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Summary

Gas-solid fluidized beds are widely used in various industries due to their favourable
mixing, and mass and heat transfer characteristics. Fluid catalytic cracking, polymeriza-
tion, drying, and granulation are a few examples of their applications. In recent years,
there has been increased application of fluidized beds in biomass gasification and clean
energy production. Fluidization has been extensively studied, experimentally, theoreti-
cally and numerically, in the past. However, most of these studies focused on spherical
particles while in practice granules are rarely spherical. Particle shape can have a signif-
icant effect on fluidization characteristics. It is therefore important to study the effect of

particle shape on fluidization behavior in detail.

One of the main reasons we still do not completely understand the fluidization phe-
nomenon is because of complex hydrodynamic interactions and its large separation of
scales. Industrial fluidized bed reactors of tens of meters in diameter can have hydro-
dynamic scales varying from micrometers to meters. Experimental setups of such large
size are extremely expensive and therefore not practical. On the other hand, theoreti-
cal and empirical correlations are not accurate for scale-up and are rarely available for
non-spherical particle shapes. Because of this, we need a different approach. One that
takes advantage of experimental measurements and numerical simulations. The tasks
are divided into three parts based on scales, each focusing on a particular aspect : DNS
(direct numerical simulation), CFD-DEM (computational fluid dynamics - discrete ele-
ment model) and TFM (two fluid model) or MP-PIC (multi-phase - particle in cell). In
this thesis, the focus is on CFD-DEM modelling, a ’bridge’ that connects the DNS and
TFM/MP-PIC models.

First, the fluidized bed is experimentally studied. The fluidization of spherocylindri-

cal (rod-like) Geldart D particles of aspect ratio 4 is investigated. Pressure drop and op-
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tical measurement methods (Digital Image Analysis, Particle Image Velocimetry, Particle
Tracking Velocimetry) are employed to measure bed height, particle orientation, parti-
cle circulation, stacking, and coordination number. The commonly used empirical and
theoretical correlations to determine the pressure drop across a bed of non-spherical par-
ticles are compared to experiments. Experimental observations and measurements show
that rod-like particles are prone to interlocking and channeling behavior. Well above the
minimum fluidization velocity, vigorous bubbling fluidization is observed, with groups of
interlocked particles moving upwards, breaking up, being thrown high in the freeboard
region and slowly raining down as dispersed phase. At high fluidization velocity, a cir-
culation pattern develops with particles moving up through the center and down at the

walls. Particles tend to orient themselves along the flow direction.

Numerical models are used to study non-spherical fluidization behaviour in detail.
A crucial step in the development of the numerical model is a detailed validation with
experimental data. The validated model can then be used with confidence for further
understanding non-spherical fluidization. The results obtained from CFD-DEM mod-
elling are compared with detailed experiments. The numerical modelling strategy for
rod-like particles is presented, including the DEM contact detection algorithm and an
accurate voidage calculation algorithm. The non-spherical single particle drag model of
Holzer and Sommerfeld (2008) is compared with a DNS drag model for spherocylindri-
cal particles developed in-house. Two new voidage correction models are proposed and
results are compared with the Di Felice (1994) model. The pressure drop, bed height,
particle orientation, particle circulation, stacking of particles and coordination number
obtained from simulations are compared with experiments. Similar to experiments, sim-
ulations show that rod-like particles are prone to interlocking behaviour. The importance
of hydrodynamic torque and multi-particle drag in CFD-DEM modelling of non-spherical
particles is demonstrated through these results.

To be able to simulate industrial scale fluidized beds with billions of particles, coarse
grained models (TFM or MP-PIC) are used. These models do not explicitly solve for par-
ticle collisions, thereby bypassing the most expensive step. Instead, these models require
particle stress closures to account for particle-particle interactions. Closures based on ki-
netic theory are specifically developed for spherical particles. Additionally, the particles
studied in this work are characterized by high particle Stokes and Reynolds numbers.
The rheology of suspensions of such high-inertia (or granular) non-spherical particles is
rarely investigated. The validated CFD-DEM model can now be used to understand the
rheology and subsequently develop stress closures.

We subject the inertial rod-like particles of aspect ratio 4 to shear flow and initially
investigate the effect of surrounding fluid on particle-particle interaction. In particular,



ix

the effect of fluid medium (air, water) against dry frictionless granular simulations on
the developed stresses is assessed. CFD-DEM simulations are performed for a periodic
shear box for a range of shear rates and volume fractions of particles. The dependence
of rheological properties like shear stress, normal stress difference, pressure and relative
viscosity on volume fraction, shear rate, granular temperature and the particle orien-
tation are discussed. These results provide insight into the macroscopic rheology of
suspensions of rods and demonstrate that the effect of particle shape and surrounding
fluid cannot be completely ignored. Air as a fluid medium shows similar scaling as com-
pared to dry granular simulations, but the stress values are generally lower. A drastic
change in both scaling and values for water as fluid medium is observed. In all cases,

the rods show strong alignment in the direction of shear.

In the last part of this work, the rheology of the same high-inertia elongated particles
is investigated as a function of particle friction as well as shear rate and volume fraction.
The rheology of rod-like particle flows in the dense regime is found to depend on friction
coefficient as well as a critical volume fraction. In the dilute regime, the rheology is
found to depend largely on the granular temperature of particles.

Finally, constitutive equations for collisional stress and collisional pressure, applica-
ble to a large range of volume fractions and shear rates are proposed. These constitutive
relations for rod-like particles have the same form as for spheres but with modified pa-
rameters. The methodology for the development of accurate collisional stress closure
is demonstrated. These closures are specific to particle shape and micro-mechanical
properties, while also taking into account the effect of the surrounding fluid.






Samenvatting

Gas-vast gefluidiseerde bedden worden veel gebruikt in de industrie vanwege hun goede
menggedrag en goede massa- en warmteoverdrachtskarakteristieken. Fluid catalytic
cracking, polymerisatie, drogen en granulatie zijn een paar voorbeelden van de toepassin-
gen. In recente jaren worden wervelbedden steeds meer toegepast in biomassa gasi-
ficatie en schone energieproductie. Fluidisatie is in het verleden intensief bestudeerd,
zowel experimenteel, theoretisch als numeriek. De meeste van deze studies richtten zich
echter op ronde deeltjes, terwijl in de praktijk de deeltjes zelden rond zijn. Deeltjesvorm
kan een significant effect hebben op fluidisatiekarakteristieken. Het is daarom belangrijk
om het effect van deeltjesvorm op het fluidisatiegedrag in detail te bestuderen.

Een van de belangrijkste redenen waarom we de fluidisatieverschijnselen nog steeds
niet volledig begrijpen, is vanwege de complexe hydrodynamische interacties en de
grote scheiding van schalen. Industri€le wervelbedreactoren met een diameter van tien-
tallen meters kunnen hydrodynamische schalen hebben die variéren van micrometers
tot meters. Experimentele opstellingen van zo'n groot formaat zijn extreem duur en
daarom niet praktisch. Aan de andere kant zijn theoretische en empirische correlaties
niet nauwkeurig voor opschaling en zijn ze zelden beschikbaar voor niet-ronde deelt-
jesvormen. Daarom hebben we een andere aanpak nodig. F’en die profiteert van ex-
perimentele metingen en numerieke simulaties. De taken zijn verdeeld in drie delen
op basis van schaal, elk gericht op een specifiek aspect: DNS (directe numerieke simu-
laties), CFD-DEM (computational fluid dynamics - discreet element model) en TFM (two
fluid model) of MP-PIC (multi-phase - particle in cell). In dit proefschrift ligt de nadruk
op CFD-DEM-modellering, een ‘brug’ die de DNS- en TFM / MP-PIC-modellen verbindt.

Eerst is het wervelbed experimenteel bestudeerd. De fluidisatie van sferocylindrische

(staafachtige) Geldart D-deeltjes met lengte-diameterverhouding 4 is onderzocht. Druk-

xi
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val en optische meetmethoden (Digital Image Analysis, Particle Image Velocimetry, Par-
ticle Tracking Velocimetry) zijn gebruikt om bedhoogte, deeltjesoriéntatie, deeltjescir-
culatie, deeltjespakking en -codrdinatiegetal te meten. De algemeen gebruikte em-
pirische en theoretische correlaties om de drukval over een bed van niet-ronde deeltjes
te bepalen, zijn vergeleken met experimenten. Experimentele observaties en metin-
gen tonen aan dat staafachtige deeltjes vatbaar zijn voor entanglement en vorming van
kanalen. Ruim boven de minimale fluidisatiesnelheid is krachtige fluidisatie waargenomen,
met groepen van onderling geéntanglede deeltjes die naar boven bewegen, uiteenvallen,
hoog boven het bed worden gegooid en langzaam naar beneden regenen als een gedis-
pergeerde fase. Bij hoge fluidisatiesnelheid ontwikkelt zich een circulatiepatroon met
deeltjes die door het midden omhoog en langs de wanden naar beneden bewegen. Deelt-

jes hebben de neiging zich in de stroomrichting te oriénteren.

Numerieke modellen zijn gebruikt om niet-bolvormig fluidisatiegedrag in detail te
bestuderen. Een cruciale stap in de ontwikkeling van het numerieke model is een gede-
tailleerde validatie met experimentele data. Het gevalideerde model kan vervolgens
met vertrouwen worden gebruikt voor een beter begrip van niet-ronde fluidisatie. De
resultaten verkregen uit CFD-DEM-simulaties zijn vergeleken met gedetailleerde exper-
imenten. De numerieke modelleringsstrategie voor staafachtige deeltjes is gepresen-
teerd, inclusief het DEM-contactdetectie-algoritme en een nauwkeurig algoritme voor
het berekenen van de lege ruimte. Het niet-ronde wrijvings-model met één deeltje van
Holzer en Sommerfeld (2008) is vergeleken met een intern ontwikkeld wrijvingsmodel
voor sferocylindrische deeltjes. Twee nieuwe correctiemodellen voor het effect van
naburige deeltjes zijn voorgesteld en de resultaten zijn vergeleken met het Di Felice
(1994) model. De drukval, bedhoogte, deeltjesoriéntatie, deeltjescirculatie, deeltjes-
pakking en coordinatiegetal verkregen uit simulaties zijn vergeleken met experimenten.
Vergelijkbaar met experimenten, tonen simulaties aan dat staafachtige deeltjes vatbaar
zijn voor entanglement gedrag. Het belang van hydrodynamisch koppel en wrijving
door naburige deeltjes bij CFD-DEM-modellering van niet-ronde deeltjes is door deze
resultaten aangetoond.

Om gefluidiseerde bedden op industriéle schaal met miljarden deeltjes te kunnen
simuleren, worden grofkorrelige modellen (TFM of MP-PIC) gebruikt. Deze modellen
lossen niet expliciet de deeltjesbotsingen op en omzeilen daarmee de duurste stap. In
plaats daarvan vereisen deze modellen sluitingsrelateis voor de deeltjesstress om reken-
ing te houden met de interacties tussen de deeltjes. Sluitingsrelaties op basis van kinetis-
che theorie zijn specifiek ontwikkeld voor bolvormige deeltjes. Bovendien worden de in
dit werk bestudeerde deeltjes gekenmerkt door hoge Stokes en Reynolds-getallen. De
reologie van suspensies van dergelijke niet-bolvormige deeltjes met een hoge inertia

(granulaire deeltjes) wordt zelden onderzocht. Het gevalideerde CFD-DEM-model kan



xiii

nu worden gebruikt om de reologie te begrijpen en vervolgens stress-sluitingsrelaties te
ontwikkelen.

We onderwerpen de staafachtige deeltjes met lengte-diameterverhouding 4 aan een
afschuifstroming en onderzoeken in eerste instantie het effect van het omringende gas of
vloeistof op de interactie tussen de deeltjes. In het bijzonder is het effect van het medium
(lucht, water) op de ontwikkelde deeltjes-stress beoordeeld. CFD-DEM-simulaties zijn
uitgevoerd voor een periodiek systeeem voor een reeks afschuifsnelheden en volume-
fracties van deeltjes. De afhankelijkheid van reologische eigenschappen, zoals schuif-
spanning, normaal spanningsverschil, druk en relatieve viscositeit van volumefractie,
afschuifsnelheid, granulaire temperatuur en de deeltjesoriéntatie zijn besproken. Deze
resultaten geven inzicht in de macroscopische reologie van suspensies van staven en
tonen aan dat het effect van deeltjesvorm en omringende vloeistof niet volledig kan
worden genegeerd. Lucht als medium vertoont vergelijkbare schaling in vergelijking
met droge granulaire simulaties, maar de stresswaarden zijn over het algemeen lager.
Een drastische verandering in zowel schaling als waarden zijn waargenomen voor water
als medium. In alle gevallen vertonen de staven een sterke uitlijning in de richting van
afschuiving.

In het laatste deel van dit werk is de reologie van dezelfde staafvormige deeltjes
onderzocht als functie van de deeltjeswrijving evenals afschuifsnelheid en volumefractie.
De reologie van staafachtige deeltjesstromen in het dichte regime blijkt afthankelijk te
zijn van de wrijvingscoéfficiént evenals een kritische volumefractie. In het verdunde
regime blijkt de reologie grotendeels afhankelijk te zijn van de granulaire temperatuur
van de deeltjes.

Tenslotte zijn constitutieve vergelijkingen voor botsings-stress en botsings-druk voorgesteld,
toepasbaar op een groot aantal volumefracties en afschuifsnelheden. Deze constitu-
tieve relaties voor staafachtige deeltjes hebben dezelfde vorm als voor bollen maar met
gemodificeerde parameters. De methodiek voor de ontwikkeling van nauwkeurige sluit-
ingsrelaties van botsings-stress is aangetoond. Deze sluitingen zijn specifiek voor de
deeltjesvorm en micromechanische eigenschappen, maar houden ook rekening met het
effect van het omringende medium.
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Chapter 1

Introduction

1.1 Fluidized beds

Gas-solid fluidized beds are widely employed in various industries due to their favourable
mixing, mass and heat transfer characteristics. Fluid catalytic cracking, polymerization,
drying and granulation are a few examples of their applications. In recent years, there
has been increased application of fluidized beds in biomass gasification and clean energy
production. Therefore, understanding of complex dense gas-solid flows is important. At
present, the design and scale-up of fluidized bed equipment is still mostly a fully empir-
ical process, due to our limited insight into the fundamentals of dense gas-particle flows
(Wachem and Almstedt, 2003) and high costs involved in industrial scale experiments.

The main obstacle for a fundamental understanding is the large separation of rel-
evant scales in such systems: the largest flow stuctures can be of the order of meters,
yet these structures are directly influenced by details of the particle-particle collisions,
particle-wall collisions and particle-gas interactions which take place on the scale of mil-
limeters or even micrometers (Li and Kuipers, 2003). This makes it extremely difficult
and challenging to predict the nature of the large-scale heterogeneous structures which
play a crucial role in the mass and heat exchange rates in the fluidized bed equipment -
in other words, they dictate the overall equipment performance.

Consequently, experimental, theoretical and numerical studies have been used to de-
scribe the properties of fluidized beds (Deen et al., 2007; Goldschmidt et al., 2003; Jong
et al.,, 2012). However, almost all research has been conducted using nearly spherical
particles because of their geometrical simplicity. In industry, particles are rarely perfectly
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spherical. An important example is the production of hydrogen and syngas from biomass
in fluidized bed gasifiers. The biomass is milled and often processed into pellets before
being fed to the gasifier, resulting in elongated particles of aspect ratio three to five and
occasionally upto 12, as shown in Figure 1.1.

Figure 1.1: Biomass pellets used in fluidized bed gasifier (Indiamart, 2019).

The dynamics of such non-spherical particles can be very different and more com-
plex as compared to spherical particles. These particles experience anisotropic drag (Za-
stawny et al., 2012; Holzer and Sommerfeld, 2008; Zhou et al., 2011a) and anisotropic
collisions, both of which depend on local spatial distribution and degree of alignment of
neighbouring particles and the proximity of internal or external walls. Knowledge about
the influence of particle shape is therefore essential, for example, for reactor design and
optimization.

Contrary to industrial scale experiments, computer models are inexpensive and can
aid the design process of fluidized bed equipment. Given the limited computing re-
sources and the number of (millimeter-sized) particles in a 10 meter high reactor 0(10'9),
it is clear that one has to resort to coarse-grained models, in which the exchange of mass,

momentum and heat between the phases is modelled in an effective way.

Figure 1.2 shows a graphical representation of the modelling strategy for an indus-
trial scale fluidized bed containing elongated particles. In the direct numerical simula-
tion (DNS) model, the gas flow is solved on a grid much smaller than the size of the
particles, so the flow around and between the particles is fully resolved. It does not rely
on any closures for the exchange of mass, momentum or energy between the solid and
the gas phase. In the discrete particle model (DPM), the gas flow is solved on a grid
larger than the size of the particles; particle-gas interactions are modelled in an effective
way, via closures for the translational and rotational drag forces. The particle-particle
and particle-wall collisions are treated by a deterministic contact model. The continuum
particle model (CPM), recently developed by Verma and Padding, is similar to the DPM
model, only now the particle collisions are treated implicitly, with forces and torques de-
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Figure 1.2: Graphic representation of the multiscale modelling scheme for an industrial scale flu-
idized bed containing elongated particles. The three levels of description of the gas-solid
flow are : a) The direct numerical simulation (DNS) model, b) the discrete particle
model (DPM) and c) The continuum particle model (CPM).

rived from particle stresses which depend on the translational and orientational particle
distribution and velocities, allowing for simulation of large system sizes.

1.2 Research objective

In the current work, we make a first step by focusing on multiscale modelling of mo-
mentum transfer in dense fluidized systems containing elongated axisymmetric particles
(simplified shape compared to particles shown in Figure 1.1). Such particles are rel-
atively simple, yet many of the fundamental problems linked to anisotropic drag and
collisions already appear. The main goals of this work are :

» To present a CFD-DEM model for accurate modelling of spherocylinder particles
in fluidized beds : use of an accurate particle collision detection algorithm, drag
correlation and volume fraction calculation technique.

» To study lab scale experiments : use of pressure sensors, particle image velocime-
try, particle tracking velocimetry and digital image analysis in a quasi-2D fluidized
bed to understand the macro and micro-scale behaviour.

» To compare simulations one to one with experiments : validate the drag relations
obtained from the DNS simulations and assess the ability of the CFD-DEM model
to predict the formation of heterogeneous structures and voids.

» To determine a functional description of the particle stress tensor under relevant
conditions of volume fraction and rate of deformation : compare with kinetic the-
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ory for spherical particles and propose new constitutive equations for elongated
particles while accounting for the effect of interstitial fluid.

1.3 Thesis outline

The thesis can be divided into three parts. Part one consists of lab scale experiments and
measurements. In part two, the simulation model is described in detail and validation
is done one to one with the experiments. In part three, the simulation model is used to
measure stresses and develop constitutive equations.

Chapter 2 introduces the experimental setup, the measurement techniques and the
measurements made for a number of parameters for two lab scale pseudo-2D fluidized
beds.

Chapters 3 and 4 together make part two. Chapter 3 describes the CFD-DEM model
in detail, including the contact model for spherocylinder particles, the volume fraction
measurement and the drag models. The predictions of simulations are validated with
experiments in Chapter 4.

The last part consists of Chapters 5 and 6. In Chapter 5, we perform measurements
to understand the rheology of frictionless rod-like particle flows while focussing on the
effect of the interstitial fluid medium. In chapter 6, we study the effect of friction co-
efficient for flow of granular rods in air as a fluid medium and propose constitutive
equations for particle collisional stress and collisional pressure.

In Chapter 7, the general conclusions and outlook are given.



Chapter 2

Experimental Measurements

2.1 Introduction

Non-spherical particle fluidization has been gaining interest in recent years as a field
of research. However, the focus has mainly been on numerical approaches, with ex-
perimental results being available, but scarce (Zhong et al., 2016). Among the earliest
researchers in this field, Liu and Litster (1991) found that non-spherical particles tend
to spout, forming high fountains. Liu et al. (2008) also conducted experiments and ob-
served poor fluidizing quality as compared to spherical particles. Zhong et al. (2009)
were among the first to present an experimental study on expansion ratio and pressure
drop for rod-like particles. Vollmari et al. (2015) conducted research on the pressure
drop and flow regime transitions of a variety of irregularly shaped particles. They found
that as particles become more non-spherical, they are harder to fluidize and therefore
require higher gas inlet velocities. For very elongated particles, channelling is observed

instead of smooth fluidization (Vollmari, Jasevicius, and Kruggel-Emden, 2016).

Looking more on micro-scale, Cai, Li, and Yuan (2012) studied experimentally the
orientation of cylindrical particles in a circulating fluidized bed and found the axes
of cylindrical particles aligned upright during fluidization. Very recently, Boyce et al.
(2016) studied gas, particle velocity and void fraction for fluidization of Kidney-bean-
like particles via magnetic resonance imaging (MRI). A number of other experimental
techniques like Magnetic Particle Tracking (MPT), Positron Emission Particle Tracking
(PEPT) and Radioactive Particle Tracking (RPT) have also been used to study such sys-

This chapter is based on Mahajan, V. V., Padding, J. T., Nijssen, T. M., Buist, K. A. and Kuipers, J. A. M.,
Non-spherical particles in a pseudo-2D fluidized bed: Experimental study, AIChE Journal 64, 1573-1590 (2018).
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tems (Buist et al., 2014; Chaouki, Larachi, and Dudukovi¢, 1997; Yang et al., 2007).
These techniques can be effectively used to study the behaviour of particles in the bulk
region of the bed. However, these techniques allow for tracking of single or few tracer
particles for which quantities are then temporally averaged to get the general behaviour
of particles in the bed. This does not allow for investigation of the collective motion of

particles.

Co-fluidization of multiple particle shapes has been investigated as well (Shao et al.,
2013). Studies on mixing and segregation have shown that differently shaped particles
can separate when fluidized, even when their volume and density are similar (Escudie
et al., 2006). Experimental studies indicate that sphericity alone is not sufficient to de-
scribe the effect of particle shape on fluidization behaviour. Multiple shape factors have
been proposed to quantify this influence, such as the Zingg factor (Liu et al., 2008), the
cross-wise and length-wise sphericity (Holzer and Sommerfeld, 2008) and the aspect
ratio (Gabitto and Tsouris, 2008). Correlations for drag force, pressure drop and flow-
regime transitions based on the aforementioned shape factors were developed, with vari-
able results. Even more so than experimental studies, numerical methods are employed
to study non-spherical particle fluidization (Vollmari, Jasevic¢ius, and Kruggel-Emden,
2016).

To further our understanding of such systems, in this chapter the fluidization of sphe-
rocylinder shaped particles is investigated using an experimental approach. In a pseudo-
2D fluidized bed filled with spherocylindrical particles, pressure drop and bed expansion
is measured as a function of the gas flow rate. Digital Image Analysis (DIA), Particle
Image Velocimetry (PIV) and Particle Tracking Velocimetry (PTV) are used to determine
particle coalignment, orientation, circulation patterns, coordination number and local
particle dynamics in the bed. We also demonstrate with experiments the difference in
fluidization behaviour for rod-like particles as compared to volume equivalent spheres.

