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Abstract

Fundamental level understandings on the processing behaviours of materials in
granular and powder form is of high interest to number oineeging industries for
example, mining, mineral, pharmaceutical, geotechnical and for advanced material
processing applications. Handling and processing of pharmaceutical powders
through confined geometries have very important role in pharmaceuticatrindus
and many related powder process engineering sectors. Smooth flow of powders and
granules mixtures from the feeding hopper to the compression chamber plays a very
crucial role to achieve the integrity and quality of the final product. In this context,
establishing clear understandings on the flow and compaction characteristics of

particulates is vital.

The mechanical behaviour of particulate materials such as powders and grains are
different from the conventional states of matter. Depending on #unlp levels

and geometrical conditions, often they display combined features of solid, liquid and
gaseous states. Though an extensive amount of studies are reported in the existing
literatures on their mechanical response to loading, there are stilmbenuwof
challenges to address: (i) Sensing stress distribution in particulate systems is not yet
established especially when the size of the particulates are less than a millimetre (ii)
Understanding is lacking on whether the stress distribution in isitic filling

would influence the dynamic flow trajectories of the particulates when they are
allowed to flow from the static state (iii) Micromechanical behaviour of particulates
under low levels of external loading is still lacking and (iv) Interactio
characteristics of stress and velocity distributions in particulate systearigragion

of grainscale properties and geometrical arrangements are still lacking. The
present thesis addresses all of these important challenges in a systematic manner.
The research is primarily based on the application of sensing stresses and
displacements in particulates using advanced photo stress analysis tomography
(PSAT), qualitative velocimetry using colour coding technique (CCT) and
guantitative digital particlamage velocimetry (DPIV). The required gresnale
properties are characterised comprehensively using a number of standard

experimental methods. Where possible, experimental results on the stress and

Vi



velocity distribution for particulate systems are camga with simulations using
discrete element method (DEM) and analytical equations respectively, though the
primary focus is on the experimental approaches. A number of outcomes from this
research shed new lights and provide fundamental level underganolin the

micromechanical properties of particulate systems walévance to pharmaceutical
granules processes.
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Chapter 1 Introduction to the Project

1.1 Introduction

Powders and granules are everywhere in numerous industries and manufacturing
processes. These include pharmaceutical manufacturing, foods, detergents,
cosmetics and multiple engineering applications. During manufacturing and
handling processes, powders and granules are filled and stored inside multiple
storage bin geometries for further manufacturing phases. The common transient
storage bins in pharmaagcal industries are feeding hoppers, blinders and
compression dies. In pharmaceutical industries, powder flowability through feeding
hoppers and compression inside confined chambers are very complex processes
influenced by a combination of multiple inted and external factors and crucially
influences the integrity and quality of the final prody&sescott and Barnum, 2000
Ganesan et al., 200®avies, 2009Kuentz and Schirg, 20)3The behaviour of

such discrete particulates is very complex when viewed at the -state level,

where the inteparticulate force network greatly influences the macroscopic
behaviour(Jaeger et al., 1998ntony, 2007 Kruyt and Antony, 200)/

Fundamental understanding of stregstribution profiles and major principal stress
directions within granular material assemblies stored in hoppers and silos in either
static or dynamic condition is essential f@signing granulaflow processJenike

and Johanson, 196®/alker and Blanchar, 196Jenike et al., 1973Valters, 1973a
Walters, 1973pbNedderman et al., 198Radjai et al., 1998Antony, 2M7). The
literatures classified the stress status inside hoppers andasilastifze and passive
stress states at static and dynamic conditions respec(idehjke and Johanson,
1969 Nedderman et al., 1982Multiple analytical, experimental and computational
methals have been developed and applied to measure the stress distribution and wall
pressure exerted by granular materials and the results showety watging
agreementsind disagreementgDing et al., 2011Wang et al., 201,3Ezz E}Arab,

2014 Wang and Ooi, 2035 Theanalytical methods measure the stnesgnitudes

based on various assumptions that became incorrect recently when advanced



technologies were appliedAtewologun and Riskowski, 1991Puglisi, 2001

Antony, 2007. In generalthe literatures described tiséate ofstress andlirection

of major stress in static conditions (after filling) as vertical linlsgthe central

axis of the bin,with some minor deviation to the wall direction close to the
boundaries. On the other hand, in case of passive stress status and due to granular
bed dilation after outlet opening, passive pressure fields generate and the major
pressure lines arch across the hopf@milar results have been reported in some
computational simulation researches using FEM for low internal hopper angles
(Wang et al., 2013

Up to date, the influence of the storage bin geometries onshiear stress
distribution profiles and directiongnside actual micro granulest static condition
are still not clear yet and no experimental study has shed the light deeply to this
area. Moreover, the influence of the initial stress packing conditions on the dynamic
granular materiaflow trend is still a challenge for the researchers upiiculate

of micron sizedistribution.

Pharmaceutical solid dosagerih manufacturing process requires granules to flow
through the feeding hopper to accurately fill the die chamber for talglettarge
amounts of external load usually applied to consolidate the loose bulk granules in
dense solid formknown as oral tablets. Granular flow, die filling and stress
propagation mechanisms within compressed granular assembly inside the die are
very essential and crucially influence the quality and integrity of the manufactured
tablets. Multiple experimegatand computational simulation have been adapted to
investigate the stress status development inside compression die under high loading
conditions(Heckel, 1961pHeckel, 1961aKawakita and Lidde, 197 Michrafy et

al., 2002 Hassanpour and Ghadiri, 2Q@®inha et al., 2000 The main results of the
established methods were limited to the derwitfile changes under externailgh

loads This pertains tohefinal stress magnitudes and shear stress band at the end of
the compression cycle and decompression plidsekel, 1961b Kawakita and

Lidde, 1971Sinha et al., 2010

The early phase of the compression cycle which is technically known as the
rearrangement compression stage is a very critical phase as the stress propagation

initially starts b develop at this early stage of the compression cycle. Ainear
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pl ot of He cwhiehlrdates teeqcompitessionrforce and the bed porosity,
is attributed to the changes that occur at this stage of compression and further
researches at thisagfe are recommended for better understanding at microscale
level (Denny, 2002Comoglu, 2007Davies, 2002 Numerous literatures mentioned

that the influence of integpticle friction is more dominant than particle wall friction

in bearing stresat this stage of compression and further investigation is required to
clarify the nature of propagation and distribut{dfichrafy et al., 203, Michrafy et

al., 2004 Ismail, 2008. Deep investigation of stress propagation at this stage will
help to understand the ambiguous stress changes at this stage aighlyiseeded
(Denny, 2002

The lack of understanding of stress distribution characteristics within micron size
real granular materials and their relevance to flow and compagtioperties
especially under low stress levels #te main motivations for this research project.
Up to date,no experimental study shed light sufficiently ¢ime influencesof the
stress distribution profiles at static condition the dynamic flow behavur using
particulates of micron size distributiot is worth remembering that previous
studiessuch as photoelasticity for understanding stress distribution in granular
materials consider the grain size in the order of a ¢ewtimetres(Antony and
Chapman, 2010 Moreover, the influence of particle motion, inter particle friction
and wall particle friction orpropagation and distribution nature of thieess and
under relatively low uniaxial compressionusgentlyneeded and not investigated

deeply before using any advanced visualising experimental tomography.

To address this issue, two advanced imaging techniques; photo stress analysis
tomography (PSAT) and digital particle image velocimetry (DPIV) have been
adapted to investigate the micro and macroscale mechanical properties using free
flowing pharmaceutical granules. PSAT and DPIV are-invasive, accurate, real

time and quantitative visualising techniques at microscale levels. Colour coding
technique (CCT)s another qualitative imaging method applied to study the flow

trajectories and the macroscale flow properties

In the first part of the research project, PSAT has been adapted to probe the stress
distribution profiles and direction inside actual micraize poly dispersedree

flowing pharmaceutical granules stored in multiple hopper geometries under its own

3



weight. The obtained results help to propose a hypothesis for the dynamic flow
behaviourbased on the magnitudes of the maximum shear stressepradiress
distribution homogeneity and the direction of the major principal stress inside the
confined hopper geometries. DPfWethodand colour coding technique have been
adapted for quantitative and qualitative evaluation of the dynamic flow prandss

to validate the hypothesis of the floespectively. The experimental work has been

conductedusingthe same hopper geometregsame experimental conditions.

In the second part of the research project, stress propagagoacteristicsvithin

free flowing granular material assembly subjected to relatively low uniaxial
confined compression was evaluated using PSAT. The particle motion and bed
deformation during the compression process was investigated by applying DPIV
method using the same fabricatsaimpression chamber and at same experimental
conditions.The obtained results help to link the influence of particle motion, the
developed partickparticle friction and particle wall friction on the nature of stress

evolution inside the compression die.

The obtained outcomes provide valuable and promising reantisenlightena
deeperlevel understanding of the influence of microscale characteristics of freely
flowing granular materials on their macroscale behaviour during flow and
compression processddore importantly, the present research provides combined
information on the stress and velocity distributions of micron size granular materials
under prescribed experimental environments for both flow and compression process.
This can helps to design ifmrm flow devices without segregation of particles as
well as understanding of the stress development mechanism within granular bed
subjected to external loading conditions.

1.2 Aim of thesis

In general, the main aim of this thesis is to fully explore expartally the
influence of initial granular material packing on the stress profile distribution and
directions inside multiple hopper geometries and its subsequent influences on the
dynamic flow trend using advanced visualising techniques. Moreover, thectproj
aim to investigate the influence of particle motion, paripaeticle and particle wall

frictions on the nature of stress propagation and evolution inside compression die
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under relatively low uniaxial compression. The correlation of the findingsheiifi
to predict the influence of the microscale granular characteristics on the macroscale
flow and compression behaviours. The project overview plan in Figure 1.1 shows

clearly the steps and tasks performed to achieve these objectives.
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1.3 Structure of the Thesis

In general, this thesis involves nine chapters. Chapter 1 comprises of brief
background and introduction about the research project including the aim and the
experimental work planChapter 2 includes comprehensive literature reviews for
granular materials behaviour during storage, discharge and compression processes
including theoretical, experimental and computational methods for assessment.
Moreover, it includes the main fundamdstaf the applied experimental techniques

in this research project, PSAT and DPIV. Chapter 3 summarises the physical and
mechanical characterisations of the pharmaceutical excipient granules fabricated for
the experimental work in the next chapters and thethods of assessment. Chapter

4 reports the experimental visualisation of stress profile distribution and directions
inside the fabricated sensors stored in multiple hopper geometries in a static
condition as well as the validation of the PSAT stressidution results using DEM
computational modelling method. Moreover, it includes the predicted hypothesises
of flow based on the initial packing stress status. Chapter 5 describes the
experimental qualitative validation of the predicted flow hypothesieng the
dynamic flow process and the stagnation tendency inside hopper geometries using
the colour coding technique. Chapter 6 focuses on the quantitative validation of the
flow hypothesis by applying DPIV and investigation of the flow trend and
trajecories inside the hopper geometries according to the mean velocity vectors
magnitudes and direction. Chapter 7 investigates experimentally the stress profile
propagation and evolutions inside confined die under relatively low uniaxial loading
condition usiig PSAT. Chapter 8 describes the particulates motion and granular bed
deformation inside the compression die chamber under loading conditions in order
to link the results and analyse the influence of the interparticle and wall friction on
the stress evolun. Chapter 9 summarises the overall conclusions of this
experimental projecton micro and macro mechanical behaviour of granular
materials functional theory for the acting forces and mobilised shear stress
development under relatively low compressioncéoand recommendations for

future works.



Chapter 2 : Mechanical Behaviour ofGranular Materials:

Background and Recent TechnicaDevelopments

The aim of this chapter is to provide an extensive overview of the general behaviour
of the granular materialsudng the storageanddischarge process from the storage
bins. The chaptertseds light on the analytical, numerical and experimental methods
applicable to measure the stress exerted by the granular materials. In the second part,
the granular material comgssion within confined geometry and the relevant
methods applied for the evaluation of such process are discussed in details. In the
last part of this chapter, historical and recent technical improvements of photo stress
analysis tomography (PSAT) and Oagi particle image velocimetry (DPIV) have

been discussed in detail as they are the main experimental advanced visualising

techniques applied in this research project.

2.1 Granular Materials Background

Granular materials are essential in multiple indusfoeseveral applications. These
industries involve pharmaceutical, cosmetics, detergents, chemical and civil
engineering and food industries. For example, involvement of granular materials for
various industrial applications in USA contributes not leas ttne trillion dollars to

the local economy(Rosato and Blackmore, 2000Pharmaceutical industries
delivered more than 75% of their final products in solid dosage form in either
capsules or tablet§viuzzio et al.,2003 and both forms involved powders and/or

granules during their manufacturing process in single or multiple stages.

The British pharmacopeia classified the granular materials to six main categories
according to their particle sizes, the classifmatranged from coarse powder to
ultrafine powdel(Pakowski and Mujumdar, 20D6T his classification isvidely used

in multiple pharmaceutical applications and processekcrucially influences the

manufacturing process of pharmaceutical dosage forms.

The granular materials were classified second to the water in its importance to the
human multiple actions andctivities (Duran, 2000 de Gennes, 2008 Granular
materials are simply defed as an aggregate of discrete particles in contact and

surrounded by air void§Oda and Iwashita, 199%ozicki and Tejchman, 20}1
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These particles are able to move and alter their arrangement individually or as
aggregates depending on their initial packing density and environmeathhg

conditions(Kozicki and Tejchman, 20}1

In general, the micromechanical behaviour of such particulate aggregation is
basically discontinuous, nédmmogenous and anisotrofioda and Iwashita, 1999
Kozicki and Tejchman, 20)1 Their mechanical behaviour is different from
conventional slid, liquid and gaseous matter sta@aeger et al., 1996orterre and
Pouliquen, 2008 Figure 2.1 simply illustrates the three combirsdtesof the
granular materials as an example of heap or pile of grains poured on a flat surface.
At rest, while the pile slope is lower than the angle of repose of the granular
materials, it behaves as a solid and the grains show no motion. Slight changing of
the pile slope above its angle of repose, allows the granular materials to flow
smoothly and show three layers within the stream. The inner layer of the granular
materials shows almost no motion and behaves like solid state matter. The middle
layer behavedike a liquid state and start to flow smoothly. The particle motion
takes place in the boundary layer of the pile surface. The gaseous state behaviour is

reported at the outer layer as messy bounce of the particddtementdirections.

Figure 2.1 Solid, liquid, and gas regions in steel particles in rotating dfeorterre
and Pouliquen, 2008
Granular material behaviour is extremely complex when viewed at the-suale
level and below and greatly influences its macroscopic behaviour and challenges the
existing physics laws(Jaeger et al., 1996 The complex and unpredictable

behaviour of granular materials comparing to solids, liquids and gases, allow



scientists to consider them as an additional state of matter in their own right
(Campbell, 1990Jaeger et al., 1996-orterre and Pouliquen, 2008Two main
features have been reported t@altrucially the behaviour of the granular materials
comparing to other matter stgtese et al., 2000 Initially, air voids resulting by air
entrapment between the particles, influendbe powaer bed expansion or
contraction.Secondly, the required shear force for bed deformation and liquid flow

like behaviour as a function of the applied load or position changes.
2.1.1 Contact Force Networkin Granular Materials

Different to viscous fluidsgranular material flow from their storage bins such as
silos or bunkers, does not depend on the height of the stored materials inside the bin
(Schulze, 2008Perg et al., 201p Unlike fluids, bulk solids are able to transmit
shear stresses at rest and alter the bulk behay®ehulze, 2008 Figure 2.2
summarises the main differences in wall stress trend in cases of liquids and bulk

solids.

height

liquid
/

bulk solid

pressure, Stress =i

Figure 2.2 Bunkers wall pressure and stress profile distribution respectively, in
bulk solids and liquidéSchulze, 2008

In fluid dynamics, wall pressure increases linearly with the depth of the sample

inside the bunker, while in the case of bulk solids pressure plot does not show this

linearity(Schulze, 2008 Granular materials show a linear increase in the stress for a

shallow depth, reaches a maximum value after a certain height is exceeded and

above that the pressure saturates. The proper scientific explanation of this
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phenomenon is known as Janssen effattere the particle friction rdiverts the
exerted pressure by the bulk solid bed weight to the bunker R2lisan, 2000

Perge et al., 20)2The pessure deviation toward the bunkers wall, also known as
shear stress transmission, and can be attributed to high contact forces between the
granular materials and the static friction between the particles and the bunker
boundariegJaeger et al., 1996chulze, 2008 heiripour Langraidi et al., 201

Under loading conditions, granular material assemblies are able to generate and
build up force chains between the particulates to support their bulk packing and
underlying structure(Majmudar and Behringer, 200Bntony, 2007 Majmudar et

al., 2007. The bulk properties of the granular material assemblies such as load
bearing ability, interparticle arching, jamming and shear banding are greatly
influenced bythe nature of the generated contact for¢€uyon et al., 1990
Majmudar et al., 20QKondic et al., 2012 In a dense granular packing, the forces
between particles are transferred through the contacts between the particles and

build up a skeletorréme within the granular assembly as show in Figure 2.3.
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Figure 2.3 Force network of granular matter ionhomogeneous in spa@s
obsevesusing photoelastic disks, (a) macroscopic view within the entire bed,
(b) circles illutrates true contact, square show fales apparent caftfasingle
particle level contact§Majmudar et al., 2007

The interparticle contact points show muiiihge colours depending of the

magnitude of the load transmitted at these pdiktajmudar and Behringer, 2005

Majmudar et al., 20Q7Antony and Chapman, 20L0The contact natures might be

strong contact carryingreater thamverage normal force, or weak contacts carrying

low magnitude of the average normal fo(Badjai et al., 1996Antony et al., 2005

Antony, 2007. Radjai et al. (1998has reported that thdistribution of theaverage
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force of sheared assembdyain contacts infwo dimensional granular systernss
bimodal. In this system, the strong force netwf@dadbearing network)s able to

carry force magnitude higher than the average f(deeiatoric loagl while the weak

force network(dissipative networkis carrying less than the average fofdatony,

2001, Antony et al., 200p The strong coméarcitnaqen avtow d
represents around 40% of the total contacts networks and reflects the system
anisotropicity (Radjai et al., 1998 The direction of these strong networks is aligned
with the direction of compression axis or the major principal stress direction.
Therefore, the anisotropicity of the sheared assembly is directly proportional to the
strong force network contribution atyaparticular zon¢Radjai et al., 1998Antony,

2007. The weak force network contribution to transmit the deviatoric stress within
sheared system issignificant. The bimodal characteristic of force distribution is

also confirmed in three dimensional granular syst@rhernton and Antony, 1998

Generally, sliding take place dominantly through the weak force network which
repregnts the majority of the networks within sheared fReddjai et al., 1998
Antony, 2007. The contribution of the strong network forces in sliding is negligible,

asthey show some resistance to sliding.

The unpredictable and complex spatial and temporal behaviour of the granular
material assemblies influenced greatly by the intéigdar force network
arrangemeniKondic et al., 201p The transmission of force within particulate
materials occurs through the ingarticle contacts, but each contact force is highly
sensitive to the local amgement of the surrounding particles and boundary loading
conditions(Antony et al., 200pAntony and Chpman, 2010 Because of this strong
dependence on particle arrangement, contact forces will usually be distributed in a
complex, noruniform manner, even when an isotropic and homogeneous assembly
of particles is subjected to uniform loading conditioftony et al., 2005
Majmudar and Behringer, 200Bntony, 2007. As a result, the force is transmitted
between the particles in ndtomogenous way.

Over the past few decades, there have been several numerical and experimental
studies made to charactise the force network and link that to the granular
mat eri al sd ma c (Radgicebah,il896Rhdghenal.,i 1998Peters et

al., 2005 Antony, 2007 Majmudar et al., 2007
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fluctuationsis led by a pioneer group of scientists in University of Duke, USA

Experimental visualising of the force networkjlation and stress temporal
(Behringer et al., 2024 The investigatios focused on quantifying the force

stress transmi s s

on

propagat.

net wor kos

particulate assemblies using transparent Jigirismitting phtoelastic disks in

2005Majmudar et al., 20Q7

Wambaugh et al., 20)10The experimental works have been conducted usirig a 2

centimetre sizes (Majmudar and Behringer,

experimental setup and the term force chain has heentified through the
observation of these contacts between the particles in aldt@structure. A recent

3D study using fluorescence technique coupled with dsiseet scanning, described
the interparticle forces in particulate assembly as filament netwkdsdic et al.,
2012.

The simulation basedbservation othe contact force and force transmission can be
visualised usingdiscrete element methodEM) (Matuttis et al., 2000Antony,
considered as a powerful numeritathniquehelps to predicthe discrete dynamics

of particlessuch as mechanical strength, force network shape and evolution under
external loading conditions. Figure 2.4 shows the force network and interparticle
network lines idirectly proportional to the magnitude of contact forces within the

2007, Nitka et al., 2009 Tordesillas et al., 2010wWang et al., 2015 DEM,
sliding contacts using DEM in a 2D graaulsetup, where thehickness of the

Figure 2.4 Force network and sliding contact in granular system usibgEM

assembly.

application Thickness ofthe lines is proportionalto normal force magnitude

(Antony, 2007
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It is obvious that the force network distribution is A#wmogenous within the
assembly and varies depending on the location, load magnitude and the number of
contacts points between the particles. The external shearing force on granular
material assemblyehanges the initially isotropic packing of the material to an
anisotropic contact netwofRadjai et al., 1998Antony, 2007 Alonso-Marroquin et

al., 2008.

Two main interesting areas of research have been investigated thoroughly to show
the influence of the force network on macoale behaviours Theseinclude
granular material flow from storage bins and particulate assemblies compression
(Antony et al., 2006 Majmudar and Behringer, 200Kruyt and Antony, 2007
Majmudar et al., 2007 In powders and granular material flow process, shear stress
ratio, which represents the ratio tiie normal stress to shear stress is essentially
fundamental foithe understanding ofheir macrascale behaviou¢(Schulze, 2008

Stress distribution within a granular bedcursthrough the nonhomogeneous force
network and influenced dramatically by multiple factors, including singlaticle
characteristicgAntony and Kuhn, 2004Zheng and Yu, 2015 particulate initial
packing (Antony, 2007, particle size(Hassanpour et al., 200#lassanpour et al.,
2007 and location from the boundarié&ntony andChapman, 2010 Shear forces
inside the granular assembliaee generated due to the motion of the particles in
addition to the interparticle interactions and frictions. Increasing the-patécle
friction increase the anisotropicity of the sheagednular assembly as well as the
system inhomogeneity. However, low internal friction system provides more
homogenous strong network distributibrardos et al., 2003Antony and Sarangi,
2009.

2.1.2 Stress Analysis: Background in Brief

A better understanding of the forces acting on granular material assembly requires
more and adequate considerationtsfstresscomponentsStress is simply defined

as the average measure of the internal resistance or counterforce of material to the
distorting effects of an external force
on a plane is equated to the load applied or force (F) per unit area or cross sectional

area (A) using equation (2.1).
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Stress =, Eg. 2.1

Where
0 = Normalstress

F = Applied force
A = Cross sectional area

For a three dimensional object, there is one normal stress compgneand two

shear stress component$ acts on each plane as shown in Figure 2.5. At all
planes there will be nine stresemponentsacting on the object known as stress
tensor. The stress tensor consists of three normal stress components and six shear

stress components.

