter-particle forces develop
only when particles spatially overlap.

We have adapted the DEM model to describe the interaction of spherocylinders with
rotational and translational degrees of freedom. Consider a spherocylinder particle i
in a dense gas-fluidized reactor. The translational motion for spherocylinder i can be
calculated by integrating the expression

mi
dvi

d t
=∑

j

(
Fi j ,n +Fi j ,t

)+Fi , f +Fi ,p +Fi ,b (2.1)
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where the sum runs over all neighbours j in contact with particle i , Fi j ,n is the normal
contact force acting on particle i due to its interaction with particle j , Fi j ,t is the tan-
gential contact force acting on on particle i due to its interaction with particle j , Fi , f is
the total hydrodynamic force acting on the particle, Fi ,p represents the pressure gradient
(buoyancy) force acting on the particle and Fi ,b is the body force acting on the particle
including gravity. Further details on the hydrodynamic forces acting on the particle are
presented in the next section. The rotational motion of a particle i can be solved using

d(Ii ·ωi )

d t
=∑

j
Ti j +Ti , f (2.2)

where Ii is the particle moment of inertia tensor,ωi is the angular velocity of the particle,
Ti j is the contact torque acting on the particle i due to its interaction with neighbouring
particle j, and Ti , f is the fluid-induced pitching torque. Note that for spherical particles,
the contact torque Ti j is only caused by tangential contact forces. However, for non-
spherical particles the torque is caused by both tangential and normal contact forces.
Particle orientations are described by quaternions in the algorithm. For this study the
equations of motion are integrated using the Velocity Verlet method.

Fig. 2.1 shows an example of an overlapping contact between two spherocylinder
particles P1 and P2. The identification of contacts between spherocylindrical particles,
and the subsequent calculation of the overlap region, is more complicated than in case
of spheres. Two adjacent spherocylindrical particles are deemed to be overlapping once
the distance between their shafts is smaller than the sum of their radii. For particle Pi ,
R is the characteristic radius or radius of the spherical part of the spherocylinder, ri is
the centre of mass, L is the shaft length, ui is the orientation unit vector originating at
ri and vi is the translational velocity. Two spherocylindrical particles are deemed to be
in contact when the shortest distance between the the central axes is less than the sum
of the particle radii i.e. |s2 −s1| < 2R where s1 and s2 are points on the central axes of P1

and P2 respectively. The mid-point between s1 and s2 is the contact point rc , the degree
of overlapping distance between the particles is δn , and n12 and t12 are the normal and
tangential unit vectors for the contact respectively. A spherocylinder contact detection
algorithm originally developed for granular flows has been used in this study [48–51].

To calculate the normal contact force exerted on particle P1 by particle P2 we use a
linear spring-dashpot model such that the normal contact force is given by

F12,n =−knδn n12 −ηn v12,n (2.3)

where kn is the normal spring constant, ηn is the normal damping coefficient and v12,n

is the normal relative velocity between the particles. As shown in Eq. (2.3), the normal
contact force is dependent on the degree of overlapping distance δn , which is calculated
with the aforementioned collision detection scheme for spherocylinders. Using the de-
gree of overlapping or penetrating volume instead of overlapping distance can lead to
better resolved normal and tangential forces [52]. In addition, when the overlap dis-
tance is used for the normal contact force, the volume of the overlap region is effectively
ignored and particle volume is not conserved. This can have ramifications for the calcu-
lation of local volume fraction, and thus affect the calculation of the coupling between
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Figure 2.1: A schematic of a sample contact between two spherocylinders with each having a shaft length L
and characteristic radius R. The inset image shows details of the normal and tangential unit vectors at the

contact.

the solid and fluid phases. To overcome this issue, the volume of the overlapping re-
gion can be redistributed over the remaining surface of the particle, as demonstrated for
spherical particles [53]. This issues are prevalent for more detailed, pure granular stud-
ies and in dense and compact granular configurations. However, as we aim to study the
fluidization of spherocylinder particles above the minimum fluidization velocity, per-
sistent compact particle domains are unlikely with particles more likely to be airborne
and briefly contacting a smaller number of particles. Hence, we use simplified approach
based upon overlapping distance without accounting for overlapping volume as an ap-
proximation. The tangential contact force is calculated from the Coulomb-type friction
expression

F12,t = min(
∣∣−ktδt t 12 −ηt v12,t

∣∣ ,−µ ∣∣F12,n
∣∣). (2.4)

In this expression kt , δt , ηt , µ and v12,t are the tangential spring constant, tangential
overlap, tangential damping coefficient, friction coefficient and tangential relative veloc-
ity respectively. δt is calculated from the time integral of the tangential relative velocity
since the development of the initial particle contact and given by

δt =
∫ t

tc,0

v12,t d t (2.5)

where tc,0 is the time of initial contact between the particles. This expression represents
the elastic tangential deformation of the particles since the onset of particle contact.
Interactions between the walls and particles are also modelled using the linear spring-
dashpot approach of Eq. (2.3) with the tangential expression given by Eq. (2.4).
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2.2.2. COMPUTATIONAL FLUID DYNAMICS (CFD)

In CFD-DEM, the fluid is treated as a continuum in which fluid flow features such as
boundary layers or vortex shedding are not resolved. Rather, their effects are included
through correlations of drag and lift forces. The fluid phase is described on basis of the
volume-averaged Navier-Stokes equations, which are discretised on a uniform grid, and
fluid calculations are based upon the standard k-ε turbulence model. The equation of
continuity is given by

∂(ε f ρ f )

∂t
+∇· (ε f ρ f v f ) = 0 (2.6)

where ε f is the fluid volume fraction, ρ f is the fluid density and v f is the fluid velocity.
The expression for momentum conservation is given as

∂(ε f ρ f v f )

∂t
+∇· (ε f ρ f v f v f ) =−ε f ∇p +∇· (ε f τ f )+R f ,p +ε f ρ f g (2.7)

where τ f is the stress tensor for the fluid phase, g is gravity, and R f ,p represents the
momentum exchange between the fluid and particle phase. The latter is obtained by
distributing the particle interactions with the fluid phase using the following expression
[54]

R f ,p =−
∑Np

p=1(Fp
D +Fp

L )

Vcell
(2.8)

where p is the particle label, Np is the number of particles in the computational fluid
cell, Fp

D is the drag force acting on particle p due to the fluid, Fp
L is the lift force acting

on particle p due to the fluid, and Vcell is the volume of the computational fluid cell. We
do not consider two-way coupling of the torque since it has negligible localized effects
on the fluid. Expressions for the hydrodynamic forces are outlined in the proceeding
sections.

DRAG FORCE

The drag force on a single particle F D0, in the absence of neighbouring particles, acts in
the direction of relative velocity between fluid and particle and is expressed as

FD0 = 1

2
CDρ f

π

4
d 2

p

∣∣v f −vi
∣∣ (v f −vi ) (2.9)

where CD is the drag coefficient, dp is the particle volume equivalent diameter or the
diameter of a sphere with the same volume as the spherocylinder, v f is the fluid velocity
interpolated to the location of particle i , and vi is the velocity of particle i . A number of
drag correlations have been developed in the past that account for particle shape [2, 29,
30, 33, 35, 55]. In this study, as an approximation, we employ the drag force correlation
for arbitrary shaped particles established by Hölzer and Sommerfeld [30]
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Correlation Type Correlation Expression

Zastawny et. al (2012) [2] Lift C Z
L,α = (

bZ
1

RebZ
2
+ bZ

3

Reb4
)sin(α)bZ

5 +bZ
6 RebZ

7

cos(α)bZ
8 +bZ

9 RebZ
10

Sanjeevi et. al (2018) [3] Lift C S
L,α = (

bS
1

Re +
bS

2

RebS
3
+ bS

4

RebS
5

)sin(α)1+bS
6 RebS

7

cos(α)1+bS
8 RebS

9

Zastawny et. al (2012) Torque C Z
T,α = (

c Z
1

Rec Z
2
+ c Z

3

Rec Z
4

)sin(α)c Z
5 +c Z

6 Rec Z
7

cos(α)c Z
8 +c Z

9 Rec Z
10

Sanjeevi et. al (2018) Torque C S
T,α = (

cS
1

RecS
2
+ cS

3

RecS
4

)sin(α)1+cS
5 RecS

6

cos(α)1+cS
7 RecS

8

Table 2.1: Table of the lift and torque correlation functions from [3] and [2] used in this study. The fitting
coefficients are provided in the Appendix A.

CD = 8

Rep

1√
Φ∥

+ 16

Rep

1p
Φ

+ 3√
Rep

1

Φ3/4

+0.42×100.4(− logΦ)0.2 1

Φ⊥

(2.10)

where Rep is the particle Reynolds number Rep = ρ f dp
∣∣v f −vi

∣∣/µ f with µ f being the
fluid viscosity, Φ is the particle sphericity, Φ∥ is the lengthwise sphericity and Φ⊥ is the
crosswise sphericity. Besides being universally applicable to different shapes and easy to
implement, this expression is quite accurate given that it has a mean relative deviation
from experimental data of only 14.1%, significantly lower than previous expressions [56,
57].

In a dense gas-fluidized system, the drag force acting on a given particle will be af-
fected by neighbouring particles. To account for this effect, we implement the Di Felice
modified drag force expression [58], which was originally derived for spherical particles
and is applied here as an approximation for the effect of neighbouring non-spherical
particles on the drag force experienced by a non-spherical particle

FD = 1

2
CDρ f ε

2−χ
f

π

4
d 2

p

∣∣v f −vi
∣∣ (v f −vi ) (2.11)

where χ is a correction factor given by

χ= 3.7−0.65exp
[

(−(1.5− log(Rep ))2/2
]

(2.12)
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where the particle Reynolds number Rep is calculated using the expression previously
defined. A revision of the Di Felice model by Rong et al. [59] accounts for the effect
of porosity and Re on χ. However, in our previous study [7], we concluded that this
extension demonstrated similar behaviors to the Di Felice model. Therefore, we do not
consider the expressions of Rong et al. in this study.

LIFT FORCE

For non-spherical particles suspended in a fluid flow, a shape induced lift force, similar
to the concept of an aerofoil in aerodynamics, can significantly affect the trajectory of a
particle. When the axis of an elongated particle, such as the spherocylindrical particles
in this study, is inclined to the direction of relative fluid flow the flow fields on the upper
and lower sides of the particle differ. The pressure drops in regions of rapid flow while
the pressure increases in regions where the fluid velocity decreases [33], thus leading
to an asymmetric pressure distribution and inducing a lift force perpendicular to the
direction of relative fluid flow. An example of the lift force FL due to a fluid flow for a
spherocylinder that is not aligned with the direction of fluid flow is shown in Fig. 2.2.
Here v′f i is the relative velocity of the fluid with respect to the particle i . The lift force FL

is orthogonal to v′f i and, because of symmetry, lies in the plane defined by the particle

orientation vector ui and v′f i . For spherocylinder particles, there is no lift force when the

central particle axis is perpendicular to or aligned with the direction of relative fluid flow
as there will be no resulting pressure difference. However, arbitrary shaped particles can
still be subject to a lift force even when they are aligned with the flow direction, similar
to effects observed for a cambered airfoil.

The magnitude of the lift force FL experienced by an isolated spherocylinder is ex-
pressed as

FL = 1

2
CLρ f

π

4
d 2

p

∣∣v f −vi
∣∣2 (2.13)

where CL is the lift force coefficient. To ensure that the lift force for a particle is correctly
oriented, FL is multiplied by the lift force orientation vector êL0 which is given as

êL0 =
ui ·v′f i∣∣∣ui ·v′f i

∣∣∣
(ui ×v′f i )×v′f i∣∣∣∣∣∣(ui ×v′f i )×v′f i

∣∣∣∣∣∣ (2.14)

The resultant lift force experienced by a particle is then expressed as FL = FL êL0 . For
this study we use two lift correlation functions [2, 3], which are presented in Table 2.1.

HYDRODYNAMIC TORQUE

As demonstrated in the preceding sections, drag force acts in the direction of relative
fluid flow and depends on particle orientation relative to the flow [36], while lift force
leads to a force perpendicular to the relative fluid flow [2, 35, 60]. When the centre of
pressure xcp acting on a non-spherical particle does not coincide with the centre of mass
of the particle xcm , a hydrodynamic pitching torque results and acts around the axis
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Figure 2.2: Lift vector orientation based on the relative velocity of the fluid with respect to the particle
v′f i = v f −vi and particle orientation vector ui . The angle of incidence of the fluid flow α is also indicated on

the figure.

perpendicular to the plane of relative fluid velocity v′f i and particle orientation vector

ui . The torque can change the angle of incidence α of the particle. The development of
hydrodynamic torque acting on a spherocylindrical particle is shown in Fig. 2.3. In the
figure the angle of incidence α is defined as the angle between the direction of flow and
the unit normal joining xcp and xcm . Note that a particle can also experience rotational
torque that acts around the axis of symmetry of the particle. However, we do not include
such a rotational torque in this study. For the remainder of this thesis pitching torque is
referred to as hydrodynamic torque.

There are only a few studies that have previously focused on the formulation of ex-
pressions for hydrodynamic torque. While approximate torque expressions have been
generated for different non-spherical particle types [2, 33, 35, 36], the most pertinent
expression for this study has been recently derived by Sanjeevi et al. [3] for the exact
spherocylindrical particles of this study. Hydrodynamic torque can be calculated using
two approaches. First, the hydrodynamic torque can be calculated using ∆x [36], which
is the vector between xcp and xcm (Fig. 2.3), and the normal force Fn acting through xcm

using the expression

T =∆x×Fn . (2.15)

Here, Fn is normal component of the sum of all forces acting at xcp . Using an expression
for non-spherical particle torques [55], the magnitude∆x can be expressed as a function
of α by

∆x = L

4
(1− (sinα)3) (2.16)

where L is the particle length.
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Fn

Ti, f

v f

𝐗𝑐𝑚

𝐗𝑝 ∆𝐗

𝛼

Figure 2.3: A spherocylinder subject to torque. The difference between the centre of pressure xcp and the
centre of mass xcm leads to the development of a hydrodynamic torque Ti , f . ∆x is the distance between xcp

and xcm .

In this study, we have employed a second approach for the calculation of the hydro-
dynamic torque acting on an isolated spherocylinder, which uses an expression similar
to that used for the calculation of drag (Eq. (2.9)) and lift (Eq. (2.13)) and expressed as

TP = 1

2
CTρ f

π

8
d 3

p

∣∣v f −vi
∣∣2 (2.17)

where CT is the torque coefficient. The hydrodynamic torque is directed perpendicular
to the plane of particle relative velocity and particle orientation vector in Fig. 2.3. Hence,
the torque orientation vector êT0 is given by

êT0 =
v′f i ·ui∣∣∣v′f i ·ui

∣∣∣
v′f i ×ui∣∣∣∣∣∣v′f i ×ui

∣∣∣∣∣∣ (2.18)

The resultant torque is then expressed as Tp = Tp êT0 . For the torque coefficient, we
use the expressions in Table 2.1 in this study. We do not include two-way coupling for
the hydrodynamic torques i.e. there is a one-way coupling. Therefore we only consider
the influence of the flow on the particles. Similar to the lift force, we do not apply the Di
Felice approximation to account for the effect of adjacent particles since it has not been
derived for pitching torque.
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CFD parameters
Parameter Symbol Value
Reactor base Lx , Ly 0.15 m, 0.15 m
Reactor height Hz 0.99 m
Number of grid cells ng

x ,ng
y ,ng

z 10 × 10 × 66
Grid cell dimensions cx = cy = cz 0.015 m
Min. fluidisation velocity Umf 1.7 m/s
Input fluid velocity V f = 1.7Umf 2.89 m/s
Time step tCFD 1 x 10−4 s
Fluid density ρ f 1.2 kg/m3

Spherocylinder & DEM parameters
Parameter Symbol Value
Number of particles Np 30000
Particle length L 12 mm
Particle width 2R 3 mm
Particle aspect ratio L/2R 4
Time step tDEM 1 × 10−5 s
Particle density ρp 1395 kg/m3

Initial bed height hinit 0.19 m
Coefficient of friction µ 0.46
Cofficient of rolling friction µr 0.46
Coefficient of restitution e 0.43

Table 2.2: Relevant parameters for the CFD-DEM algorithm.

2.3. SIMULATION PARAMETERS AND VOID FRACTION CALCU-
LATION

Parameters for CFD-DEM simulations are presented in Table 2.2. Particle material prop-
erties represent alumide particles that have been used in previous fluidisation experi-
ments [7, 26]. Reactor dimensions are equivalent to a laboratory scale apparatus. The
incoming fluid velocity is set to 1.7Umf to ensure operation in the bubbly regime. The
minimum fluidisation velocity has been estimated from experiments [7, 26]. The simu-
lation time is equal to 18 seconds, which is more than sufficient for the system to attain a
steady-state [7]. For the results presented in the next section, we assume that the system
has reached steady-state after 5 s and we analyse the remaining 13 s of the simulation.

The dimensions of a grid cell used to solve the fluid flow with CFD are also presented
in Table 2.2. In a CFD-DEM study on the fluidization of monodisperse spherical parti-
cles, a grid cell size cx,y,z of least 1.6dp has been proposed to accurately solve the fluid
and solid phases [61], where dp is the diameter of the volume equivalent sphere. Ad-
ditionally, the grid cell size should not exceed 5dp , otherwise flow structures cannot be
properly resolved. For spherocylinder particles, an additional criterion for an appropri-
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ate grid cell size is required such that a particle can be placed at the centre of a grid
cell and freely rotated in all directions without intersecting any grid cell boundary. This
avoids particle from occupying 3 consecutive cels in any particular direction. A grid size
of 2.83dp can satisfy both criterions for the spherocylinders considered in this study. The
size of the grid cell is also of relevance for the calculation of the drag force experienced by
a particle (Eq. (2.11)). If the grid cell is too small, the local void fraction ε f will be under-
estimated given that a cell may be almost entirely filled with a solid particle. Hence, the
drag force as calculated with the Di Felice expression will be overestimated. In addition,
a grid cell that is too small can lead to inaccurate solution of the continuity (Eq. (2.6))
and momentum conservation (Eq. (2.7)) expressions associated with the fluid. However,
if the grid cell is too large, then local heterogeneities in the bulk and near boundaries
cannot be resolved.

Finally, we present the approach used to calculate the fluid void fraction ε f in each
grid cell, which is required to solve the continuity equation (Equation (2.6)), the momen-
tum conservation equation (Equation (2.7)), and for the calculation of the drag force on
the particle. Calculation of the solid fraction contribution of a particle to any grid cell
εs = 1− ε f is subject to the following procedure. First, each particle is populated with
a number of evenly-spaced satellite points nsp throughout the particle volume where
each point is assigned an equal weight or fraction of the particle volume. Second, the
parent cell for a given particle is identified subject to the centre of mass position vector
ri . Third, the particle volume is assigned to the parent cell and the adjacent cells subject
to the location of the satellite points on the underlying grid. If the entire particle volume
is located within the parent cell then no distribution of particle volume is necessary. If
desired, the procedure can be optimised to allow for variation of nsp .

2.4. RESULTS

We now present simulation results of fluidised spherocylindrical particles subject to vary-
ing conditions of drag, lift and torque. We will present results for seven different hydro-
dynamic force conditions, which are summarised in Table 2.3. We consider one case
where lift and torque are absent, denoted as “Drag only” for this study. In the “Drag
only” case, the drag force includes the correlation of Holzer and Sommerfeld (Eq. (2.10))
with the Di Felice approximation (Eq. (2.11)) to account for the effects of surrounding
particles on the drag. Thereafter all cases include this description of drag force. For the
other cases, we consider varying lift and torque conditions using the correlation func-
tions of Zastawny et al. [2] and Sanjeevi et al. [3] as specified in Table 2.1. We consider
two cases of differing lift force (LZast and LSanj), two cases of differing torque force (TZast

and TSanj) and two cases with both lift and torque (AllZast and AllSanj).

2.4.1. PARTICLE DYNAMICS

Figure 2.4 shows five characteristic snapshots of a typical fluidisation cycle for two dif-
ferent hydrodynamic cases. In Fig. 2.4 (a) we present a fluidisation cycle for a “Drag
only” case while Fig. 2.4 (b) shows the same cycle for a case where drag is supplemented
with lift and torque (AllSanj) from Sanjeevi et al. [3]. Both cycles start with an initial bed
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Case Label Drag Force Lift Force Hydrodynamic Torque

Drag only Holzer-Sommerfeld N/A N/A
LZast Holzer-Sommerfeld Lift, Zastawny et al. N/A
LSanj Holzer-Sommerfeld Lift, Sanjeevi et al. N/A
TZast Holzer-Sommerfeld N/A Torque, Zastawny et al.
TSanj Holzer-Sommerfeld N/A Torque, Sanjeevi et al.

AllZast Holzer-Sommerfeld Lift, Zastawny et al. Torque, Zastawny et al.
AllSanj Holzer-Sommerfeld Lift, Sanjeevi et al. Torque, Sanjeevi et al.

Table 2.3: Hydrodynamic force cases explored in this study.

expansion (1) which terminates with a maximum bed expansion (3). The bed then re-
leases and eventually returns to a configuration ready to undergo the fluidisation cycle
once more. While it is difficult to decipher any differences between the cycles, there is
some visual evidence to suggest that the particles are horizontally orientated to a greater
extent upon the start of release for the case including lift and torque forces (Stage (4) in
Fig. 2.4 (b)). We will explore this response quantitatively in the proceeding sections.

Figure 2.5 shows the variation of the temporally-averaged number of particles or par-
ticle occupancy 〈np〉 with with reactor height in the z-direction for a number of hydrody-
namic force cases. We note that variation of 〈np〉 with z is effectively invariant to changes
in the hydrodynamic force conditions. The dip in 〈np〉 for z < 4 is due to the proximity
of this domain to the fluidisation velocity, which leads to a slightly lower density of par-
ticles in this layer by pushing the particles into the layers above. The upper domain of
the reactor z > 30 is quite dilute with 〈np〉 ≤ 2.