2.2 Experimental setup

Experiments are conducted on two different scales with similar set-ups, in order to con-
firm that the observed behaviour is truly dictated by particle shape, not particle size. The
set-ups are shown schematically in Figure 2.1, and specifications are given in Table 2.1.
A pseudo-2D fluidized bed with a glass front wall is used. Flow distributors are used
to guarantee a flat gas velocity profile entering the bed. A differential pressure sensor
(MPX5050DP) is attached at the bottom of the beds to measure pressure drop.

The beds are filled with spherocylindrical particles (schematically shown in Figure
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Figure 2.1: Representation of the experimental set-ups. The pseudo-2D fluidized bed (1) is filled
to a packed bed height of approximately the bed width. Gas enters through the valve
(4). A flow distributor (3) is used to guarantee a flat gas velocity profile entering the
bed. Pressure measurements are taken at the bottom of the bed. The camera (5) is
positioned in front of the bed, and surrounded by 4 lights (6). Dimensions are given in
Table 2.1.
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2.2) up to a packed bed height of approximately the bed width. Particle dimensions
are given in Table 2.1. The particles are made of Alumide, a composite material of ny-
lon and aluminium dust which is a high strength, low density material. The particles
are produced using Selective Laser Sintering (SLS), a 3D-printing method. This tech-
nique allows for the inexpensive production of small particles, while still maintaining
well-defined shape specifications. A number of independent size measurements were
performed for a number of randomly selected particles. We found little or no variation
in size (less than 0.1 mm differences). The particle density was measured by weigh-
ing 1000 particles using a VWR LPW-713i balance. The resulting measured density was
1395 kg/m3.

L=T +d

R=d/2
[

L

rod

Figure 2.2: Geometry of the spherocylinderical particles (left) and 3D-printed particles (right). Di-
mensions are given in Table 2.1.

A Dantec Dynamics FlowSense EO 16M camera was used to capture images of the
bed for DIA and PIV. Double frame images with a 2.0 ms interval were acquired at a
rate of 3.0 Hz. 4 LED lights arranged around the camera were used to illuminate the
bed (Figure 2.1). These lights were set to illuminate the bed for 200 us for every frame
taken.

Table 2.1: Dimensions of the set-ups (Figure 2.1) and spherocylindrical particles (Figure 2.2).

Property Small scale Large scale
Bed height Rped 0.5 m 1.0m
Bed width Whed 0.1m 0.3m
Bed depth dped 0.014 m 0.05m
Packed bed height £y, 0.1m 0.3 m
Particle length Lp 6.0-103m 12.0-1073m
Rod length Ligg 45-10%m  9.0-:10%m
Particle diameter dp 1.5-1073 m 3.0.10%m
Volume equivalent

spherical diameter  d, 26-103m 5.3:103m

Bed weight Mped 0.11 kg 3.51 kg
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2.2.1 Pressure drop measurements

Pressure measurements are taken using the differential pressure sensor attached to the
bottom of each bed (see Figure 2.1), at a frequency of 100 Hz. The pressure drop results
are compared with correlations found in literature. These correlations are listed in Table
2.2. For comparison, measurements in the packed bed regime at increasing gas velocity
will be used, which are not subject to channelling. The bed porosity is calculated from
the measured bed height (Section 2.2.2) and weight of the bed.

Correlations 1 to 8 in Table 2.2 were developed for spherical particles. These can be
applied to beds of non-spherical particles by replacing the particle diameter dj, with the
surface volume equivalent diameter dsy, (Eq. 2.1, where V), and A are respectively the
particle volume and surface area). The Ergun equation already takes into account the
viscous and kinetic pressure losses. Multiple adaptations of the Ergun equation take into
account (Table 2.2,#2-8) wall effects by use of the hydraulic diameter D (Eq. 2.2). The
correlation developed by Gibilaro, 2001 includes a correction term for beds with a high
void fraction.

dsy =62 2.1)
SV = A_p N
2d
D= S%ed Whed (2.2)
dped + Wped

Table 2.2: Correlations used to compare with the acquired pressure drop data.

Expression(s) Author Conditions
AP 1-¢)2 ngU 1-¢ pgU§
— = 150( €)" g0 + 1.75—6 Ps~o Ergun, 1952 D/dp>10
L e di e dp
2
AP (1_6)2 TIgUO 2 1-¢ ngo
5= 150 3 7 My + 1.756—3 a, My Metha and Haw- 7<D/dp<91
p ley, 1969
=1+ ———
MH 6D(1—¢)
AP 1-¢)? ngU Did 1-¢ pgU?
— = 130( €)" g o + P 1-cele?o Foumeny et al., 3.23<D/dy,<23.8
L e d%2  228+0335(D/dp) € dp
P 1993
AP 1-¢)2 ngUy 1-cpgU M
5= K ( 36) Tlg_20M2 + 1.75—€ g0 Reichelt, 1972 See Table 2.3
€

p €3 dp By

By = (k1 (dp/D)? + kz)z
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Table 2.2: Continued
# Expression(s) Author Conditions
AP 1- U
5 —= 150( 0" g 0(:3,, 175— c gl 0 Cwi Liu and Masliyah, Unknown
L €3 dp
b ) 1996
Cw=1+—%_.¢ '—1—7”1”(1—@
W= T eDa-¢” WiT " 2aD |\ 2D
AP 1-€)2 ngU 1-
6 (1-€)” g 70 ¢ pg Raichura, 1999 5<D/dp <50

10

11

12

—— =K Rl +K
I 1,Rai &3 d2 2,Rai — 3 &3 dp

KI_R(”-:103(T€] (6(1—6)+ - )

o _og ( 1.82d,,)2
2,Rai — l-¢ D
AP D02
—0061—3(—) (1000Re},!
€ dp
Uod
+60Re,[,05 _pg o%p
g
(185+17 ( b ))(l_e)zngU‘)
L D-dp e ds
1/3 2 2
D 1—¢ pgU;
+(13( +003( ))—36’)“5’ 0
€ D—d,g2 € dp
AP U,
= (18 +0. 33) PEZ0 (1 _)e 48
L pgUodp P
AP _ 150 (1-9?ngly  1.751-¢ pgU;
L (P3/2 €2 d% ¢4/3 e3 dp
AP a b U§ LAp 1-¢
— = + o g
L Repucr  Rey,., 2 4% Vp =
40Uy X Vp
Repyer = —o— =L
Duct ng—e) ZAp
AP 4 466Re=02 ($0:696 ¢=2.945 ,11.85(logp)?
L p

Montillet, Akkari,
and Comiti, 2007

Cheng, 2011

Gibilaro, 2001

Nemec and Levec,
2005

Allen, Backstrom,
and Kroger, 2013

Singh, Saini, and
Saini, 2006

3.8<Dldp<14.5

1.1<D/d), <505

Lp/Ry=1

See Table 2.3

1000 < Re <2700

Correlations 10-12 were developed specifically for non-spherical particles. They in-

clude the sphericity ¢ (Eq. 2.3) or incorporate the particle volume and area directly.

Correlation 12 by Singh, Saini, and Saini (2006) calls for the use of the volume equiv-
alent diameter d, (Eq. 2.4). Eisfeld and Schnitzlein (2001) reported coefficients for

correlation 4 by Reichelt (1972) for non-spherical particles. These are given in Table
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Table 2.3: Parameters for the Reichelt and Allen equations

Author Parameters Particle shape Conditions
Ki ki ke
Reichelt, 1972 150 1.5 0.88 Spheres 1.73<D/dp <91
. 154 1.15 0.87 Spheres 1.624 < D/d, < 250
gfgﬁfﬁ;ﬂ 2001 190 2.00 0.77 Cylinders 1.624 < D/dZ <250
? 155 1.42 0.83 Al 1.624 < D/dp <250
a b c
240 10.8 0.1 Cubes Re > 700
Allen, Backstrom, 216 8.8 0.12 Cylinders Re > 700
and Kroger, 2013 185 6.35 0.12 Rough spheres Re > 700
150 3.25 0.15 Ellipsoids Re > 700

2.3, along with coefficients for correlation 11 by Allen, Backstrom, and Kroger (2013).

1 2
7T§(6Vp)§ dSV
(J): - =2

Ap

Fourier analysis

de

(2.3)

2.4

A fast Fourier transform (FFT) of the pressure drop signals converts it to a frequency

domain from its time domain. We first apply a Hamming window function to the original

pressure data to reduce spectral leakage. The squared amplitude of the resulting FFT is

the power spectrum, which is routinely used to find dominant frequencies in the pressure

signal (Trnka et al., 2000). These dominant frequencies can give an indication of the

bubble frequency and associated particle mixing in the fluidized bed. This analysis is

crucial in cases where visual measurement techniques cannot be employed such as in 3D

opaque systems often encountered in industry. For this purpose, pressure measurements

are taken at 100 hz for 10 minutes.
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2.2.2 Digital Image Analysis

Bed height

In many studies, a threshold is applied to images to mark particle, bubble and freeboard
areas (Busciglio et al., 2008; Goldschmidt et al., 2003; Shen, Johnsson, and Leckner,
2004). However, in this study a different approach is applied to the acquired images.
In order to extract the bed height from images, the maximum intensity gradient along
the height of the set-up is found. This method allows for improved particle detection in
cases where contrast between the particles and the backplate is low. The procedure used

in this study is described in detail below.

3000

2500

2000

1500

Height (pixels)

1000

500

-0.2 0.0 0.2 0.4
Intensity gradient (-)

Figure 2.3: Demonstration of the bed height detection algorithm at Uy = 2.4m/s. Left: intensity
gradient. Middle: original image. Right: filtered image. Red lines indicate the detected

bed height.

All image analysis techniques reported in this study use MATLAB® and the Image
Processing Toolbox™. The brightness and contrast of the cropped image are automati-
cally adjusted to obtain a more homogeneous illumination. Next, the image is blurred
using a Gaussian filter. The average intensity of each row of pixels is calculated, and
this curve is further smoothed. Its derivative is approximated by linear interpolation
between adjacent points. The bed height is then defined by the height of maximum
gradient. The algorithm is demonstrated in Figure 2.3. To verify the accuracy of the
algorithm, sampled results were manually inspected at all flow rates.
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Particle orientation

For spherical particles, the particle orientation is of no concern, and particle positions
can be detected using a circle detection method, such as the Hough transform (Warr,
Jacques, and Huntley, 1994). Very elongated (needle-like) particles can be represented
as lines on images and a Hough transform for detecting lines can be applied (Duda and
Hart, 1972). However, due to the intermediate aspect ratio of the particles used in
this work, a different approach is needed. Hough transform methods for detecting el-
lipses have been developed, which can be used to detect the spherocylindrical particles
(McLaughlin, 1998). However, finding 5 parameters per particle (x-position, y-position,
major axis diameter, minor axis diameter and orientation), makes it very slow in pro-
cessing the large images used in this study. Also correlation of all non-zero pixels in
a 5-dimensional space, makes it very memory consuming. For these reasons, a new
method to detect particle orientation has been devised.

Figure 2.4: Example of the DIA procedure for orientation detection. The image is cropped and its
brightness and contrast are adjusted (A). Next, a threshold is applied to remove the
background particles (B). All parts too small or large are removed (C). The centre of
mass of each particle is detected (D, red points). Lastly, the angle detection algorithm
is applied (D, blue points).

The procedure for detecting the particles and their orientation is described below. An
example is shown in Figure 2.4. These steps ensure that only individual particles lying
parallel to the front wall are selected.

1. The cropped image (Figure 2.4-A) is imported and its brightness and contrast are
adjusted.

2. An adaptive threshold is applied to separate the particles in the front plane from
the surrounding shadows. (Figure 2.4-B)

3. The edges are smoothed and parts either too small or too large are removed. (Fig-
ure 2.4-C)

4. The particles are individually labelled and their centre of mass is determined using
the regionprops function in the MATLAB® Image Processing Toolbox™. (Figure
2.4-D, red points)
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5. The angle detection algorithm is applied. (Figure 2.4-D, blue points) This algo-
rithm is described below and is visualized in Figure 2.5.
(a) The aspect ratio of the particle is determined along two perpendicular axes.
(Figure 2.5, top left)
(b) The axes are rotated and the aspect ratio is determined at each angle. (Figure
2.5, top right)
(c) The maximum aspect ratio is determined. The angle at which this occurs is

taken as the particle angle. (Figure 2.5, bottom)

AR =a/b AR =a /b

0 00 max max’  min

aspect ratio (-)

o
o

20 40 60 100 120 140 160 180

80
a, (deg)

Figure 2.5: Algorithm for detection of particle orientation. Top left: the length and width of the
particle are evaluated along two perpendicular axes. Top right: the axes are rotated
around the centre of the particle. Bottom: the angle a, that the rotating axis makes
with the positive x-axis for maximum aspect ratio is extracted.

By manual inspection of images at all flow rates, it was estimated that approximately
90% of the particles oriented parallel to the front wall are detected by the algorithm. The
efficiency of the angle detection is very high, >95% of the detected particles have their
angle determined accurately. Multiple images at different flowrates were analyzed by
hand and the results were compared with the algorithm results to confirm the detection
accuracy. The efficiencies are equal for both beds because the entire setup and camera
zoom is scaled with the particle size. The overall efficiency, the ratio of the particles
with correct angles detected to the total number of particles in the bed is around 5%.
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While this may appear low, it is an intrinsic limitation of optical analysis of an opaque
bed where only the particles closest to the transparent wall are visible, and is almost
impossible to improve significantly.

Particle coalignment

In order to quantify the particle coalignment, a spatial autocorrelation function is used.
This function describes the alignment of a certain particle with another particle, sepa-
rated by a distance r. The function definition is derived from the scalar product of the
unit orientation vectors associated with each particle, and accounts for the symmetry of
the particles. The autocorrelation function is defined by Eq. 2.5, where C(r) denotes the
correlation value at separation r, and a(r) signifies the in-plane orientation angle of a
particle located distance r from the origin. Normalization is done assuming the particle
orientation is non-correlated at infinite separation i.e. (cos?(a(0) - a(c0))) =1/2

_ (cos?(a(0) — a(r)) — (cos?(a(0) — a(o0)))

C(r) = =
") (cos2(a(0) — a(0))) — {cos2(a(0) — a(c0)))

2<cosz(a(0)—a(r))>—1 (2.5)

In order to extract the correlation curve from experimental data, r is discretized into
bins, up to the cut-off radius r¢y; (set to 5 particle lengths). For each pair of particles
with a separation smaller than r.;;, the correlation value is calculated and added to the
mean in the associated bin. The analysis is performed for the entire height of the large
bed. The bed is divided into three regions: < 2 L, from the side wall, 2 Ly, - 6 L), from the
side wall and > 6 L) from the side wall. The correlation curves are calculated separately
for each region. These boundaries are chosen such that the effect from the side walls
can be assessed, while maintaining enough data in each region to obtain smooth curves.

2.2.3 Particle Image Velocimetry

PIV analysis was performed using LaVision DaVis 8.2.3 software. The multi-pass method
was selected, using one pass with a 256 x 256 pixels interrogation cell and 50 % overlap,
followed by 3 passes with a 128 x 128 pixels interrogation cell and 75 % overlap. As the
maximum particle displacement between two frames is estimated at approximately 20
pixels, it is unlikely a particle will cross interrogation cell boundaries. Tests show that
3500 doubleframe images are sufficient to calculate time-averaged velocity profiles. See
Figures 2.6 and 2.7.

At first glance, the averaged velocity profiles in Figure 2.6 may seem unphysical (net
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Bed height (mm}
Vertical velocity (mis)
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Figure 2.6: Left: measured average velocity profile at Up = 1.6Uy, s, using 5000 doubleframe im-
ages. Vectors represent velocity magnitude and direction, colours represent vertical
velocity magnitude. Right: Vertical velocity magnitude at different heights in the bed.
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Figure 2.7: Relative deviation from mean velocity as a function of number of images taken. v;
represents the mean velocity calculated from i images.



2.2 Experimental setup 17

negative velocity at h = 477 and 620 mm). However, this is a result of different times
scales of the particles moving up and down. The particles move down over larger time
scales (at higher average void fraction) than the particles moving up. Therefore, when
cell-based velocities are averaged over a number of frames, without taking into account
the actual void fraction, we find a net downward velocity. This is explained with a

quantitative analysis of PTV measurements in Section 2.2.4 (Figure 2.25).

Void fraction calculation

In order to convert the velocity data obtained from PIV measurements to the mass flux,
the local void fraction in the bed must be known. This is expressed by Eq. 2.6, where
¢m is the local mass flux, ¥ the particle velocity, p p the particle density and e the local
void fraction.

(Gm) = (Tpp1—e) (2.6)

First, the two-dimensional void fraction is obtained. Two commonly used approaches
to obtain the 2D void fraction are to distinguish between the bubble phase and emulsion
phase in the bed (Olaofe et al., 2013; Busciglio et al., 2008) or to correlate the average
pixel intensity in an area with the local void fraction in that area (Buijtenen et al., 2011;
Buist et al., 2014). However, both of these methods prove to have their own limitations.
The fluidization behaviour of the Geldart D particles used in this study does not allow for
formation of discrete distinguishable bubbles. Thus, the first method cannot be applied
here. The latter method produces unsatisfactory results due to the low contrast between
particles and background and the non-uniform lighting. Therefore, the latter method

has been extended with a threshold-step, as described below.

1. The particles are separated from the background as reported in Section 2.2.2
(Steps 1-2).

2. The image is divided into grid cells of identical size as the PIV results.

3. The total area of the particle phase in each grid cell is calculated.

4. Particle pixel area is converted linearly to 2D solid volume fraction by use of the
known total solid volume in the bed.

Next, the 2D void fraction is converted to the physical 3D void fraction. This is done
using the method described by De Jong et al. (2012) and Buijtenen et al. (2011), which
is expressed by Eq. 2.7. Here, B gives the location of the asymptote and A scales the
curve. Because the 3D void fraction is a property not easily measured experimentally,
CFD-DEM simulation data is used to find fitting parameters A and B. The simulation data



18 Experimental Measurements

A: Artificial image B: 2D void fraction (DIA) (-)  C: 3D void fraction (CKD) (-)  D: 3D void fraction (DIA) (-

! H . I
04 06 08 104 06 08 1

Figure 2.8: Demonstration of the void fraction calculation from artificial images. The artificial im-
age (A) is generated to resemble experimental conditions as closely as possible. Using
the image analysis algorithm, the 2D void fraction (B) is calculated, which is compared
with the 3D void fraction from the CFD model (C). From this, the coefficients in Eq. 2.7
are fitted, resulting in the 3D void fraction from image analysis (D).
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is used to create artificial images of the small set-up using OVITO® software (Stukowski,
2009). The lighting is adjusted to represent experimental conditions as closely as possi-
ble. The algorithm above is then used to obtain the 2D void fraction from these images,
which can be compared to the physical 3D void fraction from the simulation results. A
demonstration of this method is given in Figure 2.8.

0.6 \

Simulation data

— Fitted curve

05
04
203
02

0.1

1CsA,2D

Figure 2.9: Correlation of 2D and 3D solid volume fraction. Points represent the simulation data,
the line represents the fitted curve (Eq. 2.7). Parameters found are A= 0.05 and B = 0.45.

fs,3D,max for fs3D = fs,3D,max

PO v 2.7)
s Bf—s for fs3p < fs3D,max
f=fs2p

Non-linear curve fitting was used to obtain the values for A f and B £ The results from
this fitting is shown in Figure 2.9. These were obtained using 190 artificial images from
a simulation of the small bed at Uy = 2.6 m/s. From the known packed bed height, it is
found that fs3p max = 0.49. The parameters found are Ay = 0.05 and By = 0.45. The value
of Ay is adapted slightly for each image to ensure mass conservation. A demonstration
of the algorithm is given in Figure 2.10.
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A: Uriginal image B: Binary image C: 2D void traction (-) D: 3D void traction (-)

Figure 2.10: Demonstration of the void fraction calculation on the small bed. The original image
(A) is binarized (B). From the particle phase area, the 2D void fraction (C) is calcu-
lated, which is then converted to the 3D void fraction (D) according to Eq. 2.7.
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2.2.4 Particle Tracking Velocimetry

To investigate the movement and orientation of individual particles, Particle Tracking
Velocimetry (PTV) was used. In PTV the displacement of each individual particle is
tracked, as opposed to PIV, where the average displacement of groups of particles is
measured. For these measurements, a LaVision HighSpeedStar camera was used to cap-
ture a 15 x 15 cm area of the large bed. A frame rate of 500 Hz and a resolution of 1024
x 1024 pixels were used. This framerate was chosen such that the particle movement
can be tracked accurately. In order to track the particles over multiple frames, a Nearest
Neighbor Search interrogation strategy by Adrian and Westerweel (2011) was used. This
algorithm is explained below. An example is shown in Figure 2.11.

Figure 2.11: An example of PTV procedure showing coordination number indicated by color codes
: blue(dense) with CN 9 or higher, green(medium) with CN from 5 to 8, red(dilute)
having CN less than 5.

1. The position and orientation of the particles in the frame are analysed using the
algorithm described in Section 2.2.2.

2. The distance between each particle in the current frame and each particle in the
previous frame is calculated.

3. Pairs of particles with minimal displacement are given the same index.

4. Any possible conflicts where one particle is linked to multiple other particles due
to a particle moving in or out of the frame are eliminated by selecting the pair with
the smallest displacement.

5. Any particle in the current frame that is not linked to a particle in the previous
frame is given a new index.
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6. Steps 1 - 5 are repeated for all frames.

7. Paths shorter than 4 frames are removed from the data, as they are not suitable

10.

2.3

for analysis.

. Using the camera resolution and frame rate, velocities are calculated from their

displacement.

. Based on its number of nearest neighbours, the coordination number (CN), defined

as the number of neighbours within a radius of L, is calculated for each particle.
To account for walls, the CN is normalized using the area of the search area which
lies inside the bed.

Results and discussion

In this section, results obtained from the aforementioned experimental techniques are

presented. The results for particle orientation, particle co-ordination number and parti-

cle co-alignment are presented for the large particles (L, = 12 mm).

2.3.1 Fluidization regimes

Over the range of gas velocities, the different fluidization regimes described below are

observed. Examples of each regime are shown in Figure 2.12. Similar behaviour was

observed by Kruggel-Emden and Vollmari (2016) for elongated cuboids of comparable

dimensions as the large particles.