Figure 2.5 Stress tensor components in rectangular coordif&tegh, 1990

In the case of a normal stress component, the subscript represents the plane which
the stress acts onfwandd. On the other hand, the shear stress component has two
subscripts; the first one detes the plane which the stress acts on and the second
one is the direction on the plane. The nine stress compo(srdss tensorare

usually arranged in a matrix of 3 x 3 and constructed as shoequetion 2.2, row

is the plane and column is th&ection of the streg®arry, 2004

vt T Eq. 2.2
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In case of a two dimensional stress analyses (may be called plane stress state
sometimes) the stress tensor in equation 2.2 changed from nine components to a

symmetrical four component matrix as illustrated in equation 2.3;

" T m +
Y T n 11 :Er :| Eq. 2.3
m T T
The equation is a second order equation and the stress on the planes is well defined

independently by the the stress components, two normal stress components

(, @& Q and the shear stress componknt From the matrix and as i$

called plane stress, the shear compofient 1

For multiple engineering and industrial purposesiess measurements and
relationships are representing simply b
graphical method enabling stress measurement in case of 3D and 2D systems. It was
discovered by Culmann (1866) and developed latterly by a Gerneamtist Otto

Mohr (18351 91 8) . Mo hr 6 s cawnnm usihgethe vatuespfinormndl e d a
stress , on (X) axis and shear stres§ on (Y) axis.To measure any stress
conditions in 2D by drawing Mohrdanal circ

stresses,( w& Q and shear stress( ) act on the plan as shown in Figré.

T

Figure 26 2D stress mathematical and graphical case (a) stress cube, and (b)
Mohr 6s <ci tioml e construc
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Point C represents the centre of the circle and the coordinates-are— ). From

Figure 2.6, CD is equal to——) andby applyingPythagorean theory

Y — 1 Eq. 2.4

Frome Figure28R val ue i s equal to the radius o
The centre of Mohrés circle is calcul at e
C=" =(—) Eq. 2.5

It is worth remembering that the acting stress on different planes is twice the angle
between the planesor examplein Figure 2.6 the angle between the plane8ad?

andr epresented o®0°Mohrdés circle as

In 2D stress concepts is known as major principal stress, is the minor
principal stresswhich is perpendicular tq, ,. From equations 2.4 and 2.%najor

principal stress and minor principal stress areequated as follow;

)+ —— t or , =" +Y EQ26

1
—~

1
—~
\‘/

1
—+

or , =" -Y Eq. 27

Stress analysis using a two dimensional applications is much easier, practical and
convenient to solve most industrial problems compared to a three dimension system
(Schulze, 2008 Experimentallyand graphically maximum &ear stress f(

value in case of the 2D systaquates as follows:

T _— Eq. 28

Mohr 6s ci r cFsummarise fraplgiaally ¢he @aximum and minimum
shear stress values as well the average stress values.pApbyi ng Mohr 6s
concept in industry helps to assess the powder cohesivity and flowability as well as
the proper designing of silos and hoppers achieving the required flow trend
(Schulze, 2008
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Figure 2.7 Maximum shear stress and average stresMoohr 6s circl e
dimensionaktress system

2.2 Granular Materials Flow Behaviours inside Silos and Hopper

Geometries

Granular materials flow is a very interesting area of research and the total annual
number of experimental and numerical publications increased dramatically, reaching
480 articles during 201QLumay et al., 2012 However, fundamental information

on how particles sustain stresses and velocity fields inside flow edevsc still
lacking. Their flow assessment and behaviour has been well sought by many
researchers since the early"entury and back dated to Reynolds (1885), Coulomb
(2773), Culmann (1866)Collin (1846) and Mohr (1882) They haveapplied
multiple experimental and analytical methods flmw assessmen{Nedderman,
1992. The first reported pioneered expeental work to measure the deformation

of the soil surfaces was conducted ®gllin (1846) using simple shear box tester
(Nedderman, 1992arry, 2004Powrie, 2004 Granular material shearing and flow
evaluation using simple graphical drawings was discovered by Culmann (1866) and
developed later by Mohr (1882) which is still considered as one of the fundamentals

in soil and granular material mechanical dynanflRarry, 2003 Reynolds (1885)
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described the tendency of a compacted granular material to dilate as it is exposed to

shear forces, this is known as Reynolds principle of dilatéidegderman, 1992

Brown and Hawksley (1947) summarised the flow trend from bunkers to four
regions or zones. The first zone is the flowing zone that is located directly above the
outl et region and s e c owthe flowsg zorte.eThefthdgrd e e p i
zone is the fAcascadingo zone at the top

last zone is the stagnant zone close to the bunker boun(egderman, 1992

During the middle of the last century, Jenike (1961) and hisar&ers provided a

very comprehensive and detailed descriptive study on the flow behaviour inside the
silo geometry(Jenike, 196Y1 Theyclassified the nature of the granular flow from
silos to two main categories; mass flow and funnel flow. In cases of mass flow, all
particles inside the storage bins are in continuous motion during the discharging
process while funnel flovis defined as the flowing of the particles through a plug,
surrouneéd by stagnant zones or any form which is not mass (immike and
Johanson, 1969 The new Jenike method (1987) is more reliable to predict the
nature of the mass or funnel flow in conical hopper geometry and the outlet diameter
(Kruyt, 1993.

The first efforts to define the boundary of the stagnant zone inside the hoppers for
both cohesive and nesbhesive materials, goes back@ardner, 1966 He defined

this region according to the angle of internal frictibils assumption considered the
distribution of the stress within the steady flowing mateagtadial. Onthe other
hand, Jenikebés (1961) method for radial
as it takes into consideration the angle of hopper in addition tantjle ofinternal
friction. Jeni keds method i s eaagaqlatedc abl e

using the following equation;

| — Eq. 29

Wher e ( 0) hopper) dngd df intarmal fricion(Telzid and
Nedderman, 1992

Watson and Rotter (1996urthermore subdivided the nature of the funnel flow

trend to internal (or pipe) flow and semassflow as shown in Figure &.
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Figure 2.8 Classification of flow behaviour in sil@¥Vatson and Rotter, 1996

Discharging of the granular materials from silos depend on the ratio gfahalar
layer thicknessto the diameter. Exceeding the ratio of 1.2 times saturates the
pressure at the bottom of the silo and the flow rate remains co(lgtamitoc et al.,
2007). The granular flow rate becomes independent ofdiaeeterof the silo in

two conditions; firstly, if the silo diametelO is 2.5 times greater than the silo
outlet diameterO and second, ifO O is 30 times greater than the particle
size(Nedderman et al., 1982

Fundamental understanding of the strengthening and consolidation of p@mders
granular materials is directly related to reliable understanding of effective stress and
stress distribution within the granular bed. Direction of major and minor principal
stress in both static and dynamic conditions is playing a very importanhrdie i
granular flow behaviour and can help in proper device desigRiadjai et al., 1998
Antony, 2007 Antony et al., 2012 Albaraki et al., 2018 Proper and accurate
measuring and prediction of granular stress status inside silos and hoppers during the
granular material filling or discharging process required in manyadvanced
technologiesto be able to measure stress development within single granular
material(Ding and Enstad, 2@).

Methods applied for measuring silos and hoppers pressure and stress conditions are
mainly based on(i) analytical methods (ii) experimental methods and (iii)
simulation or computational methods.
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2.2.1 Analytical Methods

Up to date,several pioneering studies have been reported to evadiatevall
pressure, radial stress and velocity fields of flowing granular matestal$ing from

the late 19th century by Janssen (1895), then in the early 1960s by Jenike (1961,
1964), Beverlo (1961), Johanson and Jenike (1962) and Jenike and Holt (1965) are
still applied widely in industries. Latterly, Jenike (1969) and Jenike (1973) corrected

J a n s s e n andcriticibed luisragsumptior(®edderman, 1992ZChou and Chen,

2003. Further valuable works have been conductetMayker (1969, Walker and
Blanchar (196y and Walters (1973a) and (Walters, 1973b) for further clarification

of stress exerted by granular material s

2.2.1.1 Janssen Theory and Assumptions

Janssen (1895) derived simple interpretation to measure the vertical wall pressure
produced by granular materials inside vertical cylinder storage bins such as silos at
rest as a function of bed degfdedderman, 1992Hemmingsson et al., 1987The

equated vertical wall pressure can be calculated using the following formula;
0 — p Qo — Eq. 210

Where the J U is t P E&isthe gravity in gvédnis theysiloi n  ( k
height in (m), O is the coefficient of
anditr ef l ects the ratio of the wdarQisitheal st
gravity constant conversion factor (convert unit mass to unit force) and z is the silo
diameter in (m). At fully mobiliseadasefriction coefficient can be calculatems

follow;
C OAT  — Eq. 211

Wheree is the angle of wall friction} is shear stress acting on the wall gnds
normal stress actingn thewall. The accuracy of Janssequationis not unlimited

as the above analysis is applicable onlytle case of cohesionless granular
materials stored in flat face bunkers or deep silos ignoring the influence of end part

geometry. Generally, it has been report
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was based on and influenced critically by the value ef ¢bnstant K, and big
debates between the researchers have been raised about KAsuwelogun and
Riskowski, 199). This is due to the significant influence of K values on the
distribution of the stres within particulates and the walls of the silo. Janssen
derived his equation to analyse the active stress state inside the vertical silo section
using slice element method. The method takes into consideration the normal stress
load of the layers locateabove the slice which act downward on the surface area.
The edges of the element slice are in direct contact with the walls of the silo in a

perpendicular direction as shown in Figure. 2.

-1, Dd,

de
DR
(ov+dov) A

Material weight
= (gppAdz)

Figure 2.9 Diagram of element slice method and its wall contacts

Janssenbds equation is based on multiple
date(Nedderman, 199Hemmingsson et al., 199andry et al., 2004Bratberg et

al., 2009. In general, Janssen considers four assumptions in his theory for the silo
wall pressure calculatiofHemmingsson et al., 1987sore references mentioned

only two main assumption®edderman, 1992Ding and Enstad, 200Bratberg et

al., 2009.

The four assumptions of the Janssen theory are as follows:

U The constant (K) value which represents the ratio of horizontal pressure
to the vertical pressufe is constant throughout the silo; both pressures are
denoted as principal stresses.

U The vertical pressure is constant and uniformly distributed across the

horizontal plane.
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U The density of the solid bulk material is constarside the silo and can be
treated as continuum material.

0  The wall friction is fully mobilised.
J a n s s eindiilbapplied imwmultiple engineering industries for the measurement
of the storage bins wall pressure although recent research findings showed that some
of those assumptions are not totally cor(étgmmingsson et al., 199@0i and She,
1997, Marconi et al., 2000Puglisi, 2001 Landry et al., 2004Bratberg et al., 2005
Saada, 20Q550da and Ebert, 2005

The mainlimitatono f Janssends t hehatthe vertical ptedswwe a s s u
is constant in the horizontal plane which is not cor(Betglisi, 200). The pressure

and stress distribution on a single particle is greatly influenced by the location of
those particles along the horizontal axis and boundaries have great influences on the
magnitude(Jaeger et al., 199®oi and She, 199 Marconi et al., 2000Geng et al.,

2001, Antony and Chapman, 2018lbaraki et al., 2018 The ability of ganular
materials to build up a force network between the discreet particles inside the
storage binscould greatly alter stress distribution within granular assembly and
result a high degree of inhomogeneity across the bed gegni€hornton and
Antony, 1998 Geng et al., 20QJAntony and Kuhn, 2004Antony, 2007 Antony et

al., 2012.

The otheldimitatonsc oncerning Janssends theory are
(K) used in the equation and the suitable method to calculétgeivologun and
Riskowski, 199}, friction coefficient valug(Martinez et al., 2002 granular bulk
density(Haque, 201Band the angle of wall friction(Jenike et al., 1933 Multiple

opinions abouthoosingt he value of (K) in Jandsenos
in literatures(Bagster, 1971Jenike et al., 1973Martinez et al., 2002 Some
researchey claim it as a function of internal angle of frictigAtewologun and
Riskowski, 199) and others such as Jenike for example assumed K = 0.4 able to
provide well compared experimental results for theiahipressure fordifferent

granular material§Jenike et al., 19733
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2.2.1.2 Jenike Theory

The first published classification of granular materigisrelation to theirflow
behaviour was reported by Jeni k.eMasa't (19
fl ow may be referre-th-ftio sitn oluittoerf dtowr et :
many advantageso the industry. Mass flowhelps to maintain uniform and
controlled flow content and rates, reduce the radial segregation of the granules and
prevent any stagnant zone formati@enike, 1964Nedderman, 1992Tuzun and
Nedderman, 1982 According toJenike and Johanson (1966 the case of a mass

flow trend, the transition zone is located at the connection of the hopper section to

the vertical section of the sildransition zone is simply defined as the point of the
intersection of the granular materials in the cenphlg flow with the bin
boundariesOnt he ot her hand, funnel flow-trend
in-l ast outo is wusually <characterised ei
bottoms(Tuzln and Nedderman, 1982This type of flow has some advantages,
especially the high capacity of the hopper or silo that may lead to lowering the
operation coast. The main disadvantagethefunnel flow trend are segregation of

the hopper caent, powder flooding due to erratic flow, and stagnant zone
formation (Holdich, 2003. In funnel flow casesthe transition zone cannot be
generalised as in the cases of the mass flow trend. The height of the trazmsigon
depends on the granular material characteristics, especially the internal angle of
friction as well as the roughness of the bounddaste et al., 200%

Jenike (1964 Jenike and Johanson (196fhd Jenike et al. (197%3have reviewed

the Janssen work and extended the work to include the silo hopper as well as the
vertical partof the silo They have published in detail stress states for both static and
dynamic conditions. They have classified the stress state and wall pressure inside
the vertical section and hopper section of theisioo t wo mai n stress
stress stateo that develop during gthe fi
during discharging phassee Figure 2
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Figure 2.10 Active and passive wall stress state and major pressure directions in
vertical silo and hopper sectio@&nike and Johanson, 1969

During the active stress state, as granular materials filled into the silo or storage bin,
the bulky masdgs built upward without showing any lateral deformations. This
filling process creates an active pressure field, showing vertical tovestital

mgor principal pressure lines as illustrated in Figure @)1 At this stage, the
granular materials exert a pressuse on the hopper and vertical wall sections. By
the time, the bulk solid settles and slightly slides along the bin boundaries and this
partial movement creates frictional stress) along the bin wall that can be equated

as follows;

b NOA4 Eq. 212
Wherenhthe pressure exerted on the walls &ndig the angle of friction against
the wall. It is clear from (equation12) that the measurements of shear stress on the
bin wall (v) are formulated by considering the balanced weight of the granular
materials inthe hopper according to the vertical pressure (p) and the angle of friction
between a bulk solid and the waill)(

The passive stress state starts immediately after opening the storage bin outlet. At
this stage, the initial flow process of the granulatenals dilates the bulky mass
located directly above the outlet. At the hopper section, granules slide radially and

slip on hopper boundaries and im@ passive stress field having arched major
24



pressure lines as illustrated in Figure ()1 During thepassive stress state, the
vertical stresses acting within the granular materials bulk are almost proportional to
the distance from hopper apex. The pressure increase linearly within the hopper
section up to certain height below the transition point amah thifts to higher
magnitudes dramatically. This shifting point is called the switch point as seen in
Figure 2.Db. Obviously, a quick comparison between the magnitidéhe two

stress states, it is clear that the maximum stress magnitude in case of active stress
status is much highé¢hanthe passive status. The deficiency of the stress magnitude

is shown clearly by the dashed area.

2.2.1.3 Walter and Walker Method

Walker (L966) corrected the first assumption of Janssen that assumed the vertical
and horizontal stresses as principal strebyesonsidering proper stress distribution

in wall region (Nedderman, 1992 J an s s e n 0 esohesionless granular o f
materials flow trend in silos or storage bins have been extended and deeply
investigated by Walker and Walseand their ceworkers(Walker, 1966 Walters,

19733. Walker (1966) described the wall stress propagation i@ndistribution

during the filling phase in the silo and hopper in muitiglonsequential steps.
Initially, continuous filling of the bulk solids will raise the vertical pressure upward.
According to Mohr 6s c yieldcstress on thé walls andi | |

inflates the circle till it exceeds the wall yield locus, Begure 2.1L.

MAJOR STRESS
15 VERTICAL

et
et .
T
cxjfx

POWDER

Figure 2.11 Initial hopper wall pressure exerted by bulk solids at the filling phase
(Walker, 1966
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As the bulk solid settle, it start to slid on the wall and raising gradually the
horizontal stress until the wall stresseslenelled on the wall yield locus
(Nedderman, 1992

Walker (1966) assumed that, at any level of the bulk solid bed, the hydrostatic
pressure is equal to the vertical pressuviathematically, this means that the wall

pressure is constant multiplied by the exerted vertical pressure as follows:

W Eq. 2.8

WhereW is compressive stress normal to wallis vertical compressivstress and

| is hopper half apex angle ands the angle of wall friction.

Walker (1966, Walker and Blanchar (19§7Walters (1973p (Walters, 1973p
investigated deeply the static and dynamic stress states inside hugopgrslice

element method according to various assumptions

In case of mass flow trend inside storage bin, Walker (1966 and 1973) investigated

and analysed the stress distribution according to the following assumptions;

U The directions of both principalrssses are in the vertical plane normal to
the nearest section of wall.

U The solid bulk materials within the bed and at the boundamest be
yielding within itselfto discharge through the outlet.

U The mass flow trend is characterised by material slidiogg the bin and
hopper boundaries.

U The vertical stress acting on the horizontal plane is constant

The main difference between Wakesnd Walker theories is the wedge effect.
Walters used a frustum cone slice, while Walker used a cylindrical slice that touches
the bulk only at one point and ignores that influence in the calculation. Fig@re 2.1
summarises the main difference in the assumption and calculation of both Walker
and Waltes. Stress component here is in reverse way compared to the vertical

section.

26



g;+ 6.0,
Ignorance of wedge \|/ \l/
(Walker) > Including of wedge

’
T_ |1 110 ’ ! BN & Iter
== uko;_ prrrrp el (Wa te)
T ™ = éo0,

Figure 2.12 Walker and Walteyslice element method
The stresses acting on the slice are;

" Acts on the lower zone of the element

w1 Acts on the upper zone of the element
T 1w Acts on the side of the element in case of Walter or
T “ )  Acts on the side of the element in cas&Valker

2.2.2 Experimental Methods

Experimentalapproachesdhad beenalso conducted in addition to the analytical
methods to measure and investigate the influence of the stress exerted by the
granular materials on the walls of hoppers and silos. The experimental studies are
crucial for realistic understanding of the influence$ warying granular physio
mechanical properties on the storage bins wall pressures and stresses. This step is
essential for multiple industries as storage bins are usetlafegportinggranular
materialsand otherprocesses. In addition, the experimergidies areuseful to

validateany analytical predictionf®r thecalculation of the wall stress.

The pioneering experimental studies conductedWsiker (1966, Walker and
Blanchar (196y and Jenike et al. (1973using coal granules and sand respectively
are still consideed asthe main guideline and reference for researamesstigaing

27



the silo and hopper wall stress distributiaienike et al. (19733eported from their
experiments that for mass flow trend inside cylindrical hopper, the critical design
stress has to be the maximum for both the initial loading (active strasd)oan
loading (passive stress). Further details about Jenike and Walker experimental works

are reported in sections 2.3.1.2 and 2.3.1.3.

Recently, many experimental researches rely on embedding multiple loading cells in
both silo and hopper wall sidesditferent segments in order to measure the normal
and shear stress exerted on bin w@llsou and Chen, 2008ohrnsen et al., 2004
Ostendorf and Schwedes, 20@xz EFArab, 2014. Suchsensors help to evaluate

and detect the stress fluctuation due to granular materials shifting from the shaft to
the hopper section during the dynamic flow procéBshrnsen et al.,, 2004
Ostendorf and Schwedes, 2005

Chou and Chen (200®ave evaluated the theoretical and experimerdaihal and

shear stress in a 2D wedge shape hopper using embedded loading cells as shown in
Figure 2.B. The hopperds internal angles &eva
40°. The authors reported tliae predicted theoretical stresses values werdhagss

that obtained experimentally which attributed to the ability of wedge shape hopper
walls to carry part of the granular materials weight due to both-jratdicle and

particle wall friction forces.

NORMAL STRESS
10° 20° SHEAR STRESS
L4 "~ ’[JR4 L4 R4

L3 R3 L3 R3 -\
L2 R2 L2 R2
L1 R1 L1 R1

a

Figure 2.13 Wall stress measurement method using embedded loading gauges on
hopper walls; (a) location of gauges and hopper internal angles (b) drawing diagram
of gaugg(Chou and Chen, 2003

Inside 20° internal angle hopper geometry, the flow trend was nmeadyg flow and
the dynamic stress on the hopper wall has a similar trend as the staticasidess

shear stress values were less than the normal stress values. On the other hand,
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hopper having 40° internal angle (nearly funnel flow geometry) showed chearly
consistenh stress measurements. Interestingly, the authors repadraaksit
overpressure and under presswlagring the dynamic granular materials flow

process.

Ostendorf and Schwedes (20CGkapted the same embedded loading cell method
with PIV technique to measure the wall stress and particles velocite itise

hopper geometry simultaneously. They have reported that the granular materials
bulk density and radial stress values are decreased toward the hopper outlet as the
particles velocity increased in this direction. They also reported that the stress va

at the lower loading cells close to the hopper outlet are idemticapared to the
variable values amipper cells. Moreover, an early increase of wall stress at upper
loading cells during the switch flow phase has been reported when the granales shif

from shaft to hopper.

Ezz ElArab (2014 conducted recently a concurrent experimental and nuaheric
study using embedded loading cells and FEM to investigate cylindrical silo and
hopper wall stress during the filling and discharging process. The author focused
mainly on the influence of the filling method on granular materials flow and silo
stress digibution. The study showed that the simulated discharging results are faster
than the actual experimental results and any altering of the granular materials filling
method crucially affects the flow and stress distribution. This is attributed to the
grandar bed dilation requirement to pass from its initial packing density inside the
storage bin to the required critical density allowing smooth flow process.
Interestingly, it has been reported that under mixed flow, high variation and
noticeable asymmetry all stress measurements have occurred during the
discharging process. The reported asymmetry of the stress values are very high and
may have great influences on overall stress magnitudes inside the silo. The author
also reported the occurrence of two diffiet categories of stress fluctuations during

the dynamic flow process denoted as slower and momentary fluctuations. Slower
fluctuations are created due to the developed shear bands as the granular materials
shifting from shaft to hopper segment. Moreovdre momentary fluctuations
devel oped as the macroscopic 66steady s
real 0O00steady stated6d flow trend where

29



high. This can be considered as the main criticism of numesicallations using
FEM as it is very strong tool fasimulationbut cannot consider the microscopic

influences of the materials on their macroscopic behaviour.
2.2.3 Simulation Methods

Simulation or computational modelling methods such as FEM and DEM are
considered powerful techniques to predict silo and hopper wall stress exerted by
stored granular materials as well as the flow beha\Ratter et al., 1998axter et

al., 2000 Ding and Enstad, 2003.andry et al., 2004Zhang and Rosato, 2004
Ketterhagen et al., 2009Bing et al.,, 2011Wang et al., 2013 Both FEM and

DEM are widely used and adapted for granular flow assessment and stress
predictions but certain limitations for both methods should taken into
consideration(Rotter et al., 1998Ezz ElArab, 2014. The capabilities of such
methods to solve the problems of complex geometries make them suitable tools for
assessment of both the filling and discharging pro(Retter et al., 1998Ding et

al.,, 2011 Wang et al.,, 2003 The main difference between FEM and DEM
application for granular materials assembly assessments, is that FEM is based on the
continuum approach while DEM is based on discrete appr@aoidall and Strack,

198Q Langston et al., 1990ing and Enstad, 200Fzz ElArab, 2014. The
continuum approach deals mainly with macroscopic scale characteristics that make
it more applicable for large scale industrial mi@aturing involving large amounts

of bulk solids(Ding and Enstad, 20030n the other hand, the discrete approach
deals with microscopic scale characteristics and takes into consideration the physical
characteristics of each discrete particle as separate entities for mo@€Lindall

and Strack, 1979 angston et al., 1995

Langston et al. (199%ave developed and conducted a DBdedesearch project

to evaluate the granular materials filling and discharging process usingphesive

discs and spheres in two and three dimensional model hoppers respectively. The
authors aimed to investigate the influence of the continuous and grampyzdrh

filling method on stress distributions. The obtained results showed that the gradual
filling method improved the wall stress profile of the static status significantly. The

authors also reported for the first time in DEM simulation inthe case bfth@ per s 6
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discharging process, the appearance of granular bed rupture zones and related wall

stress peaks where the zones intersect with the hopper wall.