2.4.2. PARTICLE VELOCITY ALONG z-AXIS

Figure 2.6(a) shows a snapshot of the fluidized bed with rigid boundaries located along
the x-axis and y-axis. We sample the particle velocity along the gravity direction (z-
axis) denoted as vz at three positions in the reactor, as shown in Fig. 2.6(b), where
z = 0.0675 m is closest to the bottom of the reactor or the flow inlet, and z = 0.3075 m
is furthest for the flow inlet and a region with dilute particle conditions. These positions
are approximately midway along the y-axis (0.06 m ≤ y ≤ 0.075 m). We have also high-
lighted these positions in Fig. 2.5. Evidently from snapshot in Fig. 2.6, just as for Fig. 2.5,
we find that particle occupancy is higher close to the bottom of the reactor while at the
highest position considered here particle flow is more dilute.

We now consider the effect of hydrodynamic force conditions on the particle velocity
parallel to the direction of gravity. We constructed temporally averaged profiles along
the x-axis in the range 0.0 m ≤ x ≤ 0.15 m and for fixed y-axis and z-axis positions as
illustrated in Fig. 2.6. The temporally-averaged particle velocity along the z-direction vz

at a given grid cell in the fluidised bed reactor over a specific time interval is calculated
using the expression
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(1)

(a)

(b)

(2) (3) (4) (5)

Figure 2.4: Visualisation of a typical fluidisation cycle lasting approximately 1.2 seconds. (a) Drag only. (b)
AllSanj. Five characteristic snapshots are shown and labelled as follows: (1) Start of bed expansion; (2)

Mid-way of bed expansion; (3) Maximum bed expansion; (4) Start of release; (5) End of release. These system
snapshots were visualised using OVITO [1]).
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Figure 2.5: Variation in the particle occupancy 〈np 〉 with reactor height. The red dashed lines indicate the
positions along the z-axis used for the calculation of vz profiles in section 2.4.2.

Z = 0.0675 m

Z = 0.1875 m

Z = 0.3075 m

z
y

x

z

yx(a) (b)

Figure 2.6: (a) Snapshot of the fluidized bed reactor with fluid velocity 1.7Um f where the particles
hydrodynamic force case is “Drag only”. (b) Analysis positions in the bed reactor along the z-direction. These

system snapshots were visualised using OVITO [1]).
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vz =
∑tend

t=t0

∑Ncell(t )
p=1 vz (p, t )∑tend

t=t0
Ncell(t )

(2.19)

where t0 is the start time, tend is the end time, Ncell(t ) is the number of particles in the
grid cell at time t , p is the particle label and vz (p, t ) is the velocity of particle p in the grid
cell at time t . We note that the average velocity vz is not the same as the average mass
flux, because there may be strong correlations between the local solids volume fraction
and the instantaneous velocity of a particle. This has recently been shown experimen-
tally for spherocylindrical particles in a pseudo-2D fluidised bed [7]

Figure 2.7 shows that the inclusion of lift has a noticeable effect on vz throughout
the reactor while torque has a negligible effect on vz . For example, at z = 0.0675 m,
inclusion of the correlation for lift (LZast) leads to a large increase in vz approximately
halfway along the x-axis in comparison to the case where particles are only subject to
drag. We observe an analogous behaviour upon consideration of the Sanjeevi lift corre-
lation (LSanj) although the increase in vz is lower than with the inclusion of the Zastawny
lift correlation (LZast). Similar trends are also recorded at other heights in the reactor
although at z = 0.3075 m the differences between the trends are not as pronounced as
at z = 0.0675 m. This may be attributed in part to the lower particle density, and hence
increase in void fraction, at higher positions in the bed. A typical representation of this
decrease in particle density is evident in the snapshot of particle fluidisation shown in
Fig. 2.6. On the other hand, inclusion of either the Zastawny or Sanjeevi torque correla-
tion has little or no effect on the velocity profiles. For cases with all hydrodynamic forces,
there is no significant change in vz in comparison to cases with just drag and lift force.
This demonstrates that torque does not appreciably affect vz , even in combination with
lift force.

The changes in the vz profiles observed here with the inclusion of lift force are similar
to those noted in our previous study of particle dynamics in a small reactor [60]. Here
vz increases halfway along the x-axis upon inclusion of lift force while in the study on
a small reactor, we also find a similar increase in vz along the x-axis. However, in the
previous study, we also applied the Di Felice expression to the lift force to further explore
effect of varying lift conditions. The results showed that with the Di Felice expression the
lift force effects become even stronger.

2.4.3. PARTICLE ORIENTATION

We now consider variations in particle orientation parallel to the direction of flow. Figure
2.8 shows the variation of the temporally-averaged fraction of particles fp with a certain
orientation relative to the z-axis for different hydrodynamic force conditions. If uz =±1
the particle is fully aligned with the flow while at uz = 0 the particle is perpendicular to
the flow. All trends are calculated in steady-state using the expression

fp (uz ) = 1

(tend − t0)huz

tend∑
t=t0

np (uz , t )

Np
(2.20)
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Figure 2.7: Comparison of the temporally-averaged vz along the x-axis for the positions defined in Figure
2.6(b) in a fluidized bed reactor for different hydrodynamic conditions: Drag only, lift force described by

Zastawny (LZast), lift force described by Sanjeevi (LSanj), HD Torque described by Zastawny (TZast) and by
Sanjeevi (TSanj). In these plots x is the position normalised by the length of reactor along the x-axis (0.15 m).

Cases with lift force are presented red dashed lines ( ), cases with torque with the green dotted line
( ) and cases with all forces included with the blue dash-dot lines. ( ). The filled triangles represents

cases of Zastawny et al. [2] and the filled circles are cases using the correlations of Sanjeevi et al. [3].
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Figure 2.8: Preferred particle orientation. Variation of fp (uz ) for differing hydrodynamic force conditions.

where np (uz ) is the number of particles with an orientation uz at time t , Np is the num-
ber of particles in the reactor and the bin width huz = 0.05. Figure 2.8 shows that for the
case of drag only and the cases with drag and lift only the majority of particles tend to
align with the direction of the fluid flow. From the figure it can also be concluded that the
introduction of lift has little or no effect on the preferred orientation of particles. Upon
inclusion of the hydrodynamic torque expressions there is a discernible change in the
trend with the majority of particles tending to orient perpendicular to the flow. This is
demonstrated for both Zastawny’s and Sanjeevi correlation functions. Inclusion of lift
force along with drag and torque leads to little or no change in the preferred orienta-
tion of particles as observed for cases with all forces described by Zastawny and Sanjeevi
correlations (AllZast and AllSanj).

While Fig. 2.8 demonstrates the average orientation of particles with respect to the
z-axis, it does not provide information with regards to preferred particle orientations in
specific domains of the reactor. To resolve the preferred particle orientation we calculate
the particle orientation tensor Si using the expression

Si =


〈

u2
x

〉 〈
ux uy

〉 〈ux uz〉〈
uy ux

〉 〈
u2

y

〉 〈
uy uz

〉
〈uz ux〉

〈
uz uy

〉 〈
u2

z

〉
 . (2.21)

The diagonal components of this tensor can be used to determine the preferred align-
ment in the reactor. If the difference between the diagonal components is less than 0.1

i.e.
∣∣∣〈u2

x〉−〈u2
y 〉

∣∣∣ < 0.1,
∣∣〈u2

x〉−〈u2
z〉

∣∣ < 0.1 and
∣∣∣〈u2

y 〉−〈u2
z〉

∣∣∣ < 0.1, the particle is consid-

ered to be randomly oriented. On the other hand, if one component is considerably
larger than the other two components, we conclude that the particle is preferably aligned
with the corresponding axis.

Figures 2.9, 2.10 and 2.11 show the preferred particle alignment in steady-state in the
grid cells for different lift and torque force conditions respectively. We study the parti-
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cle alignment in the grid cells on the x-z plane and for a cross section along the y-axis
(0.06 m≤ y≤ 0.075 m). From Table 2.2 the number of grid cells along the x-axis and z-axis
are ng

x = Lx /cx = 10 and ng
z = Hz /cz = 66 respectively. We have applied a colour scheme

to differentiate cells with particular particle orientations with blue cells indicating a pre-
ferred alignment with the x-axis, green cells indicating a preferred alignment with the
y-axis and red cells indicating a preferred alignment with the z-axis. Cyan cells repre-
sent domains where there is no preferred orientation such that particles are randomly
orientated.

From Fig. 2.9 we observe that inclusion of the lift force with drag does not lead to
large changes in the preferred orientation of particles near the base of the reactor i.e. up
to z = 15. However, we note that the particle orientations tend to become more random
in the central domains of the reactor. With increasing height, differences between the
preferred orientations are negligible due to the low density of particles in these domains
of the reactors. With the inclusion of torque (Fig. 2.10), we find a noticeable effect on
particle orientation as we have already observed in Fig. 2.8. Rather than being predomi-
nantly aligned with the z-axis, the particles are now aligned either randomly or perpen-
dicular to the z-axis i.e. aligned with the x-axis and y-axis. We also highlight a change
in the alignment of particles next the boundaries in comparison to the inclusion of lift
(Fig. 2.9). In the cases with lift, particles near the walls tends to be aligned with the z-
axis, while for cases with torque the particles tend to align with the y-axis. In addition,
hydrodynamic torque has a strong influence on particle orientation in the diluted do-
main of the reactor, in particular in the range 30 < z < 50 where particles have a strong
preferred horizontal orientation. This is indicative of the rotational effects of torque on
the particles to align the particles perpendicular to the fluid flow. In the lowest section of
the reactor (z < 20), particles retain a preferred vertical orientation even with the inclu-
sion of hydrodynamic torque. Figure 2.11 shows the effect of combined lift and torque
conditions on the spatial distribution of particles preferred orientation. Similar to Fig.
2.8, we do not see any large difference in particle orientations upon inclusion of lift with
drag and hydrodynamic torque. The majority of particles tend to orient horizontally with
particles in the lower section of the reactor having a preferred vertical orientation. Com-
paring Fig. 2.10 and 2.11 we highlight a slight difference in particle orientation in the
central section of reactor between i.e. 15 < z < 30, where particles have a preferred hori-
zontal orientation. We also find a slight increase of particles vertically aligning adjacent
to the walls, which is similar to the effect noted for cases with just drag and lift.

2.4.4. ANGULAR MOMENTUM

Figures 2.12, 2.13 and 2.14 show the temporally-averaged magnitude of the angular mo-
mentum at grid cells on the x-z plane averaged along the y-axis for different hydrody-
namic force conditions. We notice that particles have the largest angular momentum in
the freeboard or upper region of the bed where particle flow is quite dilute with the av-
erage particle occupancy 〈np〉 (z) < 2 (Fig. 2.5). Comparing Figs. 2.12 and 2.13, we note
that the inclusion of lift only leads to a considerable increase in angular momentum,
while the inclusion of hydrodynamic torque only has almost no effect on particle rota-
tion. In addition, use of the Zastawny et al. lift correlation leads to a much larger change
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Figure 2.9: Preferred orientation of particles in the grid cells of the reactor for different cases of hydrodynamic
force, with drag only and cases with lift force. (a) Drag only. (b) LZast. (c) LSanj. Here the colour scheme is:

blue squares ( ) are x-aligned, green squares ( ) are y-aligned, red squares ( ) are z-aligned and cyan
squares ( ) are randomly orientated. White space represents empty cells. The dimensions of the reactors on
the xz-plane are Lx ×Hz = 0.15 m × 0.99 m. In this plot, the dimensions are normalised by the grid cell size

thus leading to n
g
x = Lx /cx = 10 and n

g
z = Hz /cz = 66.
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Figure 2.10: Preferred orientation of particles in the grid cells of the reactor for different cases of
hydrodynamic force, with drag only and cases with hydrodynamic torque. (a) Drag only. (b) TZast. (c) TSanj.

Details of the colour scheme are provided in the caption of Fig. 2.9.
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Figure 2.11: Preferred orientation of particles in the grid cells of the reactor for different cases of
hydrodynamic force, with drag only and cases with all forces included. (a) Drag only. (b) AllZast. (c) AllSanj.

Details of the colour scheme are provided in the caption of Fig. 2.9.
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Figure 2.12: Angular momentum in x-z plane, temporally-averaged and averaged through y-direction for
cases with (a) drag only and (b, c) drag and lift

in angular momentum in comparison to the results with the Sanjeevi et al. lift correla-
tion. The greater influence of lift force on particle rotation can be attributed to the gen-
eration of larger torques by particle-particle and particle-wall interactions in contrast to
hydrodynamic forces. As presented in Section 2.4.2, the inclusion of lift force leads to an
increases in vz , and consequently, more vigorous particle interactions, which results in
larger variations in angular momentum. Including hydrodynamic torque has consider-
ably less effect on particle rotation and it actually stabilises the particles, thus inhibiting
free rotation, which is caused by the hydrodynamic torque always acting in the direction
opposite to particle rotation. When all forces are included (Fig. 2.14), there is little differ-
ence with the case of drag and lift only (Fig. 2.12), which indicates that lift force has the
dominant effect on particle rotation. From the comparison of Fig. 2.12 and Fig. 2.14 we
conclude that the inclusion of hydrodynamic torque has a stabilising effect on particle
rotation, hence lowering the total angular momentum.

2.5. DISCUSSION AND CONCLUSION

We have investigated via numerical simulations the effect of differing hydrodynamic
force conditions on spherocylindrical particles (aspect ratio = 4) in dense gas-fluidised



2

30 2. EFFECT OF LIFT FORCE AND HYDRODYNAMIC TORQUE

(a) Drag only

2 6 10

x [-]

60

50

40

30

20

10

0

z 
[-

]

0

0.5

1

1.5

2

2.5
×10-8

(b) T
Zast

2 6 10

x [-]

60

50

40

30

20

10

0

z 
[-

]

(c) T
Sanj

2 6 10

x [-]

60

50

40

30

20

10

0

z 
[-

]

[kg*m2/s]

Figure 2.13: Angular momentum in x-z plane, temporally-averaged and averaged through y-direction for
cases with (a) drag only and (b, c) drag and torque.
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(a) Drag only
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Figure 2.14: Angular momentum in x-z plane, temporally-averaged and averaged through y-direction for
cases with (a) drag only and (b, c) all hydrodynamic forces included.
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beds. To account for the coupling between the solid particle phase and fluid phase,
we have employed the CFD-DEM algorithm where the CFD component solves the fluid
motion and DEM solves the particle-particle interactions. In this study we have con-
sidered several different hydrodynamic force cases where particles are subject to vary-
ing lift and torque closures (Table 2.3). First, we have used lift and torque expressions
from Zastawny et al. [2] that were derived for ellipsoids and disk-like particles. From in-
house direct numerical simulations (DNS), fitting coefficients suitable for spherocylin-
drical particles in this study have been calculated for the expressions in [2]. Second, we
have employed lift and torque expressions specifically for the spherocylindrical particles
explored in this study from recent DNS simulations of Sanjeevi et al. [3]. While we ac-
count for multiparticle effects in the calculation of the drag force by using the Di Felice
approximation [58], the correlation functions considered here for the estimation of the
lift and torque have been derived for isolated single spherocylinder particles and thus
are applied here as an approximation of lift and torque conditions in a dense fluidized
bed.

While we have explored a number of hydrodynamic force cases, a key observation
from the results is the relevance of hydrodynamic torque on particle dynamics, in par-
ticular on particle orientation. In Section 2.4.3, we examined the effect of differing hy-
drodynamic force conditions on particle orientation in respect to the fluid flow or z-axis
over the entire reactor and in specific domains of the reactor. First, Fig. 2.8 revealed that
inclusion of torque leads to a considerable change in particle orientations, with particles
less likely to be orientated parallel to the flow and more likely to be orientated perpen-
dicular to the flow. We confirmed this observation by studying preferred particle orien-
tations for differing lift and torque conditions. Second, although the addition of lift only
has a slight effect on particle orientation (Fig. 2.9), marked by an increase in random
orientation of particles in the middle section of the reactor, the inclusion of torque leads
to considerable changes in the particle orientations throughout the reactor (Fig. 2.10).
We note that only particles near the flow inlet of the reactor show alignment with the di-
rection of fluid flow for both lift force cases. This is more than likely due to the collation
of contacting particles into groups that move as a single solid unit with the direction of
fluid flow. Beyond this region the particles become randomly orientated after which the
particles tend to align perpendicular to the direction of flow (Fig. 2.10). This conforms
with the visualisations presented in Fig. 2.4 where during the start of release particles
appear to be orientated perpendicular to the z-axis. Additionally, the inclusion of torque
leads to a large decrease in particle alignment with the z-axis for particles adjacent to the
boundaries. Without torque, the particles can rotate more freely, however with torque,
the degree of particle rotation decreases such that particles tend to orient perpendicular
to the fluid flow. We do not find an appreciable difference in particle angular momentum
with or without hydrodynamic torque or lift (see Figs. 2.12, 2.13 and 2.14). This suggests
that changes in particle angular momentum may be dominated by interparticle interac-
tions.

We also examined the effect of varying hydrodynamic forces on particle velocity along
the z-axis (vz ) at specific locations in the reactor (Fig. 2.7). For cases with just torque we
find that there is little or no difference in the velocity profile in comparison to the case
with drag forces only. However, inclusion of lift leads to a drastic change in the profile
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when compared with a case of just hydrodynamic torque, in particular midway along the
x-axis. These results indicate that lift has a greater influence than hydrodynamic torque
on particle velocity. However, while lift affects particle velocity, torque has a marked af-
fect on particle orientation (Fig. 2.8). In combination, lift and torque conditions are of
paramount importance for the interactions experienced by particles, and hence on the
resulting flow conditions. We must also emphasise that both the lift and torque are cal-
culated without consideration of multiparticle effects. Our previous study suggests that
a multiparticle expression for lift force can have an even stronger effect on vz profiles
than using the single particle expression [60]. To comprehensively establish the precise
effect of lift and torque in multiparticle setting requires new multiparticle expressions
for the calculation of the lift and torque that could be derived from DNS simulations
similar to those used to define the isolated lift and torque correlations [3].

While single-particle lift and torque correlations do not account for multiparticle ef-
fects and may lead to an overestimation of lift and torque in the dense or lower bulk do-
mains of the reactor, particle dynamics in the upper domains of the reactor are argued
to have greater accuracy. As shown in Fig. 2.5, temporally-averaged particle occupancy
〈np〉 in the upper domains of the reactor are significantly lower than in dense domains.
For example, at z = 0.0675 m, which lies in the dense region of the reactor, 〈np〉 ≈ 17.
However, at z = 0.3075 m, which lies in the dilute domain of the reactor, 〈np〉 ≈ 5. Hence,
in the upper regions of the bed, on average, particles will be subject to lower multipar-
ticle effects and thus lower deviations from the idealised single particle case. Thus, we
surmise that the lift and torque conditions experienced by particles, and hence the en-
suing dynamics in the upper regions of the bed can be suitably described using single-
particle lift and torque correlations. Further studies on varying lift and torque conditions
are necessary to corroborate this effect.

Domains near the base of the reactor are typified by long-lasting particle contacts
and groups of interlocked or jammed particles. These groups will tend to move as single
units and thus experience hydrodynamic conditions dictated by local multiparticle ef-
fects. Intuitively one would expect that the lift and torque on an individual particle in a
group would be suppressed. The lift and torque correlations used in this study do not ac-
count for such complex multiparticle effects. Imperatively, we point out that this study
is a preliminary investigation on the importance of lift and torque on fluidized sphe-
rocylinders. Once accurate and appropriate multiparticle lift and torque correlations
become available, we will perform further simulations to explore particle dynamics and
fully assess the limitations of single-particle lift and torque correlations for spherocylin-
ders.

We have also not considered rotational torque, which develops due to the relative ro-
tation of a particle with respect to the fluid. An expression for rotational torque has been
defined in a previous study on ellipsoids and disk-like particles [2]. However, the coef-
ficients are not applicable to the spherocylinders studied here. In addition, we deemed
that rotational torque was not relevant for particle dynamics. Nonetheless, an accurate
expression for spherocylindrical rotational torque could be calculated with DNS simula-
tions for future CFD-DEM investigations.

In the case of the drag closure, with multiple-particle correlation expressions for
spherocylinder particles unavailable, we account for the effect of neighbouring parti-
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cles by adapting the expression of Di Felice (Eqs. 2.11 and 2.12). However, the Di Felice
approximation has been derived for spherical particles [58] and is used here to approx-
imate the neighbouring or swarm effect on the drag forces experienced by spherocylin-
drical particles. Previous studies on spherocylinder-like particles have also employed
the Di Felice expression to account for multiple-particle effects [62–66]. While the Di
Felice expression accounts for variations in the particle Reynolds number, it does not
take into consideration the orientation of the particle of interest or the orientation of the
neighbouring particles, given that it has been defined for perfect spheres. As a result,
the expression may coarse grain key geometrical aspects of particle arrangements near a
particle of interest and hence provide only a rough estimate of the true drag force. Com-
pared to the spherical case, the change in drag force experienced by a spherocylinder
due to the proximity of other spherocylinder particles may depend on the configuration
of the neighbouring particles.

Experiments with pseudo-2D fluidised beds can be used for accurate particle im-
age velocimetry (PIV) and particle tracking velocimetry (PTV) studies [7]. Unfortunately
such experiments do not provide information in relation to particle dynamics in the bulk
of a fluidised bed i.e. distant from the boundaries of the system.