» Packed Bed (PB): At low flow rates, the particles are stationary. The gas passes

through the voids between the particles without moving the bed. (Figure 2.12-A)

Passive Channelling (PC): The gas flow creates paths free of particles. These chan-
nels are fairly stable and exist for multiple minutes. When the gas velocity is
lowered back into the packed bed region, the channels remain. (Figure 2.12-B)

» Active Channelling (AC): Large amounts of particles are sucked into the channels

and fountains are formed. The channels are wider compared to the passive chan-
nelling phase. They collapse rapidly and new paths are created continuously. As
particles move up through the channels, there is a slow downward movement in
the bulk phase. When the flow rate is increased, bubbles start moving through the
channels. This regime is only observed for the large particles. One of the possi-
ble reasons for this is particle roughness which is relatively more pronounced for
smaller particles. The smaller particles therefore need additional force to be pulled
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Packed Bed

Pagssive Channelling Active Channelling Bubbling Fluidization

Figure 2.12: Examples of the different fluidization regimes observed in the large bed with increas-
ing gas velocity. A: Up = 0 m/s, B: Up = 1.5 m/s. C: Up = 1.9 m/s, D: Uy = 2.4
m/s.

from a relatively dense packing. (Figure 2.12-C)

» Bubbling Fluidization (BF): Bubbles form close to the distributor plate, which co-
alesce and move upward. When bubbles erupt at the surface, particles are thrown
high into the freeboard region. At higher gas velocities, bubbles grow larger. In
this state, the bed is very chaotic and unstable. Particles show interlocking be-
haviour, where they move in large packed groups. (Figure 2.12-D) In general,
it is observed that normal bubbling patterns, as observed for spherical particles,
are suppressed for non-spherical particles. The formation and relatively smooth
passage of bubbles is inhibited due to particle entanglement, which leads to large
internal particle stresses and difficulties for particles to move relative to each other.

A possible correlation can be observed between regimes observed for elongated par-
ticles and spherical particles with a high coefficient of friction or cohesive forces. Elon-
gated particles are prone to channeling, similar to fluidization behaviour observed for
Geldart C particles (Wang, Kwauk, and Li, 1998). In both cases, the particles under
consideration have to overcome the resistance of surrounding relatively dense packing
of particles to be able to move. Once the particles overcome this critical force with the
help of fluid drag, the steady structure breaks. The surrounding particles are dragged
with the fluid and follow the created flow path, which we term channeling. Thus, even
though the physical origin for the observed channelling behaviour is different, entangle-
ment versus cohesive forces, the effect is very similar.
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2.3.2 Pressure drop

Results for the pressure drop measurements are shown in Figure 2.13 (A-B). Measure-
ments were taken for 100 s at 100 Hz at both increasing and decreasing flow rate. Error
bars indicate the standard deviation of the measurement, defined by Eq. 2.8, where S
is the standard deviation and A is a series of N measurements, of which A is the mean

value.

(2.8)

The minimum fluidization velocity (U, f) was determined by the intersection of the
static pressure drop and the packed bed pressure drop at decreasing flow rate, according
to Kunii and Levenspiel (1991). This procedure is shown in Figure 2.14. Values of Uy, s
= 1.26 m/s (small particle) and U,y = 1.70 m/s (large particle) were found.
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Figure 2.13: Measured pressure drop (A-B) and bed height (C-D) for the large (A-C) and small (B-
D) particles. The open symbols represent standard deviation in pressure drop. Vertical
dashed lines show the transition between fluidization regimes. Horizontal dashed lines
show the static pressure drop (Eq. 2.9).



2.3 Results and discussion 25
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Figure 2.14: Determination of the minimum fluidization velocity (U,, -

The pressure drop curves show a plateau at a value lower than the static pressure
drop, indicating channelling (Geldart, 1986). In the channelling regimes, the pressure
drop levels off, and pressure fluctuations start to occur. In the bubbling region, pressure
drop increases and reaches a constant value (static pressure drop). There are very large
pressure drop fluctuations, caused by the large bubbles in the system (Howard, 1983).
The difference between the increasing and decreasing flow rate curves show that when
gas velocity is lowered from the PC to PB regime, the channels remain, as indicated by
the lower pressure drop.

Ap = 82 bed Ng”ed (2.9)

The pressure drop caused by the weight of the bed is expressed by Eq. 2.9. This
value is 5-10% higher than the measured static pressure drop. This indicates part of the
particle weight is supported by the bed walls and bottom plate. As the small set-up is
smaller relative to the particle size than the large bed, the difference is larger (Figure
2.13).

2.3.3 Bed height

Figure 2.13 (C-D) shows the measured bed height. The regimes shown in Figure 2.12
are also reflected in bed height measurements. From the onset of channelling, the bed
slowly expands. In the bubbling fluidization regime, the bed height increases rapidly. It
is also clear that at this high flow rate, the fluctuations in bed height become very strong.
As the particles are in the Geldart D class, fluidization is very unstable (Geldart, 1973).
There is no sharp, identifiable bed height. Instead, particles are thrown high into the
freeboard region and form large bubbles, as shown in Figure 2.12-D.
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Figure 2.15: Normalized pressure drop and bed expansion as a function of normalized gas velocity
for both particles sizes. Solid symbols represent pressure drop, open symbols show the
bed expansion.

Figure 2.15 shows the normalized pressure drop and bed height as a function of
normalized gas velocity for both large and small particles. It is clear from the plot that
the behaviour of the particles is similar for both the particle sizes. This indicates that the
particle behaviour is shape-induced.

2.3.4 Spherical particles

In order to compare the fluidization behaviour of the spherocylinders with that of spheres,
the pressure drop over the small set-up filled with approx. 9500 spherical particles was
measured. These particles were fabricated from the same Alumide material and are of
equal volume as the small spherocylinders (dp = 2.6- 1073 m). Results are shown in
Figure 2.16.

For these particles no channelling is observed; at the minimum fluidization velocity
of 1.04 m/s the bed immediately transfers from the packed bed to bubbling fluidization
regime. This proves that the observed fluidization behaviour is caused by the particle
shape, not by their material or size. When Figure 2.16 is compared to Figure 2.13, we
find that the minimum fluidization velocity for spherical particles is lower compared
to non-spherical particles (of equivalent volume). This is due to the fact that when
the flowrate is lowered, non-spherical particles are prone to form channels. As the gas
flowrate is further lowered, these channels remain to exist, therefore allowing a signifi-
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Figure 2.16: Pressure drop over the small set-up filled with spherical particles. Particles are of
equal volume as the small spherocylinders. Open symbols indicate standard deviation
of the pressure fluctuations. The horizontal dashed line represents total weight of the
particles.

cant amount of gas to pass through. This leads to a higher U, r compared to spherical

particles.

2.3.5 Pressure drop correlations

The predictive quality of a correlation is expressed by its coefficient of determination,
noted R? (Eq. 2.10, where y are the measured values for the non-spherical particles and
f the predicted values).

L _ fA2
Re=1- ZWi i) (2.10)

Lyi—7)?

Table 2.4 shows the R? for all correlations given in Table 2.2, when used to predict
pressure drop over the large particle bed. It can be seen that the correlation of Montillet
et al. (7) most accurately predicts the pressure drop in the packed bed regime, while
the correlations by Ergun (1), Liu and Masliyah (5) and Eisfeld and Schnitzlein (4-3)
perform satisfactory as well. Figure 2.17 shows the relative error (Eq. 2.11) of all
correlations with R? > 0.8 as a function of the gas velocity.

APpred —APmeas

00% (2.11)
APmeas

Error =
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Figure 2.17: Relative error of all pressure drop correlations with R% > 0.8, as a function of superficial
gas velocity.

Most correlations underestimate the pressure drop at low flow rates, and overesti-
mate at higher flow rates. It is to be noted that the correlations have been developed for
specific particle and setup specifications. For example, the correlation of Reichelt and
Allensee in Table 2.3 is developed specific to spheres, cylinders, cubes etc. On the same
hand, we use these correlations to measure pressure drop for a bed of spherocylindrical
particles. Therefore, some correlations perform better than others.

It can also be seen that the error shows a positive trend with increasing gas veloc-
ity. At low velocity, all correlations under predict the pressure drop more than at higher
velocity. At zero gas velocity, particles align with each other, forming very small spaces
between them and increasing the pressure drop. Approaching the minimum fluidization
velocity, particles slowly start aligning with the gas flow and form channels between
them. This lowers the overall pressure drop. As the pressure drop correlations do not
take these changing orientation effects into account, they under predict at low gas ve-
locity and over predict at the higher gas velocities.

2.3.6 Pressure drop Fourier analysis

Figure 2.18 shows the FFT analysis of pressure drop for small particles and their volume
equivalent spherical particles. The curves are smoothed using moving window averag-
ing. It can be seen that the dominant frequency is around 3 Hz and slightly increasing
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Figure 2.18: Power spectrum of pressure drop for small spherocylinder particles (top) and volume
equivalent spherical particles (bottom) at different gas inlet velocities (U) shown as a
function of minimum fluidization velocity (Umf). The curves are smoothed for clear
representation.
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Table 2.4: Coefficient of determination for the pressure drop correlations.

# Author R?
1 Ergun 0.97
2 Metha & Hawley 0.96
3 Foumeny 0.81
4-1  Reichelt 0.88

4-2  Eisfeld & Schnitzlein (spheres) 0.90
4-3  Eisfeld & Schnitzlein (cylinders) 0.97
4-4  FEisfeld & Schnitzlein (all shapes) 0.95

5 Liu & Masliyah 0.97
6 Raichura et al. 0.38
7 Montillet et al. 0.98
8 Cheng 0.74
9 Gibilaro 0.93
10 Nemec & Levec 0.48
11-1  Allen et al. (cubes) <0
11-2  Allen et al. (cylinders) <0
11-3  Allen et al. (rough spheres) 0.62
11-4  Allen et al. (ellipsoids) 0.61
12 Singh et al. <0

with increasing gas velocity. This was also confirmed from visual observations of the
bubble frequency in the bed.

It can also be seen that the peaks are sharper for spherical particles and broader
for elongated particles. This indicates a clear preference towards bubble formation for
spherical particles and more chaotic behaviour of non-spherical particles. Rod-like par-
ticles oppose the formation of bubbles. At high gas flowrates, for spherical particles we
observed that bubbles erupt with varying intensity. Once a large intensity bubble has
passed, a large volume of gas leaves the bed leading to small intensity bubbles. This is
the reason we observe double peaks at higher gas flowrates for spherical particles.

2.3.7 Void fraction and mass flux

Figure 2.19 shows the velocity and mass flux profiles for the large bed at Uy = 3.24
m/s. As can be seen, at a bed height of 600 mm the average particle velocity shows
a net downward flow. However, when accounted for void fraction, the average mass
flux profile shows net mass flux close to zero at different heights of the bed.Figure 2.20
shows a quantitative comparison of vertical mass flux for the small and large bed at one
height.
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Figure 2.19: Particle velocity and mass flux results from experiments in the large set-up at Uy =
3.24 m/s.

In Figure 2.21, mass flux profiles obtained from PIV in both the small and large setup
are shown. These profiles show the transition from channelling to the vigorously bub-
bling fluidization state. At gas velocities just above the minimum fluidization velocity,
solids circulation is dominated by channelling and particle raining. As the gas veloc-
ity progresses in the bubbling fluidization regime, the well-known circulation pattern
emerges, where particles mainly move up through the centre and come down along the
walls. This shows that, while their non-sphericity delays the fluidization of the sphero-
cylindrical particles, at sufficiently high gas velocities solids circulation is qualitatively
similar to that of beds of spherical particles.

Since the particles are circulating in a closed system, there should be zero net mass
flux through each horizontal plane in the bed. However, from the obtained velocity
profiles combined with solid volume fraction calculation via DIA, current results do not
entirely follow this behaviour, especially for the large set-up. This is caused by the
inaccuracy of the void fraction calculation; as the frontal area of the bed is very large,
it is very challenging to obtain a uniform lighting. This results in discrepancies in the
local void fraction, which reflect in the mass flux profile. As for the small bed it is much
more straightforward to obtain a uniform lighting, the mass flux results are much more
accurate. The discrepancy in mass flux can partly be also due to the comparatively large
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Figure 2.20: Mass flux profiles at different flow rates for the small bed (top) at height 99.1 mm and

large bed (bottom) at height 297 mm.
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bed depth while the optical techniques we employ limit measurements to the frontal
portion of the bed.

2.3.8 Particle orientation

Figure 2.22 (top) shows the Probability Density Function (PDF) for the particle orienta-
tion in the large set-up at different flow rates. The PDF is given by Eq. 4.1, where Ny (a)
is the number of particles at angle a.
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Figure 2.22: Probability Density Function (PDF) of the particle orientation (as observed from the
front wall) in the large setup at different flow rates (top) and different positions in the
bed (bottom, Up = 1.9 Uy, r). Angles of -90 and 90 degrees correspond with particles

laying down horizontally, an angle of 0 degrees corresponds with particles standing up
vertically. Lines are smooth fits.

From zero flow rate up to the onset of bubbling fluidization, particles predominately
lie down horizontally, as is expected from a particle at rest. At high gas velocity, the flow



2.3 Results and discussion 35

causes particles to align themselves vertically. As the particles are pushed up at high gas
velocities, the interaction with surrounding particles causes them to align themselves
vertically. At intermediate flow rates, there is no clear preferred orientation. Similar
behaviour was reported by Cai, Li, and Yuan (2012) for cylindrical particles. Overall,
preferred orientational behaviour cannot be attributed to one single factor but is a result
of several competing factors including particle-particle interaction, hydrodynamic lift,
torque and drag. From Figure 2.22 (bottom), which shows the PDF at the highest flow
rate at different positions in the bed, it can be seen that the upright position of the
particles is due to the gas flow, not due to wall proximity. Particles close to the wall and
in the bulk show a very similar PDF.

2.3.9 Particle coalignment

Figure 2.23: An example of particle coalignment for the large bed at Uy =2.13 m/s. The red circles
indicate a few instances of particles largely coaligned within a distance of one particle
length from a respective particle.

Figure 2.23 shows a snapshot of the large bed at Uy = 2.13 m/s. The particles are
largely coaligned within a distance of approximately one particle length from each re-
spective particle. These visual observations of coalignment below a particle length re-
flects in our quantitative measurements. Results of the orientation autocorrelation in
the large bed at Uy = 2.13 m/s are shown in Figure 2.24. The solid lines and symbols
represent the measured data, the dashed lines show the fitted exponential decay. At cor-
relation lengths below the particle length, there is direct orientational particle-particle
interaction (due to particles in contact with each other). This results in a high correla-
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tion value, which decays fast. At larger correlations length, there is indirect orientational
interaction between the particles, leading to an (approximately) exponentially decaying
correlation value. At this gas flow rate, still partially in the channelling regime, there
is a high correlation length near the wall and a much lower value in the bulk. This is
explained by the fact that channels form mainly in the centre of the bed, not near the
wall. The indirect interaction (stacking) is especially strong outside the channels, where

particles are largely stationary, as is expected.

Distance from wall: ——<2 Lp —o—2 Lp -6 Lp —v—>6 Lp

C(r) ()

Indirect

Direct

1 l 1 l 1 l 1 l
2 3 4 5
r/me )

Figure 2.24: Spatial autocorrelation results of the orientation of particles seen directly through the
front wall for the large bed at Uy = 2.13 m/s. Symbols with grey solid lines represent
measured data, dashed lines show the fitted exponential decay

(=]

2.3.10 Particle coordination number

Figure 2.25 shows the average particle coordination number as a function of the average
vertical velocity in the frame. The coordination number (CN) is defined here as the
number of neighbours in a 2L, 2L, area around the particle. The large bed was divided
into four 15 x 15 cm sections (extending from the wall to the centre of the bed and up to
60 cm height). Recordings were made at Uy = 2.5 m/s and Up = 3.0 m/s, 15,000 frames
were captured for each height in the bed.

At the lowest position, velocities are small (as also shown by PIV measurements) and
the particles are generally densely packed. At the higher positions, a proportional rela-
tionship between CN and velocity is observed. It can also be seen that the distribution of
velocities is not symmetric around zero. This means that the particles move up relatively
slowly in the densely packed regions, and then rain down faster in the dilute regions.
See Figure 2.11 for a qualitative picture of why these trends are seen.
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Figure 2.25: Average particle coordination number as a function of average vertical velocity, ob-
tained from PTV measurements in the large bed at Uy = 2.5 m/s (top) and Uy = 3.0
m/s (bottom). Points indicate individual frames, solid line gives the running average,
dashed line shows the standard deviation.
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When comparing the results at the two different flow rates, it is observed that at
the higher flow rate, the velocity distribution is broader and the coordination number is
generally slightly lower. This is in line with the observed break-down of the interlocking
particle structures at high gas velocities.

2.4 Conclusions and outlook

In this study, the fluidization behaviour of elongated particles characterized as Geldart-
D has been investigated experimentally. Pressure drop and bed height measurements
in two different sized set-ups have shown that, based on gas velocity, different regimes
can be defined. At low gas velocity, the particles are packed, but as the flow rate in-
creases, channels form. First, there is so-called passive channelling, meaning that no
particles move through the channels. In the large set-up, at slightly higher gas veloc-
ity, active channelling was observed, with particles flowing through the channels and
forming fountains. Finally, well above the minimum fluidization velocity, the particles
show bubbling fluidization. Even at the highest flow rates, particles show interlocking
behaviour, moving in large packed groups. It was demonstrated with experiments of two
different sizes of rod-like particles and spherical particles that the behaviour described
above is entirely an effect of particle shape, rather than particle size or material.

A Digital Image Analysis algorithm has been developed to analyse the orientation of
particles. It was shown that at low gas velocity, particles prefer to lie down horizontally,
while at high flow rate the particles align themselves along the flow direction. A spatial
autocorrelation analysis has been performed to investigate the coalignment of particles.
The orientation correlation decays exponentially at distances larger than particle length.
At low flow rates (channelling regime), there is a strong correlation near the walls and
a very weak correlation in the bulk. At higher flow rates (bubbling fluidizaton) the
correlation length is not dependent on position in the bed, and slowly decreases with
increasing flow rate.

Particle Image Velocimetry (PIV) has been applied to study the solid phase velocity
and mass flux in the bed. A void fraction calculation algorithm based on CFD-DEM
simulation data is used to obtain 3D void fractions. At sufficiently high flow rates, a
circulation pattern similar to what is commonly observed for spherical particles is found.
Particles generally move up through the centre of the bed, and come down along the
walls. To gain knowledge on individual particles, Particle Tracking Velocimetry (PTV)
has been used. By analysing the number of nearest neighbours (coordination number)
for each particle, it was shown that particles tend to move up slowly in densely packed
groups and rain down faster in dilute regions.
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It is also possible to measure rotational velocities of the non-spherical particles. How-
ever, there are a few difficulties in doing this. Due to the nature of fluidization of elon-
gated particles, we see particle-particle interaction as a dominant factor, as also observed
for other dense gas-solid system. This leads to bulk behavior i.e. blocks of particles mov-
ing together, demonstrated by our PTV results. This leaves a low amount of rotational
freedom, rendering this analysis unattractive. To be able to measure the rotational veloc-
ity it is important to sample sufficiently long trajectories. However, it is highly unlikely
that individual particles stay and rotate in the plane parallel to the front wall. Also,
particles are in the captured frame only for a very short amount of time especially for
particles that are raining down.

Results on particle orientation and co-ordination numbers from this experimental
study can have significant implications for both particle-scale and laboratory-scale nu-
merical studies. In the case of particle-scale simulations, using a direct numerical simu-
lation (DNS) such as the lattice Boltzmann method (LBM) (Sanjeevi and Padding, 2017),
the choice of particular arrangements, in terms of volume fraction of particles and rel-
ative orientation to a fluid flow, will directly influence the measured hydrodynamic re-
sponse. Experiments can be used to dictate the choice of particle arrangements to ensure
that simulations consider arrangements that are representative of real fluidized systems.
At the laboratory scale, where particle dynamics can be simulated using a CFD-DEM
approach (Mema et al., 2019), experimental data sets such as those presented in this
study are invaluable with regards to validating and adjusting simulations. Given the
anisotropic geometry of the particles in this study, hydrodynamic forces other than drag
such as torque and lift are of relevance. Simulation output for various hydrodynamic
relations included in CFD-DEM simulations can be compared with experiments to test

the validity of these relations.






Chapter 3

CFD-DEM Model

3.1 Introduction

Simulations that approximate particles as spheres cannot precisely predict the behaviour
of real, complex shaped particles as encountered in e.g. biomass processing. Non-
spherical particles are known to produce intermittent flow and dilute packing fractions
as compared to spheres. They tend to result in larger fluidized bed voidages and larger
minimum fluidization velocities due to interlocking of particles (Kodam et al., 2010).
Information related to the influence of particle shape is therefore important, for exam-
ple for reactor design and optimisation. Hence, there is a need to perform detailed
particle-resolved simulations of fluidized beds consisting of non-spherical particles.

A detailed insight into particle and gas motion in the bulk region of the bed can be
obtained from simulations. The coupled Computational Fluid Dynamics (CFD) - Discrete
Element Method (DEM) approach combines discrete particle tracking with continuum
modelling of the fluid. This approach generates detailed transient information such as
the trajectories and orientation of particles and forces and torques acting on individual
particles, which is extremely difficult, if not impossible, to obtain experimentally. Such
information is important to understand the fundamentals of particle-fluid interactions
in dense flows. This approach has been extensively employed to simulate systems with
particle-fluid interactions (Tsuji, Kawaguchi, and Tanaka, 1993; Deen et al., 2007).

However, simulating non-spherical particles can be extremely complex and difficult
for representing shape and detecting their contacts in the DEM system. Moreover, rep-

This chapter is based on Mahajan, V. V., Nijssen, T. M., Kuipers, J. A. M. and Padding, J. T., Non-spherical
particles in a pseudo-2D fluidized bed: Modelling study, Chemical Engg. Science 192, 1105-1123 (2018).
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resentation of the interaction between non-spherical particles and fluid increases com-
plexity of data transfer between the CFD and DEM parts. At the same time, determining
accurate fluid-particle interaction forces based on local orientation of particles while
accounting for local voidage can be extremely challenging.

In the past 10 years, even more so than experimental studies, numerical methods
have been employed to study non-spherical particle fluidization. Zhong et al. (2009)
investigated cylindrical particles approximated through clustered spheres with the CFD-
DEM. Ma, Xu, and Zhao (2017) performed CFD-DEM simulation of rod particles in a
fluidized bed using super-ellipsoids. They investigated the orientation effects for differ-
ent aspect ratio and gas inlet velocities. Zhou et al. (2011a), Gan, Zhou, and Yu (2016),
and Zhou et al. (2011b) simulated ellipsoidal particles in a fluidized bed and demon-
strated the effect of shape and particle aspect ratio on minimum fluidization velocity of
such particles. Spherocylinders have been previously studied for the influence of particle
aspect ratio on flow behaviour and packing (Langston et al., 2004; Zhao et al., 2012).
Ren et al. (2014) performed simulations of spouting bed of rod like particles. Other
studies of non-spherical gas-solid systems using CFD-DEM include pneumatic conveying
(Hilton, Mason, and Cleary, 2010; Oschmann, Hold, and Kruggel-Emden, 2014) and
fixed beds (Vollmari et al., 2015).

There is a large amount of literature on DEM methods that can realise arbitrarily-
shaped particles while at the same time being fast, efficient, robust and accurate (Kodam
et al., 2010; Pournin et al., 2005). There is increased interest in the implementation
of complex shaped particles (Podlozhnyuk, Pirker, and Kloss, 2017). Lu, Third, and
Miiller (2015) made a comprehensive summary of recent developments of the DEM,
including a variety of methods used for simulating non-spherical particles. A detailed
overview of major DEM applications can be found in literature (Zhu et al., 2008). Among
these methods to represent complex particle shapes the most popular is the glued sphere
approach, whereby the particle is approximated by a certain number of spheres with
overlap. A higher number of spheres results in a more accurate shape representation,
but at the expense of computational time. A trade-off between robustness of the method
in representing different shapes, accuracy of contact detection and overall efficiency has
to be made.