Ding and Enstad (2@) andDing et al. (2011 developed the FEM study taodel

the development and the distribution of the hopper walls stress exerted by granular
material during a filling process using multiple filling methods. Two different filling
procedures have been applied in this study; swottiprocedure and layer bstyler
procedure, up to 8 layers. The aim was to investigate the influence of the filling
procedures on the nature of stress distribution. The results reported that the
maximum stress obtained at the end of the filling process does not occur at the
bottom ofthe hopper but somewhat closer to layer 3 level. This area showed the best
particle consolidation and has the lowesto of shearstress and normal streSshe
maximum normal wall pressure at the hopper outlet during the filling process
showed a marked deviation from that obtained by Walker as the pressure magnitude
increased and moved progressively upwards. The authors also reported that the layer
by layer filling procedure showed more stress values comparedwitch-on
procedure at the hopper bottom and less at higher levels.

Vidyapati and Subramaniam (201fodelledthe dscharge dynamics of granular
particles from a flabottomed silo using continuum modelling and three
dimensional DEM. Conawent application of DEM with continuum modelling is

due to the powerful capability of the DEM to investigate and quantify the influence
of mi croscopic parameters such as inter
friction coefficient and particlecoefficient on the discharging rate. The DEM
obtained results showed that the discharging rate in a flat bottomed silo are greatly
influenced by interparticle friction coefficient and discharge outlet size alteration.
However, the influence of the wall ¢tion coefficient on the discharging rate is
negligible. The obtained comparative quantitative results of discharge rates, solid
velocities and solid stresses showed that the constitutive modelpredested their
values compared to DEM data.

Kondic (2014 adaptedDEM to evaluate the influence of the ratio of hopper outlet
size and the mean patrticle size on granular materials jamming inside the 2D silo
geometry. The author was aiming to compare the 3D system ratio requirements to
the 2D system. The obtained resultsomtgd significant influence of this ratio on the
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particle jamming tendency. The small opening size showed the high jamming
tendency close to the hopper opening regime and material parameterstiweng
influence. On the other hand, a larger opening se=eléss jamming tendency and
the influence of material parameters, such as friction or coefficient of restitution is

negligible.

Wang et al. (2018 and Wang and Ooi (20)5applied FEM and DEM for
continuum and discrete assessment of granular material filling and discharging
inside the conical hopper geometry respectively. The continuum modelling approach
based on Arbitrary.angrangiarEulerian (ALE) formulation in order to avoid any
mesh alteration duleigh deformatiorpossible of the materials. The results indicated
that the combination of ALE and FEM effectively simulated the silo discharge under
high deformation conditizs. The obtained results of the discharge pressure
distribution and mass flow rate are in a good level of agreement with those obtained
from the theoretical models. The authors have reported very interesting phenomena
through the analysis of the exerted gmsure fluctuation which revealed two
dominant frequencies. The origins of these frequency events are the propagation of
the compression wave and development of intermittent shear zones within the
granular bed during the discharging process, creating higyd lower frequency
events respectively. This could provide a proper explanation for the coexistence of
silo shaking and vibration during the discharging process. The predicted hopper wall
stress distribution using FEM was much smoother than that otbtasneg DEM.

Xu et al. (201% investigated the influence of both side and face wall friction
coefficient of the hopper otie stress ratio during granular discharging, using DEM
inside 3D system. The influence of the hopper wall thickness on stress ratio is also
evaluated. The resulisdicated gradual increases of the side wall stress ratio due to
side wall friction increment followed ba slightly decrease. At the same time, the
face wall stress ratio showed slight early increases and then remained almost
constant. On the other handc¢reasingof the face wall friction coefficient, declines

the side wall stress ratio in the thin hopper and remains constant in a dense one.
Further analysis of the force network showed marked increases of relative density
close to the wall as the walkidtion coefficient increases, indicating more wall

supporedthe particle load.
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2.3 Powders and Granular Materials Subjected toCompression

In pharmaceutical science, the oral route of administration is the most favourite
route for both patients and pharreatical product manufacturers. For example, in
cases of systemic therapeutic actions, around 90% of the drugs are administered
orally, and solid dosage forms such as tablets are the dominaniGolimer and

Neil, 1987%. British pharnacopeia (B.Ph), defines the pharmaceutical tablet as a
solid preparation contains a predetermined dose having one or more active
ingredient with or without excipients obtained by compressing uniform assembly of
particles. Compression of such assembliesggMdace in confined compression die,
having multiple geometries under either uniaxial or biaxial compression
mechanisms. The final products must be elegant, strong enough to withstand
mechanical agitation and must be chemically and physically gi@bker and Neuil,

1987).

Figure 2.8 summarises the tablet manufacturing process from thé&prailation

phase through to the final solid product and shows the complexity of this process.

Chemical and
biological

synthesis

. Preliminary
purification
Crystallization .
and drying
‘-\
‘

Packing and
storage

Figure 2.14 Multiple stages involved in tablet manufacturing Modified from
Muzzio et al. (200
Powder and granular material compression have been investigated extensively by
many researchers during recent decguéslker, 1923 Shapiro and Kolthoff, 1947
Kawakita, 1956 Heckel, 1961b Kawakita and Ludde, 1971Hersey, 1974
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Carstensen and Toure, 198Denny, 20@, Sorensen et al., 200Mallick, 2014).
In the pharmaceutical industry, there are many technical terminologies applied in the
manufacturingprocessesthese terms are powder compaction, compression and

consolidation(Marshall, 1987.

Compaction is generally applied when a sample of materials are subjected to certain
levels of external mechanical for@Marshall, 19870deku, 200Y. The compression
process describes the reduction in bulk material volume and the deformation nature
of the powder sample under pressure, while consolidation reflects the increment in
the material mechanical strength, resulting from parpelicle inteaction
(Marshall, 19870deku, 200Y.

The early pioneerwho published mathematical equation describing powder
compaction and consolidation characterisicdValker (1923, where static load

was applied to measure the changes in powder volumes and the resistance of the
powder for the compression process. Such study iselihto the changes in powder
porosity, densities and interparticle v
impact of the applied pressure on the powder voluméisigesultsshows the
relationship of the powder dogarithmeclagplied v e Vv c

pressure.

Anotherequati on was repor t(E¥88) Heaproposedlayd by
published a similar relationship to that observed by Walker using metallic powders
with some justifications based onfluid mechanics. The most applida
mathematical modelling for powder compressibility and consolidation applied
recently for multiple industry applications are those reportedShgpiro and
Kolthoff (1947, Kawakita (1958, Heckel (1961 (Heckel, 1961pand Kawakita

and Ludde (1971 Although, these validated equations for powder compaction have
received dtical evaluations and criticisms regarding their constant values and their
generalisation for both powders and granulgelik, 1992 Shapiro, 1997
Sonnergaard, 199®enny, 2002

Up to date, there is navailable comprehensivaathematical equatiaiat couldbe
applied to a wide range a@bmpaction inndustry Pharmaceutical industry mainly
considers Heckel and Kawakita in most of their applications, as the pharmaceutical
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powder may undergo elastic and/or plastieformation. Onthe other hand,
metall urgy industries pref er atidheatlteeof 6 s e
metals(Denny, 2002 Details on the nature of stress distribution within micron size
particulates are still lacking.

During the compre&sn process of powders in general, and pharmaceutical powders
in particular, marked changes occur in the density profile distribution of compressed
bed(Train, 1956 Heckel, 1961bKadiri et al., 2005Wu et al., 2005Sinka, 2007.

These changes dramatically affect the mechanical properties of the final product
such as tablet lamination and capp{Michrafy et al., 2002Wu et al., 2005Sinka,

2007, Akseli et al., 2014 Sarkar et al., 2095 Multiple investigaibns, including
experimental and numerical methods have hessdto explain these changes and
their influences on the quality of the final produ¢Gelik, 1993. The results
showed that there are high influences of relative tyedsstribution and shear stress
profile propagation on the crack and lamination process, especially during tablet
relaxation and ejection phas@¥u et al., 2005Sinka, 200Y.

In general,there are two common methods applied to investigate and probe the

compression gbowder and granulenathematical method and numerical method.

2.3.1 Mathematical Methods

An extensive review ofliteratures on powders and granules compaction and
compression showhe availability of a number ofnathematical methods and
equationsbased on experimental wodpplied at different stages of compression
process(Carstensen and Toure, 1980elik, 1992 Odeku, 2007 Mallick et al.,

2011, Mallick, 2014). The parameters of the mathatical equations are simply the
applied pressure and the powder bed density, compressed bed volume and powder
bed height.

2.3.2 Heckel’s Equation

Heckel derived his equatiobased on experiments usingultiple compression of
electrolytic iron powder and chemically precipitated copper powder at different
compression pressur@deckel, 1961bHeckel, 1961p Heckel 6 s equat.

the mositommonly use@quations in pharmaceutical science and his plot illustrated
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in Figure 2.5 summarises the relationship between the applied compression

pressure angorosity ofthe compressed bed.

A

— |Viscoelasticity and elastic recovery
£y Phase 4
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— E 1 r lastic def.
] E - )
= | g ™ ' Phase3
— | £&
=z , o 1/K = yield pressure Py
(A)
Interceptt/ .

—>

P(MPa)

Figure 2.15 Schematic plot of Heckel profile during compression and
decompression process (Modified frg@omoglu, 200y

Heckel equated this relationship as follows;

| I— QR © Eq. 2.4

WhereD is the relative density of the powd@ris pressureQis a constant, -D is
the pore fraction and the intercept. Heckel assumed the powder compresaten
is following the first order kinetics.

Heckel attributed the nonlinearity of the early phase of the compression (Phase one)

to the effect of rearrangement processes in the powder bed and due to the discrete
behaviour of the powder bed assemfieckel, 1961h Denny (2002 provides
anotherexplanations for the phase (hpnlinearity related to the ability of the

powder to densify via brittle fracture mechanism or agglomeration, especi#tily in

case of fine powders. He also criticisec

modification and corrections are required.

Phase (2) represents the plastic deformation phase of the compressed powder,
characterised by the clear linearity betw#esm compression variables. At this stage
the compacted state is achieved and the physiomechanical properties of the
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compressed bed determine the ext@intonsolidation Phase (3) is known as the
elastic deformation phase and describes the elastic defomn@dtthe compressed

bed under high pressu(8un and Grant, 2001The last phase (4) is known as the
viscoelastic and elastic r@eery phase which occurs after compression, where some
compacted materials may show this behavi®aronen (1986and Sun and Grant
(2001 discussed in detail the reliance of researchers on the Heckel equation to
collect the required data for compressiors i ng wel | k n eofvchi emet h o
method which occurs after compressed bed ejection at zero pressyre toad- fii n
di e 0 -porre sfisautr e 0 w g corhpaction andglar Bigh tbadghe vertical
distance from point (A) to (B) is a measurement of the extent of rearrangement and
fragmentation phas@allick, 2014).

2.3.2.1 Kawakita Equation

The second mathematical equation used commonly in paedgpressiomns known
as the Kawakita equation or Kawakita and Lidde in some refer@faeskita and
Ludde, 197). Kawakita equation showshe relationship between pressure and

volume as follows;

o — — Eq. 2.5

WhereO is the degree of volume reductidh, is the initial bulk volume) is the

volume of the compressed bulk aid Gare constants From equation 23,

Kawakita equated the liner form of his equation as follows;

Eq. 2.6

e
5

b

The linear relation between ¥&handr is shownschematicallyn Figure 2.8.

37



LS
—
=
o

Slope=1/a

Intercept=1/ab [

>

Pressure

Figure 2.16 Linear Kawakita plot for powder compression (Modified from
(Kawakita and Ludde, 1971

Kawakita and Liudde (19F7have mentioned that the equation holds best results for

soft fine Afluffyo pharmaceuti cal powde

the initial volume measurements to avoid any variation in the results. Similar to

criticism over what has been repatte the case of Heckel, the initial curvature in

Kawakitaplot raises someargumerd in the powder compessionevaluation.
2.3.3 Computational Methods

Computational simulation of pharmaceutical povedand granule compression,
stress distribution, densificati and die filling has d&n of great interest in recent
years(Michrafy et al., 2002Hassanpour and Ghadiri, 2Q@htony et al., 2005Wu

et al., 2005 Kremer and Hancock, 2008Nu and Cocks, 20Q6Wu, 2008
Ketterhagen et al., 2009Brenning, 201D

Wu and Cocks (20QGandWu (2008 developed and modelled the compression die
filling using DEM, in order to investigate the influence of the particle
physiomechanical propertiesch as particle shape and ifarticle friction on the
particle velocity andlie filling trend. The obtained results indicate that spherical
particles having low interparticle frictiofill the die faster than irregular particle

shapes that have high friction coefficient.

Hassanpour and Ghadiri (200#odelled pharmaceutical powder compaction using
DEM, in order to investigate the accuracyusing the Heckel equation parameters

(applied pressure and powder deformation) to probe the yield stress of individual
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particles. The authors reported that the Heckel approach cannot be generalised and
the Heckel parameter is able to represent yieldsstree nl y at | ow r at.
modulus to yield stress. The nancuracy of the Heckel approach raisetause it

is almostimpossibleto subject all particles to the same compression kradl any

changes bthe experimental condition or bed densiypuld alter thevalues in the

eqguation.

Frenning (201pdevelopedhe combined DEM/FEM modelling approach, in order

to investigate the mio and macro characteristics of sphere particles under
compression conditions in a 3D system. Such combined method is able to
investigate the influences of discrete particles properties sugfeldsstress and
initial porosity using DEM on the macro bef@ur of compressed bed via FEM
result. This combination helps to focus on the mechanism of single particulate
densification and deformation and its influence on the behaviour proceeded during
the confined compression process. The author also reportedhthafawakita

parametep& aeflects the (effective) yield stress of the granules.

Siiria et al. (201)L.computed the powder densification through a DEM approach to
model the tableting process. The authors aimed to probe and investigate the
interparticle bonding under load in a confined chamber whichshelprovide the

basis and fundamentals to calculate internal strength distribution of the compressed
tablet during the compaction process. The simulation results compared to that
obtained experimentally and the compressed tablet strength have been ezhlculat
according to the number and strength of the bonds generated during the compression
process. The accuracy of the simulation results was very high, as the magnitudes of
both experimental and numerical forces are almost identical. The distribution of
bond strength within the compressed table exhibited a similar trend to the density
and pressure profile distributicavailablein the literature(Michrafy et al., 200%

except the centre of the tablet where some individual variations were reported.

Sinka et al. (2004developed FEM to simulate the relative density distribution in
curvefaced tablets and to investigate the influence of compression die lubrication
on the density profile distribution. The obtained experimental and numerical results
showed a dramaticallyifferent distribution trend of the density profiles and internal

porosity of the lubricated and the ntubricated tablet. The nelmbricated convex
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tablet showed high dense regions at the die boundaries compared to the centre, while
the lubricated tabletshowed totally opposite results. Both numerical and

experimental results showed good levels of agreement.

Michrafy et al. (2002 developedhe FEM model in order to investigate the stress
and density changes of powders based on the élplstitic theory under uniaxial
compression at 50% of the compression cycle. The model takes into consideration
the macroscopic features of powders such as cohesion and the interparticle friction.
The obtained results showed marked increases inathal displacement of
compressed bed from the top to the bottom. These results have good levels of
agreement with previoustudies showing axial transmission of the load from the
upper segment of the compressed bed to the lower seg(eats 1956 Macleod

and Marshall, 1977 Theresults also indicated that the pressure and the shear stress
decreased at the die wall. On the other hand, the internal sheardsttabsition
profiles through the compressed bed increased from the top of the die to the bottom.
During the unloading jocess, it behaves in a reverse way and increases the chance
of tablet capping.

Wu et al. (2005 computed the mechanical characteristics of pharmaceutical powder
as an elastiplastic continuum material using FEM. The Druéknager Cap
(DPC) model was adapted in this study to reflect the failure and yield behaviours
under uniaxial compression process. The obtained results showednifam
distribution of the relative density profiles under the compression, regardless of its
initial uniformity before the compression. Through the compression process, highly
dense zorewere developed at the top section of the bed (below the upper punch)
and relatively low dense zones were reported at the bottom. Density profile variation
was directly attributed to the partieleall friction coefficient that decreases the
particle motim close to the wall as well as the very limited motion of the particles at
the bottom, due to limited space. High stressed zones were reported at the top of the
bed, especially at the upper wall edge. The bottom of the die and the boundaries
showed relatigly low stressed zones compared to the top segment. During the
unloading process, the stress status inside the compressed bed reversed and the
lower segment of the die showed higher effective stress values than the upper
segment due to more bed relaxati®he authors reported that the occurrence of the
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intensive shear band started from the top edge of the compressed bed to-the mid
centre. This zone becomes very weak and tablet deformation can take place at this
site. The numerical results have been vadiddiy experimental results usingrXy
tomography showing good levels of agreement.

Sinha et al. (2000computed the compaction of pharmaceutical tablet using FEM.
The authors investigadethe accuracy and applicability of using relative density
dependent DPC and a constant material parameter model for FEM applications. The
results indicated thatising aDPC material model through FEM application has
more advantages than constant materiaampater modelDPC was able to show
clearly the incidence omaterial displacement as well as the vertical and radial
deformations occurring at the boundaries compared to the constant property model.
The experimental results were very close to the DPCtsesihe relative deviations

of the constant property model from the experimental results were in a range of 5%
and 6% forcompression punch force and surface relative density measurements
respectively. The main disadvantage of using DPC for computing powde
compression, is the length of time required for both characterisation of the
experiment parameters over a range of relative densities and performing the

calculations.

Recently, there are significant developments in numerous qualitative and
guantitativeexperimental visualising methods to probe the internal profile structure
changes of powders and granular beds under certain external loads. These
techniques include ’Ray micretomography (Fu et al., 2006 Hancock and
Mullarney, 2005Hall et al., 2019 positron emission particle trackiBridgwater

et al., 200¥ nuclear magnetic resonance imagi(tguan et al., 2004 Such
techniques are powerful methods to show the powder and granular material density

changes inside the compressed beds.

2.3.4 Compression Process Cycle

Granules and powdes compression process in pharmaceutical industry consists of
four to five consequent stagéSarstensen and Toure, 198Denny, 2002 The
difference between thereviousclassifications is whether to consider the die filling

as single phase or not. The die filling process has been sought experimentally and

numerically by numerous researchers who reported the crucial influence of this
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phase on the integrity and quality dietfinal produc{Wu et al., 2003Guo et al.,

2011, Riera et al., 2005 There aredifferent opinions available in the literatures
regarding the understanding of powder and granular material compression process,
as it is consists of several sequenced steps occurring in a very short time, and some
overlaps are expecté®uberg and Nystrom, 198€oube et al., 20055inka, 2007
Nordstrom et al., 2009

Accordinglya typicalcompression cycles sub-classifiedinto five stages as follow;
2.3.4.1 Filling Stage

During the filling stage, powders or granules are fed to the compression die from
their storage bins using a suitable feeding hopper in loose pag&oupe et al.,

2005. The physical properties of the particles such as particle sizes, size distribution
and particle surface morphology have great influence on the initial packing density
(Freeman and Fu, 20D8n addition to this, feeding hopper shape, compression die
and tableting speed have noticeable influences on the packing density and integrity
of the final product(Wu et al., 2005 Sinka, 200J. The common hopper shape
feeding the die in the pharmaceutical industry is known as a horse shoe hopper that
feeds the materials from the storage bins to the die and subsequently levels the
granular assembly surface. This stage has a great impact on the quality, content

uniformity and integrity of the final produ¢Borensen et al., 20D5
2.3.4.2 Particles Rearrangement Stage

This stage starts immediately when the upper punchislip the compressiodie at

low pressure, causing rearrangement and sliding of the small particles between the
large ones within the die chamber. Arch formation tendency and air entrapment
within the compressed powder bed increased, especially in the cases of irregular
particle shapes¢Staniforth and Aulton, 2002The nature of the changes at this stage

is still ambiguous to the researchers and deep investigation on this stage of
compression and stress distribution status is ne@=thy, 2002 According tothe

Heckel equation, this stage of the compression cycle is represented by-ireaon

part (Figure 2.%). The nature of changes at this part neddadher investigation,
especially the stress status deyehent Unfortunately,experimental and numerical
information and data at this stage are scarcely published. The limited available

results through the literatures are limited to the changes in the volume of
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compressed powders and density profisrensen et al., 200&orensen et al.,
2009.

2.3.4.3 Elastic Deformation Stage

This stage starts immediately after the rearrangement stage, the force of compression
increases and the particles have more coméitt each other. At this stage the
particle size and final volume are reduced due to the elastic reversiblendtdor

of the particles. Occurrence of the elastic deformation of the compressed particles
depends on the applied load and the deformation nature of the particles. The elastic
deformation stage must be exceeded to increase pguédiele bonding to obia

intact solid compressed ma&3arstensen and Toure, 1988ome particles such as
metal and ceramic do not show any elastic deformation behaviour as they are very
rigid and start to fracture under high log8®nny, 2002

2.3.4.4 Plastic Deformation Stage

The plastic deformation stage is reached at very high external loading conditions.
During this stage, particles exceed their elastic limit and start to fracture and
compact. The masmnum compression forces is exerted at this stage, where most
modelling and experimental researches focused and concentrated to show the
possible changes the density distribution profiles, shearing band and stress status
(Hewitt et al., 1974 Alexandrov et al., 1998 Hua et al., 2006 In the case of
submicron particles compression, the particles mostly eetnpsia plastic
deformation as most particles pass a brittle stage to ductile transition and
fragmentatior(Atkins and Mai, 198p%

2.3.4.5 Ejection and Bed Relaxation

Releasing the compression load and ejection of the solid compacted particles is the
last stage of the compression cydlee compressed particles partially relax and the
extent of relaxation depends on the nature of the particle deformation mechanism.
Materials show elastic deformatiatisplays more bed relaxation than that deformed
plastically (Rehula et al., 2092 The compressed bed relaxation and stress
redistribution depends on the shape of the die and the lubrication of the granules
(Han et al., 2008
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2.4 Photostress Measurements

Photoelasticity is nowlestructive experimental techniqueedfor qualitative and
guantitative mapping of stresses and straiitkin machine componemhodelsthat

have complex structural geometrigxost, 1989 Photoelastic technology is widely

usedin engineering industries in which stressstrain information is crucial and
required for further structural improvements of products or newly fabricated
machinegPost, 1989Aben et al, 200Q Smith Neto et al., 20Q8Viisseroni et al.,

2014). Photoelastic technology is able to provide quantitative evidence of highly
stressed areas and peak stresses at the surface plane as well as the internal structure
that help the manufacturers for proper structure utilisgfast, 1989

Photoel astic technol ogy -mesc hfainn cardin tpahleln
known as material birefringence that is usually observed under polarise(Plagt

1989 Saad et al.,, 1996Antony and Chapman, 20)L0Birefringence may call a
double refraction phenomenon due to its ability to divide the light into two
components known as ordinary and extraordinary compgMaienzie and Hand,

1999. This birefringence is directly proportional to thdfelience between major

and minor principal stresses at any point due to external applied forces or pressures.
Birefringene is also possessed by many transparent polymers as well as a very few
biological materials and tissues such as skeletal muscle fibres, the radula of a snail,
and starcliMcMahon, 2004 Human corneal eye tissue is also considered asfone o
the birefringent biological tissues due to highly organised internal lamellar structure
(Hitzenberger et al., 2006Antony, 2QA.5). Highly ordered molecular structured
crystals such as oxalic acid, and sucrose are considered as birefringent materials
(Singh et al., 2012

If the materials are not birefringent on their own, another method called birefringent
coating method may be applied using a birefringent coating ma(amalreyev,

1975 Akhmetzyanov and Albaut, 20R4This method is usually used for the
measurement of surface stress and strains in opague objects such as metals and
wood using two and three dimensional mod€kang et al., 20Q@ankowski et al.,

2010.
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2.4.1 Background of Photoelasticity

Thomas Johann Seebeck (177v01831) is often known as the pioneer who
discovered the thermoelectric effect at 1821 during the golden era of optic science
applications(Aben, 2007. During (1822) he published his first paper that showed
the magnetic polarisation of metals and minerglgdmperature differenc@ben,

2007). It was the first opportunity to investigate systematically birefringence in glass
specimens of different shapes using different thermal treatn&nte then,
applications of polarised light facilitate and adapt new methods to investigate
transpaent objects, crystals and even solid objects using photoelastic coating
materials{Andrushchak et al., 200dankowski et al., 201®ehringer et al., 2034

Recently, modern photoelastic equipment is widely applied in the industrial field for
gualitative and quantitative application, aiming for better insight, understanding and
final product quality improvemeriCalvert et al., 2002Antony and Chapman, 20,
Ajovalasit et al., 2012Albaraki and Antony, 2013Antony et al., 2014pDora and
Ramesh, 2014

2.4.2 Light Principles and Physics

Futterknecht et al. (20)3reported that the usage of polarised light by humans goes

back to the Viking era, when they usedcar yst al |l i ne stone cal
reported in many sagaso for navigati on
Atlantic.