To gain better insight into the fluidisation response in laboratory scale 3D fluidized
beds, in the future, we plan to perform Magnetic Particle Tracking (MPT) experiments
[67–69] where the magnetic field associated with a single magnetic tracer particle is mea-
sured using a magnetic sensor array. This approach has previously been used to track
both spheres and rods in a cylindrical fluidised bed [68]. Data from future MPT experi-
ments will be compared with current numerical results and also used to motivate further
CFD-DEM investigations.



3
FLUIDIZATION OF SPHERICAL

VERSUS ELONGATED PARTICLES -
EXPERIMENTAL INVESTIGATION

USING MAGNETIC PARTICLE

TRACKING

In biomass processing fluidized beds are used to process granular materials where parti-
cles typically possess elongated shapes. However, for simplicity, in computer simulations
particles are often considered spherical, even though elongated particles experience more
complex particle-particle interactions as well as different hydrodynamic forces. The exact
effect of these more complex interactions in dense fluidized suspensions is still not well un-
derstood. In this study we use the Magnetic Particle Tracking (MPT) technique to compare
the fluidization behavior of spherical particles to that of elongated particles. We found a
considerable difference between fluidization behavior of spherical versus elongated par-
ticles in the time-averaged particle velocity field as well as in the time-averaged particle
rotational velocity profile. Moreover, we studied the effect of fluid velocity and the parti-
cle’s aspect ratio on the particle’s preferred orientation in different parts of the bed, which
provides new insight in the fluidization behavior of elongated particles.

Part of this chapter has been published in AIChE Journal 66 (2019) [70].
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3.1. INTRODUCTION

Fluidized beds are encountered in many industrial applications such as gasification,
drying, coating, food processing and gas phase polymerization. In many of these pro-
cesses the fluidized particles have a non-spherical shape. This is particularly the case in
biomass processing which is rapidly gaining importance because of the need to switch
to more sustainable energy and material sources. Biomass such as wood chips, wood
pellets and straw-like materials are characterized by an elongated shape. Elongated par-
ticles feature much more complex particle-particle interactions as well as complex hy-
drodynamic forces that depend on particle shape and orientation to the flow. This cre-
ates a need for better understanding of fluidization of elongated particles which explains
why such systems have received considerable attention in recent years. Fluidization of
elongated particles such as cylinders, ellipsoids and spherocylinders has been the topic
of several numerical investigations [7, 8, 71–73]. More fundamental research has also
been conducted to obtain a better understanding of the hydrodynamic forces acting on
individual elongated particles [2, 3, 32, 74].

Experimental investigations for validation of computational models for dense gas-
particle flows are still quite scarce, especially for 3D systems. The best established and
mostly used non-invasive technique is PIV-DIA [75], but it is limited to quasi-2D systems.
The first experimental research on fluidization of non-spherical particles was carried
out using this technique [7, 63, 76]. For 3D systems, X-ray tomography (XRT) has been
widely used for fluidized beds with spherical particles [77–80]. For most particle sizes,
this technique can only provide insight in the bubble behavior of fluidized beds and un-
fortunately no information on the particle orientation, which is an important parameter
for non-spherical particles. The latter requires particle tracking techniques. Recently,
X-ray particle tracking velocimetry was used to investigate binary fluidized beds with
cylindrical particles [81, 82]. X-ray rheography is a novel technique that can be used to
obtain velocity fields for 3D granular systems [83, 84]. Positron emission particle tracking
(PEPT) is another established particle tracking technique [85, 86], which has also been
successfully used to track the orientation of non-spherical particles [87].

The disadvantage of employing techniques like XRT and PEPT is that they require
special facilities and safety measures. Therefore, the application of these techniques is
challenging. Magnetic particle tracking (MPT) [67–69, 88–91] has emerged as a novel
experimental technique that has proven to be less expensive and safer than XRT and
PEPT. MPT relies on following a magnetic dipole of a single tracer particle which allows
tracking of the particle position, together with its orientation.

In this work we use the Magnetic Particle Tracking (MPT) technique to investigate
the fluidization behavior of elongated particles. In particular, we will investigate sphe-
rocylinders of different aspect ratio, representative of biomass particles. We compare
the fluidization behaviour of spherocylindrical particles of two aspect ratios: aspect ra-
tio 4 (AR-4) and aspect ratio 6 (AR-6), with that of spherical particles (AR-1), for several
superficial gas velocities.
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3.2. MAGNETIC PARTICLE TRACKING (MPT)

The principles behind magnetic particle tracking technique are thoroughly discussed in
[67]. Here we only present a short summary. MPT is an experimental technique which
relies on tracking a single magnetic marker. The magnetic tracer particle generates a
quasi-static magnetic field, given by:

H(up ,rps ) = 1

4π

(
−µm up

|rps |3
+ 3µm(up · rps )rps

|rps |5
)

(3.1)

where rps = rp −rs is the relative position vector between the tracer particle and the sen-
sor, µm is the magnetic moment of the tracer particle, and up is its unit orientation vec-
tor. The magnetic field generated by the tracer particle is detected by employing multiple
Anisotropic Magneto Resistive (AMR) sensors. The tracer particle position and orienta-
tion is estimated by minimizing the difference between the theoretical and measured
magnetic field strength of all sensors. The theoretical magnetic field strength is calcu-
lated for each sensor based on its position and orientation by multiplying Eq. 3.1 with
the orientation vector of the sensor

St = H(ep ,rps ) ·es (3.2)

Subsequently, the difference between the theoretical field strength and sensor data is
minimized using Eq. 3.3:

P =
∑N

i=1 erf
(

St ,i−Sm,ip
2σi

)
N

(3.3)

where N is the number of sensors, Sequential Quadratic Programming is used to solve
the associated minimization problem.

The experimental error in determining the magnetic tracer position and orientation
depends on magnetic moment of the magnet. For the tracer with a magnetic moment of
0.014 Am2 used in this work, the uncertainty in determining its position and orientation
is of the order of 2 mm and 2 degree, respectively. More information about determina-
tion of uncertainty can be found in [88]

3.3. EXPERIMENTAL SETUP

The experimental setup used in this work is shown in Fig. 3.1. A square gas-fluidized
bed is surrounded by a 3D sensor array that consists of four rings, each carrying six
tri-axis AMR sensors. Setup and control are provided by Matesy GmbH. Each tri-axis
sensor measures the magnetic field in 3 orthogonal directions, resulting in a total of 72
signals coming from the whole sensor array. The fluidized bed and sensor array are posi-
tioned in the center of a large Helmholtz coil to counter the effect of the earth’s magnetic
field. The fluidizing gas is air, the source of which is connected to a humidifier to min-
imize generation of static charge during fluidization. Because in these experiments we
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Figure 3.1: (a) Full experimental setup, (b) close-up of the column with sensor array. 1-Fluidized bed, 2-Sensor
array, 3-Helmholtz coil, 4-Humidifier.

are using relatively large granular particles, not powders, using moist air for fluidiza-
tion will not lead to sticking agglomerate formation. All equipment parts consist of non-
magnetizable materials. The dimensions and properties of the experimental setup are
listed in Table 3.1.

In this study three types of particles are investigated, with different aspect ratios (L/D
= 1, 4 and 6), shown in Fig. 3.2 . Particles of aspect ratio 1 (AR-1) and 4 (AR-4) are vol-
ume equivalent to each other, while particles with aspect ratio 6 (AR-6) have the same
diameter as AR-4 but differ in length. The minimum diameter of the particles is limited
by the need to insert a magnet inside the tracer particle. The particles are 3D printed
and made of alumide, a 3D printing material consisting of nylon filled with aluminum
dust. The advantage of using this material (over more commonly used plastics) is that
it allows, through particle contacts, for electrically conductive paths to the aluminum
bed walls, thus preventing slow buildup of static charge during the experiments. In all
experiments the mass of the bed is kept the same at 3.3 kg. For this mass of the bed,
the initial bed heights for our particles are 17.5 cm, 17.9 cm and 18.5 cm for AR-1, AR-
4 and AR-6 particles respectively. Tracer particles for aspect ratios 4 and 6 are made of
European lime wood, with a density of 548 kg/m3, and have the same shape and size as
the bulk particles. The wooden particle is drilled along its long axis and in the middle of
the particle a cylindrical neodymium magnet is inserted. The spherical tracer particle is
made in a similar way: a cork sphere with a density of 240 kg/m3 and 5.3 mm diameter is
drilled from side to side and in the middle a spherical magnet with 3 mm diameter is po-
sitioned. The drilled holes are closed and filled with silicone. Inserting a magnet inside
the tracer particle will change its moment of inertia which has to be taken into account
when the presented results are used for validation of numerical models. The dimension
and properties of the particles, tracer particles and magnets used are listed in Table 3.2
. The overall tracer particle density closely matches the density of the bulk particles. In
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Fluidized bed
Parameter Value
Width 0.15 m
Depth 0.15 m
Height 1 m
Column material Aluminum

MPT sensor array
Parameter Value
Sensor type Tri-axis AMR
Number of sensors 24
Height 0.45 m
Distance between opposing sensors 0.26 m
Frequency 1000 Hz

Table 3.1: Dimensions and properties of the experimental setup.

Figure 3.2: 3D printed alumide particles of aspect ratio AR-1, AR-4 and AR-6.

case of aspect ratio 6 particles, the density of the tracer particle and bulk particle is iden-
tical. However, a difference in density between the tracer particle and the bulk particles
for AR-1 particles is 25 % and for AR-4 particles 31 %. Due to the higher density of the
tracer particle, it can spend a longer time at the bottom of the column and will not be
lifted as high in the freeboard region as the other particles. This difference in density
does not present a problem because in dense fluidizing conditions, the tracer particle
will move with the rest of the bulk particles and there will be no segregation [67, 92]. The
only regions where caution should be taken for interpreting the results are the freeboard
region and the lower part of the bed, close to the distributor plate.

3.4. RESULTS

In this section we present and compare the fluidization characteristics for spherocylin-
drical particles of three different aspect ratios (aspect ratio 1, 4 and 6). The particles of as-
pect ratio 1 and 4 were fluidized using 4 different gas velocities, at 1.4Umf, 1.6Umf, 1.8Umf
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Particles
Parameter AR-1 AR-4 AR-6
Number of particles 30000 30000 17750
Particle length [L] - 12 mm 18 mm
Particle diameter [2R] 5.3 mm 3 mm 3 mm
Particle material Alumide Alumide Alumide
Particle density 1442 kg/m3 1442 kg/m3 1442 kg/m3

Mass of particle 0.112 g 0.112 g 0.186 g
Bed height 18 cm 18.4 cm 19.2 cm
Minimum fluidization velocity 1.58 m/s 1.7 m/s 2.64 m/s

Magnet
Material N52 (NdFeB) N52 (NdFeB) N52 (NdFeB)
Length - 7.00 mm 12 mm
Diameter 3 mm 1.6 mm 1.2 mm
Density 7200 kg/m3 7200 kg/m3 7200 kg/m3

Magnetic moment 0.14 Am2 0.14 Am2 0.14 Am2

Tracer particle
Particle length [L] - 12 mm 18 mm
Particle diameter [2R] 5.30 mm 3 mm 3 mm
Particle material Cork European lime European lime
Particle density (without magnet) 240 kg/m3 548 kg/m3 548 kg/m3

Particle density (with magnet) 1796 kg/m3 2057 kg/m3 1498 kg/m3

Mass of particle (with magnet) 0.14 g 0.16 g 0.18 g

Table 3.2: Particle properties.
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and 2Umf, while the particles of aspect ratio 6 were fluidized only at 1.4 and 1.6Umf due
to limitations of the air supply. All experiments were run for three hours to obtain good
statistical averages. We present our results in terms of the particle velocity in the vertical
(z) direction, particle orientation and particle rotation velocity.

3.4.1. MINIMUM FLUIDIZATION VELOCITY

The minimum fluidization velocity Umf for the particles was obtained from pressure
drop measurements as described in [6, 7] by intersection of the packed bed pressure
drop line and the fluidized bed static pressure drop at decreasing flow rate. The pressure
drop measurements were carried out using a MPX5050DP differential pressure sensor
attached to the bottom of the column. The air flow rate was incremented in steps of
10 nm3/h, and for each value measurements were taken for 60 seconds at 100 Hz for
both increasing and decreasing flow rate. The pressure drop curves for the 3 types of
particles are presented in Figure 3.3 . When determining the minimum fluidization ve-
locity for elongated particles we need to be careful because of the additional fluidization
regimes that appear in the fluidization of such particles. When fluidizing elongated par-
ticles there is no direct transition from a fixed bed to a fluidized bed, but rather there are
two channeling phases (active and passive channeling), described in [7], before the bed
reaches the bubbling fluidizing regime. For long particles, with aspect ratio 6, the tran-
sition from a fixed bed to passive channeling is clearly noticeable in the pressure drop
curve at a gas velocity of 2 m/s. The channels formed in the bed of AR-6 particles are
more stable than in beds of lower aspect ratio particles, which makes it harder for them
to transition to bubbling fluidization. The determined minimum fluidization velocities
are listed in Table 3.2.

3.4.2. PARTICLE VELOCITY

Figures 3.4, 3.5 and 3.6 show the velocity distributions in the x-z plane for particles of as-
pect ratio 1, 4 and 6, respectively. The data were averaged in the y-direction and weighted
by the number of particles in each cell of 1x1 cm used for averaging. From Figure 3.4 it
can be seen that spherical particles tend to rise in the middle of the column and fall down
next to the walls. However, at low gas inlet velocities (1.4Umf and 1.6Umf) two counter-
rotating vortices can be noticed, one below 7 cm height, where particles rise next to the
wall and move towards the center of the bed, and another one above 7 cm where par-
ticles rise in the center of the column. Increasing the gas inlet velocity reduces the size
of these lower vortices until they completely disappear leaving only the upper vortex as
the dominant one, which in our case for spheres can already be observed at 1.8Umf. This
behavior is well-known and reported in the literature [6, 93], and can be explained by
motion of small bubbles near the walls that tend to move away from the walls due to
coalescence with neighboring bubbles. As bubble motion is the main driver of parti-
cles movement in the fluidized bed, a shift of bubble activity towards the center of the
column will cause particles to rise in the middle and descend in the vicinity of the walls.
With increasing gas inlet velocity, more bubbles will form above the distributor plate and
their size will be larger, which leads to faster coalescence. Therefore, increasing the gas
inlet velocity decreases the size of the lower vortex until it completely disappears.
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Figure 3.3: Pressure drop measurements and minimum fluidization velocity determination for AR-1, AR-4 and
AR-6 particles. The dashed red line represents the determined minimum fluidization velocity, the dotted lines

indicates the used fluidization velocities: green 1.4Umf, purple 1.6Umf, blue 1.8Umf and cyan 2Umf.
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Figure 3.4: Velocity distributions for AR-1 particles in the X-Z plane for different gas inlet velocities. Positions
are indicated in cm. Red and purple arrows indicate the directions of the main vortices.
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Figure 3.5: Velocity distributions for the AR-4 particles in X-Z plane for different gas inlet velocities. Positions
are indicated in cm. Red and purple arrows indicate the directions of the main vortices.

Comparing the velocity profiles of spherocylindircal particles, shown in Figures 3.5
and 3.6, to the above discussed spherical particles it can be noticed that they show sub-
stantially different circulation patterns. At a low gas inlet velocity of 1.4Umf, sphero-
cylindrical particles show only one vortex and, unlike the spheres, they rise next to the
walls and descend in the middle of the column. This behavior is not discernible during
the fluidization of spherical particles and agrees with the observations reported in [68].
An increase of gas velocity to 1.6Umf leads to the separation of the flow and a double
circulation pattern emerges such that the lower and upper vortex are roughly the same
size. A further increase of the gas inlet velocity leads to a decreases of the size of the
lower vortex, but it remains present even at the highest gas velocity that we considered.
Spherocylindrical particles clearly show more distinct double circulation patterns, with
considerably larger lower vortices than spherical particles.

The specific circulation pattern of spherocylindrical particles can be explained to be
a consequence of the stronger packing of spherocylinders compared to spheres. Entan-
glement and higher contact surface between the particles makes it harder for bubbles
to move through such a strong packing of entangled particles compared to propagation



3.4. RESULTS

3

45

0 5 10 15

x position

0

10

20

30

40

50

60
z 

p
o

s
it

io
n

(b) 1.6Umf

(a) 1.4U
mf

5 10 15

x position [cm]

60

50

40

30

20

10

z 
p

o
si

ti
o

n
 [

cm
]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 5 10 15

x position

0

10

20

30

40

50

60

z 
p

o
s

it
io

n

(a) 1.4Umf
(a) 1.4U

mf

5 10 15

x position [cm]

60

50

40

30

20

10

z
p

o
si

ti
o

n
[c

m
]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1(a) 1.4U
mf

5 10 15

x position [cm]

60

50

40

30

20

10

z 
p

o
si

ti
o

n
 [

cm
]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Figure 3.6: Velocity distributions for AR-6 particles in the X-Z plane for different gas inlet velocities. Positions
are indicated in cm. Red and purple arrows indicate the directions of the main vortices.
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through the space between particles and walls. Therefore, at low inlet gas velocity, par-
ticles will be lifted next to the walls and descend in the middle of the column. Stronger
packing also makes it harder for bubbles to coalescence and move towards the central
region of the column, leading to a larger and more stable lower vortex.

3.4.3. PARTICLE ROTATIONAL VELOCITY

The Magnetic Particle tracking technique allows us to track the components of the rota-
tional velocity perpendicular to the magnetic axis, which in case of our tracer particles
is aligned with the particle main axis. Figures 3.7 and 3.8 show profiles of the magnitude
of the particle rotational velocity in the x-z plane, averaged along the y-axis, for particles
of aspect ratio 4 and 6, respectively. From both figures it can be observed that AR-4 and
AR-6 particles have the highest rotational velocities in the free board region. From these
figures it can also be seen that an increase in gas velocity leads to an increase in particle
rotational velocity in the entire bed. Comparing figures 3.7 and 3.8, it can be observed
that particles with aspect ratio 6 have much higher rotational velocities than aspect ratio
4 particles.

From Figure 3.9 it can be seen that, unlike spherocylinders, for spherical particles,
the highest rotational velocities are not encountered in the freeboard region but in the
vicinity of the walls (Figure 3.9 (a) and (b)). With increasing gas velocity, the particle
rotational velocity in the bulk region of the bed also increases.

The occurrence of high rotational velocities next to the walls in case of spherical
particles can be associated with rolling of particles along the wall, caused by tangen-
tial particle-wall friction. In contrast, rolling of spherocylindrical particles along the wall
around an axis parallel to the wall, but perpendicular to the particles long axis is nearly
impossible because of the elongated shape. There exists a possibility that spherocylin-
ders do roll along the long particle axis, but this mode of rotation is not detectable with
our current MPT system.

Even though the tracer particles have the same size and shape as the rest of the bulk
particles, this is not the case for the moment of inertia, because of the inserted magnet.
This needs to be taken into consideration when the presented experimental data is used
to validate numerical models.

3.4.4. PARTICLE ORIENTATION

Unlike spherical particles, non-spherical particles can possess different orientation rel-
ative to direction of the fluid flow. This is an important characteristic of non-spherical
particles, because orientation of the particles relative to the fluid flow affects the mag-
nitude of the drag force they experience and also increases the importance of shape
induced lift force and hydrodynamic torque [32][3][8]. Figure 3.10 shows the effect of
changing the gas velocity on particle orientation relative to the z-axis. To avoid the effect
of the slightly higher tracer density, discussed in section 3.3 , the free-board region and
lower part of the bed, close to the distributor plate, are excluded from the averaging. We
therefore focus on the bulk region between 10 cm and 35 cm height. For particles in a
fluidized bed, the orientation with respect to the main direction of gas flow is important.



3.4. RESULTS

3

47

Figure 3.7: Rotational velocity [rot/s] distributions, for rotations around axes perpendicular to the long axis of
the particle, in the x-z plane for AR-4 particles.

Figure 3.8: Rotational velocity [rot/s] distributions, for rotations around axes perpendicular to the long axis of
the particle, in the x-z plane for AR-6 particles.
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Figure 3.9: Rotational velocity [rot/s] distributions in the x-z plane for AR-1 particles.

Therefore we focus on the z-component of the particle orientation vector uz , which can
provide information on the particles alignment: for uz = ±1 the particle is fully aligned
with the main flow, while for uz = 0 the particle is perpendicular to the main flow direc-
tion.

Figure 3.10 shows that with increasing gas velocity, the fraction of particles oriented
vertically increases while the fraction of particles that orient horizontally decreases. At a
low gas velocity of 1.4Umf for both aspect ratio particles there exists a peak for horizon-
tal orientation of particles, which disappears with increasing gas velocity. Figure 3.11
compares the z-orientation distribution of AR-4 and AR-6 particles at two different gas
velocities. At a gas velocity of 1.4Umf in both cases we observe a clear peak for horizontal
orientation. However while the majority of AR-4 particles at this velocity tend to orient
horizontally in case of AR-6 particles there is also a strong preference for vertical orien-
tation. At a superficial velocity of 1.6Umf in both cases an increase in fraction of particles
oriented vertically can be observed but the stronger preference of AR-6 particles for ver-
tical orientation is still evident.

While Figures 3.10 and 3.11 give insight into the average orientation of particles with
respect to the z-axis, Figures 3.12 and 3.13 display the preferred orientation of particles
in different parts of the reactor. The particle preferred orientation can be measured using
the nematic tensor S defined as:
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Figure 3.10: Effect of gas velocity on the time-averaged fraction ( fp ) of particle orientation in the z-direction
(uz ) of AR-4 and AR-6 particles.