An important aspect of CFD-DEM simulations is an accurate estimation of the drag
force acting on the particle. A number of drag closures are available in literature for
spherical particles. However, there are very few drag correlations available for non-
spherical particles. Holzer and Sommerfeld (2008) proposed a drag force model for
single, complex shaped particles. In literature, this model is used in combination with a
model of Di Felice (1994) to account for the effect of surrounding particles on the drag
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force. A number of researchers have followed this approach for simulating fluidized beds
with CFD-DEM and demonstrated that the overall bed hydrodynamics can be fairly well
predicted (Vollmari, Jasevicius, and Kruggel-Emden, 2016; Hilton, Mason, and Cleary,
2010). Zhou et al. (2011a) simulated ellipsoidal and oblate particles, Ren et al. (2014)
simulated a spouted bed of corn-shaped particles, while Hilton and Cleary (2011) sim-
ulated a fluidized bed using superquadrics representing four types of complex shaped
particles. A detailed summary of these works can be found in the paper of Zhong et al.
(2016).

3.2 Model framework

The modelling done in this work is performed using a combined CFD-DEM method.
A modified version of the CFDEM code is used to perform the simulations. The DEM
framework, based on LIGGGHTS® (Kloss et al., 2012), handles all particle-particle and
particle-wall interactions in a Lagrangian manner. Meanwhile, the CFD code based on
OpenFOAM® (OpenCFD, 2004) and CFDEM®coupling (Goniva et al., 2012) solves the
gas flow through the particle bed in an Eulerian way and couples this flow to the parti-
cles. It should be noted that the gas flow is resolved on a grid larger than the particle size.
Using this combined simulation method and parallel computing, it is possible to gain ac-
curate information on both particle movement and gas flow in a lab-scale fluidized bed,
while still maintaining manageable computational times. Each of these models are de-
scribed in detail below.

3.3 Discrete Element Method

DEM is used to describe the interaction of spherocylinders with rotational and transla-
tional degrees of freedom. A soft contact model, first introduced by Cundall and Strack
to describe interactions between spherical granular particles, is used in this work (Cun-
dall and Strack, 1979). The individual particles are tracked and their trajectories are
numerically integrated over time. The local contact forces and torques develop when
the adjacent particles spatially overlap. Consider a spherocylinder p in a dense environ-
ment of similar spherocylinders. The translational motion for spherocylinder p can be
calculated by integrating

arv
p - = - -
mPF:FP,C+Fp,b+FP,VP+Fp,pr (31)
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where F), ¢ is the contact force due to collision, prvp represents the pressure gradient
(buoyancy) force acting on the particle and ﬁp, f—p is the total interaction force exerted
by the fluid phase on the particle which is further explained in section 3.5. The pressure
gradient force F“p,v p is evaluated as -V, Vp. Here V), is the particle volume and Vp is
the pressure gradient in the fluid phase. Gravity is accounted for in the body force ﬁpy b

The rotational motion of particle p is calculated by integrating

z ddp
where fp, p and Tp are the moment of inertia tensor, angular velocity and torque for
particle p, respectively.

3.3.1 Contact model

We focus on accurate contact resolution for spherocylinder particles, while keeping the
computational load minimal. A spherocylindrical particle can be represented in the
model via a glued sphere approach. However, that is a method based on approxima-
tions, which may introduce new errors itself (Kruggel-Emden et al., 2008). A brief
summary of DEM contact detection methods from literature with associated advantages
and disadvantages is given in the Table 3.1.

Most of these methods are applicable to variety of particle shapes. Although these
methods are versatile, these implementations come at the cost of accuracy and compu-
tational time. We keep the level of complexity to a minimum and choose to perform
exact analytical calculations for the contact detection of spherocylindrical particles. In
order to resolve the contact between particles and between particles and walls, a linear
spring-dashpot model with rolling friction is used. The simple force models like linear
spring-dashpot can be substituted for more accurate force models based on Hertzian
force and contact volume calculations, if bulk properties only are of interest as opposed
to detailed contact information such as contact area or contact duration (Kumar et al.,
2018).

In the case of spherical particles, particles overlap when the distance between the
particle centres is less than the sum of the particle radii. For spherocylindrical particles,
the identification of contacts between particles, and the subsequent calculation of the
overlap region is more complicated. Two adjacent spherocylinder particles are deemed
to be overlapping once the distance between their central shafts is smaller than the sum
of their radii. The only requirement for this contact is the determination of the closest
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distance points on the shafts of the two particles.

A modified spherocylinder contact detection algorithm originally developed by Pournin
et al. for granular flows has been used in this study (Pournin et al., 2005). The shortest
distance points on the shafts §;,s; are found using an improved version of the algorithm
described by Vega and Lago (1994).

% e 18, | =58
Rp Uin
d ki

Figure 3.1: A schematic representation of two particles in contact.

Figure 3.1 shows an example of an overlapping contact between two spherocylinder
particles P; and P;. For any particle, Ry is the characteristic radius or radius of the
spherical part of the spherocylinder, 7; is the centre of mass, L,,4 is the shaft length,
il; is the orientation unit vector originating at 7; and 7; is the translational velocity. A
and v are two arbitrary parameters for particles P; and P; which range in the interval
(—00,+00) such that when both A and y are within range [-1,+1] the vector 7 in Eq. 3.5
connects the two finite rods. §; and §; are closest distance points and can be expressed

as follows.
S; =T+ ALroal2 Ui (3.3)
§] = ?] +1//Lrod/2 Ijl] (34)

In other words, A and w values represent points on shafts for which the distance
between two rods is minimum. For the sample contact illustrated in Figure 3.1, the
shortest distance between the particles |s; - §;|, where §; and §; are points on the central
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axes of P; and P; respectively, is given by
§j=Si=TF=T;j+Lreal2(yiij— A1) (3.5)

where 7;; = 7; - ; is the vector pointing from the center of particle P; to the center of

particle P;. A’ and ¢’ are the values minimizing Eq. 3.5 and are given by:

2 (((Fyj-uy) = (- up) (- 4g)

A= (3.6)
Lioa ((1—(171"17]‘)2))
o= 2 ((Fyj-up) - (?i : l?j)ifij - 1)) 3.7)
Lroa (1= (@; - i)*)
1 for V,y') =1
Ay =1, v for —1<,yp)<1 (3.8
-1 for AV, v") =-1

An algorithm used for determining the closest distance points between the central
axis of particles is given below:

» The positions (7, 7;) and unit orientation vectors i;, ii; of two particles under
consideration are known. The closest point between the infinite lines is calculated
via Egs. 3.6 and 3.7.

» Rod P;: A check for bounds using Eq. 3.8. Evaluate §; via Eq. 3.3. Find v with a
perpendicular on Rod j from §;.

» Rod P;: w check for bounds using Eq. 3.8. Evaluate §; via Eq. 3.4. Find A with a
perpendicular on Rod i. Recheck Eq. 3.8.

After §; and §; are determined, the mid-point between these points is 7, the point of
contact and the degree of overlap between the particles is expressed as d,. #;; and 7 j
are the normal and tangential unit vectors for the contact respectively. The contact force
acting on a particle is the total of normal and tangential forces calculated as a result of
overlap.

Fic=Y (Fijn+Fijo) (3.9)
J#i

The normal contact force exerted on particle P; by particle P; is given by using a
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linear spring-dashpot model.
ﬁij,n:—kn|5ij,n|ﬁij+(nl7ijyn (3.10)

where k; is the normal spring constant, {, is the normal damping coefficient and
Uij,n is the normal relative velocity between the particles at the location of the contact
point. The tangential contact force is calculated from the Coulomb-type friction expres-

sion

_}ij,t = _ktlfSinIl_,?ij +ctijij’t for Iljijﬂ = :u”_fij,n| (3.11)
—HIF;jnlii for |Fjj | > plFyj nl

In this expression k¢, &1, (¢, p and ¥; , are the tangential spring constant, tangen-
tial overlap, tangential damping coefficient, friction coefficient and tangential relative
velocity respectively. §; is calculated from the time integral of the tangential relative
velocity since the initial particle contact at time # 9. This expression represents the elas-
tic tangential deformation of the particles since the onset of particle contact. Additional

equations describing the contact model are given in Table 3.2.

Table 3.2: Equations for the contact model.

Parameter Expression(s)
. R Ei + Ej
Point of contact Teij ==
Normal overlap 0ijn=dp—I15;-5jl
t
Tangential overlap 8;j,t(t) =f Uijdt
tc,()
Relative velocity at contact point Uij=0j=0;+@x (Feij—Tj) =@ x (Fe,ij — )

R (D

Rolling torque (Wensrich and Katter- Tijroll = —HronlTi — TeijllF;j nl%
, : e

feld, 2012) Y

3.3.2 Contact parameters

The contact parameters are set based on the assumption of a maximum allowed overlap
between particles to avoid unrealistic behaviour. A set of steps is followed to determine
the contact parameters using the equations given in Table 3.3. This procedure is given

as follows:
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» Set the values for coefficient of restitution (e, and e;) obtained from experiments,

assume 6 mqx = 0.01dp.

» Estimate maximum relative velocity § v, 4x from characteristic particle velocities.

» kpmin is estimated based on the potential energy stored in a spring and the

amount of kinetic energy lost. kj, (’)‘%mx =Mefr S Vmax?

» Estimate duration of a binary contact #.

» k; is estimated with orientationally averaged moment of inertia.

» Damping coefficients, ,, and 7; can be estimated. Orientationally averaged mo-

ment of inertia for spherocylinder is assumed to be an average over the moment

of inertia along its three principle axes.

Table 3.3: Expressions describing the contact parameters (Pournin et al., 2005; Constatin, 2014).

Parameter

Expression(s)

Effective mass

Contact time

Normal damping coefficient

Tangential spring constant

Tangential damping coefficient

Moment of inertia

m; mj
el £l = g

tc—( eff (7[ +1n(ep) ))1/2

2m
(n:—ﬁlnen
Ic
1 =P
ke =172 42 (n2 +ln(et)2)
Meff 0
At
Te—Ti
(;:—Ztc_l +2u Ine;
Mef f 0
_ 14 8 5
Iyy=mpp ER Liog+ lst
2 5
Ixx—Izz—npp( RLrod+240Rp
3
372 5 4
3R L Od+4Rp+2R Lrod

(Dorient = §(Ixx +Iyy + Iz2)

In order to accurately model the particle-particle collisions in the bed, the coefficients

of restitution (normal and tangential), and coefficients of friction (static and dynamic)

need to be determined. These coefficients are determined from binary collision and

sliding experiments.
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Coefficient of restitution

In a binary collision, based on center of mass movement, the coefficients of restitution
are defined as follows (Schwager and Poschel, 2007; Kharaz, Gorham, and Salman,

2001), where v denotes the relative velocity between the two particles.

v
en = ——P%L (3.12)
Un,pre
v
ep = —PL (3.13)
Ut,pre

As the coefficients of restitution depend strongly on material type, but only weakly
on particle shape (Marhadi and Kinra, 2005), measurements were conducted using a
flat plate and spherical particles of the Alumide material used in our fluidization exper-
iments. A spherical particle of volume equivalent diameter was dropped onto the flat
plate from a height of 20 cm. The plate was fixed on a rotating axis to allow for angled
collisions. The collision was captured using a pco.dimax HD+ high-speed camera (ap-
prox. 1600 fps), as shown in Figure 3.2. Particle displacement between frames was used
to determine velocity. Multiple (15) perpendicular collisions were captured, as well as 5
collisions per angle from 10 to 80 degrees at increments of 10 degrees. Measurements

at 0-60 degrees were used to calculate e;, 20-80 degrees were used for e;.

V

. approach

v
1. approach

v .
1. separation

v
t. separation

Figure 3.2: Particle-plate collision used to determine coefficients of restitution. Particle movement
is shown over time (1-8). Vectors indicate velocities used in calculation of the coeffi-
cients.

Figure 3.3 shows the results from the particle-plate collision experiments. The er-
ror bars represent standard deviation. These measurements reveal that the restitution
coefficient is approximately invariant to changes in the angle of collision for the angles
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Figure 3.3: Measured coefficients of restitution for different angles. Error bars represent standard
deviation, dashed lines represent mean values. There is no apparent relation between
angle and coefficient of restitution.

investigated. The mean values found are e, = 0.43 (¢ = 0.08) and ¢; = 0.76 (0 =
0.10).

Coefficient of friction

The dynamic coefficient of friction can be determined from the coefficients of restitution,
as described by Kharaz, Gorham, and Salman (2001) and shown in Eq. 3.14, where puy
is the dynamic coefficient of friction and 0 the angle of impact.

o(er)

Hd == 50+ ep) cotd))

(3.14)

Alumide block
Alumide slab

Figure 3.4: The setup used for determination of the static coefficient of friction.

The static coefficient of friction is determined from a sliding experiment. A block of
the alumide material is placed on a slab of the same material. The angle of the slab is
then slowly increased until the block starts sliding. A schematic representation of this
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setup is shown in Figure 3.4. The static coefficient of friction can then be calculated from
the angle a at which the block starts sliding (Eq. 3.15, where yu; is the static coefficient of
friction, m is the mass of the block and g is gravitational acceleration). This experiment
is repeated 50 times.
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Figure 3.5: Determination of the coefficient of friction, according to Kharaz, Gorham, and Salman
(2001).

Figure 3.5 shows the determination of the dynamic coefficient of friction. The re-
sulting value is p,; = 0.034, with a coefficient of determination of Rfl aj = 95%. From the
sliding block experiments, a static friction coefficient of s = 0.46 (o = 0.06) was found.
The rolling friction value is chosen based on packed bed simulations. The value for which
the simulated packed bed height is matches closely with the experimentally determined
packed bed height is chosen as rolling friction value for fluidized bed simulations.

3.3.3 Neighbour list

To improve the performance of the DEM model, a neighbour list is used. In the neigh-
bour list, the indices of particles surrounding a certain particle are stored so that contact
calculations are only made with reference to these neighbouring particles. This neigh-
bour list is then re-used for multiple time steps until the maximum displacement of the
ends of a system particle has exceeded some prescribed limit and a new list must be
built.

In order to further improve efficiency, an Oriented Bounding Box (OBB) (Ericson,
2005) is used. The bounding volume used to detect particles close to each other de-
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(a) )

Figure 3.6: Multi-sphere neighbourlist building method for (a) particle-particle contact and (b) par-
ticle wall-contact. xsq: and Ry,;gp, are given by Eqs. 3.16 and 3.17 respectively.

pends on the orientation of both particles. In this study, a multi-sphere shaped bounding
volume is applied. As shown in Figure 3.6a, a compound shape consisting of 3 spheres
tightly surrounds the spherocylinder. The distance between the satellite points and the
centre of mass (COM) x4 is given by Eq. 3.16, which was derived from geometry. In
addition to the sphere radius (Eq. 3.17), a skin of radius Ryj;, is used to guarantee the
neighbour list can be used for multiple time steps. When the maximum displacement of
each of two particle ends since the last neighbour list build surpasses Ry, /2, a new list
is created. A similar approach is used to build the particle-wall neighbour list as shown
in Figure 3.6b. Since the closest distance between a particle and a wall is always located
at one of the tips of the particle, the spheres are only centred around the ends of the rod.

Xsar = (—\/401;+2dLr0d+L§0d+2(d,,+Lmd)) (3.16)

[SSRT

X 2 d 2
Rneigh: [ szat) +(_p) (3.17)
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3.4 Computational Fluid Dynamics

3.4.1 Flow solver

The fluid phase is described in an Eulerian manner by imposing a mesh of equal sized
cells on the fluidized bed. The PISO algorithm (Versteeg and Malalasekera, 1995) is used
to solve the phase continuity and momentum transport equation for incompressible,
Newtonian flow. Eqs. 3.18 and 3.19 are known as Model A in literature recommended
by Zhou et al. (2011a) for dense gas-solid flows.

0(€pf) R

3 +V-(eprlif) =0 (3.18)
a(epfﬁf) . = L=
T+V-(€pfufuf)=—eVp+V~(€Tf)+epfg+fp_,f (3.19)

where ¢ is fluid volume fraction, py is fluid density, i is fluid velocity and 7 r is the
stress tensor. fpﬁ r represents the momentum exchange between the fluid and particle

phases. The volumetric force acting on the fluid phase due to particles and is given as

L P

= p,cell p.f—p

fop=——D 0 © (3.20)
p=f Veell

where F"p, f—p is the force acting on an individual particle and n is the total number of

particles in the CFD cell. The details of the transient solver with a PISO loop for pressure

velocity coupling used in this work are given in the paper by Goniva et al. (2010).

3.5 Gas-particle coupling

The total fluid-particle interaction force Fp, f—p includes the drag force F,. Often,
the pressure gradient force is accounted in the drag closure and needs to be carefully
checked before use (Tang et al., 2015; Vollmari, Jasevicius, and Kruggel-Emden, 2016).
The most important contribution to the particle-fluid momentum exchange is given by
the drag force depending on the local relative velocity between the fluid and the particle
and granular volume fraction. Additionally, for non-spherical particles the orientation
of the particle needs to be accounted for to accurately calculate drag. In view of these
points, we present the drag models used in this work in the two following sub-sections:
Section 3.5.1: Single particle drag models and Section 3.5.2: Voidage correction models.
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3.5.1 Single particle drag models
Holzer and Sommerfeld Drag

Holzer and Sommerfeld (2008) derived an equation describing the drag coefficient for
a single non-spherical particle in a gas flow (Eq. 3.21). Here ¢ is the particle sphericity,
U, is the relative velocity between the particle and the gas, A is the cross-sectional area
of the volume equivalent sphere and Ap ;o is the surface area of particle. This equa-
tion incorporates the orientation of the particle in the crosswise (¢ ) and lengthwise
sphericity (¢)), given by Eqs. 3.23 and 3.24 respectively. These are calculated based on
0, the angle between the gas velocity vector and the particle orientation vector otherwise
referred to as the incident angle or angle of attack.

8 1 16 1 3 yo2 1

1
— +0.4210%4(-1n¢

Cpo=g——F——+5——F—+ (3.21)
Rep /@ Rep /b [Re, pi b1
€lvrldep

ep= rp—ef (3.22)
f

A ndf, )

¢ = ﬂ where: Ap’J_ = T + dPLrod sin(6) (3.23)
p

24 nd?
(,[)” = AI)T—QZAH where: Ap'” = Tp +der0dCOS(9) (324)
, D,

Figure 3.7 shows the single-particle drag coefficient as a function of Reynolds num-
ber, compared with single-particle Direct Numerical Simulation (DNS) results; the Za-
stawny model (Zastawny et al., 2012) extended for spherocylinders (Mema et al., 2017)
and the Sanjeevi model (Sanjeevi, Kuipers, and Padding, 2018). It can be seen that the
correlation by Holzer and Sommerfeld shows some deviations from the DNS simulations
for 0 degrees angle of attack at higher Reynolds number. It can also be seen that the par-
ticle orientation has large influence on the acting drag force and therefore fluidization
of such non-spherical particles.

Sanjeevi Drag

A drag closure has been developed in-house using Lattice-Boltzmann (LB) simulations
for a spherocylinder rod of aspect ratio 4 (Sanjeevi, Kuipers, and Padding, 2018). A
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Figure 3.7: Single particle drag coefficient as a function of Reynolds number. The black, gray and
hollow symbols represent 0°, 45° and 90° angle of attack respectively.

number of LB simulations were performed for different angles of attack and particle
Reynolds number defined as Re = |7, |dep rlug. The coefficients are given in Table 3.4.

CD,G = CD,9:0° + (CD,9:90° - CD,9:0°) sin20 (325)

al az

e + R ] e~ @Re | ;5 (1 o~ uRey (3.26)

Cp,6=0°,90° = (

Table 3.4: The coefficients for the Sanjeevi drag correlation (Sanjeevi, Kuipers, and Padding, 2018).

0=0° 0=90°

a 24.48 31.89
ap 3.965 5.519
as 0.41 0.229
as 0.0005 0.0032
as 0.15 1.089
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3.5.2 Voidage correction models

The drag force acting on a single particle in a gas flow is given by Eq. 3.27. It is crucial
to take into account the effect of local voidage to determine the actual drag force acting

on the particle.

Di Felice model

Di Felice (1994) developed a correlation describing the effect of local fluid volume frac-
tion ¢ on the drag force (Eq. 3.28 and Eq. 3.29). Although not developed specifically for
non-spherical particles, the Di Felice model is widely used to account for voidage effects
(Nan, Wang, and Wang, 2016; Vollmari et al., 2015; Zhou et al., 2011a).

- N 1 =
Eg= u,|u,|cD0§ngd§ (3.27)
Ey=Fge* P (3.28)

(3.29)

(1.5-InRep)?
p=3.7-065exp| -—————

Here ¢ is the local fluid volume fraction around the particle. Gidaspow (1994) rec-
ommends the use of the Ergun equation (Ergun, 1952) in dense regions, as it is derived
for a dense, packed bed. Despite the fact that it was derived for isotropic-shaped solids,
this equation also accurately describes the pressure drop over a bed of non-spherical
particles, as will be shown in section 4.3.2. The drag force on a particle derived from
the Ergun equation is given by Eq. 3.30. The smallest of the Di Felice and Ergun drag
forces is used. Here ¢ is the particle sphericity, v r is the fluid kinematic viscosity and d,

is the volume equivalent particle diameter.

AP V, € Urp Vi l-¢
= 2lcell 4 v, (150 12€ 11 7515, (3.30)
€

Fy AceliLeeli 77— =
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Tang and Tenneti models

Tang et al. (2015) and Tenneti, Garg, and Subramaniam (2011) proposed new correla-
tions for static arrays of spheres. Extending the approach of Di Felice and in the absence



58 CFD-DEM Model

of multi-particle drag data for non-spherical particles, we propose using these drag cor-
relations to account for voidage effects as follows:

Fy=Fg9g(e,Rep) (3.31)

where g(e,Rep) = Fz(e,Rep)/ Fy(e = 1,Rep,) is the voidage correction factor while Fy
is given by drag equations evaluated for a single particle. The drag force expressions are
given in Table 3.5.

Table 3.5: Expressions of drag force used for voidage correction.

Drag model Expression(s)

Tang et al. (2015) F,(e,Rep) = &2_6) +e2+ 1.5v/(1—¢))
€

+[0.010 - e)2-) - 20956 1 (0.169¢ + 2284 | Re, 0343 | Re,

. F;
Tenneti, Garg, and Subrama-  Fj(e,Rep) = %OZ +Fe+FeRe,

niam (2011)

g _58l0-0 o (-9
=g 04—

Fope. = (1-PRe, 095+ 28109
e,Re,,— 14 . €2

Re 24
Fisol = 5, (rnax(% (1.0 +0.15Re%687), 0.44))

Figure 3.8 shows the voidage correction factor as a function of void fraction and
Reynolds number. The Tang and Tenneti models show stronger dependence on voidage
compared to the model of Di Felice. This drastic change in voidage dependence can have
significant impact on overall fluidization behaviour. Further, it can be seen that Di Felice
model shows hardly any dependence on particle Reynolds number above 300. Rong,
Dong, and Yu (2013) suggested an extension for Di Felice model. The voidage correction
factor (g(e)) for the extended Di Felice equation showed relatively similar behavior to
the original Di Felice model, when compared to other correction factors presented in
this work. In order to avoid the redundancy of the results, we decided not to include the
model by Rong et al. in the current investigation.