According to Maxwell 6s theory, l i ght, i

both an oscillating electric and magnetic dielThe earlier wave oscillates at the

same frequency as the latter, but with a perpendicular orientation. Only the electrical
field is considered when determining the polarisation state of (iBbatne and

Pecora, 2000 The surrounding conditions may
two well-known phenomenon known reflection or refraction mechanisms.
Reflection occurs when the light ray rebounds off a surface and the angle of the
incident ray is equal to the angletbk reflected rayBerne and Pecora, 2000In

contrast, refraction is characterised by the bending of light as it passes from one
medium into another and alters the wave

classified mainly as ordinary light and paked light

45



2.4.2.1 Ordinary Light

In nature, light is nopolarised, light waves generated from the light source such as
the sun, or a lamp and vibrates in all directions. Ordinary light waves as well as most
waves (except sound waves) involve a vibrationgittrangles to their pattBerne

and Pecora, 2000Simply, ordinary light wave vibration can be described as a
wiggled rope, where the wavdictuate up and down and from one side to the

other.
2.4.2.2 Polarised Light

In the last few deades, the process of light polarisation is extensively accredited to
be one of the most important properties of light dudtddroad and extensive
applications in several industrial and research fields (Goldstein, 2003). These fields
include engineeringmedicine, biology, pharmaceutical industry, optical devices
industry and food processing. In nature, light polarisation may occur at multiple
levels of earth atmosphere and utilised by some insects during their daily activities
to determine the locationf éhe sun, location of their nests and the flowers classes
(Wehner, 2001

Polarised light is quite simply light in which the waves all vibrate in one single and
fixed direction. A polarising filter can easily convert ordinary light @patarised)

into polarised light by allving only a light wave oriented in a single plane with the
transmitting axis to pass and block all other vibrational planes as shown in Figure
2.17.

Light
Source

Ordinary
Light

Polarizer

Polarized
light

Figure 2.17 Light propagation and polarisation using simple polariser

The most common method of light polarisation involves the use of polarising filters.

Such filters are made of material that block one of the two planes of vibration in
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each light wave due to their chemical composition. For exampl@aeoid filter is
produced commercially using a combination of long chains of polymers molecules
aligned in the similar direction which creates an alignment axis. The horizontally
alignedfilter will allow only horizontal vibrations to be transmitted and absorb the

vertical aligned vibrations.

Based on the previous fundamentals, polarised light movement can be sub
classified to three main classésnear polarised light, circularly parised light and
elliptically polarised ligh{McKenzie and Hand, 199.

Recently, advanced technolodgvelopments havenabled the manufacture a wide
range of polarisers, designed specially to produce polarised light of a specific state,
independent of the incident stateeiftableso changes electromagnetic energy, such

as visible light, from a mixed or nepolarised wave into polarised one. Many
optical devices such as cameras, telescopes, and microscopes have this technology
either built in or a screw on function to examine speaihaterials for specific

purposes.

2.4.3 Polariscopes

Polariscopes can be simply described as instruments or devices that allow
observation of photoelastic fringes in stressed photoelastic materials or coats. These
fringe patterns are used to analyse the apaiid temporal stress magnitudes in

mechanically stressed photoelastic materials.

Polariscopes are generally classified into two main groups; a) Plane polariscope and

b) Circular polariscope.
2.4.3.1 Plane Polariscope

The plane polariscope setup consists oflititeg source and two linear, or sometimes
called plane polarisers. The birefringent sample is placed between the two linear
polarisers allowing the light to illuminate the specimen. The first polariser is placed
in front of the light source to produce tlmear polarised light and the second (may

be called analyser) is located in the front of a viewing screens¢hematic

arrangement is shown in Figurd 2.
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Figure 2.18 Diagram illustrating the proper arrangement of plane polariscope
(McKenzie and Hand, 1999

The second polariser axis to the first analyser axis can be changed, according to the
required case conditiondVhen a birefringent specimen is located in the setup,
photoelastic fringes appeand they arealledasisoclinic fringes. The key point of
photoelastic theory in plane polariscope is the setup and arrangement of the
components. If the polarising axis of the polariser and analyser are parallel to each,
the photoelastic lightield is observed but if the two axes dlariser and analyser

are perpendicular to each, only the photoelastic dark field is observed and obtained.
Colours observed in the photoelastic stressed specimens represent magnitudes of
principal stress difference and each colour fringe in the stregsetmerrepresents

t he r et aofthlkedightibetween(the y)najor and minor axes.

2.4.3.2 Circular Polariscope

The only main difference between the arrangement of the circular and plane
polariscopes is involvingwo additionalquarter wave plate in thepticd setup
(McKenzie and Hand, 1999The first quarter wave plate iplaced after the first
polariser and before the stresseanpleto convert the linear polarised light to a
circular polarised lightThe second quarter wave plate is kept before the analyser.
When the polarised light passes through a quarter wave hatgolarised light
splits with 1/4 o retardation parallel

quarter wave plate as shown in Figurg2.
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Figure 2.19 Diagram illustrating the arrangement of circular polarisqdpeKenzie
and Hand, 1999
Modern stress measurement methodologies such as PSAT employs circularly

polarised light in its applications.
2.4.4 Isoclinic and Isochromatic Fringes

There are two common terms used in optical stress analysis known as isoclinic and
isochromatic fringes as shown in Figure@.PInder white light, lhe isoclinis are

the black fringes which represent the centre of points having the same principal
stress direction. The isochromatic fringepresenthe same colour bands; represent
the one of equal principal stress difference. The only way to see and observe the
full colour bands of the photoelastic fringes is by eliminating the isoclinic fringes.
Isoclinic fringes areappearedvhen thedirection ofprincipal stress coincides with

the pdarisation axis of the polariser while isochromatic fringes are lines of constant
principal stress differenceMcKenzie and Hand, 1999Plane polariscope enables

the appearance of two different types of photoelastic fringes; isoclinic and
isochromatic fringes. Image capturing and digital processing and post processing
techniques allow the separation of the isoclinic and isochromatic fringe patterns.
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Isoclinics

Figure 2.20 Photoelastic fringes; a) isoclinic fringes, b) isochromatic frirfigesa

disk under axial compressighcKenzie and Hand, 1999
Advanced circular polariscopésuch as PSAThave the advantage over the plane
polariscopes as they are able to eliminate the isoclinic fringes and show only the
isochromatic fringes. The quarter wave plate in front of the rotatable linear polariser
in the circular polariscope removes the isoclinic fringes, showing full multi

coloured bands of isochromatic fringddcKenzie and Hand, 1999
2.4.5 Birefringence and Optical Anisotropy

During the 17th century, sailors who visited Iceland observed natural birefringent
properties for the first time; they returned back to Europé wadcite crystals that
showed double images of objects when light passes through the ¢Matibu,
2011). This phenomenon was explained later by (Christiaan Huygens-18295b,
Dutch physicist) who called that a double refraction property due to ordinary and

extraordinary light wave@adou, 201).

Mathematically birefringence is easily defined as the difference betwsen
refractive indicedt ¢ ¢ . Many transparent solids are optically isotropic
which means that the index of refractionand¢ is equal throughout the matrix.

On the other hand, some crystals are not and such crystals are known as optically
anisotropic crystals, resulting in birefringen¢€oldstein, 201l The fastlight
componenthaving lower indextravels faster than the slewcomponenthaving
higherindex, as a result, the twiight components take different times to reach the

internal structure athe sample.

The internal structure of any crystahowing birefringence property might be
hexagonal, tetragonal, and trigor{(leybey and Lee, 196%ajilata et al., 2006

Such crystals having different indices of refraction indexes within their internal
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structures resulting in splitting of thetering light into two waves which will travel

at different speeds. Birefringence might be an intrinsic property as in the natural
birefringent crystal or tissues mentioned before or as an extrinsic property when any
external load is applied to specimen$he extrinsic birefringence appears
temporarily as the external load is acting on the sample enabling stress and strains
spatial and temporal quantification through the produced fringes interference
patterngMcKenzie and Hand, 199%1ajmudar et al., 20Q7Antony and Chapman,
2010.

When the polarised light passes through a birefringent material it decomposes into
two waves perpendicular to each other and correspond to the directions of major
principal dress, and minor principaktress, . The two components of the light
wave travel at different velocities, t h
retardation of the light wave can be calculated by equatiah 2.1

U=Na Eq. 2.7
Wher e: U4 = Retardation of I ight wayv
N = Fringe order
& = Light wavelength

The difference betweemajor and minor principal stress compongntsand, can

be related to the fringe orders displayed by birefringence specimen and hence to the
maximum shear stresst( ) of the loaded materigAntony and Chapman, 2010
Antony et al., 2014p According to the stress optic law, the difference in the
magnitudes of major and minor stress components can be calausatgdequon

2.18 and the maximum shear stresks ( ) calculated using equation 2.1
" " — Eq. 2.8
T —_— Eq. 2.0

Where: , = Major principal stress

» = Minor principal stress
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n = Measured fringe order
f = Material fringe coefficient
t = Thickness othe model

Anisotropy is a term refering to inhomogeneous spatial distribution opahecle
contactswhich crucially alters théulk mechanical properties gfanular materials

and forces transmission through granulaeasbliesCambou et al., 2004Antony,

2007. When any object is said to be anisotropicneans that its properties can
vary depending on the direction of the measurement. The opposite of the anisotropic
is isotropic, where the properties will be simillarall directions. Inducedrésotropy

due to application of external load has two ididt effects; the first one is directly
related to the geometrical effect while the second is related to the mechanical
behaviour (Majmudar and Behringer, 20P5 Geometrical effect introduces
anisotropy in the particulate contact network, while the mechanical effect creates an
anisotropic force chain network and modifies the stress distribution within the
system (Majmudar and Behringer, 200%ntony, 2007. Hard granular media
usually creates an anisotropic fabric network of strong force netwamktacts
carrying greater than the average normal contactdowhich are significantly

reduced in soft systems during granular material shearing pr@assy, 2007.

2.4.6 Advanced Applications of Photoelasticity

Latest advances in modern photoelasticity applications involve the use of digital
PSAT that give goodopportunity toevaluate reattime stress monitoring afevices

or fabricatedstructuregCalvert et al., 2002Antony and Chapman, 2018Ibaraki

et al., 2013 Antony et al., 2014 This advanced technology saved a lot of time
consumed previously in manual operaiomn such cases, a fully automated
polariscope system linked to a high speed CCD cametle tomonitor changing
stress patterns as it actually happens, see Figuta. PRotonic stress application is
employed in engineering fields fannderstanding stresses gontinuum solid
materiab under loading condition€alvert et. al., 2002). Coating matds applied

on opaque materialre usually transparent polymers which form a thin layer that is

bonded integrally to flat or curved surfaces. Upon loading, the surface stresses are

52



transmitted to the coat and produced as a multicolour fringed in coatiterials
(Calvert et al., 2002

Figure 2.21 AdvancedPhoto stress analysis system; a) Computer based photo stress
system, b) Maximum shear stress profiles using coating matwzert et al.,
2002

The advancedPSAT system consists of a projector uiiiminating circularly
polarised light and digital camera with a constantly rotating analy3d&fithin each
analysemrevolution number of images are capturkd the camerallowing proper
measurement of the reflectdight (Calvert et al., 2002 This technique is very
sensitive and able to analyse the stress fringes (up to a maximum of + 0.002 fringe).
In cases of using a leifringent coat, it allows researchers to use a coat of a thickness
between 0.00.4 mm and accurately measure fractions of a fringe order as shown in
Figure 2.2b (Calvert et al., 2002

2.4.7 Application of Photoelasticity in Pharmaceutical Industry

The first published work on photoelastic technique application in the pharmateutica
industry was reported during the 1960s to assess pharmaceutical powder
compression and die wall strggddgway, 1966Fedorchenko et al., 196BRidgway

and Rosser, 1971The principle of all studies based on compressing pharmaceutical
powders under very high loading conditions reaching 12 (®)niivside perspex die
chamber. The radial stress in the compression die is measured and evaluated
indirectly by using high speed cinematic photography having polarised light. The
stress performed on the perspex sheet was analysed according to the fringes colour
scale.
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Latterly, a group of scientists in Duke University published novel studies using the
photoelastic échnique as powerful nesfestructive method to evaluate granular
material jamming inside hoppers, particles force networks and granular material
shearing using transparent photo elastic diskseintimetresizes(Majmudar and
Behringer, 2006Majmudar et al., 20QZhang et al., 20Q8ehringer et al., 2034

PSAT has been adapted and applied as a powerful visual imaging technique to
measure and evaluate the influence of chanidmindaries angbarticle size of
granular materialon shear stress distribution using photo elastic inclusion inside
granular materialAntony and Chapman, 201@ntony et al.,, 20145 Recently

novel PSAT setup has been effectively applied to map the distribution of maximum
shear stress and major principal stress profiles within fabricated birefringent
pharmaceutical excipient granules insii2 hopper geometriggntony et al., 2012
Albaraki et al., 2018.

2.5 Digital Particle Image Velocimetry

Velocity distribution in ¢gnamic granular flow from the storage bins such as
hoppers and silos has been of great interest during the last few decddésent
industrial applications. Various efficient laboratory scale neglres have been
applied to track and visualise the deformation and shearing zones of the granular
beds. These include digital speckle radiograf@Gyantham and Forsberg, 2004
gammaray measuremeni{dan and Fwa, 1991electrical capacitance tomography
(Grudziefi et al., 2000 fast Xray tomography(Baxter et al., 1990 steree
photogramémetry (Desrues and Viggiani, 2004 near infrared spectroscopy
(Sarraguca et al., 20LGnd digital particle image velocimetr§Ostendorf and
Schwedes, 200Q5Sielamowicza et al., 200&Emery et al., 2009Albaraki and
Antony, 2014.

In the early 90s particle image velocimetry technique was known as (PIV) but

recentlyemergedas digital particle image velocimetry (DPIU$ingmultiple ranges

of digital cameras fomeasuring velocity fields idlifferent applicationgHoldich,

2002. This system may also be called digital tracking velocim@udrian, 2005.

Particle image velononetry is one of the recent techniques adapted in the research

field for multiple purposes and 2014 was considered the thirtieth anniversary of this
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method (Adrian, 2005. DPIV was simply defined as a real, accurate and
guantitative visual measurement of particle velocity vectors at specified area of
interest (Adrian, 2009. Unlike the conventional particle tracking method, DPIV
does not require individual tracking of the velocity profilmeasuremenas itis
automated andble to provide sufficient temporal and spatial resolution in a defined
area known as the interrogation area at multiple locatiddsan, 1991 Adrian,

2005. A sufficient concentration of particles within the interrogation area and
repetition of the process is able to obtain non biased results for the particle velocities
from the digital recordéWesterweel, 2000

The DPIV technique is applicable for both three and two dimensional application for
single and multiple partiel flow tracking (Ovryn, 2000. The ability of DPIV
technique to visualise and illustrate the velocity vectors and particle displacements
in relatively large area, allows the researchers to use such techniques to track the
granular flow behaviauin silo models. For exampl&ielamowicza et al. (2006
applied DPIV to measure and evaluate the flow regions, velocity prafilegflow
propagation stagnant zones and shear zones of granular materi@b imopper

geometry.

The early applications of this technique were successtidiyonstrated irfluid
dynamics(Santiago et al., 1998The earliest applications for the granular matter
flow was presented byedina et al. (1998and Lueptow et al. (2000 where the
authors recommended such quarnitiatechniques to study granular flow behaviour
using transparent wall apparat#edina et al., 1998Lueptow et al., 2000 The

early results obtained hyledina et al. (1998and Lueptow et al. (2000 inspired

many authors to apply this technology to similar trials for different purposes. The
main objectives for those researchers were for accurate measurement of the temporal
and special particle velocity and pliacements(Waters and Drescher, 2000
Ostendorf and Schwedes, 20@ominski et al., 20QUlissi et al., 2009

2.5.1 Application of DPIV and PIV: Granular Flows

The first appearance of published research work using the PIV technique was
reported during 1984 by Pickering and Halliwell (1984) and Adrian (1984) during
the evaluation of the two phase particle flgddrian, 2009. Early application of
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PIV based on recording multiple images of the expent on a proper film,
followed by computational analysis of the spatial correlation within a very limited

area of interest to quantify the dynamic flow fie(tfesselink, 1988

Willert and Gharib (1991introduced digital particle image velocimetry (DPIV) as

an alternative approach to resolve many problems associated with the conventional
method such as image resolution and vector analysis. Theappwoachbased
mainly on recording digital video imageses a high resolution and high speed
digital camera instead of conventional photographic images. The data analysis
performed computationally which minimises any errors of photograph and
eliminates any optical analysis complexity and data recovery. Imasbrio gases

and liquids, applying DPIV technique on granular materials does not require the
addition of any tracers as the granular material itself acts as a (&oprinski et

al., 2007.

The recentapplications ofDPIV for granular material flow behaviour analysis are
generally implemented and adapted to evaluate the flow anbadge patterns of
agricultural corps from silos havirlggh storage capacitgSielamowicz et al., 2005

Sielamowicz et al., 20)1

Sielamowicz et al. (2005uccessfully applied the DPIV to evaleand explore the

flow natureof three densely packed granular materials: Amardfidn-seed and
Buckwheat ina flat bottom silo model. The results confirmed that the plug flow
propagates in a vertical direction and starts directly above the outlet, broadening
with the height. The experimental results mifig flow and the stagnant zone
boundary measurement of the solid bulk using PIV as a function of time are in good
agreement with that obtained biedderman (1995using the kinematic method to
predict the positions of the stagnant zones at boundaries. However, some
differences were observed close to the silo orifice. The lines of the stagnant
boundaries in this study were closer to each atinéeir vertical parts than those
observed by Nedderman (1995) which gives an indication that the flowing region
width does not increase greatly. The velocity profiles at different heights showed
that the highest velocity was for those particles neaotitlet, followed by the next

region of particles at thenext level of heightfrom the openingn a consistent
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manner. At the stagnant zones close to the boungtdreemagnitude of the velocity

is very close to zero.

Similar research work has been conducted Sglamowicza et al. (20Q6for
guantitative analysis of centrplug flow zone evolution and propagation inside a
60° internal angle hopper using amaranth seeds as granular matérahuthors
evaluated quantitatively the generation of a flow channel at the central axis of the
hopper which propagated upward during the discharge process. Also they have
discussed and correlated that ttee granular shear zones and discontinuities of
vector fields. The results showed that granular materials at the outlet opening are in
continuous motion and the plug flow zone is propagated upward and spread to the
hopper walls. They also reported that the early granular materials discharging is not
resticted to the materials in thplug flow region but the lateral region showed
motion to some extent. The direction of the velocity vectors at the central flow
region were in vertical direction while those in the boundaries showed some

inclination to the whs.

Ulissi et al. (2009evlauated the flow behaviour of multgpsize glass beads, quartz

and sand granules inside a 30° internal angle hopper geometry using PIV. The
authors used this method as it is able to show and trelokity values for each

spatial position within the hopper geometrigddey have inserted a mgregate of

dyed particles known as Amar kerso and
results indicated that the whole hopper showed vertical direction of the velocity
vectors and the maximum velocigcross the granular besdas obtained at the

central ais of the hopper.

Bohrnsen et al. (20Q04valuated the stress states and the dynamic flow trends from
the silo having a 30° internal angle hopper experimentally and computationally using
granulated polyethylenetherephtalate (PEJaced under a steady state flow
condition. For normal and shearllvstress measurements, special load cells were
fixed to both silo walls.Finite element method (FEM) anBIV were used to
evaluatethe experimental dynamic flow. The authors reported the changes in the
stress state inside the silo and the hopper duhiegdynamic discharge phase. In
static condition, the direction of the major principal stress direction was in the

vertical direction and known as active stress state. At the early stage of discharge,
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the major principal stress altered to the horizontadatiion immediately above the
hopper outlet and this phase is called the transition phase. The authors attributed the
wall stress increases during the flow process to the instant dilation afhitiaé
granular void directly above the hopper outlet withaay changes at the upper
layers. This leads to dramatic changes in the bulk density of the granular material
that compensated to the equilibrium state by the increasing the normal and shear
stress on the walls. The maximum changehe magnitude oftres has been
reported at the junction of the hopper to the vertical walls of the silo and called the
transition position. In general, the results showed good agreement between

experimental and simulation findings.

Ostendorf and Schwedes (200%ve expanded the application of PIV to evaluate
the dynamic effect and theullx solid flow profiles inside multiple silo geometries.

The authors used Polyethylenetherephtalate (PET) cylindrical shape pellets as a
model of free flowing granule3.he silo walls were fabricated using perspex sheets
and simillar loading cell postion® the previous study have been used, and their
numbers and locations deppend on the internal hopper angle value. The higher
hopperds internal angl e, t erabeddenspeeial t h e
loading cellswere allowing the measurement of both the wall normal and shear
stress fuctuation during the dynamic flgBohrnsen et al., 2004The results of the
velocity profiles irside the 30° internal hopper angle, clearly indicate that the nature
of the flow inside the hopper is identical to mass flow behaviour, as all particulates
are in a motion inside the hopper. The patrticle velocity magnitude was the highest at
the hopper olgt and the central axis of the hopper and the magnitude decreased
towards the hopper top and toward the boundaries. The experimental results were
compared with those obtained by simulation using FEM for correlation. The
simulation results showed thattdecrease in the velocity vector towards the hopper
top is higher than that obtained experimentally. The authors attriliutetb na
considering internal friction of particles during the numerical simulation.The
authors also reported two different @ of fluctuation occuring during the
discharging process; slower and momentary fluctuation. The slower fluctuations are
caused by shear bands which develop at the transition from shaft to hopper and the
momentary fluctuations are due to the fact thaiteec r oscopi ¢ 6 6st ead

in the hopper i's not 60steady statedd
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cannot be found in numerical FEM simulation results because the macroscopic
approach of the FEM is unable to consider the microscopic effeparticlesin

details

2.5.2 Application of DPIV and PIV: Granular Materials Subjected to

Compression

Application of DPIV technique to visualise and investigate daformation of
granular materials during compaction process is scarcely publishedeaadailable
oneshave been applied for specific and limited purpo®eckett and Augarde,
2011, Krok et al., 2014Pi et r zak and ,Xec al.j2®MEHermg,et 201 2
al., 2001 Senatore et al., 2012All these studies did not represeithe actual
compression of the granular materials within confined geometries similar to that
used in the pharmaceutical industry for tableting or ceramic manufacturing in
engineering industry. The work conductedBsckett and Augarde (20}, Ireported

the impact of the compaction process as-ocomnfined method on two soil layers to
investigate and identify the influence of compaction on macro and microstructure
soil properties. T fabricated rig used in this study is able to impact the outer soil
layer in nonconfined compression trend, as the punch dimensions is much less than
the die chamber dimensions. The ststhpwsthat the artificial compaction of the

soil is applicable for qualitative analysis of soil deformation and applicable to

observe the geological changes udeggexpensive andondestructive method.