Figure 3.11: Comparison of time-averaged particle orientation in the z-direction for AR-4 and AR-6 particles.
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Values of the diagonal components of the orientation tensor indicate preferred align-
ment of particles with one of the Cartesian axes. If one of the components is consider-
ably larger than others, it can be concluded that the particle is preferably aligned with
that corresponding axis. Otherwise, if the difference between the diagonal components

is less than 0.1 i.e.
∣∣∣〈u2

x〉−〈u2
y 〉

∣∣∣< 0.1,
∣∣〈u2

x〉−〈u2
z〉

∣∣< 0.1 and
∣∣∣〈u2

y 〉−〈u2
z〉

∣∣∣< 0.1, the parti-

cle is considered to be randomly oriented.
Figures 3.12 and 3.13 reveal the predominant particle alignment in different parts of

the bed in the x-z plane for different inlet gas velocities. Values are temporally averaged
and averaged over the y-direction. The coding color scheme is such that blue cells in-
dicate preferred orientation of particles in the x-direction, green cells indicate preferred
alignment with the y-direction and red cells indicate alignment with the z-axis. Cyan
cells indicate random orientation of the particles.

From Figure 3.12 (a) it can be seen that at 1.4Umf particles in the entire bed feature
either horizontal or random orientation. In the lower part of the fluidized bed (below 10
cm), as well as in the central section and in the vicinity of the walls, particles assume a
horizontal orientation such that in the middle they align with the x-axis but next to the
walls they align with the y-axis. The horizontal orientation of the particles observed in
the bulk region at the lowest fluidization velocity is due to the very mild fluidization at
this velocity and less randomizing particle-particle collisions, therefore the features are
still close to that in a non-fluidized packed bed. In the freeboard region, and in the parts
between the middle section and walls, particles are randomly oriented. In Figure 3.12
(b), for u f = 1.6Umf, an increase in random orientation of particles can be observed. In
the lower part, close to the distributor plate, particles still have a preferably horizontal
alignment, as well as in the lower free-board region, between 30 cm and 40 cm height.
The horizontal orientation of the particles in the lower free-board region is the conse-
quence of hydrodynamic torque [8]. In this region, particles move more-or-less indi-
vidually and without the perturbing influence of neighboring particles they tend to ori-
ent horizontally in a planar upwards flow due to the stabilizing effect of hydrodynamic
torque. Next to the walls, particles still tend to align with the y-axis but an increase of
alignment with the z-axis can also be seen in that region. A further increase of the gas
velocity, see Figure 3.12 (c) and (d), leads to an increase in vertical orientation, particu-
larly in the middle of the dense region of the fluidized bed, between 10 cm and 20 cm
height and next to the walls. At the same time, we notice a stronger preference in the
lower freeboard region, between 30 cm and 40 cm height, for particles to orient horizon-
tally.

Similar trends can be observed for AR-6 particles, as shown in Figure 3.13. An in-
crease of fluid velocity reduces the tendency of particles to orient horizontally and in-
creases the preference for vertical orientation. Comparing Figures 3.12 and 3.13 (a) and
(b) reveals that AR-6 particles show stronger preference to orient vertically compared to
AR-4 particles. This was already concluded from Figure 3.11, but from Figures 3.12 and
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Figure 3.12: Distribution of the predominant orientation of AR-4 particles in the x-z plane. Here the colour
scheme is: blue squares ( ) are x-aligned, green squares ( ) are y-aligned, red squares ( ) are z-aligned, and

cyan squares ( ) are randomly oriented. White space represents empty cells. Schematic representation of
color scheme is shown in Figure 3.13
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z-aligned

x-aligned

y-aligned

Figure 3.13: AR-6 particle prefered orientation in x-z plane. Here the colour scheme is: blue squares ( ) are
x-aligned, green squares ( ) are y-aligned, red squares ( ) are z-aligned and cyan squares ( ) are randomly

orientated. White space represents empty cells.

3.13 it becomes apparent that the stronger preference of AR-6 particles to orient verti-
cally is mostly occurring next to the walls.

3.5. DISCUSSION AND CONCLUSION

In this work, we applied Magnetic Particle Tracking (MPT) to compare the fluidization
behavior of spherical and elongated particles at different gas velocities. We studied three
types of particles: spheres and spherocylinders with aspect ratio 4 and 6. The MPT tech-
nique provides us detailed insight into particles translation and rotation as well as parti-
cle orientation in a full 3D gas-fluidized bed.

Regarding the particle preferred orientation, we observed a higher tendency for AR-6
particles to align with the gas flow than AR-4 particles. This is particularly the case in
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the wall region where in both cases particles align to the walls but AR-6 particles are also
preferably aligned with the direction of gas flow, while AR-4 particles are perpendicular
to it. Using the MPT results we have also mapped out different zones in our gas-fluidized
bed based on the particles preferred orientation, as shown in Figures 3.12 and 3.13. In
all considered cases, the particles assume a horizontal position in the lower part of the
bed, close to the distributor plate. In the wall region, particles tend to align with the
walls, where at low gas velocities they are lying in a horizontal position but with increase
in gas velocity they align with the flow and assume a vertical position. The bulk region
of dense particle flow is defined between 10 cm and 20 cm height and 5 cm and 10 cm
in the horizontal x-direction. In this region, at low gas velocities (1.4Umf), the particles
are oriented horizontally. An increase in gas velocity leads to randomization of particle
orientations, while further increase to 1.8Umf and 2Umf changes the particle’s preferred
orientation to vertical. Generally, we observed that with increasing the gas velocity the
particles preference to align with the direction of gas flow increases.

In the distribution of the particle rotational velocity we see a clear difference between
spherical and elongated particles. For a bed of spherical particles, we observe the highest
rotational velocities in the bulk region and in the vicinity of the walls, while elongated
particles posses the highest rotational velocities in the free-board region. These results
are consistent with findings by [68]. Varying the particle aspect ratio also has an effect
on the rotational velocity: we found that higher aspect ratio particles experience higher
magnitudes of rotational velocity. As previously stated in section 3.4.3, we have to be
cautious when considering the results of particle rotation obtained from MPT, because
we are only capturing one mode of rotation.

A clear difference between spherical and elongated particles is also observed in the
particle velocity distributions, discussed in section 3.4.2. For spherical particles, the ve-
locity distribution shows that particles rise in the middle of the bed and descend next to
the walls. This behavior is dominant at all gas velocities. However, in case of elongated
particles we observed a completely different behavior. At low gas velocity (1.4Umf), par-
ticles rise next to the walls and descend in the middle of the bed, a result which is not ob-
tained for fluidization of spherical particles. For both spherical and elongated particles
we encounter cases where double circulation patterns are present and flow is separated
into two counter rotating vortices: a lower one where particles rise next to the walls and
descend in the middle of the bed and an upper one where they are rising in the middle
and descend next to the walls. For spherical particles this behavior can be noticed only at
the lowest gas velocity (1.4Umf) while it is the main characteristic of elongated particles.
For AR-4 and AR-6 particles at a gas velocity of 1.6Umf, the particle velocity distribution
is separated in two counter rotating vortices of the same size. Increasing the gas veloc-
ity reduces the size of the lower vortex, while the upper one where particles rise in the
middle of the bed becomes the dominant one.

The considerable difference between spherical and elongated particles, reported in
this chapter, emphasizes the need for further development of numerical models for sim-
ulation of gas-fluidized beds with elongated particles. The presented results will be valu-
able for future validations of simulation results. Magnetic Particle Tracking (MPT) is
a powerful non-invasive experimental technique that can provide insight into the be-
havior of particles in full 3D fluidized bed. However, it also has its limitations. It can



3

54 3. SPHERICAL VERSUS ELONGATED PARTICLES - MAGNETIC PARTICLE TRACKING

give us only time-averaged values for important fluidization parameters, therefore short
lived structures, like bubbles and clusters, can not be captured with it. As bubble prop-
erties are important characteristics of gas-fluidized beds, necessary for optimization of
the equipment, in the next chapter we will apply X-ray tomography analysis of the same
systems to study bubbling behavior of elongated particles.



4
FLUIDIZATION OF SPHERICAL

VERSUS ELONGATED PARTICLES -
EXPERIMENTAL INVESTIGATION

USING X-RAY TOMOGRAPHY

In many industrial applications, particles used in fluidized bed clearly deviate from ideal
spheres. This leads to an increasing need for better understanding and developing better
simulation models for fluidization of non-spherical particles. So far, the literature is quite
scarce when it comes to experimental results which can be used for validation of numeri-
cal models. Also, the exact difference in fluidization behavior between spherical and elon-
gated particles in dense fluidizing conditions is not well understood. In this chapter, we
apply X-ray tomography to compare the fluidization behavior of a bed of a Geldart D-type
spherical particles of aspect ratio 4 to that of volume equivalent spherocylindrical particles
for different gas velocities. Even though the beds of both spherical and elongated particles
are operating in the slugging regime, due their size and high bed height to width ratio,
we see clear differences in their fluidization behavior. Our results indicate that the bed of
elongated particles is slugging less than the one with spherical particles. This is indicated
by a lower average bubble size in the case of elongated particles, together with a higher
bubble rise velocity. The bed of elongated particles has a considerably higher distribution
of small and medium bubbles. The slug waiting time distribution and slug frequency dis-
tribution indicate that a bed of elongated particles periodically switches between slugging
and turbulent fluidization, unlike the bed of spherical particles which remains in the con-
stant slugging regime.

Part of this chapter has been published in Chemical Engineering Journal 397 (2019) [94].
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4.1. INTRODUCTION

Fluidized beds are irreplaceable equipment for the process industry, offering the best
contact between a dispersed solid and continuous fluid phase. Fluidized beds have
broad application, ranging from food-processing, waste disposal, coating, and chemi-
cal synthesis to energy production. Due to its important role in the chemical industry,
fluidized beds have been the focus of numerous research in the past decades. However,
a large fraction of this research focuses on a relatively smoothly bubbling fluidized beds
with Geldart A or B particles. With such a versatile application of fluidized beds in in-
dustry, particles that are being fluidized can have various shapes and sizes. With the
rising need to switch to more sustainable and renewable material and energy sources,
fluidized beds have found an important role in biomass processing. Typical biomass
particles used in the process industry, such as wood chips, pellets and straw like mate-
rial are not only characterized by an elongated shape but are also of considerably larger
size than powder like materials which are typically used in fluidized beds. These large
elongated particles have much more complex particle-particle interactions and experi-
ence additional orientation dependent hydrodynamic forces [8, 32].

Fluidized beds with non-spherical particles have become a topic of research quite
recently. There is already a large number of numerical investigations of such systems
[7, 8, 71–73]. However, experimental studies are still quite scarce. Most experiments
deal with pseudo 2D fluidized beds and are done using Particle Image Velocimetry (PIV)
and/or Digital Image Analysis (DIA) [63, 76, 95]. However, in dense fluidized beds, such
methods can only give insight into the near-wall region of the bed. To get insight into
a full 3D fluidzed bed is much more challenging, and requires more advanced non-
intrusive 3D experimental techniques. One possible methods is particle tracking. There
are various methods of particle tracking techniques, the most famous one in fluidization
is PEPT [96, 97]. The magnetic particle tracking technique (MPT) [67] is a novel method,
that was successfully applied to fluidized beds of elongated particles [68, 70]. X-ray par-
ticle tracking is another method that was recently applied to investigate fluidization of
binary mixtures of cylindrical and spherical particles [81, 82]. Particle tracking is a pow-
erful method that gives insight into time-averaged single particle features, such as ori-
entation, occupancy and translation and rotation velocities.

Tomographic methods like electrical capacitance tomography[98–100] and X-ray to-
mography on the other hand, can give an overall picture of gas-solids distribution. X-ray
tomography was one of the first non-intrusive 3D experimental techniques applied on
fluidized beds [77, 78, 101]. Tomographic reconstruction is a unique method which is
able to give insight into gas bubble size, shape and location in the fluidized bed. The
bubble dynamics plays a significant role in the fluidization process as it is the main driv-
ing force for solids motion and also determines the contact surface between gas and
solid phase. Therefore, understanding the bubble behavior inside a fluidized bed is cru-
cial for determining its efficiency and for equipment optimization. So far, most of the
research using X-ray tomography focused on bubbling fluidized beds. However due to
the use of various types of particles, fluidzed beds can operate in different regimes like
slugging and turbulent fluidization [102]. This operating regime received considerably
less attention compared to bubbling fluidization and most available findings are not of
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recent date [103–106]. Recently, a few more studies on slugging behavior in small diam-
eter columns appeared [107–109]. However these focus only on Geldart A type powders.
When it comes to Geldart D type particles, the only available models for estimating bub-
ble properties have been developed by Baeyens and Geldart [103] and more recently by
Agu et al. [4, 110]. Venier et al. [111] looked in to slugging fluidization of different type
of particles, including Geldart D type, both experimentally and numerically. However
these studies are limited to high bed height to diameter ratios.

In this chapter we investigate the fluidization behavior of a deep bed of Geldart D
particles that is expected to operate in the slugging regime by means of X-ray tomogra-
phy. We will compare fluidization properties of a bed containing spherical particles to
one containing elongated, spherocylindrical particles, for different gas velocities.

4.2. EXPERIMENTAL SETUP AND METHODS

X-ray tomography (XRT) is a well established non-intrusive method for studying fluidzed
beds [80, 112–114]. The main idea behind applying this method in fluidized bed investi-
gation is to reconstruct the solid or gas fraction, based on the intensity of X-rays detected
after passing trough the fluidized bed. The 2D image reconstruction for horizontal cross
sections of the fluidized bed in this chapter is done using the simultaneous algebraic re-
construction technique (SART) as defined in [78], implemented in the ASTRA Toolbox
package. This technique has already been successfully applied in the same fluidized bed
vessel with other particles [115]. More information about the measurement principles
can be found in [78, 79].

4.2.1. FLUIDIZED BED AND PARTICLES

In this work experiments were conducted in a perspex cylindrical column with an inner
diameter of 14 cm and a height of 140 cm. The fluidized bed column is positioned inside
the X-ray setup, surrounded by three X-ray sources placed at 120° around the column,
as shown in Fig. 4.1. Each X-ray source is paired with a detector plate positioned on
the opposite side, so that the column is in-between them. The X-ray sources used in
this setup were YXLON Y.TU 160-D06 tubes with a maximum voltage of 150 kV and a
maximum current of 12 mA. The used voltage and current depend on the investigated
material and setup and have to be chosen such that the X-ray intensity is high enough
to be detected after passing trough the full bed but not exceed the upper limit of the
detector after passing through an empty bed. The choice of X-ray source voltage and
current used in this work is shown in Fig 4.1 (b). The X-ray detector plates are Xineos-
3131 with a sensitive area of 307mm×302mm and a resolution of 1548×1524 pixels. The
dimensions of each pixel are 198µm×198µm. The energy range in which the detectors
can operate is from 40 kV to 120 kV. In this work we used a field of view of 1548× 100
pixels in order to do measurements at an elevated rate of 200 frames per second.

Two types of particles were considered, spherical (aspect ratio 1, AR-1) and volume
equivalent spherocylinders of aspect ratio 4 (AR-4). The particles were 3D printed by
means of selective laser sintering and made of alumide, a 3D printing material which is
a mixture of nylon and aluminium fine powder. The obtained particles can be classified
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X-ray source 1

Detector plate 1

Fluidized bed

1

2

3

V1 = 120kV
I1 = 9mA

V2 = 120kV
I2 = 9mA

V3 = 120kV
I3 = 11mA

(b)(a)

Figure 4.1: (a) View of the fluidized bed column between the source and the detector plate, 1-X-ray source
tube, 2-Detector plate, 3-Fluidized bed column. (b) Schematic of X-ray setup (top view).

Parameter AR-1 AR-4
Particle mass of the bed 3.3 kg 3.3 kg
Initial bed height 25.5 cm 26 cm
Particle length [L] - 12 mm
Particle diameter [2R] 5.3 mm 3 mm
Particle material Alumide Alumide
Particle density 1442 kg/m3 1442 kg/m3

Mass of particle 0.112 g 0.112 g
Minimum fluidization velocity [Umf ] 1.58 m/s 1.7 m/s

Table 4.1: Particle properties.

as Geldart D particles and all their properties are listed in Table 4.1. In all experiments,
the total particle mass in the bed was kept constant at 3.3 kg. The ratios between the
initial bed height and the column diameter are 1.82 and 1.85 for AR-1 and AR-4 particles,
respectively, so these fluidized beds are categorized as deep beds. Deep beds of Geldart
D particles are expected to operate in the slugging regime [102].

4.2.2. CALIBRATION AND PHANTOM RECONSTRUCTION

Image reconstruction was done using two point calibration with the empty and full bed
as upper and lower limits to the signal. Separate calibration has been performed for
the spherical and elongated particles. The quality of the reconstruction is tested us-
ing phantoms of known dimensions. Cylindrical phantoms of 5.2 cm and 2 cm diame-
ter were inserted vertically in the packed bed of particles. Images of the reconstructed
horizontal cross sections of the phantoms and their estimated sizes are shown in Fig.
4.2. The reconstructed image is presented on a 100×100 cell grid, where the gray area
indicates space around the column, black color refers to areas of the bed packed with
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AR-4:

AR-1:

2cm5.2cm 5.2cm + 2cmReal size:

Estimated size:

Estimated size:

5.53cm 2.08cm

5.32cm 1.96cm 5.36cm + 2.21cm

5.42cm + 2.02cm

Figure 4.2: Reconstructions of different combinations of phantoms in beds of AR-1 and AR-4 particles.

particles, while white color responds to reconstructed voids (bubbles). The estimations
of the phantom sizes are accurate: in the worst case it overestimates the real size by only
6.34 %. Based on the phantom reconstructions, the threshold chosen for distinguishing
bubbles from a packed area of the bed is 0.09 (relative between minimum and maximum
intensity value). As the particles used in this investigation are quite coarse ( see Table
3.2), the voids presented inside the packing can also be quite large and they can lead to
a distortion of the reconstructed phantom shape and overestimation of its size. This is
particularly the case for the large phantom which, due to its higher contact surface with
the particles around it, has a large relative overestimation of its size. The 2 cm phantom
is reconstructed successfully in all cases and therefore we set it as the minimum size of
the bubbles that can be reconstructed with certainty. All bubbles smaller than 2 cm will
be neglected in the further analysis.

4.3. RESULTS

In this section we present results on the average bubble diameter, average bubble veloc-
ity, waiting time distribution between the slugs and slug frequency. The measurements
were done at two different heights within the bed: hlow = 70 mm and hhig = 240 mm
above the distributor plate. For AR-1 particles we investigated 5 different excess gas ve-
locities: U−Umf = 0.4, 0.65, 0.9, 1.15 and 1.4 m/s. Due to the specifics of its fluidization,
AR-4 particles were fluidized at only three excess gas velocities: U−Umf = 0.6, 0.9 and
1.15 m/s. At a gas velocity of U−Umf = 0.4 m/s, AR-4 particles were in an active channel-
ing regime and there were no proper bubbles or slugs forming, while at the highest gas
velocity of U−Umf = 1.4 m/s slugs of particles were lifted to the top of the column and
remain stuck there, clogging the column.

As stated in section 4.2.2 bubbles with an average diameter less than 2 cm are ne-
glected in further analysis together with bubbles that are present in less than 10 frames.
Measurements are done for 60 s in case of average bubble diameter and bubble velocity,
while for the waiting time distribution and slug frequency measurements were run for
600 s in order to collect sufficient statistics.
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(a) (b)

Figure 4.3: Bubble visualizations for at bed height of 240mm and U−Umf = 0.65 m/s for (a) AR-1 and (b) AR-4
particles.

4.3.1. AVERAGE BUBBLE DIAMETER

The average bubble diameter can be directly obtained from the reconstructed tomo-
graphic images. For each frame, individual bubbles are detected and their surface is cal-
culated by summing the number of pixels that are allocated to them. A sphere-equivalent
bubble diameter is calculated for each bubble and the average bubble diameter is calcu-
lated for the whole measurement. Some examples of reconstructed images and bubble
visualizations are presented in Fig. 4.3. This is a pseudo-3D representation of recon-
structed bubbles as the z-axis is a temporal and not spatial coordinate. Already from
this visualizations it is clear that the fluidized beds are operating in the slugging regime.
Therefore the bubble size actually refers to the slug size.

Time averaged bubble diameters for AR-1 and AR-4 particles at two heights in the
bed and for different excess gas velocities are shown in Fig. 4.4. As the fluidized bed is
operating in the slugging regime, a change of fluid velocity does not have a consider-
able effect on the bubble diameter at the higher position in the bed. However it can be
noticed that in all cases the average bubble diameters are smaller for the AR-4 particles
than for the AR-1 particles. This can indicate that the AR-4 particles are actually slugging
less and have more small and medium size bubbles. In all cases investigated, bubble di-
ameters are larger at the higher position in the bed which is something already expected
from basic theory of bubbling fluidized beds [102]. However, it is surprising that the av-
erage bubble diameter at the lower height in the bed of AR-1 particles is reducing with
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Figure 4.4: Average bubble diameter for AR-1 and AR-4 particles on different excess gas velocities. Error bars
indicate standard deviation of bubble diameters. The dots indicate indicate the average bubble size predicted

by Aug et al. [4] for spherical (AR-1) particles in a high aspect ratio bed.

increasing fluid velocity.

This counter-intuitive results can be explained if we look at the average number of
bubbles shown in Fig. 4.5. It can be seen that at high position in the reactor (red crosses),
the number of bubbles remains roughly the same or shows a slight increase with an in-
crease of gas velocity. At a low position in the reactor (blue stars), for AR-1 particles it can
be seen that the decrease of average bubble diameter is accompanied by a monotonous
increase of number of bubbles. On the other hand Fig. 4.4 shows that for AR-4 particles
the average bubble diameter at the low position in the bed is increasing and from Fig.
4.5 it can be seen that this is accompanied by a decrease in the number of bubbles.