A comparison of the overall drag coefficient for different drag model combinations
is shown in Figure 3.9. The comparison is done for two different particle Reynolds
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Figure 3.8: Voidage correction factor as a function of void fraction and Reynolds number for (a)
Tang et al. (2015), (b) Tenneti, Garg, and Subramaniam (2011) and (c) Di Felice (1994)
models.
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number and a particle oriented at 45° relative to the flow. As discussed earlier, the Tang
and Tenneti models with single particle drag are more sensitive to changes in Reynolds
number and thus better suited for voidage corrections than the widely-used drag model
of Di Felice model. Even then, it should be noted that one common limitation of all
these models is that they have been developed for (mono-disperse) spheres, which are
randomly arranged in space. To summarize, there are three models available which
all take into account the voidage effect but which, on the other hand, do not consider
non-sphericity of particles and heterogeneities with regard to particle arrangement or
coalignment patterns.

Rep = 33.77, 6 = 45 deg Rep = 1688.62, 0 = 45 deg
T T T T T T

140

T 18

T
——Ergun
I——Holzer & Sommerfeld / Di Felice,
-e—Zastawny Extended / Di Felice
~v-Sanjeevi / Di Felice

= Sanjeevi / Tang

—&—Sanjeevi / Tenneti

120

03 04 05 06 07 08 09
()

Figure 3.9: A comparison of drag coefficients for different drag models along with voidage correc-
tion as a function of void fraction. Plots are made for relative velocities of 0.1 m/s and
5.0 m/s giving an estimate for magnitude of drag coefficients at two different Reynolds
number.

3.5.3 Void fraction calculation

The drag force depends on the local void fraction at each point in the bed. To attain
these values, a distributed void fraction calculation is used, meaning that the volume of
a particle is assigned to not one, but multiple cells when it crosses cell boundaries. The
voidage calculation is performed on cells of same size as the CFD grid. Each particle
possesses 16 satellite points, placed evenly in the complete particle volume as shown
in Figure 3.10. Each cell containing such a satellite point is assigned a fraction of the
particle volume, creating a more continuous void fraction field and preventing sudden

jumps in local porosity.
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Figure 3.10: The particle volume is distributed among the cells according to the location of the 16
satellite points. Eight more points are located in the plane perpendicular to the shown

cross-section.






Chapter 4

Model Validation

4.1 Introduction

The quality of a model can ultimately only be judged by comparing its predictions with
careful experimental measurements. Vollmari, Jasevicius, and Kruggel-Emden (2016)
validated their CFD-DEM model for the pressure drop and bed height for a number of
irregularly shaped particles. Cai, Li, and Yuan (2012) numerically and experimentally
studied the orientations of cylindrical particles in fluidized beds. While there are a num-
ber of studies on computational modelling of non-spherical particle fluidization, there

are no detailed validation cases available in literature.

This chapter deals with detailed one-to-one comparison of simulations with experi-
ments. In a semi-2D fluidized bed filled with spherocylindrical particles, pressure drop
and bed expansion is measured as a function of gas flow rate. Particle orientation, cir-
culation patterns and local particle dynamics in the bed obtained from simulations are
compared with experimental measurements obtained from Digital Image Analysis (DIA),
Particle Image Velocimetry (PIV) and Particle Tracking Velocimetry (PTV). We also com-
pare the results of stacking of particles and coordination number with the experiments.
The non-spherical single particle drag model of Holzer and Sommerfeld (2008) is com-
pared with a DNS drag model for spherocylindrical particle developed in-house. The
results of proposed two new voidage correction models are compared with the widely
popular model of Di Felice (1994).

This chapter is based on Mahajan, V. V., Nijssen, T. M., Kuipers, J. A. M. and Padding, J. T., Non-spherical
particles in a pseudo-2D fluidized bed: Modelling study, Chemical Engg. Science 192, 1105-1123 (2018).

63
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4.2 Simulation setup

dy ~——Wd

ha

hbed

FTTTT

Gas inlet

Figure 4.1: Schematic representation of the pseudo-2D fluidized bed setup used in this work, also
showing the initial condition for all the simulations.

Simulations were performed to validate the CFD-DEM model for two fluidized beds
(small and large), with their sizes given in Table 4.1. The simulations are done for three
different drag models:

» Holzer and Sommerfeld single particle drag with Di Felice model for voidage ef-
fects (HDF)

» Sanjeevi single particle drag with Tenneti model for voidage effects (STE)
» Sanjeevi single particle drag with Tang model for voidage effects (STA)

A schematic diagram of the setup is shown in Figure 4.1. The number of particles in
the bed was calculated from the total bed mass measured experimentally (Mahajan et al.,
2018b). All model parameters are listed in Table 4.1. Initially, a packing was generated
by dropping randomly oriented particles into the bed under the influence of gravity. The
bed height was verified for a number of different random particle orientations and a
de-fluidized bed. The calculated bed height was the same for all initialisation methods,



4.3 Results and discussion 65

thus confirming an unbiased initial configuration. Gas was then introduced uniformly
from the bottom to fluidise the bed. Simulations were run with superficial gas velocities
starting from 0.2 m/s with 0.2 m/s intervals. The bed was allowed to attain a quasi-
steady state (5 s), after which measurements were performed from 15 s. The boundary
conditions used to solve the gas flow are given below.

» Inlet: fixed inlet superficial gas velocity (eu; = Up)
» Walls: no slip, no penetration (uy = uy = uz =0 m/s)

» Outlet: fixed outlet reference pressure (P =0 Pa)

Table 4.1: Simulation parameters.

Parameter Small scale Large scale  Units
Domain height hg 1.0 20 m
Domain width wy 0.1 03 m
Domain depth dg 0.014 0.05 m
Particle length Lp 6.0 12.0-1073 m
Particle diameter dp 1.5 3010 m
Particle density op 1395 1395  kg/m?3
Number of particles Np 8070 32448 -
Initial bed height Nped 0.106 0.307 m
Coefficient of friction (P-P) Upp 0.58 0.46 -
Coefficient of friction (P-W) Upw 0.33 0.33
Coefficient of rolling friction Hroll 0.025 0.025
Coefficient of restitution e 0.43 043 -
Normal spring constant kn 6000 6000 N/m
Time step DEM tdem 5x107° s

Time step CFD lefd 5x1074 s

Gas density og 1.2 12  kg/m3
Gas viscosity ng 1.568 -1075 1.568 1075 Pa-s
Number of CFD cells (width) Neells,x 12 12 -
Number of CFD cells (depth) Neeils,y 3 3

Number of CFD cells (height) — Negjjs2 120 120

Number of processors Nprocs 12 24

4.3 Results and discussion

In this section, the results obtained from the simulation of the small and large fluidized
beds are presented. The results of particle orientation, particle co-ordination number
and particle coalignment are presented only for the small bed.

4.3.1 Fluidization behaviour

The simulations are done using a wide range of superficial gas velocities from 0.2 m/s
upto 2.6 m/s for the small bed and upto 3.2 m/s for the large bed. Over this range of
gas velocities two regimes are observed:
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» Packed bed: At flow rates below the minimum fluidization velocity (U, f), parti-
cles are stationary. The gas passes through the voids barely moving the particles.

» Bubbling bed: At flow rates well above the minimum fluidization velocity, large
pockets of gas move through the center of the bed and particles are thrown high
in the freeboard region.

Voidfraction

I 1.000

IO.GBQOB

0.398

Figure 4.2: A simulation snapshot of fluidized bed showing particles colored according to z-velocity
(left) and corresponding void fraction (right) for the large setup at Uy = 3.2 m/s.

This behaviour is also observed in experiments as reported in Section 2.3 of Chapter
2. We do not observe a channelling regime in simulations. This is due to the inherent
nature of the CFD-DEM modelling approach. In CFD-DEM simulations, the fluid cell
size is usually 4 times larger than the volume equivalent particle diameter. This allows
for accurate calculation of void fraction, but has the disadvantage that changes in local
drag due to channel formation are not well captured. Figure 4.2 shows an instantaneous
snapshot of fluidized bed simulation for large particles at Uy = 3.2 m/s.

4.3.2 Pressure drop and bed height

The pressure drop is a key parameter for the characterisation of the fluidization be-
haviour of particles. The pressure drop found from simulations of the small and large
beds are shown in Figure 4.3 and 4.4, alongside the experimental results for the same
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systems. Qualitatively, the pressure drop curves match their experimental counterparts

very well.
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Figure 4.3: Comparison of the pressure drop from experiments and simulations in the small setup.
Black symbols and left scale: average pressure drop. Grey symbols and right scale:
standard deviation of the fluctuations in pressure drop.

In Figure 4.3, the pressure drop curve for the small bed for the Holzer-Sommerfeld
drag model shows a very good prediction. On the other hand, for the drag models of
Tenneti and Tang, fluidization is achieved at gas velocities lower than in experiments.
This is due to the strong dependence on voidage of these drag models as demonstrated

in Section Gas-particle coupling.

In Figure 4.4, the pressure drop curve for the large bed for the Holzer-Sommerfeld
drag model shows an under-prediction, especially in the packed bed regime. This results
in a higher minimum fluidization velocity than observed in experiments. In Section 3.5,
it was shown that the Holzer and Sommerfeld drag model does not under-predict the
single particle drag coefficient. Therefore, the most probable cause for this discrepancy
is the conversion from single particle drag to multi-particle drag. Contrary to the results
for the small bed, for the large bed the pressure drop curves with the Tang and Tenneti
drag models show a better prediction than the Holzer-Sommerfeld model. One reason
for this could be the relative accuracy of these drag models for different particle Reynolds

numbers.

The bed height found from simulations of the small and the large cases are shown in
Figure 4.5 and 4.6 respectively. The measurement of bed height was achieved using a
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Figure 4.4: Comparison of the pressure drop from experiments and simulations in the large setup.
Black symbols and left scale: average pressure drop. Grey symbols and right scale:
standard deviation of the fluctuations in pressure drop.
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Figure 4.5: Comparison of the bed height from experiments and simulations in the small setup.
Black symbols and left scale: average bed height. Grey symbols and right scale: stan-
dard deviation of the fluctuations in bed height (simulations only).
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similar method as in experiments; by finding the maximum gradient in particle density.
Similar to the pressure drop curves, the bed height curves qualitatively match their ex-
perimental counterparts very well. The most probable cause of quantitative mismatch is
again the inaccurate representation of the effective drag acting on the particles.
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Figure 4.6: Comparison of the bed height from experiments and simulations in the large setup.
Black symbols and left scale: average bed height. Grey symbols and right scale: stan-
dard deviation of the fluctuations in bed height (simulations only).

The other possible causes for the bed height mismatch are related to the contact
model and the parameters, and is mainly of concern in the fluidized regime. The chosen
inter-particle collision model accounts for particle penetration (overlap) based on dis-
tance but not based on the penetration (overlap) volume. This can cause inaccuracies
in determination of the local voidage. Secondly, even though the contact parameters
used in the model are based on experimental observations (see Section 3.3.2), this does
not guarantee that the particle contact is captured realistically by the model. The DEM
contact model, which is based on particle overlap, is different in nature from the true
particle-particle and particle-wall contact, where particles deform and have an inherent
surface roughness. For this reason, it is necessary to carefully tune the contact param-
eters (both for particle-particle and particle-wall contact) to equate the simulated bed
height and experimentally obtained values. Additionally, the contact stiffness has been
assumed to be constant while for spherocylinder particles, varying stiffness with tran-
sitions should be used according to the local geometry at the point of contact (Kumar
et al., 2018; Kidokoro, Arai, and Saeki, 2015).
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4.3.3 Mass flux
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Figure 4.7: Particle velocity and mass flux from experiments in the small setup at Uy = 2.56 m/s
(top) and simulations of the small setup at Uy = 2.6 m/s (bottom).

A comparison between mass flux and particle velocity results from experiments and
simulations of the small and large bed is shown in Figures 4.7 and 4.8 respectively. The
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mass flux is extracted from simulation data by multiplying the solids volume fraction
in each cell with the average velocity of all particles in that cell. This is expressed by
(Pm) = (Dp p(1—€)), where ¢m is the local mass flux, ¥ the particle velocity, p p the particle
density and ¢ the local void fraction.

Experiments and simulations show a good match for both large and the small bed.
However, it is clear that in simulations, particles are much more mobile than in ex-
periments, noted by the higher mass flux in both negative and positive direction. It is
likely that this discrepancy is caused by the same reasons of sufficiently accurate drag
and contact parameters mentioned earlier in Section 4.3.2. It was shown that both
particle-particle contact parameters (especially coefficients of restitution and friction)
(Goldschmidt, Kuipers, and Van Swaaij, 2001; Reuge et al., 2008) and particle-wall (Li
et al., 2010; Ye, Van Der Hoef, and Kuipers, 2005) contact parameters can greatly influ-
ence the dynamics and solids mixing in fluidized beds. When particles are able to slide
against each other more freely, bubbling is more vigorous, particles are thrown higher
and solids mixing is faster.

4.3.4 Particle orientation

Figures 4.9 and 4.10 shows the probability density function (PDF) of the particle orien-
tation from experiments and simulations respectively for the large setup at different flow
rates. The PDF is given by Eq. 4.1, where Ny (a) is the number of particles at angle a.

Np(@)

PDF(a) = 7+
230 Np(@)da

4.1

Only particles close to and parallel to the front wall have been considered, to be com-
parable with the experimental results in Figure 4.9. Evidently, in simulations, particle do
not align themselves with the gas flow at high flow rates. Particles remain predominantly
horizontal, with a small peak emerging at an angle of 0° . When the PDF is parsed for
different positions in the bed (Figure 4.10 bottom), it is clear that this peak is caused by
interaction with the side walls. Similar results have been obtained by Oschmann, Hold,
and Kruggel-Emden (2014).

The difference between particle orientation distributions may, in part, be attributed
to the differing hydrodynamic forces experienced by particles in experiments and simu-
lations. While spherocylindrical particles are inherently subject to drag, lift and torque
in the laboratory-scale reactor, we consider only hydrodynamic drag forces in our simu-
lations. Hydrodynamic torque is often considered to be negligible, given that gas density
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Figure 4.8: Particle velocity and mass flux from experiments in the large setup at Uy = 3.24 m/s
(top) and simulations of the large setup at Uy = 3.2 m/s (bottom).
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Figure 4.9: Probability Density Function (PDF) of the particle orientation (as observed from the

front wall) in the large setup at different flow rates (top) and different positions in the
bed (bottom, Up = 1.9 U, ¢). Angles of -90 and 90 degrees correspond with particles
laying down horizontally, an angle of 0 degrees corresponds with particles standing up
vertically (Mahajan et al., 2018b).



74 Model Validation

Simulations
= U,=00U_, o U=13U_ U,=15U_, v U,=19U_|

16 F—0 — T T | — | — | — | — | — | — | p—
ME 14 ]
X 12
@10 F —
° L ]
Z 8r .
e
8 °r ]

4 | a

2 1 L 1 L 1 L 1 il L 1 L 1 L 1 L [

-80 -60 -40 -20 0 20 40 60 80
Distance from wall: = <2Lp ° 2Lp—4Lp >4Lp
16 F—1 — T 7 | | | | | | T
- Un: 19U .

=
T
M |

PDF (1/deg) x107
=

8 -
6 -
L ~ Y -_— i
4 .
S I R R B S S R B S,
-80 -60 -40 -20 0 20 40 60 80
Angle (deg)
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is low and the particle mean free path between particle collisions is short (Radl, Girardi,
and Sundaresan, 2012; Bernard, Climent, and Wachs, 2016).This assumption certainly
holds for domains that have a large particle volume fraction i.e. in close proximity to the
inlet of the reactor. However, in the upper domains of a reactor where particle volume
fraction is comparatively lower, the trajectory of particles is likely to be more susceptible
to the influence of the gas phase, and thus a particle can experience significant hydro-
dynamic torque and lift. As torque facilitates the rotation of a particle depending on its
initial orientation to an incoming flow, the inclusion of torque in the simulations may
more accurately capture particle orientations as observed in experiments.

4.3.5 Particle coalignment

Particle coalignment has been studied only for particles close to, and parallel to the front
wall. Figure 4.11 shows the result of the orientation autocorrelation in the large bed
from experiments and the simulations. The orientation autocorrelation value drops at a
distance much less the particle length. Comparison shows a good quantitative agreement
between simulation and experiment. However, the curves for experiments show little
difference as a function of distance from the side walls. Contrary to this, in simulations
although very small, a clear distinction is seen with respect to proximity to side walls,
although this effect is very small. As discussed earlier, this might be due to the simplicity

of our model i.e. neglecting hydrodynamic torque effects.

4.3.6 Particle coordination number

Since in simulations there is direct access to particle positions and velocities, it is straight-
forward to compare simulation data with results from experimentally determined PTV
measurements. Figure 4.12 shows an example snapshot of the large bed with particles
coloured according to their coordination number (CN). Figure 4.14 shows the average
particle coordination number in a way analogous to the experimental results in Figure
4.13. As in the experiments, the height of the bed is divided into sections with height
equal to half the bed width. In order to obtain the 2D CN that is measured using PTV,
the 3D CN is divided by the number of particle layers in the cut-off radius.

From comparison of the figures, it is clear that both experimental and simulation
results are in good agreement. In the lower section of the bed velocities are small and
particles are densely packed, as also shown by Figure 4.14 (bottom) in the previous
section. Higher in the bed, particles mainly move upwards in dense structures and rain
down in dilute regions. The same observations were made in experiments (Figure 4.13).
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wall for the large bed at Uy = 3.24 m/s for experiments and at Uy = 3.2 m/s for
simulations.
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Figure 4.12: An example snapshot of particle coordination number, obtained from simulations in
the large bed at Uy = 3.2 m/s. The colors indicate the coordination number for the re-
spective particles, blue: particles with 9 or more neighbours, green: 5 to 8 neighbours
and red: less than 5 neighbours.
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Figure 4.13: Average particle coordination number as a function of average vertical velocity, ob-
tained from experimental PTV measurements in the large bed at Uy = 2.5 m/s. Points
indicate individual frames, solid line gives the running average, dashed line shows the
standard deviation (Mahajan et al., 2018b).
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Figure 4.14: Average particle coordination number as a function of average vertical velocity, ob-
tained from simulation of the large bed at Up = 2.6 m/s. Points indicate individual
frames, solid line gives the running average, dashed line shows the standard deviation.
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4.4 Conclusions and outlook

In this study, the fluidization behaviour of rod-like particles has been investigated nu-
merically with the CFD-DEM approach and compared with experiments. A description
of the model was given, focussing on the extensions developed in this study. An ex-
act representation of particle shape through analytical calculation is used instead of a
comparatively slow and inaccurate multi-sphere approach. The fluid forces acting on
particles are calculated using particle orientation, shape and local void fraction. The bed
behaviour is investigated at different gas inlet flow rates.

Comparison of experimental and numerical pressure drop and bed height results has
been carried out for three different drag models in two differently sized beds. The results
show good qualitative agreement. However, when compared quantitatively, the results
show that the particle drag force is under-predicted in case of the combined Holzer and
Di Felice drag model while over-predicted in the other two cases. This is associated with
the voidage correction term for the drag coefficient, which is based on data for spherical
particles in absence of this information for spherocylindrical particles. A combination of
single particle drag for orientation effects and multi-particle drag correlation of spheri-
cal particles for voidage correction clearly is not the most accurate approach. For more
accurate results (also in the channelling regime), a multi-particle drag closure is needed.
This drag closure should be derived from direct numerical simulations of same particle
shape and size, in this case, spherocylinder particles aspect ratio 4 (Sanjeevi, Kuipers,
and Padding, 2018). More importantly, such simulations should consider voidage, rel-
ative particle spacing, mutual particle orientation and particle Reynolds number as pa-
rameters. In addition, it could also take into account channeling within a single CFD
cell.

Comparison of simulations with PIV and PTV experimental results shows that quali-
tatively the solids circulation pattern is well captured by the model. Comparison of the
average particle orientation at different flow rates shows the importance of the hydro-
dynamic torque. In experiments, particles align themselves along the flow direction at
high gas velocities. In simulations, this effect is not observed as particles remain predom-
inately horizontally oriented. It was also shown that this observation is not an effect of
particle-wall collisions but rather depends on the particle-gas interaction. In literature,
the hydrodynamic torque is generally regarded as of very little influence, as gas viscosity
is low and the mean free path between particle collisions is very short. However, our
results suggest that the incorporation of hydrodynamic torque is necessary for accurate

modelling of non-spherical particles.

The effects of lift forces and hydrodynamic torque are excluded in this work. The



80 Model Validation

recent work by Mema et al. (2019) has shown that these forces cannot be neglected for
rod-like particles. Inclusion of these additional forces should be considered for better
prediction of non-spherical fluidized bed hydrodynamics. Furthermore, with this valida-
tion study, this CFD-DEM model can further be used to study the rheological behaviour
of non-spherical particle suspensions. The DEM model can be used to measure and study
the developed particle stresses. With a comprehensive study considering all the relevant
parameters encountered for fluidized bed, a stress closure can be developed, which can
be used in modelling particle stresses in a more coarse-grained model for industrial scale

simulations.



Chapter 5

Rheology of inertial rods: effect of fluid

medium

5.1 Introduction

Granular flows consisting of particles suspended in fluid are present everywhere in na-
ture (rivers, sandstorms, landslides) and industry (cosmetics, detergents, paints and
various fluids in the oil and mineral industries). Granular flows, particularly of solids
dispersed in a continuous fluid phase (liquid or gas) exhibit a wide range of behaviour,
including Newtonian, shear thinning, shear thickening and discontinuous shear thicken-
ing (Mari et al., 2014a). The behaviour of these materials under different conditions is
still not well understood and therefore has been a topic of research for decades. Bet-
ter understanding of the fundamental physics of inertial particle flows is necessary to
control industrial processes and products.

Studying granular flows via experiments is a difficult and tricky process (Campbell,
1989). Rheometers are used to study suspensions, but only offer measurement of shear
stress and total pressure in the system. Non-intrusive experimental techniques, which
can improve our understanding of granular flow rheology, are rare. Also they only mea-
sure the combined macroscopic result of all the interactions and not the behaviour of
individual particles on a microscopic level. Additionally, most suspension experiments
reported in literature are performed on small particles in a liquid continuous phase,
meaning that the particle inertia is relatively unimportant (very low Stokes number). In

This chapter is based on Mahajan, V. V., Mehmood J., El Hasadi Y. M. F. and Padding, J. T., Fluid medium
effect on stresses in suspension of high-inertia rod-like particles, Chemical Engg. Science X 3, 100030 (2019)
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the past 40 years, the discrete element method (DEM), originally developed by Cundall
and Strack (1979) for soft-sphere interactions, has been widely used to study granu-
lar systems in depth. This method offers many advantages over experimentation, like
precise measurements of volume fraction, particle orientation and complete access to
the stress tensor and residual kinetic energy of the system. DEM coupled with com-
putational fluid dynamics (CFD) has been used extensively to understand a number of
granular flows, encountered in shear flows, risers and fluidized beds (Campbell, 1989;
Campbell and Gong, 1986; Deen et al., 2007; Mahmood and Elektorowicz, 2016). The
CFD-DEM method, due to its ability to accurately deal with a variety of shapes, is also
a popular method of choice to study granular flows of non-spherical particles (Mahajan
et al., 2018a; Zhong et al., 2016).