Recently Krok et al. (201% investigated the influence of stress produced by the
rollers of a roll compactor on the vertical velocity of a pewdhaterials. The nature

of the compaction stress produced by such an instrument is similar to that applied
during the dry granulation process in pharmaceutical industries but not the tableting
procesgSonam et al., 2033The compaction mechanism is different to wiaturs

in granular material compression within tableting dies. The study showed that the
influence of the particles internal friction oarficle velocity is more thatihat ofthe
particle wall friction. This leads to less momentum transfer from the wall side to the
centreregion of consolidation. In addition to that, the feeding speedéaatrong

influence on thenagnitudes oparticle vebcity.
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Granular soil material subjected toslow indentationand deformation have been
investigated using the high speed imaging technique and a hybrid particle image
velocimetry(Murthy et al., 2012 The results indicate that there is a rigid triangular
dead zone generated directly below the punch and the boundary granules move
obviously in a systemimmannerwith respect to the indenter midline. The gramul

bed deformation is diffused and highly stressed zone is localised at the punch corner

due to particle rotational motion at this site.

Pietrzak and )L apdieditreges R\ softwar® tb 2nvestigate the
evolution ofgranular glass bead failure &@2D setup. The results reported that the
granular material under compression can show some cyclic changes. The authors
did not provide any proper explanation for the natudrhe cyclic changes but they
linked that to the micromechanical properties of the granular materials. They have
recommended continuougeep investigation to clarify the nature of the cyclic
changes that may help, and provide proper explanation for thle #eust on

retaining walls.

Xu et al. (201} have adapted PIV to investigate the limestone failure, deformation
and strain propagation undaniaxial compression. The results indicated that the
resultant normal strains are totally dependent on the positions of the crack and its
mechanism of propagatio@heng et al. (20Qlapplied PIV to observe thetation

of soil grainsunder external load.The results enrich the soil mechanicskay
features ofoil microscopic fracturing and particles rotatiowébeen reported. Soil
grain plastic deformation has been correlated to both the stress and shiear st
Senatore et al. (2012nvestigated the soil granular deformation under low weight
wheel motion as clear understanding of such mechanism helps to enrich the
properties osoil fundamentals. The resuiapportedhat the PIV was able to show

the deformation, trajectories and stress fields of granular soil under the wheel

motion.

2.6 Conclusions

In this chapter, extensive literature reviews have been conductstiote the

complexbehaviours of the granular materials and the main issues related to their

micromechanics during the flow and compression processes. Static and dynamic
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granular materials stress status in silos and hoppers and the methods applied for

stres assessment have been presented in detail.

The review shows that there is no available experimental method to visualise the
initial packingshearstress profile distribution and direction within actual granular
material assembly during the static corati. Clearly such details are lacking for
micron size particleApplying advanced Photostress tomographic technique in such
a research project is valuable to shed light on the possible influences of the static
stress distributionon the nature of thesubgquentdynamic flow of granular
material. The dynamic flow assessment can be evaluated quantitatively using DPIV
asavisualising techniqueable to measure the spatial and tempeeddcity gradient

in particulatesThe flow trajectories, plug flow andaginant zone can be evaluated
qualitatively using CCT.

In addition, application of such a method to probe the stress profile propagation
within granular assembly during confined compression under relatively low
compression forces is scarce and requigesat attention.This will help to
understand the influenc® particle scale properties atite die wallcharacteristics

in the stress propagation procefiging the rearrangement stage of compression

cycle.

Development of this type of experimental works needs to fabricate actual
pharmaceutical micrgranules havinga good level of birefringence and easily
coloured to be suitable for PSAT, CCT and DPIV applicatidiieese challenges

have been addressed in fbowing chapters.
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Chapter 3 : Fabrication and Characterisation of Pharmaceutical
Granules for PSAT and DPIV Applications

The aim of this part of the work is to experimentally develop birefringent granules in
micron size for the first time. Subsequently, their particle scale properties are
characterised comprehensively. Also granules are colour coded for conducting
gualitative experimental flonassessment at later stage. Tdapter discusses in
detail thefeatures ohative starch powdexhich makeit a suitable raw material for
making birefringent particleand colour coded granule fabrication for PSAT, CCT
and DPIV applicatons respectively. General back ground abdlg granulation
techniques and wet granulation method in particular has [resented. fie main
reasons for applying wet granulation method fabricate granules have been
underlined. The chapter also mentidghe materials and methodologies applied to
the fabrication processes for both stress responsive granules for PSAT application
and colour coded fabricated granules for CCT and DPIV studies. The last two
sections of this chapter describe the most relevanaracteristics and
physiomechanical properties of the fabricated granules as well as the standard
methods applied for characteng the granules

3.1 Introduction

Thekey step forusingPSAT to study the micromechanical properties of granides

thar birefringert property. Highly ordered molecular structure crystals such as
oxalic acid and sucrose amaturally birefringent (Singh et al., 2012 Many
transparent polymers and very few biological materials and tissues are able to
display birefringence property when they are exposed to polariseqNMgMahon,

2009). For example, human corneal eye tisgtitzenberger et al., 200&ntony,

2015, human skeletal muscle fibre and starch are comm@ample ofnatural
birefringent material§McMahon, 2003.

3.1.1 Starch

Starch and cellulose are consideasithe most abundant carbohydrate produced
from plant as raw matergfor manyindustrial application§Singh, 201). They are

commonly involved in food, pharmaatical, cosmetics and paper industries. Starch
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is a natural polymer build-up basically of multiple glucose unit&lobally, the
production of starch almost exceedshundred megatons obtained mainly from
maize, wheat and potatoes. Starch is a naturauptad photosynthesis and can be

found in all organs of highéevel plants(Shannon et al., 2009
3.1.1.1 Chemical Structure of Starch

The chemical structure of starch as a carbohydrate polymer is very complex, it is
mainly composed of a mixture of two building units or isomers. These isomers are
called amylose which is mainly a linear polysaccharide maietiyamylopectin as a
highly branched polysaccharide moi¢8hannon et al., 2009Amylose molecles

in a starch structure may consist of a collection of 200 to 20, 000 glucose units
forming a helix like structure. In contrast, an amylopectin structure is more
complicated than amylose due to its multiple branching nature and may contain up

to two million units of glucos¢Shannon et al., 2009

Figure 3.1 Meyer Bernfeld tree structure for amylopectin

Amylopectin molecules contain different chains denoted as A, B, and C chains and
are also known as Meyer Bernfeétde, see Figure 3.1. Chain A branches on B or C

chains and contains no branches, while B chain branches on B or C chains and
contains branches with A or B. Finally, C chain contains A and B branches together

with only the reducing end of the molec@&hannon et al., 2009
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3.1.1.2 Starch Granule Morphology and Porosity

Starch granule morphology has baevestigated well for multiple food applications

and it is totally dependent on the plant origin and generally varied from spherical,
ovoid and angular shap€Smith et al., 1995Chen et al., 20Q6Shannon et al.,
2009. Maize starch granules morphology anttrostructure depend mainly on the
amylose to amylopectin rati@hen et al. (2006studied the morphology of different
maize starches, including waxy starch (contain zero amylose), Native maize
(contains 26% amylose), G 50 (contains 50% amylose) and G 80 (contains 80%
amylose). The microscopical results showed a mixture of roundedegdmnm the

floury endosperm and angular granules from the horny endosperm. They also
reported that, the granules shape of the amylopectin rich starches were more regular
in shape than those of the amylose rich starches.

Native starch is a &ll-known porous raw material in industffyortuna et al., 20Q0
Huber and BeMiller, 20Q00Sujka and Jamroz, 2010Starch surface pores are
simply defined as the ratio volumes of the pores to the solid state vfBujka and
Jamroz, 200) In the food industry, this natural porous feature can by modified or
altered using multiple approaches such enzymatic hydrolysis and drying process
(Sujka and Jamroz, 2003ujka and Jamroz, 20L.(5tarch porosity can hdassified

into three main groups; (i) macropores, if the pore diameter is more than 50 nm, (ii)
mesopores if the pore diameter is in range of 2 to 50 nm and (iii) micropores, if the
diameter is less than 2 n(®ujka and Jamroz, 20P7In addition to this porosity,
starch granule agglomeration can create more -pagdicle void as they have
relatively high surface enerdi{arathanos and Saravacos, 1p93

Corn starch in particular, characterised by a channel like structure and cavities
within their internal structur¢Huber and BeMiller, 20Q0Kim and Huber, 2008

The channels start from @houter surface to the interior part of the granule in a
serpentine wayFannon et al., 1993 The depth of these channels varies and
depends on the location of thavity (Huber and BeMiller, 2000 Mostly the
channels reach the central lamella of the granule and their size can be enlarged by
the drying proces@Huber and BeMiker, 1997.
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3.1.1.3 Birefringence of Starch Granules

Native starch is an example of a few natural and biological materials that exhibit
birefringence and have the ability to polarise the ligitMahon, 20034 The
internal structure of #se biological materials show a highly ordered internal
arrangement and alignment approaching a crystalline or&gsialline orientation
(Zobel, 1988 Frost et al., 2009 Native starch exists as a crystalline structure with
low and imperfectrystalline granules consisting mainly of a high content of highly
branched amylopectin and essentially linear amyl(Rérez et al., 2009 A
crystalline core in starch granules is formed due to hexagonal array packing of
amylopectin in helical coil like structure&obel, 1988 Sajilata et al., 2006
Amorphous regions of starch granules consist of linesyl@se and low branched
amylopectin which are responsible for starch granule anisotfioplyerty et al.,

1991, Jane, 2006

Birefringence characteristics of starch were reported and attributed to the crystalline
structure of the granule@Baker and Whelan, 19%0In polarised light, starch
granul es show strong bir edrrdsnsge(Pdeebtt arers L

al., 2009, as shown in Figure 3.2.

Figure 3.2 Birefringence of stained starch granules under polarised light microscope
as Maltese Crogstarches, 2015

lodine stainingof starch powderbas been used to differentiate multiple genotypes,
it is particularly effective to distinguish native and waxy starch grar{Blaker and
Whelan, 1950Evans et al., 20031t has been reported that native starch granules
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are able to show strong birefringence in the presenedsence of iodingevans et
al., 2003.

The early results of the research projedbtained in order to evaluate the
birefringence of the fabricategranules, showed obvious isochromatic fringes in
cases of the stained granules, further details are available in section 3.2.2.1. The
influence of iodine on the granule birefringence may need further investigation on
the crystal level using advanced teclogies. It has been reported that iodine
staining is able to modify some fibre internal structure and its optical properties

includingrefractive indices and birefringen¢®habana, 2006

High temperaire alters thebirefringence ofstarch granulesln the food industry,
starch gelatinization temperature is predicted when a starch sample loses 98% of its
birefringence characteristi¢Goering et al., 1974Coral et al., 2000 Starch
granule | oss of isbhconsigefed asnogee of the most common and
accurate methods to determine the gelatinisation temperature range of all starch
genotypegGoering et al., 1974.und and Lorenz, 1984 The loss of birefringence
occurs over a broader temperature inte(lzand and Lorenz, 19§4Goering et al.

(19749 studied the birefringence end point temperature (BEPT) of several starch
types and the results indicated that the loss of birefringence for all granules sizes

occurred simultaneously and not in sequea@arding to their sizes
3.1.1.4 Starch Crystallisation and Re-crystallisation.

Starch granules are basically composed of alternating amorphous and crystalline
lamellae at the peripheral and the centre of the granule respediivkigtler and
BeMiller, 1997. X-ray differential scanning technique (XRDS) is commonly used
to show starch crystallinity and to detect any changes in native starch crystallinity as
well as other starch genotypesprocesss(Zobel, 1988 Shamai et al., 200Frost

et al., 200%. Generally two polymorphs are detected in native starch, (A) type in
grain starch and (B) type in tuber derived starch. The polymorphism, thermal
stabiity and recrystallisation of maize starch have been studied in detgghaynai

et al.,, 2003 They have used XRDS to compare the starch crystallinity changes of
heated and neheated mak starch at a high temperature (95°C for 24 h, HT) and a
relatively low temperature (40°C for 24 h, LT). They reported that, the diffraction

patterns of the native maize starch is a typicalype polymorph, while low
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temperature incubated starch resuited formation of Btype pattern and indicated

by pronounced peaks. High temperature incubated maize starch led to the formation
of a mixture of ¥ and Atype structure denoted astgpe, as illustrated from the
peak diagram as shown in Figure 3.3.

Intensity (arbitrary units)

5 10 15 20 25 30
20 (degree)

Figure 3.3 X-Ray diffraction patterns of (a) native maize starch and (b) low temp
incubated maize starch (LT) and (c) high incubated maize starch @d@jnai
et al., 2003

Arrangement of amylopectin molecules within the granules is responsible for the
crystalline structure of starch granul@$uang et al.2007 and consequently the

birefringence of starch granulé@aker and Whelan, 1950see Figure3.4

crystalline regions
//

amorphous regions

g

Figure 3.4 The crystalline and amorphous regions in native starch (Huang et.al.,
2007)

Many studies suggested that amylose is mainly located in the amorphous areas of

the granule while amylopectin is located at the crystalline re@ienkins and
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Donald, 1995Huang et al., 20Q7rost et al., 2009 Recent studies conducted by
Jane (200pandHuang et al. (2007reported that the location of amylose molecule
as well as low branched amylopectin are mainly located in peripheries while highly
branched amylopectin is more concentrated at the centre of the granules.

3.1.2 Granulation Technique

Granulation is a process of size enlargement, particles agglomerate together and
suitably form larger and mulparticle entities called granulé®arikh, 2009 In
pharmaceutical science, it has been reported that the word giamglatines from
Latin term known as nfgr dPankh 2000um, 6 whi ch

In general, granulation technique is classified to diy &et methods, based on the
process involved in granules preparatioRecently, and due to advanced
technologies involved and adapted for granulation process, it is classified as
conventional and novel metho{Saikh, 2013 The conventional methods involve

dry and wet granulation techniques, using roll granulator or high and low shear
mixers (Dhumal et al., 2010 In the other hand, the novel methods involve the
recent techniques, adapted and modified to granulate powder mixtures for multiple
industrial purposes. For ample, fluidised bed and freeze granulation methods
(Srivastava and Mishra,020) and seeded granulatigfiRahmanian et al., 2011
Hassanpour et al., 201Rahmanian and Ghadiri, 20113

The interparticle bonds are usually formed by the applied compression forces or by
using a suitable binding agent or granulating agent that make this agglomerate
physically stablgTousey, 2002Solanki et al., 20L,0Agrawal and Naveen, 2011

Sakr et al.,, 2012 The major linkage forces between particles can be attributed to
the attractive forces between sdfidrticles or van der Waals forces, capillary forces
mechanical interlocking, solid bridges after solvent evaporation, and adhesion/
cohesion forces in the immobile liquid films betweediscrete powder particles
(Litster et al., 2004 Agrawal and Naveen, 2011 Variable factors alter the
granulation process and the effeeness of granulation depends on many important
factors such as particle size of the drug and excipients, type of binder, volume of
binder, massing time, amount of applied shear, and drying rate and industrial scaling

up (Hassanpour et al., 200%euenberger et al., 2008olanki et al., 2010
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Among all existing granulation techniques and size enlargement processes, wet
granulation and thermal (melt) granulation are particularly interesting as they obtain
regular dense shaped and ffEsving granules and a high degree of compaction
and kinetially modified release granules for drug delivédy-Suwayeh et al., 2009
Agrawal and Naveen, 2011Dhumal et al.,2010. In addition to this, such
granulation techiqgues allow the manufacturer to modify many crucial
characteristics of active ingredients such as drug release and sol#HBywayeh

et al., 2009Dhumal et al., 2010

3.1.2.1 Wet Granulation Technique

The history of wet granulation technique has been-krewn since the 1950s,

when the novel works of Newitt and Conwdgnes (1958) and Capes and
Danckwerts (1965) were publishg@®akr et al., 2012 Since that time, wet
granulation has been a subject of fundamental and applied research and considered
as one the most widely used processes of granulation in the pharmaceutical industry
(Kristensen and Schaefer, 198@rawal and Naveen, 201Ehi et al., 201,10seiZ
Yeboah et al., 2004 Variable factors control the granulation process and make it a
simple or very complex process. Such f
mechanical characteristickrmulation process, aim of granules or tablets, scaling

up the manufacturing and design process, and the available instruments for
granulation(Kristensen and Schaefer, 1984-Suwayeh et al., 200$Hassanpour et

al., 2009 Leuenberger et al., 2008grawal and Naveen, 201%akr et al., 2012

Wet granulation process involves the addition of a liquid solutiagitated powder
assembly with continuous mixing to form a solid mass. The added liquid solution
can be either aqueous based or a solvent based solution with or without binder
(Agrawal and Naveen, 2011The manufacturers prefer to use aqueoustisok

more than solvents, due to having to deal with high safety mafgiogsey, 2002

Litster et al., 2004 Agrawal and Naveen, 2011 Although some granulation
processes may only require thedaihn of aqueous solvents to create granules with
sufficient physical strength, some active ingredient or excipient may not be
compatible with water, leading to a change in the solvent or using another
granulation techniquéTousey, 2002Agrawal andNaveen, 201l Agitation and

continuous mixing of water with active pharmaceutical ingredients and other
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excipients, form multiple strong bonds between powder particles that held them

together(lveson et al., 20QITousey, 2002Agrawal and Naveen, 2011

In general, if granules are created only by using water as aqueous solvent or steam
drops, the resultant granules will not be strong enough to tolerate further mechanical
agitation and fall aparfTousey, 2002Litster et al., 2004Agrawal and Naveen,
2011. In such conditions, another aider ingredient known as a binder
(pharmaceutical glue or granulating agent) may be added to the powder mixture as a
dry powder or as a dissolved binder in the solution. The most common
pharmaceutical binders and adhesiverédients used in pharmaceutical industries

are starch powde(Kottke et al., 1992 Alanazi et al., 2008 ), polyvinyl
pyrrolidone (PVP)(Tousey, 200p Tragacanth(Tekade Bharat et @). sodium
alginate(Singh, 201}, polyethylene glycol¢Al-Suwayeh et al., 2009

Accordng to Iveson et al. (2001 there are three fundamental stages govieen t
modern wet granulation process as summarised in Figure 3.5. These steps determine

the wet agglomeration behaviour and include;

U Wetting and nucleation stage
U Consolidation andoalescencstage

U Attrition andbreakage stage.

(i) Wetting & Nucleation

(ii) Consolidation & Coalescence

= =
= >

(iii) Attrition & Breakage

2 - = - =L -

Figure 3.5 Modern approach in wet granulatimeson et al., 2001
70



Moreover,Hapgood et al. (20QZlassified the complex wet granulation process to
three main phases (i) Granule nucleatiand binder distribution (ii) Granule
consolidation and growth (iii) Granule attrition and breakage. He considered the
wetting phase as the most critical phase for the nucleation step and is governed by
the kinetics of the binder droplet penetration ke tpowder mixture and the
fluctuation of drops onto the powder surface during the manufacturing process
(Hapgood et al., 2002

The main motivations to use the wet granukattechnique for stress responsive
granules fabrication in this research project are summarised as follows; (i)
Relatively short processing time compared to other techniques and easy to control
on lab scale (ii) High efficiency in case of cohesive powdd)sUsing of starch
powder as raw material and granulating agent (iv) Applying of wet screening

granulation method is possible (cold conditions).

3.2 Fabrication of Stress Responsive Granules for PSAT

Applications

3.2.1 Materials and Methodology
3.2.1.1 Materials

Corn starch was obtained from (Sigma Aldrich, UK) and potassium iodide solution
(2.5% wi/v) was obtained from the local pharmacy. Both ingredients were used as
raw materials to fabricate sea¥sponsive birefringent granules. Starch is commonly
used in pharmaceutical industries as a binder, disintegrant, lubricant and bulking
agent in solid pharmaceutical dosage form manufacturing. Potassium iodide solution
was used to improve the starch granules birefringence under polarised light. Native
starchraw powder showed very poor flow properties due to its very fine nature, the

powder particles are agglomerated and the angle of repose3tyasd Figure 3.6.
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Figure 3.6 Very fine native starch powder used for stress responsive granules
fabrication

3.2.1.2 Method of Fabrication: Granulating Fine Starch

3.2.1.2.1 Starch Paste Preparation.

Starch (5% wi/v) paste was prepared as a granulating agent (binder) by carefully
weighing 5 gm of the starch powder and dispersing it in 30 ml of cold distilled
water. Continuous manual mixing of the mixture was applied until a white colour
colloidal suspension developed. Concurrently in a separate container, 60 ml of water
was boiled and the hite colour suspension was then added to the boiled water in
small portions. The remaining 10 ml @dld water was used to clean and wash any
residual of the white colour suspension and added to the boiled portion. Continuous
mixing was performed until elear paste developed. The container with the whitish
paste was transferred to a cold water bath and continuously stirred until a thick white

paste was obtained.

3.2.1.2.2 lodization of Starch Paste

5 ml of potassium iodide solution was added to each 100 gm roh Sta% v/w)
paste. Continuous stirring was applied to homogenise the paste with the added

iodine dye until a homogenous past colour was obtained.

3.2.1.2.3 Fabrication of Stress Responsive Granules

Manual wet granulation method of massing and screening wase@pad the
granules were prepared on lab scale to avoid any source of heat during the
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granulation process. Possible heat source during the granulation process comes from
using low or high shear mixers or heat during the drying process. This step has been
done as the temperature increase during the granulation procesgsn#tyoss of
granules birefringencg@soering et al., 1974 Moreover, manual granulation method

is able to producéess densaranules with sufficient mechanical strengthich

enhancehe intergranular spaces.

The required amount of starch powder to be granulated was placed in a stainless
steel tray. lodised starch paste was added to the powder portion by portion with
continuous kneading of the mixture by hand. Continuous mixing is essential to
ensure uniform dour and paste distribution through the powder. Addition of
iodised starch past®ascontinued in small portions until a damp maseveloped

At this stage, addition of starch paste should be in caution to avoid powder over
wetting. The ratio of the iodisepaste to the raw powder for granulation was
optimised at 38% (w/w). The final wet mass is subsequently forced through a 10
mesh screen to form the granules. The obtained granules were spread in a cleaned
stainless steel tray lined with a large piece&lefin and dry paper and left to dry up

to 72 hrs at room temperature. The prepared granules were sieved using standard
serial sieves and free flowing granules in the size range of 300 to 1000um (average
di ameter d = 650¢e&m) wermentswerkreportegétereinor t
this research project, see Figure3.7. The obtained solid dry granules were stored in
air-tight container and kept for further characterisation and evaluation.

Figure 3.7 Image of stress responsive granules using iodised corn starch paste
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The same granulation procedure was repeated using-edisad starch paste as
illustrated in Figure 3.8. The aim of this procedure isualuate the performance of

the birefrigence and the effect of iodine staining on isochromatic fringes.

Figure 3.8 Image of stress responsive granules using non iodised corn starch paste

3.2.2 Characterisation and  Physiomechanical  Properties of

the Stress Responsive Granules

The fabricated granules were characterised uaimymber ofstandard methods.
These features include birefringence intensawystallinity of granules, internal
angle of friction, static angle of reposeud density, bulk and tapped densities,

Hausner and Carrébés indices.