A model for predicting the average bubble diameter for Geldart D type particles in
the slugging regime, which was recently developed by Aug et al. [4], is the only one com-
parable with the fluidized bed investigated in this chapter. Even though this model was
not tested for bed height to diameter ratios below 4 and for U−Umf greater than 0.4 m/s,
we compare it to our experimental results for AR-1 particles in Fig. 4.4. This model does
not depend on the height in the bed and it can be seen that it slightly overpredicts the
bubble diameters, but it is still in the upper range of standard deviation at the higher
position in the bed. However for AR-4 particles the model predicts fully developed slugs
with diameters close to the column diameter (13.96 cm) and does not change consider-
ably with increase of gas excess velocity, therefore it is not included in Fig. 4.4.

In order to get a better insight in the fluidization behavior of the considered particles,
the bubble size distributions are presented in Fig. 4.6. The clear peak at a bubble diame-
ter of around 13 cm indicates clear slugging behavior, knowing that the column diameter
is 14 cm. It can be seen that in all cases the AR-1 particles show more extreme slugging
behavior. The AR-4 particles show a much higher distribution of small and medium size
bubbles compared to the AR-1 particles. The height of the peak at maximum bubble
diameter is also smaller for AR-4 than AR-1 particles. At the lower position in the bed
(HLow) it can also be noted that an increase in the gas velocity leads to an increase of the
number of small and medium size bubbles for AR-1 particles, however never reaching
the large number of small and medium bubbles observed for AR-4 particles. In the case
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Figure 4.5: Average number of bubbles present in the horizontal cross-sections at low (*) and high (x)
positions in the bed, for AR-1 (- - -) and AR-4 (—) particles, as a function of excess gas velocity.

of AR-4 particles, the opposite is the case: an increase of the gas velocity actually reduces
the number of small and medium size bubbles while increasing the number of slugs. In
summary, at the lower position in the bed, the trend of the bubble size distribution with
gas velocity is opposite for AR-1 and AR-4 particles, where at high gas velocity the distri-
bution seem to approach each other. In all cases the prevalence of medium and small
size bubbles is lower at the higher position in the bed.

4.3.2. BUBBLE RISE VELOCITY

The bubble rise velocity is calculated by applying a cross-correlation between the signals
at the 5th and 95th rows of pixels of the measured domain. The vertical distance of 90 pix-
els between the two rows corresponds to a distance of 1.26 cm. This is sufficiently large
to make an accurate estimate of the bubble rise velocity, yet sufficiently small to neglect
changes in bubble size (i.e. they do not grow, split or coalesce) over this distance. Details
of the procedure of applying a cross-correlation function for calculating the bubble rise
velocity are explained in [80].

Fig. 4.7 presents the bubble rise velocities for AR-1 and AR-4 particles as a function
of bed height. In all cases the bubble rise velocity is larger at the higher position in the
bed and it generally increases with an increase of the gas velocity. The only exception
is the slightly higher bubble rise velocity observed for AR-1 particles at the lower posi-
tion in the bed at an excess gas velocity of 0.4 m/s compared to that at the next excess
gas velocity of 0.65 m/s. This is caused by the presence of fewer but significantly larger
bubbles at the lowest gas velocity. In the case of AR-4 particles, the bubble rise veloci-
ties are considerably higher than for AR-1 particles. This is another indication that AR-4
particles are slugging less than the AR-1 particles, because large slugs have a lower rise
velocity than smaller bubbles [102].

4.3.3. WAITING TIME DISTRIBUTION

We now investigate the waiting time, defined as the time that passes between two con-
secutive slugs passing trough a horizontal measurement plane. In particular, we are in-
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Figure 4.6: Bubble size distribution for AR-1 and AR-4 particles on different excess gas velocities and low and
high positions in the bed.
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Figure 4.8: Signal intensity before and after applying threshold for (a) AR-1 and (b) AR-4 particles at hhig and
U−Umf = 0.65 m/s

terested in the waiting time distribution. The signal intensity measured on one of the
detector plates is averaged over a horizontal row of pixels at the height of interest. In
order to consider only slugs, and neglect small and medium size bubbles, we apply a
threshold on the averaged signal intensity, as shown in Fig. 4.8. The waiting time is
calculated as the time interval between the centers of two consecutive slugs identified
through the normalized signal intensity shown in the lower images of Fig. 4.8. Already
from the signal intensities in the upper images of Fig. 4.8, a clear difference between
AR-1 and AR-4 particles can be seen. In the case of AR-1 particles, high intensities peaks
corresponding to slugs appear regularly with almost identical distance between them.
In contrast, for AR-4 particles we observe a mixture of periods with high intensity peaks
and periods with smaller intensity peaks, the latter of which corresponds to small and
medium bubbles passing by. Similar trends are observed for other gas excess velocities
(not shown).

For brevity we present the waiting time distributions for AR-1 and AR-4 particles only
at the higher position in the bed hhig because we find this to be the most relevant for
analyzing slugging behavior. Fig. 4.9 shows quite discrete waiting time distributions for
AR-1 particles. For all gas velocities there is a relatively narrow peak at a waiting time
of around 1 s. At the lowest gas velocity considered (Fig. 4.9 (a)) the main peak at 1 s is
followed by clear peaks at around 2, 3 and 4 s. This shows that large slugs are sometimes
skipped at low gas velocity, probably because a smaller slug passes by which does not
overcome our threshold value for detection. With increasing the gas velocity these peaks
at longer waiting times are disappearing followed by a widening of the main peak at 1 s.
Overall, this shows that slugs for AR-1 particles appear regularly with break of around 1 s
between them.

Fig. 4.10 shows the waiting time distributions for AR-4 particles. Notice that AR-4
particle show completely different waiting time distributions than AR-1 particles. For
AR-1 particles all waiting time distributions were in range from 0.5 s up to 7.5 s, with
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Figure 4.9: Waiting time distribution for AR-1 particles at the higher bed height hhig and excess gas velocities
U−Umf of: (a) 0.4, (b) 0.65, (c) 0.9, (d) 1.15 and (e) 1.4 m/s.

the majority of the distributions occurring in the range between 0.5 s and 2 s. For AR-4
particles, a much wider waiting time distribution can be seen, with peaks appearing at
12, 20 and even up to 60 s. Due to this large spread in waiting times, some of the figures in
Fig. 4.10 are presented on a logarithmic scale for the waiting time. Clearly, there are long
periods in the fluidization of AR-4 particles without appearance of slugs, but rather with
medium and smaller size bubbles. This explains lower average bubble sizes and higher
average number of bubbles appearing for AR-4 particles discussed in section 4.3.1.

4.3.4. SLUG FREQUENCY

The waiting time distribution discussed in the previous section indicate that there is a
certain regularity in slug appearance. More information about the frequency of slugs
can be obtained from a power spectrums of the signal intensity as seen in Fig. 4.8. The
power spectrum is calculated by applying a fast Fourier transformation with a Hanning
window on the normalized signal intensity. This frequency analysis is done for the same
cases as the waiting time distribution discussed in section 4.3.3.

The power spectra for AR-1 particles are shown in Figure 4.11. As expected, a clear
peak at a frequency of 1 Hz can be observed at all gas excess velocities. The dominant
frequencies that can be seen in our cases are in the same range as predicted by [103]. At
lower gas velocities, Fig. 4.11 (a) and (b) show smaller peaks at 2, 3 and 4 Hz. These peaks
should be distinguished from the peaks that appear in Fig. 4.11 (c), but rather represent
the 2nd, 3rd and 4th harmonics of the main frequency at 1 Hz. This demonstrates how
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Figure 4.10: Waiting time distribution for AR-4 particles at the higher bed height hhig and excess gas velocities
U−Umf of: (a) 0.65, (b) 0.9 and (c) 1.15 m/s.

regular the frequency of slug appearance actually is. With further increase of gas velocity,
Fig. 4.11 (d) and (e) shows that the main peak at 1 Hz is widening, which indicates a
transition to a more turbulent fluidizing regime.

Fig. 4.12 shows the power spectra for AR-4 particles at different gas excess velocities.
It can be seen that frequency of slugs ranges predominantly between 0 and 2 Hz, how-
ever unlike the case of AR-1 particles no distinct peaks can be seen. This confirms that
for AR-4 particles slugs do not appear as regularly as for AR-1 particles. The increased
randomness in slug appearance indicates that the AR-4 fluidized bed is actually operat-
ing in a turbulent regime [105, 116].

4.4. DISCUSSION

In this work, we applied X-ray tomography (XRT) to investigate the differences in flu-
idization behavior between spherical (AR-1) and elongated (AR-4) particles. Two dif-
ferent bed heights were considered, together with five different excess gas velocities for
spheres and three for elongated particles. As the particles used in this investigation are
Geldart D particles, and the initial bed height corresponds to a deep bed, the fluidized
bed was operating in a slugging regime. Even though the considered particles were vol-
ume equivalent and the initial bed heights were approximately the same, the results pre-
sented in this chapter show considerably different behavior between AR-1 and AR-4 par-
ticles.

Regarding the average bubble diameter, AR-4 particles showed lower bubble sizes
than AR-1 particles for all considered cases (Fig. 4.4), which was accompanied by a
higher average number of bubbles for the case of AR-4 particles (Fig. 4.5). This find-
ing was supported by the results on the bubble size distribution, which clearly showed
a higher tendency for AR-1 particles to form slugs with almost no small or medium size
bubbles (Fig. 4.6). On the other hand, AR-4 particles showed a considerably higher dis-
tribution of medium and small size bubbles. For the average bubble rise velocity, AR-4
particles showed higher values than AR-1 particles (Fig. 4.7). This was another indication
that AR-4 particles are slugging less as smaller size bubbles have higher rise velocities
than slugs [102].

The waiting time distributions between slugs and their power spectra, discussed in
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Figure 4.11: Power spectra for appearance of slug for the AR-1 particles at the higher bed height hhig and
excess gas velocities U−Umf of: (a) 0.4, (b) 0.65, (c) 0.9, (d) 1.15 and (e) 1.4 m/s.
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Figure 4.12: Power spectra for the AR-4 particles at the higher bed height hhig and excess gas velocities
U−Umf of: (a) 0.65, (b) 0.9 and (c) 1.15 m/s.
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sections 4.3.3 and 4.3.4 gave more insight in the periodicity and frequency of slug ap-
pearance. AR-1 particles showed a clear and narrow main peak in waiting time distribu-
tion at 1 s and a corresponding dominant frequency of 1 Hz. However, the AR-4 particles
waiting time distributions showed a much larger spread and the dominant peak around
1 s was considerably wider than in the case of AR-1 particles. Similar behavior was no-
ticed in the power spectra where the main frequency ranges between 1 and 2 Hz but
without any clear peak of dominant frequency. This showed that once the bed of AR-1
particles is in a slugging regime, slugs appear with a quite regular frequency while AR-4
particles show much more turbulent behavior and switch between slugging and turbu-
lent behavior [105].

Based on the results presented in this chapter, it can be concluded that a bed of
elongated particles shows more turbulent fluidizing behavior than a bed of volume-
equivalent spherical particles. With an increase of gas velocity, a slugging bed of AR-1
particles will at some point transition to turbulent fluidization [102, 105]. We started to
see an indication of this transition in our experiments at U−Umf = 1.4 m/s. However for
elongated AR-4 particles more turbulent fluidization can be already be seen at the low-
est gas excess velocity studied. When fluidizing elongated particles, periodic transitions
between slugging and turbulent fluidization can be observed. Elongated particles also
show other specifics when it comes to fluidization, starting from channeling, different
particle rotational velocities and solids circulation patterns, as discussed in [70, 95].

We note that in this chapter we investigated non-spherical particles of a specific
shape and aspect ratio, namely spherocylinders of aspect ratio 4. One may wonder what
is the limit of aspect ratio and shape that still shows the qualitatively different fluidiza-
tion behavior between non-spherical particles and spheres. We expect this limit will be
for elongated particles around an aspect ratio of 2, because particle interlocking and hy-
drodynamic lift and torque start to play an important role for elongated particles with
aspect ratios beyond approximately 2 [8, 32]. However, at this point this is speculation,
and more experimental work is needed to confirm this.

Applying X-ray tomography for coarse systems such as these has its limitations and
challenges. Therefore we advice a certain caution when considering some of presented
results. From the phantom reconstructions shown in section 4.2.2 it can be seen that
while the sizes of phantoms are estimated with high accuracy, the same cannot be said
for their shapes. Even though we showed that small phantom with 2 cm diameter can
be reconstructed with high accuracy, the high distribution of small size bubbles in Fig.
4.6 for AR-4 particles at low position in the bed should be interpreted with caution. Due
to the higher turbulence, solid particles can be more dispersed in the gas phase and
the bed shows a broader distribution of voidages, making it harder to make a clear dis-
tinction between the bubble and emulsion phases [117]. Considering all the specifics
and the observed different fluidization behavior of elongated particles, we emphasize
the need for better understanding and further development of numerical simulations of
these kinds of systems. The results presented in this chapter, together with our previ-
ous findings using Magnetic particle tracking (MPT) technique [70], will be valuable for
future validation of simulation results.
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4.5. CONCLUSION

The results presented in this chapter demonstrate clear difference in fluidization be-
havior between spherical and elongated particles of Geldart D type. Elongated particles
show a considerably larger distribution of small and medium size bubbles compared to
spherical particles which show larger average bubble diameters for all gas excess veloci-
ties and bed heights considered. In all cases, elongated particles showed larger average
bubble velocities. A clear difference was also observed in the waiting time distribution
between slugs. In case of spherical particles, slugs appeared with more regular waiting
time than elongated particles, which demonstrated a wide distribution of waiting times.
Similar behavior was observed when looking into the slug frequency where spherical
particles showed a clear peak at a frequency of 1 Hz, while elongated particles had a
wider spread up to 2 Hz and showed no distinct peaks. All presented results indicate that
elongated particles show less slugging behaviour than spherical particles and that during
fluidization they periodically switch between slugging and more turbulent fluidization.





5
FLUIDIZATION OF ELONGATED

PARTICLES - EFFECT OF

MULTI-PARTICLE CORRELATIONS

FOR DRAG, LIFT AND TORQUE IN

CFD-DEM SIMULATIONS

Having proper correlations for hydrodynamic forces is essential for successful CFD-DEM
simulations of a fluidized bed. For spherical particles in a fluidized bed, efficient corre-
lations for predicting the drag force, including the crowding effect caused by surround-
ing particles, are already available and well tested. However for elongated particles, next
to the drag force, the lift force and hydrodynamic torque also gain importance. In this
work we apply recently developed multi-particle correlations for drag, lift and torque in
CFD-DEM simulations of a fluidized bed with spherocylindrical particles of aspect ratio 4
and compare them to simulations with widely used single-particle correlations for elon-
gated particles. Simulation results are compared with previous magnetic particle tracking
(MPT) experimental results. We show that multi-particle correlations improve the predic-
tion of particle orientation and vertical velocity. We also show the importance of including
hydrodynamic torque.

Part of this chapter has been accepted to AIChE Joural (2020) [118].
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5.1. INTRODUCTION

Fluidized beds are irreplaceable equipment in industry as they offer the highest contact
between solid particles and gas, together with rapid mixing of particles and most effi-
cient heat transfer between gas and solids. Due to their industrial importance, fluidized
beds have been subject of numerous experimental and numerical research over the past
century. Thanks to the advancements in computer performance in recent decades, many
numerical models, able to successfully simulate operation of industrial scale fluidized
beds with spherical particles have been developed. Usage of such models considerably
reduce the time and costs of optimization and development of the processes that rely on
fluidized beds. Coupled CFD-DEM is viewed as one of the most accurate models in flu-
idized bed research because it fully resolves particle-particle interactions while particle-
fluid interactions are resolved through closures for hydrodynamic forces. Having clo-
sures that can accurately predict the hydrodynamic forces experienced by the particles
in a fluidized bed is crucial for successful usage of CFD-DEM models.

A considerable number of processes in industry rely on usage of fluidized beds for
manipulating granular materials where the particle shape is non-spherical. This is specif-
ically the case for processes where biomass is used. The biomass is usually dried, milled
and processed into pellets. These kinds of particles are considerably larger than pow-
der like materials usually used in fluidized beds and are characterized by an elongated
shape. Existing numerical models, developed for fluidization of spherical particles, can-
not be applied to fluidization of these kinds of particles as elongated particles will have
much more complex particle-particle interactions together with orientation dependent
hydrodynamic forces. Our previous investigation [70] showed that additional forces like
shape induced lift force and hydrodynamic torque have considerable effect on fluidiza-
tion of elongated particles and cannot be neglected.

While fluidization of spherical particles is thoroughly investigated and there is a num-
ber of accurate and well tested drag correlations for spherical particles available in lit-
erature [119], this is not the case for elongated particles. When it comes to the drag
force experienced by a single elongated particle, a few correlations are available in litera-
ture. Haider and Levenspiel [56] presented a drag correlation based on particle spheric-
ity which however did not take into account particle orientation. Ganser [57] on the
other hand proposed a drag correlation based on Stokes’ and Newton’s shape factors.
More recently, Hölzer and Sommerfeld [120] introduced a general drag force correlation
based on particle sphericity, crosswise and lengthwise sphericity and Reynolds number,
while Zastawny et al. [2] and Sanjeevi et al. [3] proposed correlations for specific particle
shapes. So far, the correlation by Hölzer and Sommerfeld [120] has been widely applied
in fluidization of non-spherical particles, as it proved to be the most flexible. For shape
induced lift force and hydrodynamic torque on elongated particles, the only correlations
available in literature are proposed by Zastawny et al. [2], Ouchene et al.[35] and Sanjeevi
et al. [3].

During fluidization, particles rarely find themselves isolated in a fluidized bed, but
are most of the time surrounded by other particles in dense fluidizing conditions. The
surrounding particles in dense fluidizing conditions can have an effect on hydrodynamic
forces experienced by a particle. For spherical particles there are correlations that takes
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into account this effect of the surrounding particles. The first one that bridged dilute and
dense particulate conditions was the expression by Di Felice [58]. Recently Tenneti et al.
[121] and Tang et al. [122] proposed new expressions for static assemblies of spheres,
and Rong et al. [59] suggested extension of the Di Felice equation. For non-spherical
particles the multi-particle effect only recently came into the spotlight when Li et al.
[123] discussed the drag and lift force and He and Tafti [124] the drag, lift and torque on
assemblies of ellipsoidal particles. So far, the only correlations for drag, lift and torque
applicable to elongated particles that take into account the effect of surrounding parti-
cles, have been proposed by Sanjeevi et al. [5]. However this correlations has not been
applied in CFD-DEM simulations so far, and their influence on fluidization is still un-
known.

In this chapter, we investigate the effect of multi-particle correlations for hydrody-
namic forces and torque on the fluidization charcateristics of elongated, spherocylindri-
cal particles with aspect ratio 4 using CFD-DEM simulations. Simulations with Sanjeevi
multi-particle correlations [5] are compared to simulations with the Hölzer and Som-
merfeld drag model [120], expanded with Di Felice expression [58] and lift and torque
correlations proposed by Zastawny et al. [2] for an isolated particle. For validation,
the simulation results are compared with experimental results previously obtained using
magnetic-particle tracking (MPT) [8].

5.2. NUMERICAL MODEL

The CFD-DEM algorithm used in this chapter is based on open source software, namely
OpenFoam to solve the fluid equations (CFD) and LIGGGHTS to solve the particle equa-
tions (DEM). These two algorithms are coupled using open source CFDEM coupling [43].
The open source codes were adapted so that they can be applied to spherocylindrical
particles without relying on a multi-sphere approach. More in-depth information about
the model and its validation can be found in previous Chapter 2 and in work by Mahajan
et al. [7].

Drag force is the strongest force that the fluid exerts on particles and is the main
driver of fluidization. In this chapter we use two approaches to calculate the drag force:
the single particle drag correlation by Hölzer and Sommerfeld [120], extended with Di
Felice’s [58] expression to take into account the effect of surrounding particles and by
the correlation proposed by Sanjeevi et al. [5], developed specifically for assemblies of
elongated particles.

Single particle drag force with Di Felice extension. The correlation presented by Hölzer
and Sommerfeld [120] can be applied to arbitrary shaped particles where the shape
of the particle is taken into account through sphericity, and lengthwise and crosswise
sphericity. The drag force coefficient CD as proposed by Hölzer and Sommerfeld is:

CD = 8

Rep

1√
Φ∥

+ 16

Rep

1p
Φ

+ 3√
Rep

1

Φ3/4
+0.42×100.4(− logΦ)0.2 1

Φ⊥
(5.1)

where Rep is the particle Reynolds number Rep = ρ f dp
∣∣v f −vi

∣∣/η f with ρ f the fluid
density, dp the volume-equivalent particle diameter, η f the fluid viscosity,Φ the particle
sphericity,Φ∥ the lengthwise sphericity, andΦ⊥ the crosswise sphericity.
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The effect of surrounding particles (crowding effect) on the drag force experienced
by a particle is taken into account through Di Felice’s [58] modified drag force expression:

FD = 1

2
CDρ f ε

2−χ
f

π

4
d 2

p

∣∣v f −vi
∣∣ (v f −vi ) (5.2)

where v f is the fluid velocity interpolated to the location of particle i , vi is the velocity of
particle i , and χ is the Di Felice correction factor given by

χ= 3.7−0.65exp
[

(−(1.5− log(Rep ))2/2
]

(5.3)

where the particle Reynolds number Rep is calculated using the expression defined after
equation 2.10. Note that the appearance of the additional factor ε2

f in equation 5.2 comes

from the use of a superficial relative velocity in Di Felice’s work.
The Di Felice expression was originally developed for spherical particles but because

it is one of the few available expressions to take into account crowding effects it has also
been applied in simulations of elongated particles fluidization [7, 63, 65, 70, 125, 126].