On the other hand, to understand the rheology of dilute and dense granular flows,
granular kinetic theory was developed based on the kinetic theory of dense gases by
Chapman and Cowling (1970). Jenkins and Savage (1983) extended the kinetic gas
theory to predict the collisional stresses in granular flows. Lun et al. (1984) improved
on the theory presented by Jenkins and Savage. Their theory predicts not only collisional
stresses but also kinetic stresses produced due to particle motion. Campbell and Gong
(1986) performed 2-D numerical simulations, which were found to be in good agree-
ment with the predictions by Lun et al. (1984). The most widely used kinetic theory
models are developed for the flow of inelastic, smooth spheres excluding the effect of
interstitial fluid (Fan, 1996; Garz6 and Dufty, 1999). Kinetic theory models have been
extended or modified to account for different particle properties (e.g. friction) and phys-
ical phenomena (e.g. long lasting collisions) (Campbell, 2002; Jenkins, 2006; Jenkins,
2007; Jenkins and Berzi, 2010; Chialvo and Sundaresan, 2013).

Another popular theory in literature to describe granular flows is (. f ) (1) rtheology
(MiDi, 2004; Forterre and Pouliquen, 2008), which was developed in the mid 2000’s.
In this theory, constitutive equations, which describe the conservation laws of granular

flows, are characterized by an inertial number, I =yD/ %, with y the shear rate, D

the particle diameter, P the particle pressure, and pj, the particle density. An important
result of the theory is that the effective friction (y, f f), which is the ratio of shear stress
to the pressure, is a function of inertial number I. These functions have been determined
by simulations (Jop, Forterre, and Pouliquen, 2006; Da Cruz et al., 2005; Hatano, 2007)
as wells as by experiments (Fall et al., 2015; Jop, Forterre, and Pouliquen, 2005).

Most of the studies discussed above deal with circular disks in 2D or spheres in 3D,
primarily because dealing with non-spherical particles in kinetic theory is not trivial.
However, there is a recent increase in studies dealing with such particles. Researchers
have performed experiments (Baosheng, He, and Zhong, 2010; Li et al., 2004) and
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simulations with other particle shapes. Simulations performed by Pena, Garcia-Rojo,
and Herrmann (2007) for polygonal disks and by Cleary and Sawley (2002) for blocky
particles show that particle shape has strong effects on the granular temperature and
volume fraction in the core of the flow, both of which are smaller compared to volume-
equivalent spherical particles. Moreover, particles with irregular shape (higher aspect
ratio) are hard to shear due to interlocking of the particles. One of the main attributes
of elongated particles is that they have a preferred alignment towards the main flow
stream, as shown by Pena, Garcia-Rojo, and Herrmann (2007), Reddy, Kumaran, and
Talbot (2009), and Reddy, Talbot, and Kumaran (2010) and Campbell (2011). Camp-
bell (2011) found that for smooth frictionless ellipsoid particles, smaller stresses were
observed when compared to volume-equivalent spheres. It was also found that large
surface friction can lead to particle rotation which can block the flow leading to higher
stress values. Guo et al. (Guo et al., 2012a; Guo et al., 2012b; Guo et al., 2013; Guo
and Curtis, 2015) extensively studied the dry granular shear flow of rod-like particles of
various aspect ratio, wet flexible fibers, flat disks and elongated rods in the presence and
absence of friction. Nagy et al. (2017) have also performed a 3D simulation with sphe-
rocylindrical particles upto aspect ratio of 2.5. Their study demonstrated that p,z (1)
rheology can be extended to non-spherical particles at high volume fractions. All of these
studies exclude the effect of fluid on the developed stresses.

Guazzelli and Pouliquen (2018) explained, in a comprehensive paper on rheology
of dense granular suspensions, that hydrodynamic interactions or lubrication forces be-
tween the particles are important in the dilute regime. At high concentrations they
become less significant compared to direct particle contacts. Although in reality gran-
ular particles are usually surrounded by an interstitial fluid (like air) the influence of
the latter on the dynamic properties of the solid particles is generally neglected in most
theoretical and computational works. Needless to say, the effect of the interstitial fluid
on solid particles turns out to be significant in a wide range of practical applications
and physical phenomena (Xu et al., 2013; Chamorro, Reyes, and Garzo, 2015). Garzd
et al. (2012) presented an Enskog kinetic theory for monodisperse gas-solid flows. Their
theory demonstrates that the effect of the fluid phase on the constitutive equations for
the solid phase shear viscosity is non-negligible. However, their theory, like most ki-
netic theories, is limited to spherical particles and therefore is not applicable to granular
non-spherical particle suspensions.

While the majority of studies so far have focused on Stokes numbers, St = p pdpzw ny
(where 7 is the shear rate, 1 ¢ the viscosity of the fluid phase, and p), and d), are the den-
sity and volume equivalent diameter of the solid particles, respectively) of the order of
1 or smaller, this chapter focuses instead on particle flows that have Stokes number

and Reynolds number much larger than 1. The range of numbers is given in Table 5.1.
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Dimensionless quantity Range
Air Water
Stokes number St =ppdp*yins 0(10-10°)  0(10°-10%)
Reynolds number Re:pfdpz)'f/nf o0 '-10%)  0O(0°-10%)
Inertial number I=vydp\/pp/P 0(10°-10H) o0@o0~2-10YH
Viscous number Iy =n¢yl/P 010 %-1071) o@o*-10YH

Table 5.1: Range of dimensionless numbers for the simulations in this work.

Although such high Stokes and Reynolds numbers are encountered in a number of appli-
cations (a variety of chemical, pharmaceutical and process industries), the main motiva-
tion behind understanding the high Stokes number flows comes from the use of biomass
particles as raw material in fluidized bed gasifiers. These biomass particles are often
preprocessed into elongated pellets with aspect ratio ranging from 2 to 8 before being
fed to gasifier. As a starting point, the shape is simplified to spherocylinders and an in-
termediate aspect ratio 4 is chosen for this study. However, this work can be extended to
any aspect ratio mentioned above. The pellets typically have a size of a few millimeters
and are processed in the fluidized bed gasifier with an upward flow of gas. This combi-
nation of large particle size and low viscosity gas results in high Stokes numbers. More
generally, fluidized beds containing high inertia particles are used in a variety of chemi-
cal, pharmaceutical and process industries and often experience the range of Stokes and
Reynolds numbers studied in this chapter. The values for the water case given in Table
5.1 are consistent with values encountered in water treatment plants. There, activated
carbon particles, non-spherical in shape (often elongated) are fluidized in water. These
particles have a volume equivalent diameter of a few millimeters resulting in the Stokes
numbers studied in this work.

In summary, the rheology of inertial particulate flows is highly dependent on the
properties of the particles (size, shape and surface properties) as well as the proper-
ties of the continuous fluid (viscosity, relative density). Understanding the interplay
of inter-particle forces and coupling to the fluid is crucial for understanding the rheo-
logical behaviour of granular flows, and producing meaningful results. Most existing
studies assume mono-disperse spherical particle granular systems to simplify the analy-
sis. However, real systems nearly always differ from this ideal case, being poly-disperse
or containing ellipsoids, platelets or even irregular shapes. The relatively few works
on the rheology of non-spherical granular particles in the past have dealt mainly with
dry frictionless elastic particles. There are very few studies available on the rheology
of non-spherical and inelastic granular particle flows via CFD-DEM simulations. This
chapter focuses on exploring this topic, in particular for rod-like granular particles. Not
only the rheological properties of rod-like particles are investigated, but also the theories
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discussed above are used to understand the observed behaviour. Note that the granular
flows in the presence of fluid hereafter is referred to as suspensions. The reader is advised
not to confuse this with suspensions of colloids.

5.2 Model framework

The modelling done in this chapter is performed using a combined CFD-DEM method
described in chapter 3. Note that in this chapter we limit ourselves to smooth particles
without tangential friction. This is closest to the assumptions of (most common forms
of) kinetic theory. Additionally, by reducing the number of parameters (in this case,
friction) we can independently study the effect of fluid on the rod suspension. In the
next chapter, we investigate the additional role of tangential friction. It must be noted
that the effect of torque and lift on particles due to the fluid are neglected in this work.
The lubrication force, which arises from the additional hydrodynamic pressure when
the interstitial fluid is squeezed out from the space between two solid surfaces, is also
not accounted for. This is acceptable for large granular particles with higher Stokes
numbers. In other words, the time between particle collisions is much smaller than the
time needed by fluid (air) to substantially affect (reduce) the relative approach velocities
of particles. The only force acting on the particles due to the surrounding fluid medium
is the drag force acting at the center of mass of each particle. Therefore, it is safe to say
that the orientation of particles in the simulations are solely a result of particle-particle
and particle-wall collisions.

5.3 Stress measurements

Our prime quantity of interest is the total particle stress tensor ;. Due to its dynamic
nature, momentum transport can occur by simple flux of particles or by particle-particle
contact. Therefore, the particle stress is a combination of two independent contributions,
i.e the streaming stress tensor (G5) due to particle momentum flux and the collisional
stress tensor (30) due to particle collisions (Cleary, 2008). These stress tensors are given

as follows :
Gr=05+0¢ (5.1)
= 1 o
03=@;<mivivi> (52)
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Qu

1 =
c= @KZ]<F’]”]> (53)

where 17;. is the velocity fluctuation for particle i and (...) indicates averaging over time
(under steady state conditions) and over all particles located in the bulk control volume
V,p- The velocity fluctuation is calculated relative to the locally averaged velocity of the
particles : 17;. = U; - Uapg. To avoid wall-effects, the measurements are performed in a
bulk-like control volume which is one particle length away from the walls located at z=0
and z = hy. The granular temperature (T) is a measure for the residual kinetic energy
in the system. It is calculated from the velocity fluctuation of the particles.

_lyn n
T—§<vx+vy+vz> (5.4

Figure 5.1: Snapshot of a CFD-DEM coupled simulation of spherocylinders. Particles are colored by
their x-velocity, from blue (very negative velocity) to red (very positive velocity).

Based on the required volume fraction, a number of particles were placed inside the
computational domain. Shear in the domain is achieved by moving the wall at z=0 in
the negative x-direction and the wall at z = h; in the positive x-direction (see Figure
5.1). The no-slip boundary conditions at the walls also drive the fluid. The boundary
conditions are periodic in the x and y directions. The gravitational force acting on the
system is set to zero. Note that some amount of wall-induced particle ordering occurs.
This influence was found to quickly decay away from the walls. The particles used in this
study are smooth (frictionless), hard (large contact stiffness), and dissipative (restitution
coefficient of 0.7). Campbell (2002) identified the importance of the elastic properties
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of particles in determining the overall rheology of dense granular flows. He studied the
effect of interparticle contact stiffness on developed stresses. The results showed that the
stresses scale with the stiffness saturating at sufficiently high stiffness, indicating that the
stresses are generated by the particle elasticity. Therefore, in this study, the particles are
assumed to be hard with large contact stiffness, frictionless with no tangential force
and partly inelastic. There is however a price to pay for simulating very large contact
stiffness: the timestep necessary for accurate integration of the equations of motion
becomes very small. Moreover, higher values of restitution coefficient demand even

smaller timesteps, making simulations extremely expensive.

x10

1.49 1 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 5.2: Necessary timestep §¢, for accurate integration of the equations of motion, versus co-
efficient of restitution e, for a stiffness value, k, = 6 x 10° N/m.

The simulation domain needs to be large enough to produce sufficient statistics and
results which are independent of domain size, while at the same time keeping the com-
putational cost minimal. Therefore, a comparison was done for two domain sizes:
(6,4,4) x Ly, and (6,4,8) x L. The results were checked for dependence of the stress
on the domain size. The two different-sized domains showed good agreement for all
measured parameters: stress components, pressure and granular temperature. There-
fore, the smaller domain was employed in all simulations. All simulation parameters are
reported in Table 5.2.

Under a shear flow, the system achieves steady state when an equilibrium is reached
between the energy supplied by the driving walls and the energy dissipated by inter-
particle collisions and fluid friction. For each simulation, the time required to achieve
a steady state is different and is dependent on the initial configuration, volume fraction
and shear rate. All quantities reported in this chapter are obtained after a steady state
is achieved, typically for a shear strain of at least 10. The computing times depend pri-
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Table 5.2: Simulation parameters.

Parameter Value Units
Particle length Lp 12x1073 m
Particle diameter dy 3x107° m
Particle density Pp 1395 kg/m?
Domain width wg 6xL, m
Domain height hg 4xLp, m
Domain depth dg 4xL, m
Coefficient of friction (P-P) Upp 0.0 -
Coefficient of rolling friction  p,,j; 0.0 -
Coefficient of restitution e 0.7 -
Normal spring constant kn 6x10° N/m
Time step DEM tdem 5x1077 s
Time step CFD fefd 5x107° s

Air density Pa 1.2 kg/m3
Air viscosity Na 1.568x107> Pa-s
Water density ow 1000 kg/m?
Water viscosity Nw 1.568x1073  Pa-s
Number of CFD cells (width) N6« 6 -
Number of CFD cells (height) N, 4 -
Number of CFD cells (depth)  Neeyys,y 4 -
Solid volume fractions € 0.1,0.2,0.3,0.4,0.5 -

No. of particles Np 213, 427, 640, 853, 1067 -
Shear rate Y 0.1-200 1/s
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marily on the overall frequency of particle collisions which depends on volume fraction
and applied shear rate. For low volume fractions and low shear rates, simulations are
faster as compared to high volume fractions and high shear rates. On an average, each
simulation (for each shear rate and volume fraction) took 2 days on 24 processors. The
stresses and granular temperature initially increase due to initial particle collisions and
then remain at a nearly constant level. Note that the steady state is independent of
the initial configuration of the particles. The initial configuration only affects the shear
strain within which the steady state is achieved.

Loisel et al. (2015) studied particle migration towards channel walls due to the
Segré-Silberberg effect, giving rise to a non-uniform particle concentration profile in
the z-direction. This phenomenon is also observed in our simulations. Therefore, the
actual volume fraction is measured in the bulk region, one particle length away from the
z-walls, called the measurement domain henceforth. Just like the volume fraction, the
shear rate for the measurement domain is different than the apparent shear rate applied
by the z-walls. The average particle velocity profile in the measurement domain was
used to measure the actual shear rate. We explicitly checked and confirmed that the ap-
parent shear rate y was constant (i.e. a linear shear flow profile) across the measurement

domain for all runs.

The streaming stress tensor (Eq. 5.2) can be written more explicitly as (Campbell
and Gong, 1986):

—.’2 o/ ! o/ o/
vx> <vx-vy> Uy vz>
Gs=ppe (T, <a’2> vy 7)) (5.5)
s p y X Yy y "z :
-7, <z7’ a’> <17’2
z Yx z' Yy z

For a sheared system as used in this study, the opposite velocities at z and —z walls
makes the global average velocity approximately zero. To make sure the velocity fluc-
tuations are correctly calculated, the shear box is split into vertical bins (bins of equal
height Az). Fluctuation of the particle velocities are calculated relative to the average
velocity in each bin and averaged over the measurement domain. Test simulations have
been performed to find out the minimum number of bins necessary to estimate fluctu-
ations independent of the number of bins in the domain. Based on this study, 16 bins
were used to determine the granular temperature.
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5.4 Model verification

In this section, the implementation of our code and stress measurements is verified by
comparing shear flow simulations of smooth granular spheres against the predictions
of kinetic theory. As discussed by Guo et al. (2012a) and Campbell (2002), the kinetic
theory can be safely applied to dilute and moderately dense systems in which binary
instantaneous collisions are dominant. However, it might fail for very dense systems
where multi-particle long-lasting collisions become significant and the stresses show a
dependence on the interparticle contact stiffness. For validation, our simulations are
compared with kinetic theory at low volume fraction. The spherical particles have a
diameter such that they have the equivalent volume as the spherocylindrical particles
studied in the rest of this chapter (dp =0.0053 m).

The results are compared with the kinetic theory predictions by Lun et al. (1984).
According to their theory, the steady-state shear and normal stresses for smooth, hard,
and slightly dissipative spheres in the plane of shear flow is given by:

5 .
Uszaxz=—%F(e,e)pp(nT)0'5dpy (5.6)
Oxx=0yy=0zz=ppT(1+4aegy) (5.7)

a is a function of the coefficient of restitution e, while g is radial distribution function
for spheres which depends on the solid volume fraction (¢) (Carnahan and Starling,

1969). The predicted steady-state granular temperature (T) is given as follows:

57 F(e,e) 2.9
T=——F———d 5.8
4608 a (1-a)eg, 24 (5-8)

where F(e, e) can be split into a collisional F, (e, e) and a streaming Fj(e, ) contribution

F:(€,e) = 1+8ae ) 1+8ae Ba-2) (5.9)
c\& _a(Z—(x)gg 5 gO 5 gO .
768
Fg(e,e) = Eaezgo (5.10)

The pressure in the system is a result of generated normal stresses and is measured
as 1/374 of the trace of the total stress tensor. As can be seen in Figure 5.3, the measured
granular temperature and pressure both show good agreement with the granular kinetic
theory developed by Lun et al. (1984). The slight mismatch, notably the slightly lower
granular temperature, can be attributed to the fact that the simulations were carried
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Figure 5.3: Black symbols: Particle granular temperature and pressure for dry granular shear flow
of spherical particles (e = 0.7, ¢ = 0.12). The red symbols indicate the predictions of

kinetic theory (Lun et al., 1984).
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out for particles which have somewhat dissipative collisions. As pointed out earlier, the
assumption of kinetic theory is that the particle collisions are nearly elastic (1 -e < 1).
The comparison for collisional and streaming stresses also show a good match with
theoretical predictions, thus verifying the numerical implementation of the model and

measurements.
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Figure 5.4: Black symbols: Particle collisional and streaming stress for dry granular shear flow of
spherical particles (e =0.7, € = 0.12). The red symbols indicate the predictions of kinetic

theory (Lun et al., 1984).

5.5 Results and discussion

In the following sections, the behaviour of granular spherocylinder particle suspensions
is investigated, looking at shear and normal stresses, pressure, granular temperature,
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particle orientation, apparent friction and viscosity. The results are shown for three
cases: (a) dry granular shear flow (in the absence of fluid) where only particle-particle
interactions shape the rheology, (b) an air suspension where elongated particles are
suspended in an air-like gas and (c) water suspension where particles are suspended in
a water-like fluid. For reference purpose, the predictions from granular kinetic theory
(Egs. 5.6, 5.8, 5.9 and 5.10) for volume-equivalent spheres are shown in red. Our aim
by presenting these comparisons is not just to highlight the difference in the measured
values against granular kinetic theory but also to highlight the similarity of the scaling
with shear rate observed for rods and that predicted by kinetic theory for spheres.

5.5.1 Granular temperature and pressure

In this section, the results of granular temperature and pressure as a function of shear
rate are presented for 5 volume fractions. The granular temperature is proportional
to the particle fluctuating velocity squared. As the solid volume fraction increases, the
collisional frequency increases, leading to more dissipation and hence lower granular
temperature. This prediction is in accordance with our simulation predictions for dry
granular flow (see Figure 5.5a). The granular temperatures are highest for low volume
fractions since they have more space to move in between collisions. Also, the granular
temperature is lower for spherocylindrical particles than for volume-equivalent spheres
because their projected area in the direction of flow is smaller.

Similar behaviour is seen under the influence of air, as shown in Figure 5.6a. How-
ever, the magnitude of the granular temperature is consistently lower. Even though the
particle inertia is high relative to that of air, the air still acts as a momentum sink and

takes away some fluctuating energy from the particles.

Figure 5.7a shows the granular temperature under the influence of water. As ex-
pected, water strongly dampens the velocity fluctuations and therefore the resultant
granular temperature. In the presence of water, the granular temperature shows the
reverse behaviour as a function of solid volume fraction, when compared with the dry
granular and air cases. The granular temperature is higher for higher volume fraction of
the particles. Due to the higher exchange of momentum with water (as compared to the
dry granular and air cases), the particles loose their fluctuating energy fast and only gain
more fluctuations when they collide with other particles. In fact, when velocity fluctua-
tions are dampened so strongly, the particles mainly collide because they are forcefully
brought into contact by the shear flow. Under such conditions, a higher volume fraction
leads to more frequent collisions, leading to a higher granular temperature.
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Figure 5.5: Particle granular temperature and pressure for dry granular shear flow. Black symbols:
spherocylinders. Red symbols: theoretical predictions for volume equivalent spheres.
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Figure 5.6: Particle granular temperature and pressure in the presence of air. Black symbols: sphe-

rocylinders.

Black symbols: spherocylinders.

Red symbols: theoretical predictions
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Figure 5.7: Particle granular temperature and pressure in the presense of water. Black symbols:
spherocylinders. Red symbols: theoretical predictions for volume equivalent spheres.



5.5 Results and discussion 97

In this study, just like the granular temperature, pressure evolves and is an emergent
property of the system (at the given shear rate and solid volume fraction). The pressure
shows the expected behaviour: it is increasing with the shear rate and solid volume frac-
tion. A higher pressure at higher shear rate is a direct result of the increase in granular
temperature, while a higher pressure at higher volume fraction is a direct result of more
collisions per unit time. The measured pressure values are compared with the pressure
predicted by kinetic theory for volume-equivalent spheres. It is found that the measured
pressure for rod-like particles does not agree with kinetic theory predictions for spheres:
for the dry and air cases the measured pressure is lower, while for the water case the
measured pressure is lower at low volume fractions, but higher at high volume frac-
tions. When comparing spherical and rod-like particles at volume fraction 0.1 (Figures
5.3a and 5.5a), it is clear that rod-like particles attain lower granular temperature and
pressure. This effect is a result of shape of these particles and preferred alignment.

5.5.2 Collisional and streaming shear stress

Next the shear stresses for spherocylinder particles are investigated. The collisional and
the streaming components of the shear stress are plotted as a function of shear rate for
5 volume fractions in Figures 5.8, 5.9 and 5.10.

Figure 5.8a shows that the kinetic theory for spherical particles agrees well with the
measured collisional stress of dry spherocylinder particles at intermediate volume frac-
tions. However, this must be a fortunate cancellation of effects, because Figure 5.5a
showed that the granular temperature was underpredicted. Moreover, the deviation
is large for lower and higher volume fraction. Figure 5.8b shows that the streaming
stresses are lower for spherocylinder particles than predicted by kinetic theory of spher-
ical particles. This is due to the preferential alignment of the particles, as will be shown
in Section 5.5.5. The preferential alignment allows particles to avoid intense collisions.
Similar behaviour was also reported by Guo et al. (2012a). When oriented in the direc-
tion of shear, the projected area of elongated particles in the direction of flow is smaller
compared to volume-equivalent spherical particles. As a result, particle collisions are less
probable, resulting in less fluctuations (as evidenced by the lower granular temperature
in Figure 5.5a) and therefore lower stresses.