The granules birefringence intensity was evaluated using R&pilpmentwhile
granules crystallinity was assessed usi
obtained by using the Helium &&ycnometer (AccuPyc 1330). The bulk and
tapped densities were obtained using a tapped density tester (med@OAT he

static angle of repose was measured by using the conventional fixed angle method
while the angle of internal friction, angle of wditlction, and flow factors were
obtained by using the ring shear cell tester (R&Tat 5 kPa). Carr's index and the
Hausner ratio were calculated using the standard equations. The methods of

characterisation and the obtained outcomes are discussedils aefallows;
3.2.2.1 Birefringence intensity of Fabricated granules
The birefringence intensity of the prepared iodised andiodised granules has

been tested using the PSA@&chniqueto evaluate thantensity ofisochromatic
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fringes. This will help tandicatethe influenceof iodine dye on the birefringence
intensity. The fabricated birefringent granules were feed in static layers into hopper
geometry held between two transparent sheets and mounted on suitably aligned
balanced rig. The 2D PSAT setupasv optimised and circular polarised light
illuminated the fabricated birefringegtanulesand multiple digital images captured

by the camera and analysed using proper PSAT for stress distribution profiles. More
detals about the procedure and the methogyp areavailable insection 4.2.2 The

result displayed in Figure 3.9 indicates that the iodised granules illustrated in Figure
3.9 (a) are able to show better birefringence than theathsed granules as seen in
Figure 3.9 (b). This improvement appeas high resolution and sharpness of the

isochromatic fringes pattern for the iodised granules assembly inside the hopper

geometry.

Figure 3.9 Comparison of birefringence intensity of the prepagednules, (a)
Isochromatic fringes of iodised granules and (b) Isochromatic fringes ebdmed

granules

The mechanism of birefringence enhancement is unkrowncur at single crystal
level. It has been reported that lodine staining is able to modify some fibre internal
structure and its optical propertisgasuredising polarising interference technique,
these properties include refractive indices and birefringéShabana, 2006 The
influence and effect of iodine on the granule birefringence is an interesting area for
future work and needs further investigation on crystal level using advanced

technologies.In the presnt case, as the iodised granules gave a good level of
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birefringence responséhe iodised granules have been selected and subjected to

further characterisatiotestsas shown in théllowing sections.
3.2.2.2 Evaluation of Granules Flowability Using Ring Shear Cell Tester

The stress responsive granules were evaluated for their flowability and wall friction
using the Schulze ring shear tester, this recent automated technique has many
advantages over the other technig8ehulze, 2008 Flowability, cohesivity, flow
function (Q"Q and internal angle of frictionn assessments are conducted by
measuring granular materials yield locus while wall yield locus is applied to

measure the angle of wall friction .

The flowability assessment was conducted using the-RSTully automated ring
shear tester connected to PC with R€bntrol 95, usinga 30 cn? annular cell.
Excess granules were poured gently into the annular cell to overfill the cell. The
extra granular materials were gently removed and the granular bed levelled. The
filled annular cellwasweighted and recorded before the test. Thenastconducted

using 5 kPa normal load and sheared at 4, 3, 2 and 1 kRiae #\tst normal load
(Preshear logdthe granular assembly is consolidated and maintained at a steady
state. Shearing of the granular assembly occurred at the othdoroeievels. The
results are summarised in Table 3.1.

3.2.2.3 True Density Measurement

The true density of the stress responsive granules was evaluated using Micrometrics
Helium Gas Pycnometer (AccuPyc 1330). Helium Pycnometer measures the bulk
solid density by measwng the changes of helium pressure in the calibrated
chamber. The procedure is automated and the limiting step in true density
measurement is thstandard deviationSD) value in the calibration step which
should be not more than 0.0001%ncethe systemsgd calibrated,the dry empty
sample cup weighted and recorded as the first weight. The granules poured gently to
fill one third of the cup and reweighted as second weight. The filled cup was
inserted into the cell chamber and the chamber cap covered. Jteenswas rune

under the recommended gas pressure according to the manual and the system stop
automatically if five consequent readings are recorded with the SD less than
0.0001% obtained. The result is reported in Table 3.1.
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3.2.2.4 Bulk and Tapped Densities

Tapped density tester (model A®0) was used to measure both bulk and tapped
densities. A sample of 30 gm of granules was gently and slowly poured through a
short stemmed glass funnel into a 100 ml graduated cylinder. The volume occupied
by the powder wasneasured to the nearest 0.5 ml and the bulk density (
calculated in (gm/ml) via dividing the weight by the initial volume obtained. The
bulk density recorded is the average of five determinations and the result is
illustrated in Table 3.1.

The same dinder, containing the powder was then tapped5S@0 taps using the
density tester. Some preliminary tests have been conducted to ascertain the number
of taps able to give constant granule height. Sufficient tapping are able to eliminate
any air voids beteen the granules and provide fixed volume. The occupied volume
was measured to the nearest 0.5 ml and the tapped demsi)ycg@lculated in
(gm/ml) through dividing the weight by the final constant volume. The tapped

density recorded is the averagdivé readings. The result is shown in Table 3.1.
3.2.2.5 Carr’s Index

The changes occurring in packing arrangement during the tapping procedure are
expressed as ; tearesultdisshowmith dable BLar r 6s i ndex
considered as an indirect parameter for powder flowability evaluation. The smaller

t he Carr 6s | nde(8hah diale 2008 It is easily caldulatedfusing w

the following equation;
OwiDEQW@w p — PN Eqg. 3.1
Where:
I = &arros I nd
@ = Bulk density.
W = Tapped density
3.2.2.6 Hausner Ratio

Hausner ratio is another indirect tool for powder flowability assessment. In general,

if the Hausner ratio is less than 1.25, this indicates a free flowing powder, but if its
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value is greater than 1.25, it indicates poor powder {|8ivah et al., 2008 The

value of the Hausner ratio obtained by using the following equation:
Vwoi &Yoo Q¢&——— Eqg. 3.2

The calculated value was calculated using the average readings of bulk and tapped

densities and the result is reported in Table 3.1.
3.2.2.7 Static Angle of Repose

Static angle of repose of the granules was measured according to the fixed funnel
and free standing cone method. The granules were carefully poured through the
funnel with its tip 3 cm height ( H) until the apex of the formed inverted conical pile
just reached the tip of the funnel. The mean diameter of the base for the powder
cone was determined and the tangent for the angle of repose was given as:

A~

OA+

3 Eq.3.3

The calculated angle of repose is the average of five readings and the result is shown
in Table 3.1.

Table 3.1 Experimental results of the physical and mechanical properties of the
birefringentgranules used in PSAT study

Parameter Value
True Density (g/cm3) 1.5014 + 0.0001
Tapped Density (g/cm3) 0.529 £+ 0.0027
Bulk Density (g/cm3) 0.439 £0 .0042
Hausner Ratio 1.18
Carros I ndex 15.41
Static angle of repose (°) 37.85° £0.53
Angle of internal friction X) 40°
Angel of wall friction « . 17.7°
Flow factor {fc) 4.60
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3.2.2.8 Particle Size Distribution Analysis

Particle size distribution of the stress responsive granulesobtamedusing the

sieve analysis method. Around 400 g of the prepared granules were sieved using a
seresof Ust andard sieves ranging in screen
sieve sets used are 1000, 850, 710, 600
th at passed through the (1000 em) sieve
retained on (300 &m) S iiseexchided. Ahe yest svasz e b
conducted using US sieve and shaker (Model Haver EML Digital plus) in multiple

runs, and the maxiom weight sieved in each run is 50gm. The granules were

pl aced on the top sieve (1000 e€m) and al
is 60 sec at amplitude 1.5. The fractions retained on each sieve were weighed and
the percentages retained wetganedas shown in Figure 3.10.
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1000-850 850-710  710-600 600-425 425-300

Particle size ranges (um)

Figure 3.10 Particle size distribution of stress resposive granules used in the
experimental work for PSAT study

3.2.2.9 X-Ray Differential Scanning Test (XRDS)

X-ray diffraction analysis of both raw corn starch and the fabricated stress
responsive granules were performed, using D8 Advance Brukeay Yowder

di ffractometer (Bruker AXS, Rheinfel den,
(&=0.15406 8am)ng aatd 4pekV and 40 mA. T

covered the range from 0° to 60° with a step of 0.02° and a sampling interval of 10s.
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The crystalline and amorphous states of native corn starch checked by XRDS, and

the results showed-Aype crystdine pattern as shown in Figure 3.11.

Diffracted Intensity

20 30 40 50 60

Figure 3.11 X-Ray diffraction patterns of serorystalline native corn starch

A-Type crystalline pattern is an indication of very compadtedagonal arrays of
amylopectin in helical coils in addition to amylose double helix. This result is in full
agreement with that obtained by (Zobel et. al., 1988, Shamaia et.al., 2003, Huang
et.al., 2007, Jane 2006, Frost et.al., 2009). The three brokd gethe diffracted
angles around 14, 17 and 23 represent the crystalline portion ojpattekn starch

and the area below these peaks represents the amorphous portion.

The X-ray diffraction pattern of the fabricated stress responsive granules is gshown i

Figures 3.2.

Diffracted Intensity

20 30 40 50 60

Figure 3.12 X-Ray diffraction patterns of the fabricated stress responsive granules
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The XRDS result is similar to that observed in case of native raw powders and no
reported alteringf the scattering angles or appearance of new peaks. However, the
crystalline portion peaks intensity show slight decreases compared to raw material.
The broad peaks at the diffracted angles around 14, 17 and 23 decreased from 26500
to 24000, 35000 to 3180and 38000 to 35500 respectively. This might be attributed

to the influence of the gelatinised paste used during the granulation process.
3.2.2.10 Scanning Electron Microscope (SEM)

A scanning electron microscope was used to show the appearance, morphology,
pores and surface details of the corn starch granules in both native starch raw
material and the fabricated granules. Another aim of SEM is to observe any changes
in the granule mphology due tothe granulation process. Scanning electron
micrograph results are shown in Figure 3.13 and Figure 3.14.

The morphology of native corn starch granules is similar to that reported in the
literature(Chen et al., 2006 The granules are round, regular in shapgéshowing a
nonsmooth surface. These morphology characteristics indlugte amylopectin
content. Usually high amylose starch shows elongated andlaregranules shape.

The nativefine starch powder images show granule lumps and dense aggregate of
the granules due to very low particle size. In such cases, the high surface energy of
the starch powder will enhance the agglomeration and particles athéadhere

due to Van der Waals forces.

The fabricated stress responsive granule morphology shows some improvement in
the shape of the granules which become more rounded in shape. Timititdes

voids become bigger in size and more obviouthe fabricated granules compared

to the dense raw starch powder.
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Figure 3.13 SEM image of native corn starch and stress responsive granules at
different magnification powers

Pores and cavities were reported obviously on the surface of both native starch

granules and stress responsive granules as clearly illustrated in Figure 3.14. Inter and

intra granular channels and surface pores are well known characteristics for starch

granulesasreportedearlierin literatures (Karathanos and Saravacos, 1988ber

and BeMiller, 2000Sujka and Jamroz, 20110

Figure 3.14 Surface pores on both (a) native starch granules and (b) stress
responsive granules
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3.3 Fabrication of Colour Coded Granules for Qualitative
Dynamic Flow Analysis and DPIV Applications

3.3.1 Materials and Methodology
3.3.2 Materials

Corn starch wasbtained from (Sigma Aldrich, UK) and multiple colouring agents

(blue and yellow) have been obtaifedally.
3.3.3 Method of Fabrication
3.3.3.1 Starch Paste Preparation

Sufficient quantity of starch paste (5%w/v) was prepareihgu the same

methodology mentioned previously in section 3.2.1.2.1.
3.3.3.2 Colouring of the Starch Paste

The prepared starch was divided into two portions; each powtasweighing
100gm. For the paste colouring procedure, 5 ml of each colouring agent was added
to each paste portion with continuous stirring to homogenise the paste with the
added colouring agent.

3.3.3.3 Fabrication of the Colour Coded Granules

The same methodaly mentioned previously in section 3.2.1.2.3 aAtlwhraki and
Antony (2014 has been applied here using theocoéd starch paste.

3.3.4 Physiomechanical Properties of the Fabricated Granules

The physical and mechanical properties of the fabricated granules for DPIV
application were measured using the same methodologies mentioned in section

3.2.2. and the results asammarised in Table 3.2.
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Table 3.2 Experimental results of the physical and mechanical properties of the
granules used ioolour coding and DPIV studylbaraki and Antony, 2014

Parameter Value
True Density (g/cm3) 1.5014 + 0.0001
Tapped Density (g/cm3) 0.537 £ 0.005
Bulk Density (g/cm3) 0.443 +0 .004
Hausner Ratio 1.212
Carros I ndex 1750
Static angle of repose (°) 38.12°+0.41
Angle of internal friction 1) 39°
Angel of wall fr 17.9°
Flow factor €fc) 4.80

3.4 Conclusions

The characteristics of native corn starch powder; such as natural birefringence
feature, porosity, high adsorption capability and ease of modifying and fabrication
have been utilised properly to fabricate stress responsive and colour coded granules.
The manual wet granulation technique has been applied for fabgeaitronizes
grandes to avoid any heat production sources during the granulation process that
alters the birefringence nature of corn starch granules. Additionally, this technique is
commonly used in the pharmaceutical industry, applicable for laboratory scale
production and ease for modifying pharmaceutical powders for multiple purpdses

has been noticed that iodine has a positive influence on the fabricated stress
responsive granules birefringen&milar granulation conditions have been applied

in case of colour caxl granule fabrication to unify the fabrication condition and
benchmarking. The selected particle size range for PSAT, CCT, and DPIV studies
(300-1000um) was characterized using both conventional and advanced automated
evaluation methods. The physical amtechanical results indicate frlewing
characteristics for the prepared granules and the influence of cohesmiiyimnsal

as intended in the current study.
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Chapter 4 : Experimental Visualising and Analysis of Maximum
Shear Stress Distribution and Direction of Principal stresses

inside particulate packingat Static Condition

The aim of this chapter is to rep@boutresearch on the application of PSAT as a
recent norinvasive visuaking technique to understand the stress distribution
characteristics of micron size particulates systemdiferfirst time. The outputs
include the maximum shear strgzofiles distribution and direction of principal
stresses inside multiple internalgamar hopper geometries (30°, 60° and 90°). The
work emphasises the influence of hopper internal angle on the maximum shear stress
profiles distribution and principal stress directions undestatic condition. The
hoppers were filled in multiple layers ke flowing stress responsive granules in
range ofa300i 1000 em as detailed in Chapter 3
were quantified using proper PSAT software. The stress distribution profile was
eval uated acr oss t h dereft bempte oriicepneviartidands a t
middle section levels. The experimental and numerical resbitsinedusing DEM
showeda good level of agreement of nonhomogeneous distribution of the maximum
shear stress due to the internal hopper angle influemckthe results have been
published jointly with a member of ouesearch groupThe resultsprompted
investigaton of how such microscale characteristics may potentially influence the
nature of the dynamic flow process and will help to predict the relfisd
hypothesis through the each hopper geom&gme of the results reported here
werepresentedit Powder andGrains 2013 in Sydney and published as proceeding

in AIP 2013(Albaraki et al., 2018 as well as two other conferenddéstony et al.,

2012 and (Antony et al., 2018 although journal manuscripts are currently being

prepared

4.1 Introduction

Flowability of ganular material and slidingharacteristicen their storage bin walls

are practically ranked from free flowing to rlawing and their flow behaviour is
very complex in multdimensional aspect$rescott and Barma, 200Q Schulze,
2008. The filling process of granular materials in their storage bins and bunkers are
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characterised by gradual forming of a growing heap of the bulk solid against the
fixed bin wals under elevated pressure conditio@$ear understanding of stress
distribution profiles and direction of principal stress&gthin granular materials
inside their storage bins, such as silos and hoppers is essentiadlerstand the
fundamentals of graular flow behaviour and also crucial for the proper design of
the storage binfOoi and She, 199Then et al., 1998Doi et al., 1996Teng et al.,

2001, Zhao and Teng, 20Q04Miscalculation or underestimation of internal stress
influences on storage bin walisay lead to serious and catastrophic failure in the
storage bingCarson, 2001Schulze, 2008

For more than a century, and since Janssen (1895), the prediction of the stress
exerted by granular material on the walls of their storage bunkers was subjeated to
great deal of attentio(Walker and Blanchar, 196TValters, 1973aChen et al.,

1998 Schulze, 2008 The early work conducted by Janssen (1895), has been
reviewed, criticised and expanded by other authors such as Jenike (1896IKer

(1966 and 1967) and Walter (1973) who involved the inclined part of the silo
(hopper section) in their researches. The stress distribution and the direction of the
principal stress during the filling and discharging process have been calculated us
many mathematical models and generally classified into two states; active stress
state during the filling process and passive stress state dimendischarging
process.

The first appearance of the stretates term
goes back to Rankine (185%)r earth pressurealculation(Schulze, 2008 His

method was applied to measure the maximum compressive stress acting on the
granular material surfacndknown recently as unconfined yield stregss)( Stress

ratio that reflects the ratio of the vertical and horizontal stgeptays a cruciatole

in granular material assembly stress status and flowabilitgoreticalcalculatiors

of stress distribution mainly depend on the theory assumptions regarding the vertical
and horizontal stress¢Bledderman, 1992Schulze, 2008 If the vertical stress is

the majorprincipal stress, the stress status is denoted as active stress state. However,
if the horizontal stress is the major principal stress, the stress status inside the
storage bin is denoted as passive stress state. Thetib@@ssumption by denoting

the vertical and horizontal stresses as major and minor principal stresses has been
proved to be incorrec{Nedderman, 1995chulze, 2008
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Theliteraturedid not clearly report angxperimental results on thefluence of the
hopper internal angle on the nature of the stress distributioftsagidectionwithin
granular materials of micron size undboth static and dynamic conditions.
Moreover, no consequential experimental method reported the stress tistréand
direction insideflow chambers usingctualmicronised granulaassembly in static
condition andany possible influenes on the dynamic flow procesSuch features

are essential andoughtin many industries to optimise various manufacturing
processednvolving particulates

This aspect is addressed in this chapter, i.e., quantifying stresses and their directions

within particulate packing containing micron size granules.

4.2 Material and Methodology

4.2.1 Material

The fabricated stress responsiveargrles (as described in &ction 3.2 have a

particle sizedistributionrangng from 300 to 1000 pm were selected to visualise and

probe the maximum shear stress distribution asdlirection inside constrained
geometries using PSAT. Differemternalande (30°, 60° and 90°) 2D hoppavsre

fabricated in mechanical engineering workshopeedsusing perspex sheeffhe
dimensions of the hoppers used in this research project for both studies are as
followss, t he height (H) is 8§ dm (7édnum2 3dd)1,1dogr
l ength is 20 mm(a3id) and the hopper t
hopper) is 4mm (a6d), see Figure 4.1. T
finely polished to minimise wall friction.

(Orifice level) H/o

Figure 4.1 Schematic chgram of2D hopper geometry internal angle filled by stress
responsive granulassed inthe PSAT study
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4.2.2 Methodology

The PSAT studywas conducted to investigate how the hopper internal angles
influences the maxiom shear stress distribution inside granular pharmaceutical
beds within different hopper geometries under-ggight. The heights of the
granular bed were kept constant among the three selected hoppers.

Before the filling processthe hopper nozzle waslosed by using a suitable fit
spacer to allow for filling the hopper in static layers. The stress responsive granules
were fed into the Perspex hopper geometry held between two transparent Perspex
sheetsas shown in Figure 4.1. The filing process warduxted using a conical
funnel, which was initially aligned along the central axis of the hopper. The funnel
had a long flexible nozzle to build up the granular layers and to minimise any
segregation of the particles during the filling process. It aldpsh® level the

granular bed. The filled hopper geometry was mountedaauitably aligned

balanced rig and fitted within the required 2D PSAT seagpshownn Figure 4.2.

-

Figure 4.2 Experimental setup ofhe PSAT system for maximum shear stress
measurment within granular materials inside hopper geometries; (a) hopper
geometry, (b) PSAT softwarand (c) PSAT 2D setup

The conducted preliminary studies proved that the selected hopper dimensions and
the ratios of the hopper dimensions to the average particle size (d) are adequate to
secure continuous flow during the dynamic flow experiméerie. filling procedure
for eachhopper angle had been repeated at least 15 times to ensure tingiahe
packing of granulesis homogenousTo conduct this,the mean weight of the

granules from the different runs was calculated and the variations verified to be
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within an acceptableange (4.511 £+ 0.232, 10.464 + 0.276 and 13.364 + 0.pR% g
the 30°, 60° and 90° hoppers respectively.

The major components the PSAT system are tharcular polarisedight projector
stress responsive granulesalanced mounting rigind a digital PSAT camera
connected t&®SAT software as shown in Figure 4.2. The camera is supplied with a
constantly rotating analyser wanky at multiple revolutions, and for each revolution,
a series of images are taken, allowing the best light intensity to be ne&@3nce
the PSAT setup starts, the emittedcular polarisedight illuminated the stress
responsive granulesnd multiple digital imagesvere capturedby the camera and
analysedby the PSAT software for stress profiles distributising proper PSAT
software

4.2.3 PSAT System Limitations

A number of trial experiments wemmnductedat the beginning of this research
project to optimise the experimental work conditions, aiming to obtain the best
resultsusing PSAT. A high resolution of captured images depeinds sufficient
illumination of the stress responsive granules. The reproducibility of the PSAT 2D
setup systenwas checked and tested for multiple samples that provide identical
stress profiles distribution under similar experimental conditidisvever the main

limitations of 2D PSAT setup for best image resolution are summarised as follow;

0 The light intensity within the stress responsive granules must be
maintained during the experimental workarrange of 180 to 250 light
units from camera.

U The best ample thickness for any storage bin section able to maintain
uniform light intensity is not more than 6mm.

0 The distance between the light source and the stress responsive granules
assembly must be in range of 45 to 65 cm to give the best granular bed
illumination and highesolution of themages.

U The best PSAT image resolution was obtained at five revolutions/setond

the analyser
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4.3 Results and Discussions

All captured images by PSAT were calibrated and scaled using built in software in
order to sinplify the comparison of the fring@mages The magnitude of the
maximum shear stress profiles and the direction of major principal stress within the
stress responsive granular beds were evaluated within the entire hopper geometries
at static condition. Th@nageswere colourcoded in relation to the magnitude of
maximum shear stress within the hoppEhe distribution of stress profilesvas
evaluated across the granular bed for all internal araflé®opper geometries at

three different heights(j h(jtAT @&j ¢ as shown in Figure 4.3. Level

(] Ho represents the hopper orifice level and denoted also as level Tezo.
software is adapted to measure the stress magnitude at every single pixel point that

canbeconverted later tametric unit.

_|H/e (Level 0)

Figure 4.3 Selected heights for maximum shear stress analysis across the width of
the stress responsive granules

4.3.1 Hopper Geometry Having a 30° Internal Angle

At a 30° internal hopper angle, high magnitudethe maximum shear stress
distributionhas been observed within the stress responsive grasskmaly inside

the whole hopperespecially below the mitlalf of the hoppersee Figure 4.4 (a).
The direction of the major principal stress within the wehbbpper tends to be
aligned inthe vertical direction &long the direction of gravity), as illustrated in

Figure 4.4 (b)The vertical direction of the major principal stress indicatesiftitiad

particles were allowed to flow, they would flow freelythout any hindrance within
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all hopper segmentdhe flow behaviour inside this geometry will be evaluated

experimentally in Chapter 6 using DPIV and the influences of the stress status will

be discussed in details.
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781.1
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392.6
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115.1
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4.1
HUMPa

Figure 4.4 Experimental 2D PSAT setup resulfa) maximum shear stress profiles

distribution and (b) major principal stress direction inside stress responsive

granules at 30° internal angle hopper geometry

The normalised maximum slreatress magnitudes across three different hopper

heights;(j Hh(j T AT Aj ¢ wereevaluated and the result is shown in Figure 4.5.