Multi-particle drag correlation proposed by Sanjeevi et al. [5] calculates the drag
force experienced by a particle as:

FD = 3πη f dp F D,φ(v f −vi ) (5.4)

where F D,φ is the average drag (normalised by the drag on an isolated volume equivalent

sphere) based on particle orientation to the fluid flow. As the average drag F D for differ-
ent particle incident anglesφ follows a sine-square interpolation, for individual particles
[3] as well as assemblies [5], it can be calculated for any φ as:

F D,φ = F D,φ=0◦ + (F D,φ=90◦ −F D,φ=0◦ )sin2φ (5.5)

F D,φ=0◦ and F D,φ=90◦ are a function of Re and φ:

F D (Re,εs ) = Fd ,i sol · (1−εs )2 +Fεs +FRe,εs (5.6)

The corresponding terms are as follows:

Fd ,i sol (Re) =Cd ,i sol
Re

24
(5.7)

where Cd ,i sol is calculated as proposed by Sanjeevi et al. [3]:

Cd ,i sol =
( a1

Re
+ a2

Rea3

)
exp(−a4Re)+a5(1−exp(a4Re)) (5.8)

where the coefficients (a1...a5) for parallel (φ= 0o) and perpendicular (φ= 90o) orienta-
tion are given in Table 5.1.

Fεs (εs) = a
p
εs(1−εs)2 + bεs

(1−εs)2 (5.9)

FRe,εs (Re,εs) = Recεs
d

(
e(1−εs)+ f εs

3

(1−εs)

)
+ gεs(1−εs)2Re (5.10)
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The coefficients for Equations 5.9 and 5.10 for parallel and perpendicular orientation
are also given in Table 5.1.

F D Cd ,i sol

Coefficient φ= 0◦ φ= 90◦ φ= 0◦ φ= 90◦

a 2 3 a1 24.48 31.89
b 11.3 17.2 a2 3.965 5.519
c 0.69 0.79 a3 0.41 0.229
d 0.77 3 a4 0.0005 0.0032
e 0.42 11.12 a5 0.15 1.089
f 4.84 11.12
g 0 0.57

Table 5.1: Coefficients for drag force calculation as proposed by Sanjeevi et al. [3],[5].

Lift force appears when the long axis of an elongated particle is inclined with respect
to the direction of relative fluid flow. The lift force acts in the direction perpendicular to
the fluid’s relative velocity v′f i = v f −vi and lies in the plane defined by the particle long

axis orientation vector ui and v′f i . The lift force magnitude FL is multiplied by the lift

force orientation vector êL0 which is given as

êL0 =
ui ·v′f i∣∣∣ui ·v′f i

∣∣∣
(ui ×v′f i )×v′f i∣∣∣∣∣∣(ui ×v′f i )×v′f i

∣∣∣∣∣∣ (5.11)

The resultant lift force experienced by a particle is expressed as FL = FL êL0 , while the
magnitude of lift force is calculated with either the single particle correlation proposed
by Zastawny et al. [2] or the multi-particle correlation proposed by Sanjeevi et al. [5].

Single particle lift force. The magnitude of shape induced lift force experienced by an
isolated particle is expressed as

FL = 1

2
CLρ f

π

4
d 2

p

∣∣v f −vi
∣∣2 (5.12)

where CL is the lift force coefficient calculated using Zastawny et al. correlation [2]:

CL,φ = (
b1

Reb2
+ b3

Reb4
)sin(φ)b5+b6Reb7

cos(α)b8+b9Reb10
(5.13)

Fitting coefficients used for the correlation can be found in Table 5.2.
Multi-particle lift force. In this chapter we have applied a simplified function for

shape induced lift force, proposed by Sanjeevi et al. [5]. In this simplified approach the
average lift force FL (normalised by the drag on an isolated volume equivalent sphere)
experienced in a multi-particle system at different φ is calculated based on its relation
to the normalised drag force as:

F L,φ = (F D,φ=90◦ −F D,φ=0◦ )sinφcosφ (5.14)

The magnitude of multi-particle lift force is calculated as:
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FL = 3πη f dp F L,φ|v f −vi | (5.15)

Hydrodynamic torque considered in this chapter is a pitching torque, acting around
the axis perpendicular to the plane of relative fluid velocity v′f i and particle orientation

vector ui . Hence, the torque orientation vector êT0 is given by

êT0 =
v′f i ·ui∣∣∣v′f i ·ui

∣∣∣
v′f i ×ui∣∣∣∣∣∣v′f i ×ui

∣∣∣∣∣∣ (5.16)

The resultant torque is then expressed as Tp = Tp êT0 .
Single particle hydrodynamic torque. The magnitude of the hydrodynamic torque on

an isolated particle is calculated as proposed by Zastawny et al. [2]

TP = 1

2
CTρ f

π

8
d 3

p

∣∣v f −vi
∣∣2 (5.17)

where CT is the torque coefficient calculated using Zastawny et al. correlation:

CT,α = (
c1

Rec2
+ c3

Rec4
)sin(φ)c5+c6Rec7

cos(φ)c Z
8 +c Z

9 Rec Z
10 (5.18)

Lift Torque
Coefficient Value Coefficient Value

b1 1.884 c1 -2.283

b2 0.1324 c2 -0.01145

b3 0.001668 c3 4.09

b4 -0.8159 c4 -0.01395

b5 0.8562 c5 0.3406

b6 0.003624 c6 0.3609

b7 0.6598 c7 0.1355

b8 -0.2621 c8 0.2356

b9 0.8021 c9 0.3612

b10 0.04384 c10 0.1358

Table 5.2: Coefficients for the lift and torque correlations with the functional form of Zastawney et al. [2]
fitted for spherocylinder particles with aspect ratio of 4 using in-house DNS simulations [3].

Multi-particle hydrodynamic torque. The magnitude of multi-particle hydrodynamic
torque proposed by Sanjeevi et al. [5] is calculated as:

TP = 2πη f d 2
p T P,φ|v f −vi | (5.19)
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Coefficients TRe,εs

a 0.82
b 1.44
c 1.07
d 5.48
e 0.223

Table 5.3: Coefficients for torque calculation (Eq. 5.22) as proposed by Sanjeevi et al. [5]

where T P,φ is average hydrodynamic torque for multi-particle system, calculated by San-
jeevi et al. correlation:

T P,φ(Re,εs,φ) = TP,mag(Re,εs)sinφcosφ (5.20)

with

TP,mag(Re,εs) = Tp,isol(Re) · (1−εs)2 +TRe,εs (Re,εs) (5.21)

TRe,εs (Re,εs) = Reaεs
b
(
c(1−εs)+ dεs

3

(1−εs)

)
+eεs(1−εs)2Re (5.22)

Coefficients for equation 5.22 are given in Table 5.3.

5.3. SIMULATION PARAMETERS

Simulations were done for a rectangular fluidized bed, whose dimensions are the same
as in previous magnetic particle tracking (MPT) experiments [8] and numerical inves-
tigation [70]. The column dimensions and main parameters necessary for the CFD-
DEM simulation are presented in Table 5.4. The particles used in this investigation are
capsule-like spherocylinders with aspect ratio of 4. The minimum fluidization velocities
were determined experimentally [8] and particle properties are listed in Table 5.5.

The standard practice for choosing the grids size in CFD-DEM simulations for spher-
ical particles is that the grid dimensions should be between 1.6dp and 5dp [39, 61]. For
the particle and column dimensions used in this chapter a grid size of 2.83dp was ap-
plied, where dp is the diameter of a volume equivalent sphere. This grid size satisfies
both standard practice for spherical particles and offers a cell size larger than the length
of the spherocylindrical particle [70].

5.4. RESULTS

We will investigate the distributions of particle orientation and particle velocity along the
vertical (z-)axis for two different inlet gas velocities (1.6Umf and 2Umf). Two simulation
cases will be compared, the first with single particle (SP) correlations and the second
with multi-particle (MP) correlations. For the SP case, the general Hölzer-Sommerfeld
drag equation, with a simple correction for the multi-particle effect, is used. This is the
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CFD parameters
Parameter Symbol Value
Reactor base Lx , Ly 0.15 m, 0.15 m
Reactor height Hz 1.05 m
Number of grid cells ng

x ,ng
y ,ng

z 10 × 10 × 70
Grid cell dimensions cx = cy = cz 0.015 m
Time step tCFD 1 x 10−4 s
Fluid density ρ f 1.2 kg/m3

Fluid viscosity η f 1.568 ·10−5 Pa · s
DEM parameters

Parameter Symbol Value
Time step tDEM 1 × 10−5 s
Coefficient of friction µ 0.46
Cofficient of rolling friction µr 0.46
Coefficient of restitution e 0.43

Table 5.4: Relevant parameters for the CFD-DEM algorithm.

Particles
Parameter Value
Number of particles 32500
Particle length [L] 12 mm
Particle diameter [2R] 3 mm
Particle density 1442 kg/m3

Minimum fluidization velocity [Umf ] 1.7 m/s

Table 5.5: Particle properties.
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Case Drag force Lift force Torque
SP-correlations Hölzer-Sommerfeld

[120] + Di Felice [58]
Zastawny et al. [2] Zastawny et al. [2]

MP-correlations Sanjeevi et al. [5] Sanjeevi et al. [5] Sanjeevi et al. [5]

Table 5.6: Correlations applied for single particle (SP) correlations and multi-particle (MP) correlations.

most common approach found in literature to deal with hydrodynamic forces on non-
spherical particles in dense systems. Table 5.6 lists correlations applied in each case. The
simulation results are compared with experimental results presented in Chapter 4 using
magnetic particle tracking (MPT) technique [8]. More technical information about the
MPT experimental technique can be found in the work by Buist et al. [67].

5.4.1. PARTICLE ORIENTATION

In this section we analyze the average particle orientation in the terms of the z-component
of the particle orientation vector u. Figure 5.1 shows the time averaged distribution of
the particle orientation relative to the z-axis (direction of the fluid flow). If |uz| = 0, the
particle has a horizontal orientation and is perpendicular to the fluid flow, while for
|uz| = 1, the particle is oriented vertically and is fully aligned with the fluid flow. Note
that for fully randomly oriented particles, the expected distribution of |uz | is flat.

From Fig. 5.1 it can be seen that multi-particle correlations show slightly better
agreement with experimental results compared to single particle correlations. This is
specifically the case for predicting the fraction of particles oriented vertically (|uz| close
to 1). However in some regions, specifically for |uz| around 0, single particle correlations
show better agreement with the experimental results. The difference between MP and SP
correlations is considerably larger for |uz| near 1 then near 0 and it can be observed that
the difference between MP correlations and MPT experiments for horizontally oriented
particles is less notable than the over-prediction of the fraction of particles oriented ver-
tically in case of SP correlations compared to MPT experiments.

Figure 5.1 (b) shows that an increase in fluid velocity leads to an increase of the frac-
tion of vertically aligned particles and a reduction of horizontally aligned particles. The
difference between MP and SP correlations is also considerably smaller for 2Um f com-
pared to 1.6Umf, but the same conclusions still apply.

Figures 5.2 and 5.3 give more insight into the preferred particle orientation in differ-
ent parts of the fluidized bed. The preferred particle orientation is determined based on
the particle orientation tensor S, calculated using the expression

S =


〈

u2
x

〉 〈
ux uy

〉 〈ux uz〉〈
uy ux

〉 〈
u2

y

〉 〈
uy uz

〉
〈uz ux〉

〈
uz uy

〉 〈
u2

z

〉
 . (5.23)

The diagonal components of this tensor can be used to determine the preferred align-
ment in the reactor. If the difference between the diagonal components is less than 0.1

i.e.
∣∣∣〈u2

x〉−〈u2
y 〉

∣∣∣ < 0.1,
∣∣〈u2

x〉−〈u2
z〉

∣∣ < 0.1 and
∣∣∣〈u2

y 〉−〈u2
z〉

∣∣∣ < 0.1, the particle is consid-
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Figure 5.1: Probability distribution function for the particle orientation at (a) 1.6Umf and (b) 2Umf.
Simulations with single (SP) and multi (MP) particle correlations are compared with MPT experiments.
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(a) SP-correl. (c) MPT-exp.(b) MP-correl.

Figure 5.2: Preferred orientation of particles in the grid cells of the reactor for (a) single-particle (b)
multi-particle correlations and (c) experimental results at 1.6Umf. Here the colour scheme is: blue squares
( ) are x-aligned, green squares ( ) are y-aligned, red squares ( ) are z-aligned and cyan squares ( ) are

randomly orientated. White space represents empty cells.

ered to be randomly oriented. On the other hand, if one component is considerably
larger than the other two components, we conclude that the particle is preferentially
aligned with the corresponding axis. Figures 5.2 and 5.3 show time-averaged preferred
particle orientation in the x-z plane for a cross section cutting through the center of the
bed in the y-direction (6 cm ≤ y ≤ 7.5 cm).

From figures 5.2 and 5.3, the improved prediction of particle orientation by multi-
particle correlations becomes more evident. Looking at the lower part of the column
(z-position ≤ 30 cm) it is clear that MP correlations show better agreement with experi-
mental results and that SP correlations over-predict the amount of regions in which par-
ticles are preferably oriented vertically. With an increase of the fluid velocity (Fig. 5.3)
there is an increase in the amount of regions where particles preferably align vertically,
in the lower part of the bed (z-position ≤ 30 cm) and in the wall region. From Figure
5.3 it can still be inferred that MP correlations have better agreement with experimental
results in the lower part of the bed and in the wall region. In the case of single-particle
correlations (Fig. 5.3 (a)), in the lower part of the bed the over-prediction of particles ori-
ented vertically is noticeable, but also in the higher parts, near walls the SP results differ
from the experimental results more than in case of MP correlations.
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(a) SP-correl. (c) MPT-exp.(b) MP-correl.

Figure 5.3: Preferred orientation of particles in the grid cells of the reactor for (a) single-particle (b)
multi-particle correlations and (c) experimental results at 2Umf. Here the colour scheme is: blue squares ( )

are x-aligned, green squares ( ) are y-aligned, red squares ( ) are z-aligned and cyan squares ( ) are
randomly orientated. White space represents empty cells.
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Figure 5.4: Average cell occupancy along the height in z-direction. The dashed red lines indicate the positions
along the z-axis used for the sampling of vz profiles in section 5.4.3.

In the higher parts of the bed (z-position > 30 cm), Figures 5.2 and 5.3, show that the
simulations results predict a higher preference for the particles to orient horizontally,
compared to the experimental results where particles are more randomly oriented. This
is more evident in the case of MP correlations, particularly at the gas velocity of 2Umf

(Fig. 5.3 (b)). In this region, the single-particle correlations show better agreement with
experimental results.

However, as can be seen in Figure 5.4, above 30 cm in the z-direction the average
cell occupancy is dropping dramatically and above 40 cm there is on average less than
1 particle per cell. The region above the height of 30 cm can therefore be considered as
the free-board region, where the crowding effect is considerably lower compared to the
dense fluidized region below 30 cm. It should also be noted that in the free-board region,
the average occupancy predicted by the simulations in all cases starts to differ from the
experimental results.

5.4.2. EFFECT OF LIFT FORCE AND HYDRODYNAMIC TORQUE ON PARTICLE

ORIENTATION

In Chapter 2, we have investigated the effects of single-particle shape induced lift force
and hydrodynamic torque on the particle orientation [70]. We have shown that hydrody-
namic torque has a major effect on the particle orientation and leads to a change of pre-
ferred particle orientation from vertical to more horizontal. Here we extend the analysis
to multi-particle (MP) correlations and make a detailed comparison with experimental
results. In detail, we will compare the simulation results of cases using the Sanjeevi et
al. [5] multi-particle correlations considering: 1. drag force only (D), 2. drag force and
shape induced lift force (D + L), 3. drag force and hydrodynamic torque (D+T) and 4.
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Figure 5.5: Preferred particle orientation at (a) 1.6Umf and (b) 2Umf. Variation of fp (|uz |) for simulations with
differing hydrodynamic force conditions and from experimental results.

drag force with lift force and hydrodynamic torque (D+L+T), to the experimental MPT
results. Figure 5.5 shows the time-average fraction of particles with a certain orientation
to the z-axis.

It is clear that cases where hydrodynamic torque is not considered show a strong
preference for particles to align with the fluid flow and that they are not at all represent-
ing what is observed in experimental results. Including hydrodynamic torque reduces
the fraction of particles oriented vertically and leads to randomization of particle ori-
entations but also to a considerable increase of particles that are oriented horizontally,
perpendicular to the direction of the fluid flow. The simulations in which hydrodynamic
torque is considered are almost perfectly matching the results obtained from the experi-
ments. Note that including lift in addition to torque increases the agreement some more,
but the effect is relatively small. Finally, as mentioned before, an increase of gas veloc-
ity leads to an increase of the fraction of particles oriented vertically while reducing the
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(a) (b) (c) (d)

Figure 5.6: Preferred orientation of particles in the grid cells of the reactor for case with (a) drag force only (b)
drag and lift force (c) drag and lift force and hydrodynamic torque, and (d) MPT experiments, at 1.6Umf. Here

the colour scheme is: blue squares ( ) are x-aligned, green squares ( ) are y-aligned, red squares ( ) are
z-aligned and cyan squares ( ) are randomly orientated. White space represents empty cells.

fraction of particle oriented horizontally.
Figures 5.6 and 5.7 show the time-averaged preferred particle orientation in the z-

x plane for a cross section in cutting through the center of the bed (as explained in the
section 5.4.1) for cases with different multi-particle hydrodynamic forces considered and
the ones obtained experimentally. It can be seen that including hydrodynamic torque
leads to randomization of the particle orientation in the middle section of the bed but
also to a considerable increase of horizontally oriented particles in the free-board region.
Even though hydrodynamic torque has the biggest effect on particle orientation, Figures
5.2 and 5.3 show that actually cases where both lift force and hydrodynamic torque are
considered have the best agreement with experimental results.

5.4.3. PARTICLE VELOCITY ALONG Z-AXIS

The particle velocity along the vertical direction (z-axis) is sampled at two bed heights,
as indicated in Figure 5.4. The lower position in the bed (z = 18.75 cm) corresponds
to dense fluidizing conditions, while the higher position (z = 30.75 cm) corresponds to
the free-board region where the particle flow is getting more diluted and the agreement
between simulation and experimental results in terms of average occupancy is still good.
The time averaged z-velocities are presented along x-axis in the plane cutting through
the center of the bed (6 cm ≤ y ≤ 7.5 cm). Particle velocities are weighted by the number
of particles in the cell at each time step , i.e. they are a measure for the average solids
flux.

Figure 5.8 shows the time averaged particle z-velocities at two positions in the bed
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(a) (b) (c) (d)

Figure 5.7: Preferred orientation of particles in the grid cells of the reactor for case with (a) drag force only (b)
drag and lift force (c) drag and lift force and hydrodynamic torque, and (d) MPT experiments, at 2Umf. Here

the colour scheme is: blue squares ( ) are x-aligned, green squares ( ) are y-aligned, red squares ( ) are
z-aligned and cyan squares ( ) are randomly orientated. White space represents empty cells.

and at two inlet gas velocities. A considerable difference between SP and MP correlations
can be seen in all cases. It is clear that single-particle correlations over-predict the par-
ticle z-velocities and that multi-particle correlations show much better agreement with
the experimental results. At the higher position in the bed (z = 30.75 cm) and for the
lower gas velocity of 1.6Umf, over-prediction of the vertical solids velocity can be seen
for both SP and MP correlations. This can be caused by the more diluted particle flow
at this position. As discussed in section 5.4.1, in the free-board region MP correlations
can give less accurate predictions. With an increase of gas velocity to 2Umf, the particle
flow gets denser at the higher position in the bed and again MP correlations show much
better agreement with experimental results than SP correlations.

5.5. CONCLUSION

In this chapter, we applied CFD-DEM simulations to look into the effect and importance
of multi-particle correlations for hydrodynamic forces and torque. Simulation results
were compared to the results obtained using magnetic particle tracking (MPT) experi-
ments. Multi-particle correlations considerably improved prediction of average particle
orientation and its distribution throughout the fluidized bed, in dense fluidizing con-
ditions. Usage of single-particle correlations leads to over-prediction of the number of
particles that align vertically in the lower part of the fludized bed. On the other hand,
multi-particle correlations over-predict the number of particles that orient horizontally
in the free-board region. Comparing to experimental results, this over-prediction in the
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Figure 5.8: Comparison of the temporally-averaged vertical solids velocity vz along the x-axis at two bed
heights and at (a) 1.6Umf and (b) 2Umf.

free-board region is encountered in simulations with single-particle correlations too,
however to a smaller extent. Simulations with multi-particle correlations also show bet-
ter agreement with experimental results in dense fluidizing conditions concerning the
particle velocity in the vertical direction. Using single-particle correlations leads to con-
siderable over-prediction of the particle velocities in all cases.

Even though single-particle correlations show better agreement with experimental
results in the free-board region, during the fluidization process particles spend most of
their time in dense fluidizing conditions and only small number of individual particles
gets lifted in to the free-board region. This is why it is more important to get proper be-
havior of particles in the dense fluidizing conditions. We therefore expect that usage of
multi-particle correlations will lead to considerable improvement in simulation of elon-
gated particle fluidization.
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SPHERICAL VERSUS ELONGATED

PARTICLES - NUMERICAL

INVESTIGATION OF MIXING

CHARACTERISTICS IN A GAS

FLUIDIZED BED

The possibility to offer good intermixing between particles is one of the main properties
that make fluidized beds such an important industrial appliance. In this work, we use
CFD-DEM simulations to compare mixing characteristics of spherical (AR-1) to elongated
spherocylindrical particles (AR-4) of aspect ratio In simulation of AR-4 particles, single-
particle and multi-particle correlations for hydrodynamic forces are tested. The results
show that elongated particles have more vigorous intermixing and lower mixing times
compared to spherical particles. Multi-particle correlations have a slight effect on particle
mixing, and they increase the difference between AR-1 and AR-4 particles at higher gas
velocities. Including hydrodynamic lift force and torque in the case of AR-4 particles leads
to more vigorous mixing and lower mixing times.