Compared to the dry granular simulations, the suspensions in a fluid medium (Fig-
ures 5.9 and 5.10) show different stress levels. A higher fluid viscosity translates to less
intense collisions. Thus, the fluid medium takes away some of the fluctuating energy
from the particles. The collisional stresses are slightly lower in the presence of air (Fig-
ure 5.9a) when compared to the dry granular case. However, the effect is small because
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Figure 5.8: Particle collisional and streaming stress for dry granular shear flow. Black symbols:
spherocylinders. Red symbols: theoretical predictions for volume equivalent spheres.
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the particles are still highly inertial. Also the streaming stresses are considerably lower
in the presence of a fluid because the fluid medium reduces the velocity fluctuations and
thereby acts as an additional dissipation channel.
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Figure 5.10: Particle collisional and streaming stress in the presence of water. Black symbols: sphe-
rocylinders. Red symbols: theoretical predictions (without fluid effects) for volume
equivalent spheres.

5.5.3 Apparent friction and viscosity

The shear stress measurements can be interpreted in two different ways, either as an
apparent coefficient of friction or as a quasi-Newtonian (shear rate dependent) total
suspension viscosity. The apparent friction coefficient is defined as the ratio of the total
particle shear stress to particle pressure (us = |o¢|/P) where g; = 0.+ 05 is the total
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particle shear stress.

Figure 5.11a shows the apparent friction coefficient for dry granular shear flows
at different volume fractions. Kinetic theory predicts that for spherical particles the
apparent friction coefficient does not change with shear rate and has a non-monotonous
dependence on volume fraction (red symbols). For spherocylinder particles, our results
show that the apparent friction coefficient has a dependence on shear rate, but that this
dependence is only weak, especially in view of the fact that the measured stresses and
pressure vary over many orders of magnitude. Contrary to spheres, the apparent friction
coefficient for spherocylinder particles displays a monotonous (and stronger) decrease
with increasing volume fraction. The generally lower apparent friction coefficient for
spherocylinder particles is due to the alignment of particles at higher volume fractions,
leading to less resistance to the flow. Due to the absence of tangential particle-particle
friction, the smooth surface allows particles to slide past each other, therefore reducing

the effective (macroscopic) friction coefficient.

The fluid medium effect on the apparent friction coefficient can only be seen in the
case of water (Figure 5.13a). This effect is largely caused by the wide variation in
pressure with volume fraction as shown in Figure 5.7b. Comparatively, the shear stresses
(Figure 5.10) do not change as much with volume fraction, resulting in considerable
change in apparent friction.

The total suspension viscosity is calculated as the sum of particle viscosity and fluid
viscosity:

Ot

n =
Ty

ny (5.11)

It is generally observed that non-Brownian particles suspended in a Newtonian fluid
raise the viscosity of the suspension. It is also observed that such a suspension has a
shear-rate dependent rheology (see e.g. Mari et al. (2014a)). The granular and air
cases in Figure 5.11b and 5.12b clearly show shear thickening behaviour where the total
suspension viscosity increases with increasing shear rate. This is seen for a wide range
of shear rates and volume fractions. The shear thickening behaviour can be associated
with the inertial nature of the particles. A number of studies have previously associated
particle inertia to the existence of shear thickening behaviour in suspensions (Fall et al.,
2010; Kawasaki, Ikeda, and Berthier, 2014). Particularly, for suspensions with particle
Stokes number larger than 1, shear thickening due to inertia has been widely reported
(Fernandez et al., 2013).

Perhaps surprisingly, for the case of water almost Newtonian behaviour is seen for
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Figure 5.11: Apparent friction coefficient s and total suspension viscosity 1 of the suspension for
dry granular shear flow. Black symbols: spherocylinders. Red symbols: theoretical
predictions for volume equivalent spheres.
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Figure 5.12: Apparent friction coefficient us and total suspension viscosity 1 of the suspension
in the presence of air. Black symbols: spherocylinders. Red symbols: theoretical

predictions (without fluid effects) for volume equivalent spheres.
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Figure 5.13: Apparent friction coefficient s and total suspension viscosity 1 of suspension in the
presence of water. Black symbols: spherocylinders. Red symbols: theoretical predic-
tions (without fluid effects) for volume equivalent spheres.
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high volume fractions while low volume fractions still exhibit weak shear thickening
behaviour. At higher volume fraction, particles slide past each other due to preferential
alignment of particles, consequently avoiding head-on types of collisions. At the same
time, due to the similar densities of particles and fluid, the particles hardly affect the
flow behaviour of the overall suspension. It must be noted that this behaviour is a
special case and a direct result of the small density difference between fluid and particles.
Another key observation here is that the viscosity is increasing with shear rate much
more strongly for air than for water case. This is a direct consequence of the dominance
of particle stresses shown in the previous section. The collisional particle stresses for
water, shown in Figure 5.10a, vary over 3 to 4 orders of magnitude, while for air shown

in Figure 5.9a, they vary over 6 orders of magnitude.

5.5.4 Normal stress

Under shear flow conditions, there are two independent normal stress differences, the
so-called first and second normal stress difference. Normal stress differences are impor-
tant because together with the shear stress they completely define the shear rheological
behaviour of the suspension. In other words, these constitute all the rheological informa-
tion that can be obtained from measuring the stress components under shear flow. Non-
zero normal stress differences are generally an indicator of non-Newtonian behaviour of
the suspension. For shear flow in the xz-plane (Figure 5.1), they are defined as follows:

N1 =(0xx)—(0zz) (5.12)

No =(02zz) —(Oyy) (5.13)

Their sign and value are dependent on the particle micro-structure of the suspensions.
For the case of non-inertial non-brownian sphere suspensions, N, has a negative value,
and this value is increasing in the negative direction as the volume fraction of spheres
increases (Zarraga, Hill, and Leighton Jr, 2000; Sierou and Brady, 2002). As for the case
of N, there is still an intense discussion in the scientific community, especially about
its sign. For example, Sierou and Brady (2002) showed that the sign of Nj is always
negative and always increases with increase of volume fraction and that hydrodynamic
interactions are the main contributor to its value. Instead, Mari et al. (2014b) found that
the sign of N; changes from negative to positive, especially at volume fractions near the
maximum packing fraction. This is due to the formation of frictional contacts, and the
transition from hydrodynamically dominated N; to frictional dominated Nj. For the case
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of non-spherical particles, the literature is more sparse. What is known is that for fiber
and spherocylinders of sufficiently high aspect ratio, the magnitude of N is greater than
that of N,. Specifically, it is predicted that N» ~ —0.5N;. This relation is holding both
for rigid fibers in the Stokes flow regime (Snook et al., 2014) and for inertial granular
spherocylinders (Nagy et al., 2017), and is found to be independent of the aspect ratio
upto 30 (Snook et al., 2014).

The ratio —% for the three different cases of granular, air, and water is shown in
Figure 5.14 for different volume fractions. For the case of pure granular flow (Figure
5.14a) our results are similar to that of Nagy et al. (2017). The main difference between
Nagy et al. (2017) and our work is that for our simulations the normal stress differences
have two contributions: one streaming and the other one collisional, while Nagy et al.
(2017) only considered the collisional component. This shows that the requirement to
get N» ~ —0.5N] is that the collisional stress has to be dominant. Figures 5.14b and 5.14c
show that also in the presence of a fluid (air or water), the relation N, =~ —0.5N; still
holds, which is because also under these conditions the collisional stress is the dominant
one. Our results confirm that the specific relation between N; and N holds in a regime
which lies between the purely non-inertial viscous (St < 1, Rep < 1) and purely inertial
(St>1, Rep » 1) regimes. It will be interesting to see if the same role holds when

another interparticle, force such as friction, is added.

5.5.5 Flow alignment angle

One of the well known features of granular shear flows of elongated particles is the
preference in alignment with the flow direction. This alignment of the major particle axis
along the flow direction allows the system to achieve a low energy state by reducing the
obstruction to the flow of particles. In a non-isotropic system, like in the present study,
the eigenvector belonging to the largest eigenvalue of the order tensor S = (iiii) gives
the preferential orientation of the particles. The angle between this eigenvector and the
flow direction (x) is the flow alignment angle, which can also be expressed directly as
9=1/2tan"1(2Syz/(Sxx — Szz)). Figure 5.15 shows the steady state flow alignment (also
called the extinction angle) for spherocylinder particles under shear flow.

Figures 5.15a and 5.15b show that for the dry and air cases the flow alignment angle
is relatively unaffected by the shear rate (within the range of shear rates studied here).
The flow alignment angle decreases strongly with increasing solid volume fraction, as
shown in Figure 5.15d. These observed alignment angles are in good agreement with
the predictions by Nadler, Guillard, and Einav (2018). The decrease of the alignment

angle with volume fraction can be explained in terms of the reduction in free volume
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Figure 5.16: Configuration of particles at steady state for different volume fractions.
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available for random reorientations, which can be appreciated from the snapshots in
Figure 5.16.

Finally note that for the water case, the alignment angle is smaller than for the other
2 cases. This is a consequence of the strong damping by the fluid phase, leading to a
suppression of random reorientations by fluid interactions, rather than interactions with
neighbouring particles.

5.6 Conclusions and outlook

Simulations of inertial spherocylinder particles under shear flow were performed. The
rheological behaviour for dry granular flow and for particles in two fluids, air and water,
were studied. 3D CFD-DEM simulations were performed to measure the generated gran-
ular temperature, pressure, and stress tensor components for particles of aspect ratio 4.
In this work, the effect of friction was neglected. The main contribution of this work was
to demonstrate the effect of shape of the particles and fluid medium on the generated
particle stresses. Compared to volume-equivalent spheres, a drastic drop in magnitudes
of shear stresses for elongated particles was observed. It is evident that particle shape
has an influence on the developed stresses and therefore the rheology. We demonstrated
that elongated particles tend to align along the shear direction. This alignment allows
the system to attain a lower energy state by avoiding intensive collisions. It was also
demonstrated that the apparent (or macroscopic) friction coefficient does not change
with shear rate for dry granular flows and that it decreases with increasing volume frac-
tion.

For rod-like particles suspended in air, the results show a strikingly similar scaling as
predicted by the granular kinetic theory for volume equivalent spheres, but with some-
what lower stress values. This explains the validity of previous researchers in using
granular kinetic theory for simulating fluidized beds while neglecting both the effect of
interstitial fluid and particle shape. Such similarity of scaling is not found for the case of
water.

Note that hydrodynamic torque and lift forces were not accounted for in this chapter.
While there are a few torque and lift models available in literature, the accuracy and
applicability of these models to rod-like particles is questionable. We expect that for
the volume fractions investigated here, the particle-particle collisional interactions are
much stronger than hydrodynamic torque and lift. Additionally, once the steady state is
achieved almost all particles are oriented in the direction of shear. Thus the resulting
torque and lift forces are even smaller in magnitude. It should be acknowledged that
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these forces are probably non-negligible for the case of water. We expect a change in
results for the case of water, if simulations are re-done including accurate expressions for
lift and torque in multi-particle environments, when such correlations become available.

In the next chapter, we take into account the effect of particle-particle friction on the
shear flow properties of granular rod-like particle suspensions. Together, these studies
will help us understand the rheology of rod-like inertial particles suspension. Further-
more, they can be used to develop stress closures for use in coarse-grained models of
fluidized bed biomass gasifiers, which typically contain rod-like particles.



Chapter 6

Constitutive models for collisional stress:

effect of particle friction

6.1 Introduction

Granular flows are encountered in a variety of industries including agricultural, phar-
maceutical, chemical, metallurgical and construction. A critical challenge is modelling
these flows accurately. Industrial scale simulations of granular flows involving millions or
billions of particles are possible using coarse-grained models like the two-fluid model, fil-
tered two-fluid model and the multiphase particle-in-cell (MP-PIC) model (Yang, Padding,
and Kuipers, 2016; Igci et al., 2008; Snider, 2001). These models require particle colli-
sional stress closures to effectively account for the momentum exchange between parti-
cles. In MP-PIC and two-fluid models, the collisions are not explicitly resolved. Instead
these collisions are modelled using a closure from detailed particle resolved simulations
or theoretical expressions. In this chapter, a methodology for development of the re-
quired particle stress closure is demonstrated. While closures based on kinetic theory
of granular flow are available, these are only well-developed for spherical particles and
therefore ignore the effect of particle shape. In dense gas-solid flows, the particle-particle
interactions are dominated by enduring frictional contacts as opposed to binary colli-
sions. For instance, a packed bed of particles under the influence of gravity is known
to offer resistance to change its structure, indicating the dominance of frictional con-
tacts. Additionally, in dense regions, a single particle will make contact with multiple
neighbours. This number increases as the surface area to volume ratio of the particle

This chapter is based on Mahajan, V. V., El Hasadi Y. M. F. and Padding, J. T., Constitutive model for inertial
frictional rod-like particle flows. Submitted.
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increases. This makes it very important to study the effect of friction on the gener-
ated stresses. Kinetic theory has been extended by a number of researchers to account
for inter-particle friction and pre-collisional velocity correlations, however, not directly
applicable to non-spherical particles (Chialvo and Sundaresan, 2013; Yang, Padding,
and Kuipers, 2016; Mitarai and Nakanishi, 2005). Therefore, there is need for accu-
rate constitutive equations that capture the macroscopic behaviour of common granular
non-spherical particles, incorporating the microscale grain-grain interaction dynamics.

The range of Stokes and Reynolds numbers of flows studied in this work are 0(10% —
10°) and 01071 —10?) respectively. The main motivation behind understanding the rhe-
ology for high Stokes number particle flows in the current investigation comes from the
use of biomass particles as raw material in fluidized bed gasifiers. These biomass par-
ticles are often preprocessed into elongated pellets with aspect ratio ranging from 2 to
8 before being fed to gasifier (Baxter, 2005; Grammelis, 2010). As a starting point, the
shape is simplified to spherocylinders and an intermediate aspect ratio 4 is chosen for
this study. The pellets typically have a size of a few millimeters and are processed in
the fluidized bed gasifier with an upward flow of gas. This combination of large parti-
cle size and low viscosity gas results in high Stokes numbers. More generally, fluidized
beds containing high inertia particles are used in a variety of chemical, pharmaceutical
and process industries and often experience the range of Stokes and Reynolds numbers
studied in this chapter.

The discrete element method (DEM) developed by Cundall and Strack (1979) is used
extensively for simulations of granular flows. With explicit modelling of particle-particle
interaction, DEM offers the possibility to accurately study complex non-spherical interac-
tions and poly-disperse systems (Gu et al., 2019). Considerable efforts have been made
in the direction of developing continuum models based on DEM simulations of realis-
tic particles. Campbell (2011) performed 3D simulations for ellipsoidal particles. He
observed that friction forces have a stronger influence on the stresses for elongated par-
ticles than for spheres. For smooth ellipsoidal particles, smaller stresses were observed
when compared to volume-equivalent spheres. Conversely, a large surface friction can
lead to particle rotation which can block the flow, resulting in higher stress values than
for volume-equivalent spheres. Goldshtein and Shapiro (1995) extended the granular
kinetic theory for rough inelastic spherical particles. The presence of frictional forces
results in energy loss due to heat and also in conversion between translational and rota-
tional energy. Jenkins and Zhang (2002) showed that energy loss due to frictional forces
can be described by means of an effective coefficient of restitution, which is a function
of normal coefficient of restitution and friction coefficient: e,rr = e— Su+ %uz. Chialvo,
Sun, and Sundaresan (2012) studied frictional particles and observed three flow regimes

based on particle volume fraction and shear rate. They observed a separation of scales
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in the developed pressure at low scaled shear rate below a critical volume fraction (e.,).
A number of rheological models for dense granular flows use the so-called u(I) rheology
which successfully describes dense flows and achieves a collapse of all stress measure-
ments over a range of volume fractions and shear rates (Jop, Forterre, and Pouliquen,
2006; Da Cruz et al., 2005; Boyer, Guazzelli, and Pouliquen, 2011). This approach has
shown that the constitutive equations for a complete rheological description of dense
flows can be formalized in terms of the inertial number I =yd, /p,/P, where y is the
shear rate, P is the particle pressure, d, is the volume equivalent diameter, and pj is
the density of the particles. Efforts have also been made to understand the rheology of
flow of dry granular particles on an inclined planes (Hidalgo et al., 2018). However,
such studies cannot be directly used in the field of fluidized beds where a wide range of
volume fractions is encountered and not just the densest case. Recently, Gu et al. (2019)
studied granular flow of particles belonging to the Geldart A group for a range of void
fractions. They proposed closures from CFD-DEM simulations based on a study of a flu-
idized bed of spherical particles. The closures are obtained through simple modifications
to the kinetic theory of granular materials.

As described above, considerable efforts have been made to extend the kinetic the-
ory for smooth spheres to the dense regime. Also it has been extended to frictional
spheres where the form of equations already become very complicated (Yang, Padding,
and Kuipers, 2016). Guo and Curtis (2015) and Guo et al. (2013) extensively studied
non-spherical particles with and without friction. They investigated the effect of a num-
ber of parameters on the flow and solid phase stresses. However, a methodology to ex-
tend kinetic theory to such particles is missing. It has not been shown in literature how
kinetic theory of granular flows can be extended for frictional highly dissipative non-
spherical particles, as studied in this work. In the dense regimes, friction and dissipative
particle collisions dominate the rheology. A model that combines and takes advantage
of the accuracy of the available theories in their respective limits needs to be developed.
However, it is rather unclear as to how available theories should be combined to develop
collisional stress closures for large granular particles without neglecting the effect of
the surrounding fluid medium. The interactions between the particles and the intersti-
tial fluid cannot be completely neglected, especially in the dilute regime (Guazzelli and
Pouliquen, 2018; Mahajan et al., 2019). Only at high particle concentrations (¢ > 0.3),
these interactions become less significant because in that case the mean time between
particle collisions is much shorter than the particle-fluid relaxation time. Although in
reality granular particles are usually surrounded by a fluid, the influence of the latter on
the dynamic properties of the solid particles is generally neglected in most theoretical
and computational works (Garzé et al., 2012). To stay close to the real application, we
take into account the interstitial fluid (air).
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In this chapter, CFD-DEM simulations for frictional rod-like particles under the influ-
ence of shear are performed. The particles can be characterized by the Geldart D clas-
sification. First the modelling framework and the simulation setup is described. Later
the measurements are described in brief. The effect of friction on the generated parti-
cle phase stresses is demonstrated. Understanding the physics behind the rheology of
such flows in detail is not our primary intention and is beyond the scope of this thesis.
Rather, we focus on describing the observed rheology for use in coarse-grained models.
A constitutive model is proposed for collisional interaction of solids in gas-particle flows,
applicable to a wide range of solid fractions by using an interpolation of stresses in the
dilute and dense regimes. In the dilute regime, the stresses generated are dominated by
binary collisions and are described by functional forms based on kinetic theory of gran-
ular flow, fitted on stress measurements while taking into account the effect of fluid. In
the dense regime, the generated stresses are described by functional forms based on (1)
rheology fitted on our stress measurements.

6.2 Simulation setup

The modelling done in this chapter is performed using a combined CFD-DEM method
described in chapter 3. The details about the stress measurement are described in sec-
tion 5.3. The particles used in this study are hard (large contact stiffness) and dissipative
(restitution coefficient of 0.43), with varying values of tangential friction. Prior to per-
forming controlled simulations for stress measurements, typical shear rates experienced
in fluidized beds need to be estimated. A full fluidized bed is simulated for a number of
superficial inlet gas velocities. The gas velocity is supplied in the z-direction. The x and
the y directions represent the width and depth of the bed. For more information about
these simulations, the reader is referred to chapter 4. The average velocity of the parti-
cle phase in each CFD cell is calculated and then from the differences between adjacent
cells the solid phase shear rate is estimated. Cells with no particles are excluded from
the calculation.

Figure 6.1 shows the probability distribution function of shear rate for single gas
inlet velocity. Here X Z represents shear on the x-plane in z direction. It is evident that
local shear rates vary from 0 to 25/s. Although the maximum shear rate encountered
in the fluidized bed is 25/s, values up to 100/s are simulated to study the rheology of
these particles. The solids volume fraction in a fluidized bed varies from 0.1 to 0.5.
To understand the effect of friction, simulations for three different friction coefficients
are performed (see Table 6.1). Note that the restitution coefficient e = 0.43 and one of
the friction coefficient values, pp, = 0.46, have been chosen equal to the value for our
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Figure 6.1: Probability distribution function (PDF) of shear rate components for fluidized bed sim-
ulation with Uy = 3.0 m/s.

experimental particles (Mahajan et al., 2018b) to allow for future validation of coarse-
grained simulations of fluidized beds containing these particles.

Table 6.1: Simulation parameters.

Parameter Value  Units
Particle length Ly 12x1073 m
Particle diameter dp 3x1073 m
Volume equivalent sphere diameter d, 53x107% m
Particle density Pp 1395 kg/m?
Domain width wg 6xL, m
Domain height hg 4xLp, m
Domain depth dg 4xLp, m
Coefficient of friction (P-P) Kpp 0.0,0.1,0.46 -
Coefficient of rolling friction Hroll 0.0 -
Coefficient of restitution e 0.43 -
Normal spring constant kn 6x10° N/m
Time step DEM tiem 5x1077 s
Time step CFD lefd 5x107° s

Air density Oa 1.2 kg/m3
Air viscosity Na 1.568x107° Pa-s
Number of CFD cells (width) Neelis,x 6 -
Number of CFD cells (height) Neells,z 4 -
Number of CFD cells (depth) Neetls,y 4 -
Solid volume fractions € 0.1,0.2,0.3,0.4,0.5 -

No. of particles Np 213, 427, 640, 853, 1067 -
Shear rate ¥ 1-100 1/s
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6.3 Results and discussion

In the following sections, we investigate the collective behaviour of spherocylinder parti-
cle suspensions by looking at shear stresses, pressure, granular temperature and particle

orientation.

6.3.1 Granular temperature and pressure
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Figure 6.2: Granular temperature (a) and collisional pressure (b) as a function of solids volume
fraction for different coefficient of friction values: 0.0 (circles), 0.1 (squares) and 0.46
(diamonds). The colors represent the 10-log of the applied shear rate.

Figure 6.2a shows the calculated granular temperature for different particle-particle
friction coefficients. Granular temperature remains nearly the same for up, = 0.0, 0.1
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and 0.46. For py, = 0.46, granular temperature is larger at high volume fraction. This
is largely because particles slide past each other at low values of friction however, at
the higher value the surrounding particles are dragged along leading to higher velocity
fluctuations and therefore higher granular temperature.

The pressure is given as 1/3"¢ of the trace of the stress tensor. Figure 6.2b shows
the collisional pressure (P.) profile at different shear rates and volume fractions. At
high volume fractions, an increase in coefficient of friction clearly shows an increase in
pressure. Guo et al. (2013) studied shear flow of rod-like particles for frictional particles
and observed similar behaviour.