The normalisation is done with respect to the maximum shear stress acting on the

wall at the level of the selected heights.
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Figure 4.5 Normalised maximum shear stresdistribution profiles inside 30°

internal angle hopper
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The aim of this analysis across the granular assembly is to investigate the extent of
the norhomogeneity in shear stress distribution within the granular bed across the
horizontal sections and to explore the stress deviation between the boundaries to the
central axis. This will give an idea of the influence of the bin geometry,- inter
granular friction, particles location and bin boundaries on the maximum shear stress
distribution. The plot in Figure 4.5 shows relatively low stress profile deviation
betwea the hopper boundariemdthe centrahopperaxis. Markedoverlapping of

the normalised maximum shear stress profiles across the hopper width has been
reported at all three levels. This indicates a good level of homogeneity for stress
distribution acrosghe hopper width at this geometry at all heigfitse previous
observationsvere confirmed usingthe average normalised maximum shear stress
valuesacross the whole section of the hopper width at all three heights as shown in
Figure 4.6.
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Figure 4.6 Normalised average amimum shear stress magnitudes inside 30°
internal angle hopper at multiple hei.

The average valuesare0®2 0. 893 and O0.887 at and b, H/
the overallaverage stress differences are less than 4%. This result confirms the
homogeneity of shear stress distribution across the hopper width at all selected
heights.

The minimum normalised values of the stress at the three hopper heigh®3&re 0.
0.786 and 0.784 at Hub, Hu4 and HuUu2 resp

4.1. The relative stress deviationstla central zone to that obtained at the hopper
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boundaries at H/ D, H/ 4 and H/ 2 are | ess
shown in Table 4.1.

The analysis has been also repeated using the average normalised maximum shear
stress values at the central axis and the boundaries. To conduct these calculations,
the average normalised maximum shear stress values were calculateth at bo
boundaries and the central zone as an average of five points along each level. The
average normalised values of the stress
H/4 and H/2 are 0.890, 0.840, 0.833 and 0.957, 0.968, Or86pectively. The

relaive average stress ratio at the hopper central zone to that obtained at the
boundaries at H/ b, H/ 4 and H/ 2 is | ess
seen in Table 4.1Both measurements using the minimum normalised maximum
shear stress values angeeage normalised maximum shear stress values confirm the

stress homogeneity across the hopper width.

Table 4.1 Normalised naximum shear stress findings and comparisons irtsale
30° internal angle hoppgeometry

H/ B H/4 H/2
Minimum normalised t a (C2) 0.839| 0.786 | 0.784
Normalised t a (HB) 1 1 1
StressRatio (CZ) < (HB) 16.1%| 21.4% | 21.6%
Average ormalised t ) across the bed 0.922| 0.894 | 0.887
Average normalisedf( ) at (CZ) 0.890| 0.840 | 0.833
Average normalisedf( ) at (HB) 0.957| 0.968 | 0.960
Averagestress ratio (CZ) €HB) 7% | 13.22%)| 13.23%
* (CZ) is Hopper central zone
*(HB) is Hopper boundary

The maximum shear stress magnitudes exerted by granular materials on the hopper
walls at the end of the filling process were evaluated utiaglice method. The
method relies on dividing the hopper geometry to eight equal slices, each slice
representind.cm height and the stress magnitude is measured at the centre of each
layer close to the boundary as seen in FigureAl similar methodwasapplied by

Ding and Enstad (2@) and Ding et al. (201} andthe aim of this analysis is to
investigate the location of the maximum shear stress exerted by the granular

materials on the hopper wall. The shear stress measurement was conducted as the
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average of five stressed points close to the hopper boundary, asingte stressed

point calculation where the area of measurements is 5a5pix

Measurement
locations

Figure 4.7 Granular materials equal slices inside 30° internal angle hopper geometry
and the point of stress measurment

Theresults indicate that the highest average maximum shear stress was reported at

the level of layer 3 as shown in Figure 4A8similar shear stress distribution trend

exerted by granular materials on the hopper walls has been repori2icidynd

Enstad (2008 Ding et al. (201}, Wang et al. (2018usingthe numeical methods,

FEM andDEM.
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Figure 4.8 Normalised maximum shear stress exerted on the hopper wall at the end
of thefilling process inside 30° hopper geometry
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In general, the results show that the maxinalmear stress values at all three heights

are close to each other. The average percentage of maximum shear stress across the
whol e section at H/BDB to H/ 4 and H/ 2 was
the variation was in range off%. This indicateshat the granular assembly within

the hopper is highly stressed at the three levels and shows relative spatial
homogenous distribution of the maximum shear stress across all three heights. The
highest magnitudes of the maximum shear stress were alwaysaabtlose to the

hopper boundaries while the lowest values are reported at the central region of the
hopper as illustrated clearly in Figure 4.6. The zigzag shapes of the plots prove the
guantitative ability of PSAT toaccuratelymeasure the spatial tligkution and

magnitudes of thehearstressat any sngle points across the granular assembly.

Based on the relative uniformity of the maximum shear stress distribution profiles
across this hopper widttas well as the vertical direction of the major principal
stress within the whole hopper geometry, the flow behavieside this hopper
geometrythought tobe in mass flow trend. The granular flow could proceed
through the whole bed including particusiteesiding close to the hopper
boundaries. Accordingly, no solid bulk segregation or stagnant zone formation are
expected in such geometry during the dynamic flow process. These predictions will
be assessed qualitatively in Chapter 5 using CCT and quiaetifain Chapter 6
usingthe DPIV method.

4.3.2 Hopper Geometry Having a 60° Internal Angle

The maximum shear stress distribution profiles and the major principal stress
direction within 60° internal angle hopper geometry are shown in Figure 4.9. In
general the magnitude of the maximum shear stress profiles is less than that
obtained in the case tiie 30° hopper geometry. This is obviously noticed through

the calibrated stress colour scale of the profiles. The central axis of the hopper
geometry shows rdiaely less stressed zone compared to the hopper boundaries.
This low stress zone appeargiaslight blue region in the central axis of the hopper
compared to thdark blue at the boundaries as shown in Figure 4.9 (a). The low
stressed zone ithe light blue colour starts directly above the hopper outlet and
propagates upward to higher hopper boundaries and the outer layer of the stress

responsive granules. Outside the central zone, higher stressed zones are
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symmetrically distributed in ascending ordertiunt reclines on both hopper
boundaries. High layers of the stress responsive granules showldtavgeressed
zone forming a V shapgethis zone starts at the middle height of the central zone and
expands to the outer layer of the granular material.

The directions of the major principal stress within the hopper geometry ahow
vertical to semiertical direction within the low stressed central zone andlatse
surrounding zoness shown in Figure 4.9 (b). Outside this region, the direction of
the major principal stress is inclined or deviated from the vertical route. Deviations
have been noticed to be parallel to the hopper boundaries and extended from the
hopper outlet zone pdla to the walls and upward to the top zone of the granular

bed. The regions close to the hopper boundaries show more inclination in the

direction of the major principal stress parallel to the hopper walls.

836 .6
.1
25.6
670.1
614.6
559.1
503.6
448 .1
392.6
337.1
281.6
226.1
170.6

151

Figure 4.9 Experimental 2D PSAT setup resulfa) maximum shear stress profiles
distributions and (b) major principal stress directions inside stress responsive
granules at 60° internal angle hopper geometry

Similar to whatwasconducted inthe case othe 30° internal angle hopper geometry,
the maximum normalised shear stress magnitudes across the three different hopper
heights(j Hh(j Tt AT Aj chwere analysed and the results are shown in Figure
4.10.1t is clear from Figure 4.10 thate maximum shear stress distribution is-non
homogenous across all three heights. The central axis of the lower hopper segment
at( THbthat locates directly above the hopper outidtows relatively high stress
magnitude compared to that at H/2 and H/4. Pphat obviously showsa high
difference in the stress magnitude between the hopper central zone and the
boundaries, indicating a high degree of stress deviation. The average normalised
maximum shear stress across the entire hopper width at all three hemghts
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calculated as shown in Figure 4.10. The average values are 0.690, 0.675 and 0.613 at
H/ b, H/' 4 and H/ 2 r es skeentobsereet thecass otthei | ar t
30° hopper geometry, the lower hopper segment is more stressed than the other two
heights, but the stress deviation between the central region and the wall is higher in

thecase othe60° geometry.
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Figure 4.10 Normalised raximum shear stress value distribution and its average
magni tudes inside 60U internal angl e
H/2

The minimum normalised shear stress across the three heights is reported at the
centr al hopper region and the values ar
respedwely as shown in Figure 4.1The relative stresses at the hopper central zone

to that at the boundaries at H/ b, H/ 4 a
respectively as shown in Table 4.Z'he results reportigher stress deviation at

level H/2 0 mp a r e d and thiscélld Be attributed to the low stresseentral

zone forming a (V) shapetarting at around H/2 level and expanded to the outer

granular layer; see Figure 4.9.

The normalised shear stress calculations were repeated using the average values at
the central hopper zone and boundaries using the same prirasplesd inthe case

of 30° hopper geometry. The average values of the normalised stress at the central
regm and the boundaries at H/ b, H/ 4 and

0.954, 0.978 respectivelgs summarised in Table 4.2. The relative average stresses
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ratios at the hopper centr al zone to t
H/4 and H/2are less by 46.27%, 49.58% and 61.86% respectiBayh stress
measurements using the minimum normalised maximum shear stress values and
average normalised maximushear stress values show nleomogenous stress
distribution and the highest deviation watstained at H/2. The results in Table 4.2

summarisehe previous stress calculations and comparisons.

Table 4.2 Normalised naximum shear stress findings and comparisons itsale
60° internal angle hoppgeometry

H/ D] H/4 H/2
Minimum normalised t a (C2) 0.453 | 0.421 | 0.277
Normalised t a (HB) 1 1 1
StresRatio (CZ) < (HB) 54.70%| 57.90%| 72.30%
Average ormalised t ) across the bed 0.690 | 0.675 | 0.613
Average normalisedf( ) at (CZ) 0.490 | 0.481 | 0.373
Average normalisedf( ) at (HB) 0.912 | 0.954 | 0.978
Averagestress ratio (CZx (HB) 46.27%| 49.58%)| 61.86%
* (CZ) is Hopper central zone
*(HB) is Hopper boundary

All the previous calculations indicate that the stress distribution across the horizontal
hopper sections is nédmmogenous across all three heights. The results also indicate
that the central axis of the hopper at all three heights is the least streseedlze
stress deviation fronthe walls to the central hopper axis is relatively low( d@tb
compared to the other two heights, indicating low extent of granular stagnation at
this segment within this geometry. Moreover, thi#sdings give an indicatiothat

the granular portion close to the outlet region could show good extent of flow due to
relative homogenous stress distributemd major principal stress direction toward
the outlet The relatively high stress deviations suggekigh possibility of entral

plug flow generation at the central axis of this hopper geometry.

The shear stress exerted by granular materials on the hopper wall at the end of the
filling process was evaluated using the slice method and the same measurement
principles as used n the case ofthe 30° geometry The results indicate that the
general stress distribution trend is similar to what has been obtained in cases of 30°
hopper geometrythe only exception is that the maximum shear stress value is
reported at the level afaye 4 notLayer 3 as shown in Figure 4.11.
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Figure 4.11 Normalised maximum shear stress exerted on the hopper wall at the end
of thefilling process inside 60° hopper geometry

The previouly obtained microscopic characteristics of the granular bed inside such
hopper geometry could greatly influence the granular macroscopic flow behaviour
and this will be validated qualitatively and quantitatively in Chapterand 6
respectivelyBased on td noruniformity of the maximum shear stress distribution
profiles across this hopper widtand the nonvertical direction of the major
principal stress outside the central zone of this hopper geartterilow behaviour
inside this geometry thought to loe funnel flow trend andubdividedinto three

main flow zonesas illustrated in Figure 4.12

Figure 4.12 Potential flow zones according to the stress magnitudes and the
directions of the major principal stresses inside 60° internal angle hopper geometry

99



This subdivision is based on the stress magnitudes as well as the directions of the
major principal stressvithin each zone. The first zone starts directly above the
hopper outlet region and expands upward to reach the outer layer of the granular
material and doesot reach the hopper boundaries at any regidre second zone
comesnext where the stress magme is higher than that observed at the first zone
and the direction of major principal stress is inclined. This zone started at around
( 7t and expanded vertically to reach the outer granular layer in a position close to
the hopper boundaries. This zaemost enveloped the first flow zone. According to
these findings, this zone will flow next to the first zone. Simultaneous flow at the
borders of both zones are expectiedderman, 1992The third zone involves the
remaining hopper geometry, especially those close to the boundaries. The third zone
is the highest stressed zone of this geometry and the direction of the major principal
stress is totally inclined, parallel to the hopper wHitlose closest to the wall are the
more inclined in direction and expected to be the last flowing,zamd granular

stagnation during the dynamic flow process is expected.
4.3.3 Hopper Geometry Having a 90° Internal Angle

The PSAT results of the maximum shedress profile distribution and the major
principal stress directions within 90° internal angle hopper geometries are illustrated
in Figure 4.13.
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Figure 4.13 Experimental 2D PSAT setup resulita) maximum shear stress profiles
distributions and (b) major principal stress direction inside stress responsive
granules at 90° internal angle hopper geometry

The calibrated image of the maximum shear stress distribution profile shows

generally lower magtudes tharthe 30° hopper and an almost similar distribution
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trend to that obtaineth the case ofthe 60° internal angle hopper geometry. The
central axis of the hopper showsrelatively low stressed zone compared to the
surrounding boundaries. This Istressed zone appears as the very light blue region
in the central axis of the hopper, compared to the dark blue fringe colours and few
red fringes athe hopper boundariess shown in Figure 4.13 (a). The low stressed
zone is located exactly above thepper outlet and propagates upward to the outer
layer of the stress responsive granules. Opposite to what has been reptmeed in
case ofthe 60° internal angle hopper, this zone is less in both magnitude and
dimension. Outside the central zone, the fringee generally ithe blue fringe and

minor high stressed zonesthrered fringe were reported at the boundaries.

In general, the low stressed central zone splits the 90° internal angle hopper
geometryinto two identical stressed regions located omighkt and left sides. Both
hopper boundariéssides showed relatively high stressed zones compared to the
central axisandthe closer to the boundaries is the more stressed zone. All stress
profiles inside the hopper are in a clear V shape beginnitigeatopper base and
extend to the outer granular lay&he direction of the major principal stress within

the hopper geometry shoves almost vertical direction in the narrow central low
stressed zone. Outside the central zone, the direidiverted grpendicularly

toward the hopper wallgs illustrated in Figure 4.13(b).

Similar to the previous hopper geometries, the maximum shear stress distributions
and magnitudes acrosthe three different hopper heightsl U D , Hu4 and H/
analysed andhe result is shown in Figure 4.14he results show clearly that the
stress ratio at the wall side to the central axis is very high cechfmathe previous

two hopper angles at all three heights. At the hopper central axispth®lised

stress magtiides were very close to zero at all three hejgtsgisibly illustrated in

Figure 4.14.1t is clear that maximum shear stress distribution within this hopper
geometry is strongly nehomogenous across all three heights. Moreover, the non
homogenous stss distribution inside this hopper geometry is the highest case
compared to the previous two geometries. In general, the stress magnitudes at all
three heights are very close to each and the distribution profiles overlap at many
points. The plot clearly stws a very high difference in the stress magnitude
between the hopper central zone and the boundaries.
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Figure 4.14 Normalised naximum shear stress profiles distribution and its average
valuesi nsi de 90U internal angle hopper a

The average normalised maximum shear stress across the entire three heights was
calcul ated and the average values are O
respectively as show in Figure 4.14. Opposite to what has been reported in the
previous two hopper geometrjgee middle hopper segment at H/2 shows a higher
average normalised st rwhishsinditatesastrangprsomn a't
homogeneous distribution of the maximum shear stress profiles inside this hopper

geometry.

The minimum normalisedhear stresgaluesat the three heights are 0.06Z80743

and 0.0264 at Hub, Hu4 and Hu2 respect]|
centr al zone to that obtained at the hoy
93.72%, 92.57% and 97.36% respectively as shown in Table 4.3. The stress ratio
analysis was repeated using the average maximum shear stress values at the
boundaries andemtral region. The average values of the normalised stress at the
centr al axis and the boundaries at H/ b,
0.931, 0.913, 0.982 respectively. The average relative normalised stresses at the
hopper central zone compdre t o t hat obtained at the b
H/2 are less by 88.94%, 90.12% and 92.46% respectagishown in Table 4.3.
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Table 4.3 Normalised naximum shear stress findings and comparisons itisele

90° internal angle hopper geometry

H/ b H/4 H/2
Minimum normalised t At (C2) 0.0628| 0.0743 | 0.0264
Normalised t At (HB) 1 1 1
StressRatio (CZ) < (HB) 93.72%| 92.57% | 97.36%
Average ormalised { ) across the bed 0.477 | 0.495 0.547
Average normalisedf( ) at (CZ) 0.103 | 0.0902 | 0.074
Average normalisedf( ) at (HB) 0.913 | 0.931 0.978
Averagestress ratio (CZ)< (HB) 88.72%| 90.31% | 92.46%
* (CZ) is Hopper central zone
*(HB) is Hopper boundary

Although single stressed point calculation shows lower stratssat H/4 compared
t hat H/ B, the
central region and boundaries show ttetH / B

cal cul ations wusi
tHe kl/d s

and H/2 leels. The previous calculations show a complex stronghmammogenous

t o at

ng

| evel IS str
stress distribution within this hopper geometry and the high stress deviation between

the hopper central zone and its corresponding boundaries

The shear stress exerted by granular matemn the hopper wall at the end of the
filling process was evaluated using the slice method. The results indicate that the
maximum shear stress value is reported at the levehydr 4and issimilar to what

has been reported in casetlog 60° hopper geametry as seen in Figure 4.15.
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Figure 4.15 Normalised maximum shear stress exerted on the hopper wall at the end
of thefilling process inside 90° hopper geometry
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Generally, the previols obtained microscale analysis showed clearly that the
maximum shear stress profile distribution is strongly-homogeneous across the
granular bed at all three heights and such characternstidd potentially influence
the macroscale behaviour. Highesis deviation between the hopper central axis
and the walls at all three height®uld increase theéncidenceof the generation of
narrow plug flow at hopper central axis and well stagnant granular zones close to
the boundaries at all heighssll the previousanalysesresupported by the direction

of the major principal stress insidlee hopper geometry. The low stressed central
zone of the hopper is characterisedabylmost vertical direction of major principal
stress indicag initial flow at the centrakegion. The perpendicular direction of the
major principal stress outside the central zone is supporting the anticipation of
stagnant zone formation at hopper boundaries.

Based on the previous analysis of the maximum shear distgbution profiles and
direction of major principal stresthe flow behaviouinside this geometrthought

to be in funnel flow trend andubdivided to three main flow zones as illustrated in
Figure 416. The first zone is a very narrow zqrgtarting directlyabove the hpper

outlet region and propagatingpward to reach the outer layer of the granular
materials. This zone is very narrow compared to that obtained in the dhs60¢?
internal angle hopper geometry. The direction of major principal Stigkss zone

is almostvertical The second zone comes next to the first zone where the stress
magnitudes ardnigher than that at the central zone and the direction of major
principal stress iperpendicular to the hopper walls. This zone stadse tothe

outlet region and expands vertically to reach the outer granular layer close to the
hopper boundaries. According to these analyses, this zone will flow next to the firs
zone and the stagian tendencys high. The third zonavolvesthe remaining part

of the hopper geometry outside the previous two regions. The stress wathes

zone are the highestithin the hopper geometry and the major principal stress
directions are totally perpendicular to the hopper walls. Accordingly, this zone will
be the Iat flowing zone and will show more stagnation tendency during the flow
process. It is expected that granular material close to the hopper walls show sliding
on the hopper wall ata late flow stage due to high stress magnitudes close to the
boundaries. Theprevious anticipated macroscopic behaviours will be analysed
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gualitatively and quantitatively using€CT and DPIV in Chapters 5 and ,6

respectively.
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Figure 4.16 Expected flow zones according to the stress magnitudes and the
directions of the major principal stresses inside 90° internal angle hopper
geometry

4.3.4 General Remarks for the Experimental Results and Numerical

Validation of the Stress Profiles Distribution.

The quantitative analysis of maximum shear stress distribution across the hopper
width at three different levels(j Hh(jt AT Aj chwas able to provide a clear
indication about the influence of hopper geometry on the nature of the distribution.
Further analysis was conducted at each lémehll three geometries sedely as
illustrated in Figuret.17. The graphs are in polynomiabpP™ order tosmooth the

plot andshow clearly the stress distribution differences anf) (s in range of
0.8028 to 0.9479 in all cases.

At the3 0 hopper geometry &nHh(jadi édjcstheal | h
normalisedmaximum shear stress pref show more homogeneous distribution

than those reported ithe 6 O and 90 hopper geometrie
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stress deviations toward the hopper walls are minor. These were confirmed by low

values of stress ratio tte hopper walls to the centregdgion at all heights.
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Figure 4.17 Normalised magnitude of maximum shear stress distribution across the
width of the hopper atjHh(jtAT Aj¢ within the selected hopper

geometries

Ontheotherhandhopper geometry

havi

ng

a

6-0

homogenous stress distribution across all hopper heights. The extent -of non
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homogeneity at all heights is less than that reportdatiditases othe 9 0 hopper
geomety and more tharthe 3 0 ppén geometry. In such hopper geometry the
stress is deviated toward the hopper wall outside the central hopper region and could
increase the chance of granular stagnation.

Finally, hopper geometry having a- 90
honogeneity stress distribution at all heights. The stress deviation to the wall is the
maximum among all hopper geometries. It is very clear through the plots, that the
stress magnitudes at the central axis of such hopper geometries are the lowest among

all hopper geometries at all selected heights.

Further validation of the PSAT experimental maximum shear stress distribution
results was conducted usinghe DEM and reported ina joint publication in
collaboration withthe research groupolleague(Albaraki et al., 20138 DEM has
been applied here, as it is a strongly recommended mdtrodtudying the
mechanical behaviouof particulate assemik and assessment oficroscopic
features (Cundall and Strack, 198QCleary and Sawley, 2002Antony, 2007
Kozicki and Tejchman, 2031 The contact model used in this study is the linear
contact model and it is defined by the normal and shear stiffness
(force/displacement) of the two contacting units (partiolparticle or particleo-

wall). The linear contact model has beetteasively adopted in DEM numerical
applicatiors especially fordry granular material assemblies. Maximum shstegss
distribution within conical hoppergeometries identical to the case of PSAT
experimentss obtained using PFC3rhe particlescaleproperties used ashown

in Table 44, and the hopper width (d) = 0.005as illustrated irFigure 418.

Table 4.4 Properties of particles used in DEM simulations

Parameter Value Parameter Value
Gravity (m/s%) 9.8 Particle average radius @ 650
Density (kg/m) 708 Particle radius rati¢ ——) 3.3
Initial porosity 0.169 Friction coefficient 0.3
Minimum radius { & 300 Stiffness (N/m) le7
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Figure 4.18 Cross section of the hopper (schematic) and the confinement of
particles

The simulations were performed for all cases of hopper angles (30°, 60° and 90°) as
in the case othe experiment reported earlier. The densiglue used here is the
value of the envelope densityot the true density. Granular samples are created
randomly and consistently in all the runs. The benchmarking of the results was
conducted at height (H/2). The created spherical particles were allmwvezhch
equilibrium after which the maximum shear stregas tracked along different
scanning points at the selected height and the result is presented in Figure 4.19. The
obtained DEM based resultserecompared with experimental results obtained from
PSAT for all hopper geometries, 3060° and 90 internal angles. The simulation
results are illustrated in Figure 4.19 with the experimental results. They show that
normalisedshearstress is higher along the hoppg®yundaries and tends to decrease
towardsthe central region of the hopper for all hopper geometries. High shear stress
magnitudes are reported in hoppers having smaller internal angles across the

horizontal section of the granular material bed.