Part of this chapter has been published in Chemical Engineering Science (2020)[127].
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6.1. INTRODUCTION

In industry many processes rely on manipulation of solid granular materials suspended
by a gas, such as gasification, drying, coating, food processing and gas phase polymer-
ization. For this kind of application fluidized beds are irreplaceable equipment, offering
high levels of contact between gas and solids together with high levels of intermixing be-
tween particles. The mechanism of particle mixing in fluidized bed is closely related to
the bubble formation and motion [6, 125, 128].

Being such an important parameter for fluidization, the mixing characteristics of
spherical particles, mostly A and B powders, have been subject of many numerical and
experimental studies and are generally well understood [128–135]. Because many in-
dustrial processes use particles of non-spherical shape, recent years have witnessed an
increase in development of numerical models for simulation of fluidized beds with non-
spherical particles [7, 63, 136, 137]. Fluidization behavior of such particles is still not well
understood, especially when it comes to fluidization in 3D fluidized beds. In our previ-
ous work we showed that elongated particles behave considerably different from spher-
ical ones when suspended in gas flow [8, 70, 94] as they experience different particle-
particle interactions together with additional hydrodynamic forces. Therefore findings
that apply to spherical particles cannot be automatically assumed to be valid for elon-
gated ones. So far, the only investigation that looked into mixing characteristics of non-
spherical particles was done by Oschmann et al.[125]. Their work was the first that in-
dicated a difference in mixing behavior between spherical particles and non-spherical
particles of different aspect ratios. However, the exact cause of this different mixing be-
havior is not yet understood and needs more extensive research. Their work also did
not take into account effects of lift force and hydrodynamic torque, both of which have
proven to be important for accurately predicting the behavior of elongated particles in
fluidized beds [70]. Recently, Sanjeevi and Padding (2020) [5] developed multi-particle
correlations for drag and lift force and hydrodynamic torque for elongated particles of
aspect ratio 4. These correlations take into account the effect of surrounding particles
the so-called crowding effect on hydrodynamic forces and torque experienced by the
particles. It is known that using multi-particle correlations leads to better predictions of
the particles average orientation and average velocity in z-direction [118], however their
effect on particle mixing is still not investigated.

In this work we, applied the CFD-DEM model, which was used and validated in pre-
vious works [7, 70], to compare mixing characteristics of spherical (AR-1) particles to
elongated, spherocylindrical particles of aspect ratio 4 (AR-4) for different gas excess ve-
locities. We will also show the importance of the effects of lift force and hydrodynamic
torque on the mixing properties of elongated particles. We also investigate the effect
of multi-particle correlations for hydrodynamic forces and torque and show the impor-
tance of the effects of lift force and hydrodynamic torque on the mixing properties of
elongated (AR-4) particles.
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6.2. NUMERICAL MODEL

For this study, we used a CFD-DEM algorithm based on open source CFDEM coupling
[43]. This package couples two open source softwares, OpenFOAM which uses a CFD
solver to solve the fluid equations and LIGGGHTS which solves particle equations using
a discrete element method (DEM). These codes have been adapted so that they can deal
with spherocylinders, without relying on a multi-sphere approach. More information
about the model and it’s validation can be found in previous works [7, 70].

6.2.1. HYDRODYNAMIC FORCES

The interaction between the fluid phase and solid particles in CFD-DEM is resolved
trough closures for hydrodynamic forces. The main driving force for fluidization is the
drag force and it is considered for both AR-1 and AR-4 particles, while lift force and
hydrodynamic torque are considered only for AR-4 particles. For calculating hydrody-
namic forces in case of AR-4 particles we applied two approaches: with single particle
correlations and with multi-particle correlations. Correlations applied in different cases
explored in this work are listed in Table 6.1.

AR-1 AR-4
Single-particle Multi-particle

Drag Hölzer-Sommerfeld [120] Hölzer-Sommerfeld [120] Sanjeevi et al. [5]
Lift - Zastawny et al. [2] Sanjeevi et al. [5]
Torque - Zastawny et al. [2] Sanjeevi et al.[5]

Table 6.1: Correlations for hydrodynamic forces applied in this study.

Drag force. Single-particle drag correlation In the case of AR-1 particles and AR-4
particles with single-particle correlations, the drag force experienced by a particle is cal-
culated using Di Felice’s [58] modified drag force expression:

FD = 1

2
CDρ f ε

2−χ
f

π

4
d 2

p

∣∣v f −vi
∣∣ (v f −vi ) (6.1)

where v f is the fluid velocity interpolated to the location of particle i , CD is the drag force
coefficient, dp the volume-equivalent particle diameter, vi is the velocity of particle i and
χ is the Di Felice correction factor given by

χ= 3.7−0.65exp
[

(−(1.5− log(Re))2/2
]

(6.2)

where the particle Reynolds number Re is calculated as Re = ρ f dp
∣∣v f −vi

∣∣/µ f with ρ f

being the fluid density and µ f the fluid viscosity. The Di Felice drag force expression
was developed to take into account the effect of surrounding particle (crowding effect)
on the drag force experienced by a particle. Even though it was originally developed for
spherical particles, the Di Felice expression continued to be applied in simulations of
elongated particles fluidization [7, 63, 65, 125, 126] because it was until recently the only
option for approximating the crowding effect. Comparison between the effects of the Di
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Felice approximation and a few other more recently developed models for approximat-
ing the crowding effect on drag force can be found in the work by Mahajan et al. (2018)
[7].

Even though the Di Felice expression was applied, because the drag force coefficient
is calculated using the single particle, Hölzer and Sommerfeld [120] correlation, simu-
lations with AR-4 particles done using this approach are considered as single-particle
cases. The Hölzer and Sommerfeld correlation can be applied to arbitrary shaped parti-
cles where the shape of the particle is taken into account through sphericity, and length-
wise and crosswise sphericity:

CD = 8

Re

1√
Φ∥

+ 16

Re

1p
Φ

+ 3p
Re

1

Φ3/4
+0.42×100.4(− logΦ)0.2 1

Φ⊥
(6.3)

here the particle Reynolds number Rep is calculated using the expression defined after
the equation 2.12. The particle sphericity (Φ), the lengthwise sphericity (Φ∥), and the
crosswise sphericity (Φ⊥) are calculated as:

Φ=
6V 2/3

p

Ap
π1/3 (6.4)

Φ⊥ = Ae

Ap,⊥
where Ap,⊥ =πd 2

p +dp Lr od sinθ (6.5)

Φ∥ =
2Ae

Ap − Ap,∥
where Ap,∥ =πd 2

p +dp Lr od cosθ (6.6)

where Vp is the volume of the particle, Ap is the surface area of the particle, and Ae is the
cross-sectional area of the volume equivalent sphere. For a sphereΦ=Φ∥ =Φ⊥ = 1.

The multi-particle correlation defined by Sanjeevi and Padding [5] calculates the drag
force experienced by a particle as:

FD = 3πη f dp F D,φ(v f −vi ) (6.7)

where F D,φ is the average drag (normalised by the drag on an isolated volume equivalent
sphere) based on the particle orientation with respect to the fluid flow (φ). Sanjeevi et al.
showed that the average drag F D for different φ follows a sine-square interpolation for
individual particles as well as assemblies [3, 5], where the average drag F D for any φ can
be calculated as:

F D,φ = F D,φ=0◦ + (F D,φ=90◦ −F D,φ=0◦ )sin2φ (6.8)

F D,φ=0◦ and F D,φ=90◦ are a function of Re and φ:

F D (Re,εs ) = Fd ,i sol · (1−εs )2 +Fεs +FRe,εs (6.9)

The corresponding terms are as follows:

Fd ,i sol (Re) =Cd ,i sol
Re

24
(6.10)
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where Cd ,i sol is calculated as proposed by Sanjeevi et al. [3]:

Cd ,i sol =
( a1

Re
+ a2

Rea3

)
exp(−a4Re)+a5(1−exp(a4Re)) (6.11)

where the coefficients (a1...a5) for parallel (φ= 0o) and perpendicular (φ= 90o) orienta-
tion are given in Table 6.2.

Fεs (εs) = a
p
εs(1−εs)2 + bεs

(1−εs)2 (6.12)

FRe,εs (Re,εs) = Recεs
d

(
e(1−εs)+ f εs

3

(1−εs)

)
+ gεs(1−εs)2Re (6.13)

The coefficients for Equations 6.12 and 6.13 for parallel and perpendicular orienta-
tion are also given in Table 6.2. Even though the multi-particle correlation takes into
account the effect of surrounding particles on the drag force experienced by a particle,
sub-grid inhomogeneities such as channeling, which are known to occur in beds of elon-
gated particles at velocities around Umf, are not taken into account by this correlation.

F D Cd ,i sol

Coefficient φ= 0◦ φ= 90◦ φ= 0◦ φ= 90◦

a 2 3 a1 24.48 31.89
b 11.3 17.2 a2 3.965 5.519
c 0.69 0.79 a3 0.41 0.229
d 0.77 3 a4 0.0005 0.0032
e 0.42 11.12 a5 0.15 1.089
f 4.84 11.12
g 0 0.57

Table 6.2: Coefficients for drag force calculation as proposed by Sanjeevi et al. [3],[5].

In case of AR-4 particles, next to drag force, lift force and hydrodynamic torque are
also considered. Their effect on the fluidization characteristics of AR-4 particles has been
studied in chapter 2.

Lift force. Single-particle lift correlation The magnitude of the shape induced lift
force FL experienced by an isolated particle is expressed as

FL = 1

2
CLρ f

π

4
d 2

p

∣∣v f −vi
∣∣2 (6.14)

where CL is the lift force coefficient. As the lift force is perpendicular to fluids relative
velocity v′f i = v f − vi and lies in the plane defined by the particle long axis orientation

vector ui and v′f i , the lift force magnitude FL is multiplied by the lift force orientation

vector êL0 which is given as

êL0 =
ui ·v′f i∣∣∣ui ·v′f i

∣∣∣
(ui ×v′f i )×v′f i∣∣∣∣∣∣(ui ×v′f i )×v′f i

∣∣∣∣∣∣ (6.15)
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The resultant lift force experienced by a particle is then expressed as FL = FL êL0 . The
lift force coefficient is approximated using the correlation by Zastawny et al. [2]

CL,α = (
b1

Reb2
+ b3

Reb4
)sin(α)b5+b6Reb7

cos(α)b8+b9Reb10
(6.16)

Fitting coefficients used for the correlation can be found in Table A.1
Multi-particle lift correlation. Sanjeevi and Padding. [5] proposed a simplified calcu-

lation for shape induced lift force at different inclination angles φ, based on its relation
to the normalized drag force. The average lift force FL (normalised by the drag on an
isolated volume equivalent sphere) experienced in a multi-particle system at different φ
is calculated as:

F L,φ = (F D,φ=90◦ −F D,φ=0◦ )sinφcosφ (6.17)

The magnitude of multi-particle lift force is calculated as:

FL = 3πη f dp F L,φ|v f −vi | (6.18)

Hydrodynamic torque. Single-particle torque correlation. The magnitude of the hy-
drodynamic torque on an isolated AR-4 particle is calculated as

TP = 1

2
CTρ f

π

8
d 3

p

∣∣v f −vi
∣∣2 (6.19)

where CT is the torque coefficient. The hydrodynamic torque acts perpendicularly to
the plane of particle relative velocity and particle orientation vector. Hence, the torque
orientation vector êT0 is given by

êT0 =
v′f i ·ui∣∣∣v′f i ·ui

∣∣∣
v′f i ×ui∣∣∣∣∣∣v′f i ×ui

∣∣∣∣∣∣ (6.20)

The resultant torque is then expressed as Tp = Tp êT0 . For approximating the torque
coefficient we have also applied a correlation derived by Zastawny et al. [2]

CT,α = (
c1

Rec2
+ c3

Rec4
)sin(α)c5+c6Rec7

cos(α)c Z
8 +c Z

9 Rec Z
10 (6.21)

The fitting coefficients used for calculating lift and torque coefficient have been derived
by an in-house DNS simulations specifically for AR-4 spherocylindrical particles. More
information about the DNS simulations can be found in [3, 32]. The coefficients used in
this work are listed in Table A.1

Multi-particle torque correlation. The magnitude of the multi-particle torque pro-
posed by Sanjeevi and Padding [5] is calculated as:

TP = 2πη f d 2
p T P,φ|v f −vi | (6.22)

where T P,φ is the average hydrodynamic torque for a multi-particle system, calculated
by:
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Coefficients TRe,εs

a 0.82
b 1.44
c 1.07
d 5.48
e 0.223

Table 6.3: Coefficients for torque calculation (Eq. 6.25) as proposed by Sanjeevi et al. [5]

T P,φ(Re,εs,φ) = TP,mag(Re,εs)sinφcosφ (6.23)

with

TP,mag(Re,εs) = Tp,isol(Re) · (1−εs)2 +TRe,εs (Re,εs) (6.24)

TRe,εs (Re,εs) = Reaεs
b
(
c(1−εs)+ dεs

3

(1−εs)

)
+eεs(1−εs)2Re (6.25)

Coefficients for equation 6.25 are given in Table 6.3.

6.3. SIMULATION PARAMETERS
In this study we used a square fluidized bed which is the same as used in previous chap-
ters 2,3 and 5. Column dimensions and main CFD-DEM simulation parameters are pre-
sented in Table 6.4. The parameters for particle properties are determined experimen-
tally by Mahajan et al. (2018) [95] for particles made of alumide, a 3D printing material
consisting of a mixture of nylon and aluminum dust. In this work we compare the flu-
idization mixing characteristics of spherical AR-1 particles to elongated, spherocylindri-
cal AR-4 particles, using single-particle (SP) and multi-particle correlations (MP) (Table
6.1). In this work we compare the fluidization mixing characteristics of spherical AR-
1 particles to elongated, spherocylindrical AR-4 particles. The considered particles are
volume equivalent to each other as this allows us to compare beds of the same mass
and same number of particles which also have relatively similar minimum fluidization
velocity. The minimum fluidization velocities were determined experimentally [8] and
particle properties are listed in Table 6.5.

In the initial bed, particles are separated by color in two layers, each containing the
same number of particles, as shown in Fig. 6.1. In both layers the particles have identical
properties, so the color distinction was made solely for tracking purposes. Horizontal or
lateral mixing can be of interest in wide fluidized beds [125, 138] However this work refers
to vertical mixing due to its higher relevance for tall beds.

Generally, in CFD-DEM simulations of spherical particles the recommended grid
size is between 1.6dp and 5dp . In this work we applied a grid size of 2.83dp which al-
lows us to satisfy standard practice for spherical particles and also have a cell size larger
than the length of the AR-4 particle [70].



6

96 6. SPHERICAL VERSUS ELONGATED PARTICLES - MIXING IN A GAS FLUIDIZED BED

(a) (b)

Figure 6.1: Initial beds for (a) AR-1 and (b) AR-4 particles.

CFD parameters
Parameter Symbol Value
Reactor base Lx , Ly 0.15 m, 0.15 m
Reactor height Hz 1.05 m
Number of grid cells ng

x ,ng
y ,ng

z 10 × 10 × 70
Grid cell dimensions cx = cy = cz 0.015 m
Time step tCFD 1 x 10−4 s
Fluid density ρ f 1.2 kg/m3

Fluid viscosity η f 1.568 ·10−5 Pa · s
DEM parameters

Parameter Symbol Value
Time step tDEM 1 × 10−5 s
Coefficient of friction µ 0.46
Cofficient of rolling friction µr 0.46
Coefficient of restitution e 0.43

Table 6.4: Relevant parameters for the CFD-DEM algorithm.
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Particles
Parameter AR-1 AR-4
Number of particles 32500 32500
Particle length [L] - 12 mm
Particle diameter [2R] 5.3 mm 3 mm
Particle density 1442 kg/m3 1442 kg/m3

Minimum fluidization velocity [Umf ] 1.58 m/s 1.7 m/s

Table 6.5: Particle properties.

6.4. MIXING ENTROPY
Literature offers a number of methods to quantify the degree of particle mixing and they
all have their advantages and disadvantages [139]. In fluidized bed investigations two
approaches are most popular in recent research: the Lacy mixing index and mixing en-
tropy. For this investigation we decided to focus on mixing entropy as it offers slightly
smoother curves and the only parameter that needs to be considered carefully is the
choice of the grid size used for measuring the particle fractions [139].
Calculating the mixing index, the domain is divided into grid cells indexed by triplets of
integers (i,j,k). For each cell, the local mixing entropy is calculated using:

S(i , j ,k) =−x1(i , j ,k) ln(x1(i , j ,k))−x2(i , j ,k) ln(x2(i , j ,k)) (6.26)

where x1(i , j ,k) and x2(i , j ,k) are number fractions of the colored particles in the cell
under investigation.

Local mixing entropies are summed in order to obtain the total normalized mixing
entropy (Stot ) for each time during the simulation.

Stot = 1

S0

∑
i , j ,k

S(i , j ,k) · Ncel l (i , j ,k)

N
(6.27)

where S0 is the maximum entropy of a randomly mixed system, which depends on the
ratio of the number of the two types of particles in the system. For the 1:1 ratio used
here, we have S0 = − ln1/2 = ln2. In Eq. 6.27, we weigh each local mixing entropy with
the number of particles Ncel l (i , j ,k) in cell (i,j,k) to properly average the total mixing
entropy.

When the size of the grid cell used for measuring the fractions is too small, the mea-
surement of the mixing entropy is hampered by statistical noise. Conversely, when the
size of the grid cell is too large, the spatial distribution of the particles is ignored. For the
dimensions of fluidized bed considered in this work, dividing the domain in coarse grid
of 5×5×35 cells proved to be optimal for accurately determining the mixing entropy.

Mixing time. The mixing entropy gives valuable information on how mixing between
particles progresses over time. This also enables us to estimate the mixing time for each
case. The normalized mixing entropy varies between values of 0 and 1 for completely
separated and perfectly mixed systems, respectively. Because in practice perfect mixing
is never reached, in this work we use a value of 0.95 for the mixing entropy to define a
sufficiently mixed system. The same approach was also applied by Deen et al. [134]. The
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mixing time t95% is defined as the time at which the mixing entropy reaches a value of
0.95, as shown by a horizontal dashed line in Fig. 6.2.

6.5. RESULTS

In this section we present results on particle mixing in terms of mixing entropy and mix-
ing time. We compare mixing characteristics of AR-1 to AR-4 particles at 6 different gas
inlet velocities (1.6Umf, 1.7Umf, 2Umf, 2.3Umf, 2.6Umf and 2.9Umf). For AR-4 particles we
look into the effect of single-particle (SP) and multi-particle (MP) correlations, as well as
considering hydrodynamic lift force and torque at 4 gas inlet velocities (1.6Umf, 1.7Umf,
2Umf and 2.9Umf). All simulations were run for 20 seconds which for this size of fluidized
bed is enough to reach statistical steady-state [70].

6.5.1. PARTICLE MIXING

Figure 6.2 shows mixing entropies as a function of time for AR-1 particles and AR-4 parti-
cles with single-particle and multi-particle correlations, under the influence of different
gas velocities. It can be seen that varying the gas velocity between 1.6Umf and 2Umf leads
to a considerable change in mixing entropy. This is particularly the case when changing
from 1.6Umf to 1.7Umf. However with an increase of gas velocity above 2Umf no addi-
tional effect on the evolution of the mixing entropy can be noticed anymore. This can
be observed for all considered cases. By comparing the mixing entropy curves for AR-4
particles, it can be seen that using single-particle or multi -particle correlations for hy-
drodynamic forces does not have a considerable effect on particle mixing. Hovewer, the
difference in mixing entropy between AR-1 and AR-4 particles is more evident.

We now make a more quantitative comparison of mixing entropies for AR-1 and AR-4
particles for the two lower gas velocities 1.6Umf and 1.7Umf and the highest gas velocity
2.9Umf, as shown in Fig 6.3. Solid lines represent AR-4 particles while dashed lines rep-
resent AR-1 particles. Different gas velocities are distinguished by color.

From Fig. 6.3 clear differences between AR-1 and AR-4 particles can be observed for
1.6 and 1.7Umf where AR-4 particles show considerably higher mixing entropy values and
therefore more intensive mixing. This behavior was already observed by Oschmaan et al.
[125]. However, at the highest considered gas velocity of 2.9Umf the difference between
mixing of the two types of particles is becoming negligible.

Condensing the mixing entropy curves into one value as mixing time (t95%), as ex-
plained in section 6.4, gives more insight in the comparison between AR-1 and AR-4
particles. Figure 6.4 shows the time necessary for a fluidized bed to reach a sufficiently
mixed state, with a normalized mixing entropy value of 0.95, as a function of gas inlet
velocity. Here the difference between AR-1 and AR-4 particles becomes even clearer. At
higher gas velocities it can be noticed that even though differences in the mixing time be-
tween the two types of particles is getting lower, AR-4 particles continue to show lower
mixing times. The effect of gas velocity on the mixing time is considerably higher for for
AR-1 particles than for AR-4 particles in the range between 1.6Umf and 2Umf. Choosing
between single-particle or multi-particle correlations for AR-4 particle has only a slight
effect on the mixing time. However, it can be noticed that MP correlations increase
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Figure 6.2: Mixing entropy as function of time for (a) AR-1 and (b) AR-4 particles.
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Figure 6.4: Mixing time as function of inlet gas velocity for AR-1 and AR-4 particles.

the difference in mixing time between AR-1 and AR-4 particle at higher gas velocities
(> 2Umf)

The previous work by Oschmann et al. [125] already reported less intensive mixing
for spherical particles and for particles of lower aspect ratio. However the physical rea-
son for this difference is still not clear. Figures 6.5 and 6.6 show visualization of fluidiza-
tion of AR-1 and AR-4 particles at the lowest (1.6Umf) and highest (2.9Umf) gas velocities
at different time instances. From Fig. 6.5 it is already visually clear that AR-1 particles
show considerably less intensive mixing after a given amount of time. It seems that for
the same gas velocity (U/Umf), AR-4 particles have a higher bed expansion with more
vigorous mixing, while AR-1 particles show distinct layers of the same particle colors.
The reason for this can be that large (Geldart D type) AR-4 particles show more intensive
turbulent fluidization behavior than volume equivalent AR-1 particles for the same gas
velocity [94]. In our previous experimental investigation [94], we have shown that while
AR-1 particles remain in a constant slugging regime, AR-4 particles show more turbulent
behavior and periodically switch between slugging and turbulent fluidization.