Chialvo, Sun, and Sundaresan (2012) identified the importance of a critical volume
fraction e, in governing the rheology of spheres and therefore the necessity to determine
it accurately for each case of u. It has been demonstrated with experiments as well as
simulations for frictionless spheres that stress data can be collapsed onto a single curve
for € below e, upon scaling the stresses and shear rates by powers of |e — €|, which is
the distance to jamming (Chialvo, Sun, and Sundaresan, 2012). Based on this approach,
we determine aj, by and e, in Egs. 6.1 and 6.2, for which such a collapse of data can be
achieved. Figure 6.3 shows the scaled dimensionless pressure P*d/k, versus the scaled

shear rate y*dy//kn/(ppdy) where

P* =P.lle—ecr|™ 6.1
kb
Y =v/le—ecrl (6.2)

We found that values of the exponents a; =2/3, by = 7/3 are best suited for rod-like
particles (for all friction values studied). The corresponding values for spherical particles
are reported as a; = 2/3, by = 4/3 (Chialvo, Sun, and Sundaresan, 2012). Clearly, a; and
by values are a function of particle aspect ratio. While the functional forms (Egs. 6.1
and 6.2) are expected to remain the same, simulations need to be performed for other
aspect ratios to determine the dependence of a; and b; on the aspect ratio. The ¢, for
frictionless rod particles was found to be 0.65. This value is in agreement with Zhao
et al. (2012), who found that the maximum random packing fraction of frictionless
spherocylinders of aspect ratio 4 is 0.65. For higher coefficient of friction values, as
expected, the e;; values are lower, 0.63 and 0.59 for upp = 0.1 and 0.46, respectively.
Also note that in the dilute limit the collapsed data have a slope of 2 on a double-
logarithmic scale, as shown in Figure 6.3. This indicates that in this limit the pressure
scales with the square of the shear rate and that the results are independent of the
stiffness value (k;), as expected for sufficiently hard particles for which kinetic theory
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Figure 6.3: Dimensionless pressure for different coefficient of friction values: 0.0, 0.1 and 0.46.
The critical volume fraction for corresponding coefficient of friction values are 0.65,
0.63 and 0.59. Dashed line indicates a slope of 2.

6.3.2 Collisional stress
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Figure 6.4: Collisional stress as a function of solids volume fraction for different coefficient of fric-
tion values: 0.0 (circles), 0.1 (squares) and 0.46 (diamonds). The colors represent the
10-log of the applied shear rate.

Figure 6.4 shows the effect of friction and volume fraction on the measured colli-
sional stress. The magnitude of collisional stress increases as we move from low to high
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solid volume fraction. As expected, the magnitude of collisional stress also increases as
we move from frictionless to higher coefficient of friction. At low volume fraction, the
coefficient of friction does not have any effect on the magnitude of stress. However, the
effect of coefficient of friction is very noticeable in the dense regime.
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Figure 6.5: Collisional stress for different coefficient of friction values: (a) 0.0, (b) 0.1 and (c) 0.46.

Note that it was not always possible to achieve exactly the same shear rates for
different values of the coefficient of friction. Therefore, Figure 6.5 shows our results in
the form of 3D plots of collisional stress against shear rate and volume fraction. This is
the data that we will try to capture through a constitutive equation in the next section.

6.3.3 Formulation of constitutive equations

A constitutive (rheological) model describing the pressure and stress due to collisional
interaction of solids in gas-particle flow is proposed, using a simple interpolative com-
bination of two models. For the low solid phase volume fractions, a model based on
granular kinetic theory which is known to be accurate in the dilute regime is employed,
while in the dense limit, u(I) rheology which has been developed for dense granular
flows is used (Jop, Forterre, and Pouliquen, 2006; Da Cruz et al., 2005).
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For the sake of brevity, the constitutive model development for particles with a fric-
tion coefficient of 0.46 is demonstrated. The same approach can applied for determining
constitutive laws for other friction coefficients. Additional simulations were performed
to investigate the steep increase in stress in the dense regime. Mahajan et al. (2018a)
previously performed experiments on particles with the same coefficient of friction. We
intend to compare the predictions of MP-PIC simulations after incorporating the pro-
posed closures with results from experiments performed for these particles (Mahajan
et al., 2018b).

While developing the constitutive equations, we carefully studied several relevant
independent variables for scaling in order to ensure data collapse from simulations done
for a number of shear rates and volume fractions and thereby generalizing the applica-
bility of the proposed model. The reader should note that the values of shear stress and
pressure vary over several orders of magnitude for volume fractions and shear rates in
this study. Fitting an equation directly on these values might result in poor fits at low
volume fractions and shear rates. Fitting dimensionless and scaled quantities varying
over narrower ranges helps achieving more accurate fits.

Dense regime

We start with a proposing a constitutive model for the collisional pressure. When par-
ticles are not perfectly rigid, and instead have a finite stiffness (or softness), the binary
collision time is nonzero and hence presents an additional timescale, which is ignored
in the standard inertial number phenomenology (Singh et al., 2015). A dimension-
less number signifying the finite softness of the particles is the dimensionless pressure
P** = P*d,/ky, which is needed to describe the flow behavior (Shi et al., 2017). Using
the values of e = 0.59, a; =2/3,b; =7/3 for Egs. 6.1 and 6.2, it was possible to obtain
a collapse of all data on to a single line as demonstrated in Figure 6.6. The best fit for
dimensionless scaled pressure was found to be

}-,** 2
P** = (—) (6.3)
azy** + b2

where ap =39.56, by = 82.64 and y** =y*dy/\/kn!/(ppdy) is the dimensionless shear
rate. Using a logarithmic scaling for P*d,/k;, as show in Figure 6.6, we avoid fitting an
equation over data which varies over many orders of magnitude as seen in Figure 6.2b
and 6.3.

In Figure 6.7, we plot the stress to pressure ratio u. = /P against the inertial num-
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Figure 6.6: Fit for scaled pressure versus scaled shear rate for friction coefficient 0.46. The pressure
is as P* = P¢/le —ecr|™ and the shear rate is as y* = y/|e —ecr|P1. The black circles show
the data for which fit is made.
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Figure 6.7: Fit for apparent friction coefficient versus inertial number for friction coefficient 0.46.
The black circles show the data for which fit is made (volume fractions 0.2 and higher).
The gray circles represent the data for low volume fraction 0.1, where pu(I) rheology
does not apply.



122 Constitutive models for collisional stress: effect of particle friction

ber I'=ydy./pp/P. The black circles represent the data from the simulations. For low
inertial numbers, which correspond to the densest systems, we see a steady increase in
apparent friction with increasing inertial number. The inertial number around 6 cor-
responds to a volume fraction of 0.2 while the inertial number around 10 and above
corresponds to a volume fraction of 0.1. For low volume fractions, the u(l) rheology
is know to deviate, as is clear from poor collapse of data at 0.1 volume fraction. We
therefore fit the equation for apparent friction coefficient for inertial numbers upto 6
without much compromise in the quality of fit and ignore the gray circles representing
low volume fractions. Similar to DeGiuli et al. (2015) and Nagy et al. (2017), we model
this curve as

le=as 103 4 c3 (6.4)
where ag =0.57, b3 =0.22 and c¢3 = 0.36

The values of parameters are adjusted to obtain the best fit. Nagy et al. (2017) found
a similar value of exponent, b3 = 0.4 for 3D simulations of frictionless spherocylinders
of aspect ratios ranging from 1 to 3. We do not investigate shear stress very close to
the jamming packing fraction. It is important to note here that according to Eq. 6.4,
at extremely low values of inertial number (I — 0), . tends to a value of 0.36. This is
an artefact because this equation has been derived for shear flows at volume fractions
sufficiently distant from the jamming fraction. It is expected that for shear flows of
very dense systems (approaching the jamming fraction) the u. achieves an asymptotic
value (Chialvo, Sun, and Sundaresan, 2012). However, its difficult to guess the value of
quasi-static friction for these particles based on the results shown in Figure 6.7.

Dilute regime

We now focus on rheology in the kinetic regime (low volume fractions), which is difficult
to predict with u(I) rheology (see Figure 6.7). It is possible to obtain a collapse of data in
single curve by introducing a new scaling law for low volume fractions. Figure 6.8 shows
the dimensionless collisional shear viscosity versus different volume fractions. For low
volume fractions, the dimensionless viscosity scales exponentially with volume fraction.
Based on this scaling, we found that the shear viscosity in the low volume fraction limit
can be captured well as,

N¢ = agexp(bge) psdy VT (6.5)

where exp is the exponential function, a4 =0.011 and by = 12.15.
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Figure 6.8: Dimensionless collisional shear viscosity versus volume fractions for friction coefficient
0.46. For volume fractions upto 0.4, the dimensionless viscosity scales exponentially
with volume fraction.
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Figure 6.9: Fit for collisional viscosity versus square root of granular temperature and volume frac-
tion for friction coefficient 0.46. The black circles show the data used for the fit.
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Figure 6.9 shows the fit for collisional viscosity for the low volume fractions extend-
ing upto 0.42. For volume fractions above 0.42, the collisional stress increases steeply,
making it difficult to fit all the data with a reasonably simple expression. There is a
danger of over fitting when including all the data for collisional viscosity into a single
fit expression. Therefore, we propose an approach of splitting the data into a dense and
dilute region. Since the granular temperature measurements for elongated frictional
particles are not the same as predicted by granular kinetic theory developed for spher-
ical particles, we also propose an equation for the granular temperature in the dilute
regime. A constitutive law for granular temperature can be generated by fitting the data
to a polynomial quadratic in volume fraction as shown in Figure 6.10.

VT = (ase® + bs)y dy e (6.6)

where as = 0.624 and bs = 0.021.
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Figure 6.10: Fit for scaled dimensionless granular temperature versus volume fraction for friction
coefficient 0.46. The black circles show the data for which fit is made. The gray circles
represent the data for volume fraction above 0.425.

Collisional stress model

From the equations for apparent friction (Eq. 6.4) and collisional viscosity (Eq. 6.5), we
can determine the collisional stress in their respective regimes as follows:

Oc dilute =Nc¥ (6.7)

It can be seen from Eqs. 6.7, 6.5 and 6.6, that in the dilute regime this system of
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rod-like particles follows the so called "Bagnold scaling" which basically states that the
stresses are proportional to the square of the shear rate (Bagnold, 1954). On the other
hand, when the system is very dense, its response is governed by the enduring contacts
among grains, which are involved in force chains.

O¢,dense = MecPc (6.8)

We bridge the two equations developed in the dense and the dilute regimes via
Oc=S0cdilutet1=5) O¢ dense (6.9)
where S is a switch function described as follows:

S=05 (1—tanh(€_’<€r)] (6.10)

where ¢, is parameter that defines the location of the switch between two regimes on
the scale of volume fraction and x determines the steepness of the switch function. For
granular rods studied in this chapter, suitable values are ¢, = 0.25 and x = 0.03.

The switch function S ensures that the granular temperature (kinetic theory) based
model has weight 1 at volume fraction 0.1 while the u(l) rheology model completely
dominates at high volume fractions. We notice that in a quite large range of volume
fractions (0.2 to 0.4), both approaches apply well. Its not surprising that there is a
large overlap between the two approaches, as pointed out by Berzi and Vescovi (2015).
Figure 6.11 shows the predictions of the Eq. 6.9 against the measured values. The
lines represent the prediction from the proposed constitutive equations plotted for eight
averaged volume fractions along with 0.54 and 0.55 (top two lines). It can be seen
that the predictions from the proposed correlations are in good agreement with the
measured values from CFD-DEM simulations. The predictions for 0.54 and 0.55 volume
fractions approaching critical volume fraction shows the behaviour of the closure outside
the limits studied in this work.

Particle alignment

Granular elongated particles are known to display preference in alignment with the
shear flow direction. This alignment of the major particle axis along the flow direc-
tion allows the system to achieve a low energy state by reducing the obstruction to the
flow of particles. In a non-isotropic system of elongated particles, like in the present
study, the eigenvector belonging to the largest eigenvalue of the nematic order tensor
Sap = <ua uﬁ> gives the preferential orientation of the particles. The angle between this
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Figure 6.11: Collisional stress predicted by Eq. 6.9 for different volume fractions (¢ = 0.09, 0.19,
0.3, 0.42, 0.45, 0.47, 0.5, 0.52, increasing from bottom to top) and friction coefficient
0.46. The circles represent the data measured from the simulations. The dashed lines
represent the predictions from the proposed closures for different volume fractions.
The two topmost lines show the predicted stress for volume fractions 0.54 and 0.55,
showing the model constitutive behaviour outside the limits investigated in this work.

eigenvector and the flow direction (x) is the flow alignment angle, which for our setup
is given by:9 = 1/2tan~1 (28xz/(Sxx — Sz2))-

Figures 6.12a, 6.12b and 6.12c show the steady state flow alignment for coefficient
of friction values of 0.0, 0.1 and 0.46. These observed alignment angles are in good
agreement with the predictions by Nadler, Guillard, and Einav (2018) and B&rzsonyi
et al. (2012).

The reader may have noticed that the orientation of particles did not play an explicit
role in determining the closure for these particles. In other words, the constitutive equa-
tions are not a function of particle orientation. While at first thought, this may appear
wrong, it is due to the strong preferential alignment of these particles. Irrespective of
the average orientation of the particles, at a given friction coefficient, volume fraction
and shear rate, we see a collapse of the data (as shown in Figures 6.6 and 6.9).

As can be seen in Figure 6.12, at steady state, the particles have an almost similar
alignment angle between 10 and 30 degrees, irrespective of the applied shear rate. Be-
cause of the similar strong alignment of the elongated particles, the steady state shear
stress is no longer an explicit function of the particle alignment. Note that for transient
states (e.g. during the transition from the initial to the steady state), the particles are
not so well-aligned, and the shear stress will depend explicitly on the order tensor. A
constitutive model for the shear stress would then require the formulation of a separate
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Particle orientation for different coefficient of friction values: (a) 0.0, (b) 0.1 and (c)
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(constitutive or evolution) equation describing how the order tensor depends on the ap-
plied shear rate (Nadler, Guillard, and Einav, 2018). This goes beyond the goal of this
work, but will be an interesting avenue to explore in future work.

6.4 Conclusions and outlook

In this chapter, we performed simulations for of steady shear of granular frictional rod-
like particles. We studied the rheological behaviour for rods under the influence of air
for different friction coefficients. We performed 3D CFD-DEM simulations to measure
the generated stress tensor for particles of aspect ratio 4. In chapter 5, we have demon-
strated the validity of our approach by showing the consistency with kinetic theory of
granular flows analytically derived for sheared flows of spherical particles at low volume
fractions (Mahajan et al., 2019). We demonstrate the significant effect of friction of
the particles on the generated particle stresses. As previously demonstrated, elongated
particles tend to orient along the shear direction. This orientation allows the system to
attain a low energy state by avoiding intense collisions.

The main contribution of this work is in a novel closure for collisional pressure and
collisional shear stress for rods. More generally, we have presented a methodology to
develop constitutive equations for non-spherical particles of a specific shape under the
effect of fluid for which a modification of kinetic granular theory is not the correct way
to proceed or very difficult to solve. We demonstrate that the functional forms, as used

for the spherical particles can be extended to elongated particles of any aspect ratio.

The effect of drag model on the results presented in this chapter needs to be explored
further. However, Gu et al. (2019) demonstrated that changing the drag law does not
have any effect on generated particle phase stresses in systems with highly inertial par-
ticles. Simply put, when considering the particle-particle interaction, as is the case for
determining the pressure and stress, the fluid drag only acts as an energy source and
sink and thereby sustaining the fluctuating motion of particles.

It has to be noted that the results presented in this work are strongly affected by the
tendency of the rods to orient in the direction of shear. A combination of transient shear
flow simulations along with transient extensional flow and homogeneous cooling system
simulations can provide a foundation of results which are more explicitly dependent
on the amount of mutual particle orientation. Thus the most accurate form of stress
closure for elongated particles should be a function of local order tensor along with
local particle volume fraction and shear rate. Furthermore, the effect of walls on the
generated stresses, granular temperature and pressure should also be investigated for
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further improvement in the direction of simulating fluidized bed accurately with the
coarse-grained models.

The current status of multi-phase particle-in-cell (MP-PIC) type models is that they
are fast and they work but there is a question on the accuracy of their predictions. These
predictions depend largely on the developed collisional pressure and stress correlations.
With this work, we take an important first step in this direction. While this work is done
specifically for particles of aspect ratio 4, the same approach can be extended to develop
stress closures for other aspect ratios. These pressure and stress closures can be used
in coarse-grained modelling of fluidized bed gasifiers which typically contain rod-like
particles. With this approach the coarse Euler-Lagrangian methods can avoid kinetic-
theoretical approximations for the solid stress, but rather use correlations obtained from
more detailed discrete particle simulations specific to the shape and micro-mechanical

properties of the respective particles.






Chapter 7/

Conclusion and outlook

The work in this thesis has been presented in three main topics, namely the lab-scale
experiments of rod-like particles in pseudo-2D fluidized bed, the development and val-
idation of a CFD-DEM model for dealing with fluidization of these particles, and lastly
using the model to understand the rheology of these particles to develop constitutive
equations. This work first aims towards gaining better insights into the hydrodynamics
and behaviour of fluidized beds containing elongated particles by using experiments and
numerical simulations. Later the study aims to demonstrate a methodology for multi-
scale modelling by developing pressure and stress closures based on CFD-DEM simu-
lations. With such closures, the CFD-CPM (Computational Fluid Dynamics - Collision
Particle Model) can skip the expensive step of resolving the particle-particle collisions
and thus can be scaled to simulations of industrial scale reactors. Figure 7.1 shows
the flowchart of research road-map followed in this work. The main conclusions and

recommendations based on the work in this thesis are given below.

Lab-scale

Drag

DXS CFD-CPM | <Yolidin

experiments

Collisional stress

CFD-DEM

Validation

Figure 7.1: The research road-map followed in this thesis.
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In chapter 2, we experimentally studied the fluidized bed of rod-like particles on a
lab scale. Pressure drop and bed height measurements in two different sized set-ups
for elongated particles have shown that, based on gas velocity, different regimes can be
defined: packed bed, channelling and bubbling fluidization regime. Even at the highest
flow rates, particles show interlocking behaviour, moving in large packed groups. It was
demonstrated with experiments of two different sizes of rod-like particles and spherical
particles that the behaviour described above is entirely an effect of particle shape, rather
than particle size or material. It was shown with Digital Image Analysis that at low gas
velocity, particles prefer to lie down horizontally, while at high flow rate the particles
align themselves along the flow direction. A spatial autocorrelation analysis showed
that the orientation correlation length was shown to be in the order of 3-5 particle
lengths. Particle Image Velocimetry (PIV) has been applied to study the solid phase
velocity and mass flux in the bed. A void fraction calculation algorithm based on CFD-
DEM simulation data is used to obtain 3D void fractions. At sufficiently high flow rates, a
circulation pattern similar to what is commonly observed for spherical particles is found.
By analysing the number of nearest neighbours (coordination number) for each particle
via Particle Tracking Velocimetry (PTV), it was shown that particles tend to move up
slowly in densely packed groups and rain down faster in dilute regions.

Results on particle orientation and co-ordination numbers from this experimental
study can have significant implications for both particle-scale and laboratory-scale nu-
merical studies. Experiments can be used to dictate the choice of particle arrangements
to ensure that simulations consider arrangements that are representative of real fluidized
systems. Further experiments can be performed to measure rotational velocities of the

non-spherical particles with the help of techniques like magnetic particle tracking.

In biomass gasifiers, to improve fluidization, a second solid material, typically an
inert material like silica sand, alumina or calcite, may be used to facilitate fluidization
of the biomass particles. The current study can be extended in this direction to different
proportions of a mixture of inert material and non-spherical particles. This can be further
extended to particles of different aspect ratio.

In chapter 4, we validated predictions of the numerical model with the experimen-
tal measurements. The comparison of experimental and numerical pressure drop and
bed height results show good qualitative agreement. However, when compared quan-
titatively, the results show that the particle drag force is not correctly predicted. For
more accurate results (also in the channelling regime), a multi-particle drag closure is
needed. This drag closure should be derived from direct numerical simulations of same
particle shape and size, in this case, we chose spherocylinder particles of aspect ratio 4
(Sanjeevi, Kuipers, and Padding, 2018). More importantly, such simulations should con-
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sider voidage, relative particle spacing, mutual particle orientation and particle Reynolds
number as parameters.

In literature, the hydrodynamic torque is generally regarded as of very little influ-
ence, as the gas viscosity is low and the mean free path between particle collisions is
very short. However, our results suggest that the incorporation of hydrodynamic torque
is necessary for accurate modelling of non-spherical particles. The effects of lift forces
and hydrodynamic torque are excluded in this work. The recent work by Mema et al.
(2019) has shown that these forces cannot be neglected for rod-like particles. Inclusion
of these additional forces should be considered for better prediction of non-spherical flu-
idized bed hydrodynamics. More realistic simulation of fluidized beds containing mix-
tures of different sized particles can be performed. The current DEM contact model for
such mono-dispersed spherocylindrical particles can be extended to a mixture of poly-
dispersed spherocylindrical particles. The most challenging aspect of such a simulation

will be an accurate estimation of the fluid-solid interaction forces.

In chapter 5, the rheological behaviour for dry granular flow and for particles in
two fluids, air and water is studied. The motivation of this work is to demonstrate
the effect of shape of the particles and fluid medium on the generated particle stresses.
A drastic drop in magnitudes of stresses for elongated particles compared to volume
equivalent spheres is observed. Significant changes were observed in the rheological
behaviour when water is used as the interstitial fluid. It is evident that shape does
have an influence on the developed stresses and therefore the rheology. The elongated
particles tend to orient along the shear direction. This orientation allows system to
attain a low energy state by avoiding intense collisions. The macroscopic friction or the
apparent friction does not change with shear rate for dry granular flows and that with
increasing volume fraction, the apparent friction coefficient decreases. The validity of
our approach is demonstrated by showing the consistency with kinetic theory of granular

flows analytically derived for sheared flows of spherical particles at low volume fractions.

In chapter 6, simulations for steady shear of granular frictional rod-like particles are
performed. The rheological behaviour for rods with different friction coefficients, while
suspended in air is studied. We performed 3D CFD-DEM simulations to measure the
generated stress tensor for particles of aspect ratio 4. Their is a significant effect of
friction between the particles on the generated particle stresses.

We have presented a methodology to develop constitutive equations for non-spherical
particles in a fluid medium for which a modification of kinetic granular theory is very
difficult to solve. With this work, we take an important first step in the direction of devel-
oping accurate stress closures. The collisional pressure and collisional stress closures are

essential input for coarse-grained models of fluidized bed gasifiers which typically con-
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tain rod-like particles. This work yields new insights that support a new kinetic theory
for non-spherical particles.

The most accurate form of stress closure for elongated particles should be a func-
tion of the local order tensor, along with local particle volume fraction and shear rate.
Furthermore, the effect of walls on the generated stresses, granular temperature and
pressure should also be investigated for further improvement in the direction of simulat-
ing fluidized bed accurately with coarse-grained models.

This work can be the seed of an extended research programme, looking into momen-
tum, mass and heat transfer in gas-solid flows of non-spherical particles and the effects

of mixtures of different sized and different shaped particles.
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