As the bubbles are main carriers responsible for particle mixing in fluidized beds and
the main mixing occurs in the bubble wake [6, 128], it is expected that fluidized beds with
flat nose, raining slugs, that are characteristic for large Geldart D particles [6], cannot
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(a)

(b)

Figure 6.5: Visualization of fluidization at different time instants for (a) AR-4 and (b) AR-1 particles at 1.6Umf.

lead to as effective particle mixing as bubbling or turbulent fluidized beds.

From Fig. 6.6 it can be observed that at the highest gas velocity of 2.9Umf, AR-1 parti-
cles are also in a much more turbulent fluidizing regime, more similar to AR-4 particles.
Figure 6.7 gives more insight in the void fraction distribution for the lower part of the bed
(z < 0.3 m), where for all gas velocities we expect to be in the dense part of the fluidized
bed. As void fractions between 0.4 and 0.5 respond to densely packed beds, and between
0.9 and 1.0 to cells with barely any particles in them, from figure 6.7 it can be seen that
AR-1 particles generally show a much more binary distribution of void fractions (i.e. ei-
ther very dense or very dilute) compared to AR-4 particles which show a much wider
distributions in the middle range of void fractions. At the low gas velocity of 1.6Umf,
AR-1 particles are still densely packed, with individual bubbles passing trough the bed
and carrying out the mixing. While for AR-4 particles, even at such low gas velocities,
the particles are more suspended in the gas flow, which can lead to faster mixing. This
is more visually evident from the snapshots in figure 6.8. It can be seen that in the case
of AR-1 particles, bubbles are clearly formed and the boundary between densely packed
particles and gas bubbles is clearly visible. In the case of AR-4 particles, no clear bubbles
are formed and particles are generally more suspended in the gas flow.

From figure 6.7 it can be seen that with the increase of gas velocity, there is an in-
crease in the intermediate range of void fractions for AR-1 particles, however it still re-
mains lower than in the case of AR-4 particles. AR-1 particles also show a higher peak at
void fractions in the range 0.9-1.0, which still suggests that clear bubbles (or slugs) are
passing through the bed. With the increase of gas velocity, the distribution of void frac-
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Figure 6.6: Visualization of fluidization at different time instants for (a) AR-4 and (b) AR-1 particles 2.9Umf.



6.5. RESULTS

6

103

0.4 - 0.5 0.5 - 0.6 0.6 - 0.7 0.7 - 0.8 0.8 - 0.9 0.9 - 1.0

Void fraction

0

100

200

300

400

500

600

700

800

900

1000

N
u

m
b

er
 o

f 
ce

lls

AR-4
AR-1

0.4 - 0.5 0.5 - 0.6 0.6 - 0.7 0.7 - 0.8 0.8 - 0.9 0.9 - 1.0

Void fraction

0

100

200

300

400

500

600

700

800

900

1000

N
u

m
b

er
 o

f 
ce

lls

AR-4
AR-1

0.4 - 0.5 0.5 - 0.6 0.6 - 0.7 0.7 - 0.8 0.8 - 0.9 0.9 - 1.0

Void fraction

0

100

200

300

400

500

600

700

800

900

1000

N
u

m
b

er
 o

f 
ce

lls

AR-4
AR-1

0.4 - 0.5 0.5 - 0.6 0.6 - 0.7 0.7 - 0.8 0.8 - 0.9 0.9 - 1.0

Void fraction

0

100

200

300

400

500

600

700

800

900

1000

N
u

m
b

er
 o

f 
ce

lls

AR-4
AR-1

(a) (b)

(c) (d)

Figure 6.7: Histogram of void fractions for cells below z = 0.3 m (total of 2000 cells) for AR-1 and AR-4 (MP)
particles at (a) 1.6Umf, (b) 2Umf, (c) 2.3Umf and (d) 2.9Umf.
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z
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Figure 6.8: Snapshots of bubble formations for (a) AR-1 and (b) AR-4 (MP) particles at 1.7Umf in the middle
intersection of the bed (0.07 m ≤ y ≤ 0.08 m).
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tions for AR-4 particles moves to the values corresponding to more dilute cells. Overall,
these observations can explain the faster mixing times we observe in the case of AR-4
particles.

In chapter 4 we already started to see indications of transition to a turbulent fluidiza-
tion regime for spherical particles at a gas velocity of 1.9Umf, which can explain the large
drop in mixing time for AR-1 particles at 2Umf. This is consistent with our observation
that above 2Umf we see negligible difference between AR-1 and AR-4 particles, as both
are operating in the turbulent fluidizing regime.

6.5.2. EFFECT OF HYDRODYNAMIC LIFT FORCE AND TORQUE ON MIXING

CHARACTERISTICS OF ELONGATED PARTICLES
So far, most numerical works have neglected the effect of hydrodynamic lift and torque
on fluidizaton of non-spherical particles. However, in case of elongated particles these
forces have considerable effect on the average particle orientation and velocity distribu-
tion [70]. In this section we investigate the effect of considering lift and torque on mixing
behavior of AR-4 particles. Figure 6.9 compares the mixing entropy and the mixing times
for cases with only multi-particle drag force considered to cases where all hydrodynamic
forces (using multi-particle correlations) are considered, for different gas velocities.

From Fig. 6.9 (a) it can be observed that cases with all hydrodynamic forces con-
sidered (full lines in Fig. 6.9) show higher mixing entropies than cases where only the
drag force is considered (dashed lines in Fig. 6.9). This difference is diminishing with
increasing gas velocity.

Similar behavior can be seen in the mixing time (Fig. 6.9 (b)) where for 1.6Umf,
1.7Umf and 2Umf simulations with lift and torque show lower mixing times. At the high-
est velocity of 2.9Umf both cases have almost identical mixing times. The fact that after
2Umf we do not see any effect of varying gas velocity (Fig. 6.3 and 6.4) or hydrodynamic
forces on mixing properties indicates that we have reached a terminal mixing time and
that for the considered properties of the fluidized bed (column and particle properties)
it is not possible to achieve faster mixing. From the presented results it can be assumed
that the terminal mixing times for AR-1 and AR-4 particles in the fluidzed bed considered
in this work are around 2.6 and 2.3 seconds, respectively.

The effect of including lift and torque on mixing time can be attributed mainly to
the lift force. Including hydrodynamic lift force leads to an increase in average particle
velocity in the vertical z-direction [70]. As can be seen from the previous section 6.5.1,
increasing gas velocity leads to faster and more intensive mixing.

6.6. CONCLUSION

In this chapter, we applied CFD-DEM simulations to compare mixing behavior of spher-
ical (AR-1) particles to elongated spherocylinders (AR-4) in a fluidized bed and to inves-
tigate the effect of novel multi-particle correlations for hydrodynamic forces and torque
[5] compared to widely used single-particle correlations. Spherical (AR-1) particles show
less vigorous mixing than AR-4 particles and have higher mixing times. The largest dif-
ference can be seen for gas velocities up to 2Umf. At higher gas velocities, even though
AR-1 particles still show longer mixing times, differences can be considered negligible.
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Figure 6.9: Effects of considering hydrodynamic lift and torque on (a) mixing entropy and (b) mixing time for
AR-4 particles

This indicates that between 2Umf and 2.3Umf the fluidized bed already reaches a ter-
minal mixing velocity and it is not possible to achieve faster mixing times for the given
fluidized bed properties. More vigorous mixing for AR-4 particles can be explained by
the more turbulent fluidization. These observations are characteristic of tall and narrow
beds with coarse particles. Different conclusions are possible for shallower beds with
lower bed height to column diameter ratios.

Applying multi-particle correlations for hydrodynamic forces and torque does not
have a large effect on particle mixing times. It can be noted that the mixing times for
cases with multi-particle correlations at higher gas velocities (> 2.3Umf) have slightly
lower mixing times compared to the cases with single particle correlations, however this
effects can be seen as marginal.

Including hydrodynamic lift and torque has an effect on mixing properties of AR-4
particles and leads to somewhat faster mixing times. The main cause for faster mixing
times can be seen in the effect of lift force which increases the particle average velocity
in the vertical direction.





7
CONCLUSION

This thesis dealt with the specifics of elongated particles in fluidizing conditions includ-
ing a comparison with fluidization of more usual spherical particles. This was done us-
ing a numerical approach, with CFD-DEM simulations, and an experimental approach,
using magnetic particle tracking (MPT) and X-ray tomography (XRT). The main findings
of this thesis are listed bellow:

• Considering shape induced lift force and hydrodynamic torque is necessary for
predictive simulation of elongated particle fluidization In Chapter 2 we used
CFD-DEM simulations to look at individual and joint effects of lift force and hy-
drodynamic torque on fluidization of elongated particles. Their most notable ef-
fect was seen in the particle velocity in the vertical direction and in the particle
orientation. Including shape induced lift force in simulations led to an increase of
the average vertical particle velocity, while it had a negligible effect on the aver-
age particle orientation. Considering hydrodynamic torque did not have a notable
effect on the average particle velocity, however it had a strong effect on the par-
ticle preferred orientation. Including hydrodynamic torque changed the particle
preferred orientation from more vertical to more horizontal, together with an in-
crease of random particle orientation. In Chapter 6 we compared the average par-
ticle orientations from CFD-DEM simulations, with varying hydrodynamic forces
and torque, to MPT experimental results. We have shown that it is of crucial im-
portance to consider hydrodynamic torque in order to properly predict average
particle orientations during fuidization of elongated particles. We can definitively
say that considering both shape induced lift force and hydrodynamic torque is
necessary to predictively simulate fluidization of elongated particles.

• When fluidized, elongated particles mix faster than spherical particles. In Chap-
ter 6 we performed numerical investigation using CFD-DEM simulations of mixing
characteristics of spherical and elongated particles. Looking at mixing entropies
and mixing times for spherical and elongated particles at different gas velocities,
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we showed that elongated particles mix faster than spherical ones. Elongated par-
ticles showed faster mixing times at all gas velocities and at 1.6Umf it was almost
twice faster. At around 2Umf both types of particles reached terminal mixing times
and with further increase of gas velocity the difference was small and relatively
constant, with elongated particles still showing slightly shorter mixing times. In-
cluding shape induced lift force and hydrodynamic torque in simulations of elon-
gated particles, led to a decrease of mixing time. The faster mixing times observed
in fluidization of elongated particles can be explained by the presence of more tur-
bulent fluidization, discussed in Chapter 4.

• Using multi-particle correlations for hydrodynamic forces and torque improves
simulations of elongated particle fluidization. In Chapter 6 we applied the newly
developed multi-particle correlations for drag force, lift force and hydrodynamic
torque and compared them to simulations with single particle correlations (sup-
plemented with multi-particle corrections for spheres, as used in the literature
so far). Comparing simulation results to the results from MPT experiments from
Chapter 3 we showed that multi-particle correlations improved the prediction of
particle orientation and particle velocity in z-direction, for dense regions of the
bed. In the free-board region, simulations with single-particle correlations showed
better agreement with experimental results. As a much smaller number of parti-
cles is affected by conditions in the free-board region, and predicting the correct
behavior of particles in dense fluidizing conditions is therefore far more impor-
tant, we argue that using multi-particle correlations improves simulations of elon-
gated particle fluidization.

• The amount of alignment and rotation of elongated particles depends on the as-
pect ratio. In Chapter 3 we used magnetic particle tracking (MPT) experiments to
compare fluidization of elongated particles with aspect ratios of 4 and 6. We found
that AR-6 particles have a higher tendency to align with the fluid flow, which was
most notable in the wall regions. The AR-6 particles also showed higher magni-
tudes of rotational velocity.

• Elongated particles behave considerably different from spheres in fluidizaing
conditions. Models and correlations developed for fluidization of spherical par-
ticles can not be translated to fluidization of elongated particles. In Chapters 3
and 4 we used two different experimental techniques (MPT and XRT, respectively)
to compare fluidization behavior between spherical and elongated particles (of
equivalent volume). We found clear differences when looking at:

– Particle velocity distribution. Using the MPT technique, we showed that spher-
ical particles predominantly rise in the middle of the bed and descend next
to the walls at all gas velocities investigated. Elongated particles showed
completely different behavior and they display a separation in two counter-
rotating vortices, in which the bottom vortex rises next to the walls and de-
scends in the middle of the bed.

– Particle rotational velocity. Spherical particles show the highest rotational ve-
locities in the bulk region and near the walls, while elongated particles have
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the highest rotational velocities in the free-board region.

– Bubble and slugging properties. Using XRT in Chapter 4 we showed that a
fluidized bed of elongated particles has a considerably larger distribution of
small and medium size bubbles compared to a bed of spherical particles.
Elongated particles also showed higher average bubble velocities. In case of
spherical particles, slugs appear with regular time intervals, unlike for elon-
gated particles, which demonstrate a wide distribution of waiting times be-
tween slugs. The fluidized bed of spherical particles also shows a clear dom-
inant slug frequency of 1 Hz, while elongated particles had a wider spread of
frequencies, up to 2 Hz, without a clear distinct peak. All this indicates that
elongated particles show more turbulent fluidization compared to spherical
particles and that during fluidization they periodically switch between slug-
ging and more turbulent fluidization.

7.1. RECOMMENDATIONS FOR FUTURE WORK

With this work we have deepened the understanding of elongated particles fluidization
and presented the tools necessary for predictive modeling of their fluidization. Having
addressed the main points in fluidization of elongated particles, this work can be the
foundation for further development of models that can simulate fluidization with elon-
gated particles encountered in real industrial conditions. First steps to do so would be:

• In industrial conditions, elongated biomass particles are usually fluidized in mix-
tures with inert materials which have particles of much smaller dimensions and
more-or-less spherical shape. Now that we understand fluidization of elongated
and spherical particles individually, the next step would be to see how their flu-
idization behavior changes in industrial mixtures. To do this, it is necessary to per-
form experimental investigations, where a good starting point would be PIV-DIA
and particle tracking experiments.

• In order to perform CFD-DEM simulations of fluidization of industrial mixtures, it
is necessary to develop hydrodynamic force and torque correlations for such mix-
tures. This will be challenging because the size ratios and mixture compositions
add yet more parameters to the already long list of relevant parameters.

• Developing correlations that include near wall effects for dense and dilute flows of
elongated particles could improve simulation results.

• In order to better understand the phenomenon of channeling, which is character-
istic of elongated particles before they start to fluidize, it would be interesting to
perform investigation of the force chains that appear in a bed of elongated parti-
cles for gas velocities below Umf.

• In this work we performed XRT investigation of coarse elongated particles, where
the ratio of column diameter to particle length was low. Performing a similar in-
vestigation in a bed with larger column diameter to particle length ratio may lead
to different conclusions.





A
LIFT AND TORQUE COEFFICIENTS

In this study we explored the effect of varying lift and torque expressions on the dy-
namics of fluidized non-spherical particles. These expressions were derived for a single
stationary particle in a particle flow at varying angles of incidence and Reynolds num-
ber using direct numerical simulations (DNS). Here the angle of incidence is defined as
the angle between the direction of the fluid flow and the principal or longest axis of the
non-spherical particle. For instance, in [3], the flow is modelled via the D3Q19 multi-
relaxation time (MRT) lattice Boltzmann method (LBM).

The lift and torque correlation functions from the DNS investigations of [3] and [2]
used in this study are presented in Table 2.1. Each function is comprised of a number
of coefficients that have been obtained by fitting the correlation functions in Table 2.1
to data from direct numerical simulations. In the study of Zastawny et al. [2], these co-
efficients were calculated for ellipsoids, disc-shaped particles and fibres with an aspect
ratio of 5. However these parameters are not applicable for the spherocylinders used in
this study, which have an aspect ratio of 4. Therefore we use coefficients for LZast and
TZast that have been fitted using in-house DNS simulations. For further information on
the DNS simulations we refer the reader to [32] and [3]. The coefficients for the Zastawny
lift and torque functions are presented in Table A.1 while the coefficients for the Sanjeevi
lift and torque functions are given in Table A.2.
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Lift Torque
Coefficient Value Coefficient Value

bZ
1 1.884 c Z

1 -2.283

bZ
2 0.1324 c Z

2 -0.01145

bZ
3 0.001668 c Z

3 4.09

bZ
4 -0.8159 c Z

4 -0.01395

bZ
5 0.8562 c Z

5 0.3406

bZ
6 0.003624 c Z

6 0.3609

bZ
7 0.6598 c Z

7 0.1355

bZ
8 -0.2621 c Z

8 0.2356

bZ
9 0.8021 c Z

9 0.3612

bZ
10 0.04384 c Z

10 0.1358

Table A.1: Coefficients for the lift and torque correlations of Zastawny et al. [2] fitted for spherocylinder parti-
cles with aspect ratio of 4 using in-house DNS simulations.
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Lift Torque
Coefficient Value Coefficient Value

bS
1 6.718 cS

1 5.079

bS
2 0.069 cS

2 0.342

bS
3 -0.378 cS

3 0.197

bS
4 2.666 cS

4 -0.161

bS
5 0.314 cS

5 0

bS
6 0.046 cS

6 0

bS
7 0.345 cS

7 0

bS
8 3.50 ×10−6 cS

8 0

bS
9 1.194

Table A.2: Coefficients for the lift and torque correlations of Sanjeevi et al. [3] for a spherocylinder particle
with aspect ratio of 4.





B
SLUGGING OF SPHERICAL

PARTICLES - AUDIO SIGNAL

ANALYSIS

Supplementary material to Chapter 4

B.1. AUDIO SIGNAL ANALYSIS

B.1.1. INTRODUCTION AND METHOD EXPLANATION

During fluidization, the movement of solid particles causes acoustic emissions due to
particle friction, collision and fluid turbulence [140–142]. Fluidized beds operating in
different regimes will cause different kinds of acoustic emissions. This property can be
used to categorize and analyze fluidization behavior. For large Geldart D particles that
were used in this investigation, slugs can be easily distinguished by the sound emitted
by a large number of particles falling down in the bed after slug breakage.

We used a simple web camera to film the fluidized bed while operating at the same
gas excess velocities as for the X-ray measurements. Measurements were done for 5 min-
utes and the audio signal was extracted from the webcam video. An example audio file
can be found here: AR1-2059lmin.wav. The process of identifying slugs from the audio
signal is shown in Fig. B.1. In the original audio signal (Fig. B.1 (a)), slugs can already be
noticed easily as high peaks in the time-dependent signal intensity (Fig. B.1 (b)). Each
peak starts with a gradual increase in signal intensity due to frictional motion of parti-
cles with respect to the column walls, occurring when the slug is going up. The peak in
signal intensity ends a with sharp decline as particles fall down after the slug breaks. A
smoothing filter (moving average over 0.02 seconds) is applied to the intensity signal to
get rid of high-frequency noise and define slugs more clearly (Fig. B.1 (c)). Finally, on the
filtered signal a threshold is applied to single out slugs, in a similar way as was done for
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Figure B.1: Example of analyzing audio signal for AR-1 particles at U−Umf = 0.65; (a) Original audio signal,
(b) Intensity of original signal, (c) Intensity after applying low pass filter, (d) Filtered signal after applying

threshold.

the waiting time and frequency analysis in the X-ray investigation described in Chapter
4. However, unlike for the data obtained with X-ray measurements, the choice of the
threshold value can not be constant for all gas excess velocities because intensity of the
audio signal rises with increase in gas velocity.

B.1.2. RESULTS

The waiting time distribution is calculated from the distance between the centers of con-
secutive peaks in the thresholded audio signal (Fig. B.1 (c) and (d)). Figure B.2 shows
the waiting time distributions for AR-1 particles for different gas excess velocities. It is
interesting to note that the waiting time distributions obtained from the audio signal
show good agreement with the distributions obtained from the X-ray measurements.
The main peak appears at a value of around 1 s and at low gas excess velocities the main
peak is followed by smaller peaks at 2, 3 and 4 s. Increasing the gas excess velocity leads
to widening of the main peak and the longer waiting time peaks disappear.

We note that analysis of the audio signal was only possible for AR-1 particles. In
the case of AR-4 particle fluidization, the back ground noise was too high and it was
not possible to discern individual slugs. This can be interpreted as another difference
in fluidization behavior between AR-1 and AR-4 particles. During fluidization of AR-4
particles, more individual particles are lifted, and they are lifted higher in the column.
These particles hit the column walls more frequently than in the case of AR-1 particles.
Together with the more turbulent fluidization discussed in Chapter 4, this generates ad-
ditional noise that makes detection of slugs in the audio signal very difficult for AR-4
particles.
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Figure B.2: Waiting time distributions for AR-1 particles at excess gas velocities U−Umf of: (a) 0.4, (b) 0.65, (c)
0.9, (d) 1.15 and (e) 1.4 m/s.

B.1.3. CONCLUSION

We showed that it is possible to obtain rudimentary information on the fluidization char-
acteristic with just an ordinary web camera and that the quality of the obtained slug
waiting time distributions is comparable with the ones obtained with the much more
expensive and demanding X-ray setup. Even though we were not able to identify slugs
from the audio signal in the case of AR-4 particles, we still leave it as an open option with
more advanced microphone equipment.
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