This trend of shear stress distribution across thawdar material bed obtained from
DEM is similar to what was obtained using PSAT. The PSAT experimental data are
plotted in solid lines while DEM datreplotted in dashed lines. The numerical and
experimental results show a good level of agreementsath#ight level across all

hopper geometries.
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Figure 4.19 Maximum shear stress distribution for granular bed using DEM
simulation (dashed lines) and PSAT experimental work (solid lines) at H/2
across all hoppers geometries

This good level of agreement between the two methods validates the accuracy of the
guantitative experimental maximum shear stress analysis results, obtained by

applying PSAT at static condition.

4.4 Conclusions

The maximum shear stress distribution profiles and direction are analysed using
PSAT at three hopper geometries having 30°, 60° afAdir@@rnal angles. The
maximum shear stress distributions across all hopper widths were analysed at three
di fferent | e v e | Bhe esHts DdicateHthatt homper dihterkil dhgle

has great influence on the magnitudes and directions of the maxghear stress
profiles that may potentially influence the flow behaviour. Accordingly, three
anticipated hypothesises for granular material flow are suggested, based on the stress
status findings within each hopper geometry. The hypothesis on dynamic flo

characteristics of granules will be verified in subseq@wipters 5 and 6.

The stress profile distribution shows a good level of homogeneity across the hopper
width for the 30° internal angle hopper geometry across all heights. The entire

109



hopper geomey shows relatively high levels of stressthe bottom and middle
sections and the low stressed zone at the top section of the hopper. The direction of
the major principal stress inside the hopper geometry was vertical at all hopper
segments. These mickmpic characteristics of the granular material inside this

geometry suggest that the flow hypothesis will be in mass flow trend.

The hopper having 60° internal angle hopper geometry shoglightly different
behaviour compared tohe 30° hopper geometry. The maximum shear stress
distribution profiles inside the hopper at all three levels show relatively high non
homogeneous distribution. The results showed a relatively low stressed central
region along the axisymmetric axis of the hepfocates directly above the hopper
outlet and propagates vertically to the outer layer of the granular materials.
Relatively high stressed zones are reported outsidedbien toward the hopper
boundaries. The direction of the major principal strasgle the central zone is in a
vertical to almost vertical direction. Apafitom this zone, the direction inclined
parallel to the hopper walls and the closer to the wall are the most inclined.
According to the previous findings, the hypothesis of the fteemd inside such
hopper geometrghought tobe in funnel flow trend and this will be verified in
Chapters 5 and 6. The flow would start at the low stressed central zones, creating
axisymmetric plug flow and the boundaries will flow next to that accortbripe

shear stress profile magnitude within each segment. The extent of stagnation at the
boundaries is relatively high, especially at higher segments close to the boundaries.
Lower hopper segment might show some extent of granular motion, especally at

early stage of the flow process.

The hopper havinga 90° internal angle hopper geometry showed a very complex
stress distribution trend. The maximum shear stress distribution profiles inside the
hopper geometry shows a strongly fim@mogeneous trenalt all hopper segments

and among all other hoppers geonastr The PSAT image showsry narrow low
stressed zone at the axisymmetric axis of the hopper, enveloped by relatively high
stressed zones expanding to the hopper boundaries. The narrow lowdstsse
locates directly above the hopper outlet in the axisymmetric axis of the hopper and
propagates upward to the outer layers. The extent of this region is less than that
reported inthe case of 60° internal angle hopper geometry and the directiore of th
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major principal stresds almost vertical. Apart of this zone, the direction is
perpendicular to the hopper walls. Based on the previous analysis, the flow
hypothesis inside such geometry showing this microscopic charactseistics tde

in obvious fumel flow trend. The early flow stage would take place at the location
of narrow central zone, creating central plug flow. The flow of the boundaries will
be next to that, based on the stress magnitudes and direction. The extent of
stagnation inside this genetry might be higher than that expectethmcase of 60°

geometry.

The experimental PSAT results and the DEM numerical results show a good level of
agreement of nehomogeneous distribution of the maximum shear stress profiles
inside granular mateal stored in different hopper geometries. Both methods
reported that smaller internal angle hopper result& more uniform profile of
maximum stress distributiorand the central zone is less stressed than the

boundaries

Overall, this chapter hadlustrated information on how shear stress distribution
occurs inside particulates stored inside hopper geometries. Based on the static stress
distribution of the filling, hypothesis of flow have been suggested on the potential
dynamic flow trajectoriesfgarticulates. Indeed such strong correlations areiseen
Chapter 5 and 6f the thesis
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Chapter 5 Analysis of Bulk Dynamic Flow characteristics of grains
inside 2D Converging Hopper Geometries Using Colour Coding

Technique

The aim of thischapteris to focus on thejualitative dynamic flow properties of
grains using a simple colour coding techniquéis will help to understand
gualitativelythe links between their stress distribution characteristics at static state
as presented in Chapter 4 to ubsequent dynamic flobehaviour.The focus will

be mainly on flow trajectories, tracking of the centplig flow generation and
propagation, as well as the extent of stagnation within the granular bed, inside
hopper geometries during the flow proce$®. achieve this, qualitative colour
coding technique (CCT) will be applied, based on filling coloured granules in
multiple layers inside hopper geometries, with each layer having a separate colour.
Wet granulation technique applied to prepare colouredutgansimilar to the stress
responsive granules used for stress visualisation and same granules size range (300
1000 ¢ areused Each colouredayer has a size range of (300L000° & and
similar size distributionSome of the results reported hér@ve been presented in

two conferencefAlbaraki and Antony, 201)3and(Antony et al., 2014a

5.1 Introduction

Colour coding technique can be defined as a very simple, repeatable and relatively
low cost qualitative visualising technique fgranular materiaflow assessment.
Such technique is able to demonstrétte characteristics ofjranular material
behaviour under different flow, filling and compaction conditions. This technique
depends on applying different colsuo the fabricated granules different particle
sizes. The coloured granular material then banused to visualise the behaviour
during any particular process. A similar techniqgue has been applied by Aole et al.
(2012) forthe quantitative evaluation of powder density distribution within confined
die geometry as a function of process paraméreske et al., 201 Application of

such coloured layers method to investigate the influentlee ed shoehopperon

the die filling process makes the investigation more insightful and informative.

Applying such a technique to this research project is beneficial to build a clear
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understanding of thBow process ofpharmaceutical excipients gnales based on
visual tracking of the flow trajectories and the extent of stagnation inside multiple
hopper geometriesThis technique was essential especially at early stage of the
project when access to more advanced DPIV was limited.

5.2 Material and Methodology

5.2.1 Material

The fabricated coloured granules mentioned in Section 3.3 having a particle size
ranging (300 1 1000° &) have been used to visualise and analyse the flow
trajectories and extent of stagnation during the dynamic flow processcé&acined

layer has asizerangeof (300 000 em) and similar si ze
PSAT studyin Chapter 4 anche same hopper geometries having (30°, 60° and 90°)
internal angles were usetihedynamic flow process was performed under theesa
laboratory conditions. The hoppers dimensions veése the same amentioned in
Section 4.2.1. Characterisation of the physical and mechanical properties of
fabricated coloured granules has been mention&dation 3.3.2.

5.2.2 Methodology

The experimentaassessment afynamic flow behaviouof the coloured granules
have been conducted under normal grasttgditionand initially packed as multiple

coloured layers as illustrated in Figure 5.1.

( orifice level) H/eo

Hopper nozzle
£

Figure51A t ypi cal i mage of granul=60° | ayer s
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Colouring in layers would simply help to track the motion of the grains without any
bias. The filling process of the coloured granular materials into multiple hopper
geometries was conducted similar to the case of stress responsive granules
mentioned inSection 4.2.2. The fabricated hopper geometries were held between
two perspex sheets and nmbed on a balanced and aligned rig. Before hopper
filling, the hopper nozzle was closed, using a suitable closure, which allowed the
grainsto be fed in layer trend. The filling process was conducted using a conical
funnel, which was initially aligned algnthe central axis of the hopper. The funnel
had a long flexible nozzle to build up granular layers and to minimise any
segregation of the grains during filling and to help level the granula(Aibdraki

and Antony, 2014 Once the required height was achieved, the funnel sloped to both
sidesand the top surface was levelled slowNo tools were used during this
procedure toavoid any external loads that may alter the initial packdegsity
Similar to what has been conducted in the case of PSAT, the height of the granular
bed was kept constant among all hoppers geometregsoat8 cm from the centre

of the hopper outleTo ensure the initial packing density of the granular assemblies,
the mean weight of the coloured granules from the different runs was calculated, and
the variations are within acceptable ran{®$03+0.191,10.471 +0.247 and 13.386
+0.209 gm)for the 30°,60° and 90° hoppers respectively. The dynamic flow of the
granular materials was recorded using a high speed digital camera (Photron fastcam
viewer PFV, model SA5, the speed was 1000 frame/ second, the resolution was

1024 x 1024 pixels and the maximum gbouspeed is 1us).

The experimental set up of the dynamic flow process assessment consists of two
lamps, a high speed camera and the hopper geomuinntedon the rig as
illustrated in Figure 5.2. The light sources have to be in positions to allowisuiffic
illumination of the coloured layered granular bed. The intensity of the emitted light
contrastwas optimised to obtain the high resolution for the captured images. The
high speed camera shading procedure must be activated and adjusted before any
recoding. As the hopper outlet closure was removedfltve of granular materials

was initiated and the entire flow process was recorded until all the granules were
fully discharged from the hopper. The length of the captured records can be resized
to include the actual flow time and exclude the extra fimervals.
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Hopper setup Photron fastcam, SAS Photron recording
model 1000 frame/ s software

Figure 5.2 Diagrame of experimental 2D setup of the dynamic flow assesment
using coloured granules and high speed camera

5.3 Results andDiscussions

5.3.1 Hopper Geometry Having a 30° Internal Angle

Early stage flow results obtained during the dynamic flow beha¥@uhe case of

30° internal angle hopper are illustrated in Figure 5.3

0.243 s 0.314 s 0.452 s

Figure 5.3 Early stage of the dynamic flow process at 30° internal hopper angle

The images show clearly that after releasing the hopper opening at 0.210 second, the

granular bed portion in the white colour, located directly above the hopper outlet, is

dilated, and shows continuous motion and discharged first. This motion is

experiencd bythe granules close to the hopper boundaries as well as those located

in the central axis of the hopper geometry. According to the PSAT resptisted

in Section 4.3.1this hopper segment showed a good level of homogenous stress

distribution that dbwed the solid bulk to flow without any hindranck.is worth
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remembering from Section 4.3.1 that initiallyet direction of the major principal
stressfor this hopper geometrywas in vertical direction thahelps to induce
uniform, mass flow trendThe first discharged portion of the granular material
dilates the granular assembly leading to dramatic lowering of the granular bed
density. Further, attime 0.243 seconds and 0.314 seconds respectively, the first
coloured layer of the granulewsere totally discharged as one layer, without
generating any stagnant zone at the hopper boundaries. The upper layers within the
hopper geometry continue to dilat@iformly in a consistent manner as obviously
seen atthe image 0f0.314 secondsAt 0.452 seconds the swwl layer of the
granules are also discharged through the outlet, and the level of all the hopper
granules dropped once as one layer without producing péuny flow zone or
stagnant zones. The drop of the entire granular bed inside the hopper genayetry
increase the magnitude of the normal wall and shear stress inside the hopper as
compensatory mechanism to fulfil the equilibrium forces in the upper layers
(Bohrnsen eal., 2004.

The time intervals from 0.658 seconds to 1.528seconds respectively are shown in
Figure 5.4.The granular flow pattern from the hopper is consistently taking place,

|l ayer by | ayer. This flow trendfidstmas bee

first out o which means the f(Neddermanooccup
1992.

o -
0.822 s 1.005s 1.205 s

0.658 1431 s 1.528 s

Figure 5.4 Serial of images show the flow process at late stages of the flow process
inside 30° internal angle hopper

The reduction in the bed height is proportional to the granular material discharged
from the hopper and no dead stagnant zones have been developed inside the

hopper geometry. At 1.005 seconds, the granules within the hopper rearrange and
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clearly become more condensed, compared to the dilated layers at an earlier time.
The flow from the central axis is relatively fas than that obtained at the hopper

boundaries.

All the previous qualitative observations of granular flow trend at 30° internal angle
hopper are indeed clear evidences that the flow of the granules at this particular
geometryis in mass flow behaviour. This behaviour is characterisedohyinuous
particulatemotions inside the hopper geome{§astellanos et al., 1998ioldich,

2002 Watson andRotter, 1998 Mass flow patternis also characterised by
controlled and uniform flow trend as well as less segfieg and high stress
magnitude(Holdich, 2002. The nature of the flow at the end stage of the flow and
the fast flow of the central axis is in agreement with the results obtaindtislsy et

al. (2009 where the maximum particle velocity is reported in¢batreof theoutlet

region hgper.

The obtained results here are in a good level of agreement with PSAT results and
anticipated flow hypothesis reported $Section 4.3.1 Thegranular assembly high
vertical anisotropy as well as the homogenous distribution of the stress within all
hopper geometry, allow the granular mateteaflow without any hindrancen mass

flow trend along the whole hoppérhese results confirm the atipated hypothesis

of the flowpresentedn Chapterd and obviously show how the initial stress packing
status influences théynamicflow trend. Further quantitative analysis of the flow
behaviour at this hopper geometry using the same granular mateliabe

presentedn Chaptei6 using DPIV method.

5.3.2 Hopper Geometry Having a 60° Internal Angle

The early stage of the granular material flow process is illustrated in Figure 5.5. The
early stage of the flow is characterised by the generation of axisymmroefrtral

plug flow zone. Images in Figure 5.5 track the formaterd progressiomf this

zone fromearly stageuntil 0.565 seconds, where this zone reaches the maximum
height at the top layer of the be&dnce the hopper outlet is released, the firstigor

of the granular bed in dark colour directly above the hopper outlet starts to flow. The
discharged granules in general, are those located at the central axis of the hopper and

at the lower hopper section close to the outlet region.
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0.462s 0.529s

Figure 5.5 Generation ofplug flow zone (first flow zone) at 60° internal hopper
angle at axisymmetric axis during the early stage of the flow

At 0.316 and 0.382 seconds the second layer of the granular bed starts to flow at the
centre of the bed. The granules close to the hopadir show almostno flow,
compared to the region close to thleg flow zone, especially ahe upper layers.
Stagnatn tendency at the boundaries is very obvious at these layer heights. This
stage is also characterised by the appearance of a parabolic stagnant zone at the
bottom section of the hopper geometry. The same flow behaviour and trend
continued at 0.462 and @% seconds and more obvious parabolic zones formed at
the lower granular layers. At 0.565 seconds the generation plugdlow zone is
completed and reaches the top of the granular assembly. The flow zone directly
starts above the hopper outlet and pigates upward to the top of the granular bed

in symmetric trend that divides the hopper into two equal sides. According to the
initial packing stres status analysis, reportedSaction 4.3.2, this flow zone locates
exactly at the central low stressed epshowing almost vertical direction of the
major principal stress, denoted as first flow zonEigure 4.12. The parabolic zones

at lower granular layers are clear, and the main flow region at this stage is performed
mainly through the central zone andripally through the peripheral sides. These
results are in a good level of agreement with that obtained experimentally by

(Sielamowicza et al., 2006
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Further tracking of the bulk solid flow process at the second flow zone is illustrated
in Figure.5.6. This figure also shows the horizontal spread opltigeflow zone

toward the hopper boundas, as well as the plug height changes during this stage of

flow.

0.565s 0.863s

1.217's 2.243s

Figure 5.6 Tracking of the expantions and changes of the flow zone (second flow
zone) at 60° internal hopper angle at second stage of the flow process

Once theplug flow reaches the top of the granular bed, the first granular layer is
discharged completely from eéhhopper and the upper layers take the clear
parallelogram or parabolic shape toward the outlet direction. At higher coloured
granular layers, the width of th@ug flow starts to increase on both right and left
sides, until it reaches the hopper boundadta later stage. In such cases, granular
flow comes mainly from the upper layers as the flow zone width expands to reach
the boundaries. The stagnant zones close to the hopper walls are now obvious
through the coloured layers and the incidences of atagnare more at higher
layers. The flow zone width is increased dramatically through the granular bed,
particularly at the top section. At this stage of the flow process, the flow zone
doesnodt reach the boundaries Ismatthsery ¢

stage of the flow is a mixture of central aradlial flow trends via the central zone
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and from the boundaries toward the central flow region respectively. The PSAT
results showed that this zo(@" flow zone)is more stressed than the cenirahe

and less than the boundari@sd he direction of the major principal stress in this
region was inclined parallel to the boundaries as seen in Figure 4.12

Additional tracking of the third flow zone is summarised in Figure 5.7. At this stage
the central flow zone reaches the hopper boundaries and the main route of the flow
is the radial flow trend from the boundaries towards the central flow region. At
4.028 seconds the bulk solid near the hopper daies started to flow and slide
over the wallsindicating the maximum width for the central flow region. This stage

is characterised by avalanche flow trend of the granular material from the
boundaries towards the central flow region. The granules at the boundaries also slid
over the walls in a sloweanotion than thatlow toward the central zone. The flow
boundaries between the flowable layers are showing continuous flow regions of
mixed coloured granules. The end of this flow phase shows continuous motion of
the remaining granules inside the hopper the particulates motion is a mixture of
both sliding on the hopper walls and freely flowing through the central zone as seen
at 4.628 second.

Flow plug reach the Continuous motion of
boundaries the granules during
the flow process

\

g.w
%é’

W

4.028s 4.628s

Figure 5.7 Flow process tracking and changes of the flawe (third flow zone)
inside 60° internal hopper angle at the third stage of the flow process

The reported stress profiles distribution using PSAT at this zdRdld® zone),
showed high shear stress profiles comparing to thearid 29 zones and the
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direction of the major principal stress was totally inclined parallel to the direction of

the hopper wall as seen in Figure 4.12.

In general, the flow nature during this late stage of the flow is mainly through the
radial flow trend. Thiswill be quanttatively validated in Chapter @sing DPIV

technique and analysing the direction of the mean velocity vectors in these regions.

The evolution of the centrglug flow height (from orifice level)against flow time
at 60 ° internal hopper aleg was measured, starting from the top of the granular
bed downward to the outlet region and the result is illustrated in Figure 5.8.

5 s -
— b
r e
_E ‘. "?-‘r,b
;En 6 - o ~ . R , efa’?
s 5 - ~o
S 4 | 50% Height ~
€ 4 - T°T TR~
E ‘1: T~ - %rﬂq
s 3 : ~ -l Ve
E 2 - ! S e
(=} i ~
s 1 % "'._-.
iﬂ 1 - : - "\'|'-
% n T T T T T T T T T 1 T 1
o 05 1 15 2 25 3 35 4 45 5 55 ©
Time (Sec)

Figure 5.8 Evolution of the of plug flow zone height measured in the symmetry

axis at 60° internal angle hopper geometry

The changes in the centrallug flow height are measured in the symmetry axis of
the hopper, by measuring the changes in the height of the zone at the centre in
centimetres, as a function of time in seconds. The maximpiug flow height is
achieved at 0.435seconds when the cemlted flow reached its maximum height
propagation within the granular bed after the opening of the outlet, as seen in Figure

5.5. This time is considerexbthe zero time for any measurement changes.

Figure 5.8 clearly shows that tipbug flow zone changes siply subdivide to two

main regions. Throughout the first region, there is a dramatic decrease in the flow
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zone height until around 3.7 seconds. The decreasing trend is characterised by a
slightly concave line. Thplug flow height reaches 50% of its origifaeight around

2.5 seconds and the flow zone height is terminated at around 5 seconds. The
measurement of the plug height at late flow stage is very difficult, as the radial flow
trend dominates and no clelacation wasobserved. At the second region tbke

plot, the descending extent of tipbug flow height tends to be less than that
observed in the first region and becomes almost linear. This could be due to the
steady avalanche flow trend from the granular region close to the hopper boundaries
in the plug flow zone. These results and trends of the flow zone are in general in a
good level of agreement to that reported(8ielamowicza et al., 200@t the same

hopper internal angle geometries, using amaranth sédugher particle size.

Tracking of the stagnant zone generations and their changes during the dynamic
flow processs shown inFigure 5.9Stagnant zones are formed at both sides of the

centralplug flow zone and close to the hopper boundaries.

Figure 5.9 Stagnant zones shapes at the middle and top granular layers at two stages
of the flow process

These stagnant zones are mainly formed at the top and middle sections of the hopper
taking two main shapes; parallelograms and parabolic shapes. The paradods s
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form as a result of high avalanche flow trend of the outer layers of the granules

toward the flow zone during the second and third stages of the flow process.

Furthermore, graphical analysis has been conducted to measure the diahges
stagnantone dimensionat the top and middle hoppehe results ardlustratedin
Figure 5.10.

Stagnant zone width [cm)

0 0.5 1 1.5 2 2.5 3
Time (5ec)

= = Top stagnant zone = = Mid stagnant zone

Figure 5.10 Measurments of stagnant zone dimension changés &p and middle
of 60° internal angle hoppgeometry

The changes of the stagnant zone at the top section can be divided to two regions,
first and second region. At the first region, the granular bed dimensions decrease
dramatically until around 1.75 seconds. This indicates a high radial flowdtehis

stage from the upper layers towards the cemita flow. The second region after

1.75 seconds until the end of the process is almost linear, indicating a more uniform
and stable gliding of the top layer toward the flow zone. The changes ahtie w
middle stagnant section dimension are more linear than that at the top section,
indicating a unifornsteady flow of the grains within the flow streafAt a 50% time

interval, the top section dimension changed by around 43.26%, compared to 38.6%
at themiddle section.

In general, the obtained resultere and the PSAT results maximum shear stress
distribution and directiomn Section 4.3.2and Figure 4.1re showing good levels

of agreement. The anticipated hypothesis of the flow behaviour simgpdsiee
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flow zonesareclearly proved here qualitatively using the colour coding technique
see Figure 4.12The centrablug flow generated at the early stage of the flow is
located exactly at the low stressed central zone repeadie¢rusing PSAT sbwing

vertical direction of the major principal stred¥ flow zone The second flow zone,
which has higher stress magnitudes than the central zone, flows second to the central
zone, due tetress magnitudes and inclination of the major stress prirdiig&tion

The third flow zone is close to the hopper boundaries that have the highest stress
magnitudes and the most inclined directions of the major principal stress. The
stagnant zones are reported clearly inside this hopper geometry, particulady at th
end stage of centralug flow propagation. The stagnation tendency is increased at
the higher hopper segment boundariesver hopper segments close to the outlet
showed good extent of particulates motion, which could be attributed to the low
stress magjtudes at this zone, as well as the direction of major principal stress

toward the outlet region.

These dynamic results using CCT confirm qualitatively the anticipated hypothesis of
the flow based on the initial stress packing status. Further quamtisatalysis of the

flow behaviour at this hopper geometry using the same granular materials will be
conducted in Chapté& using DPIV method.

5.3.3 Hopper Geometry Having a 90° Internal Angle

Based orthe obtained PSAT resulis Section 4.3.3 and Figure 4,1i6is expected

that the central axis of the hopper will flow first based on the stress magnitudes and
direction followed by the surrounding regions. This expected flow trend will create a
narrow centralplug flow at the central axis of the hopper due to Igwess
magnitudes and the vertical to almost vertical direction of the major principal stress
at this region. The anticipated granular flow treénside the 1 flow zone reported

in Figure 4.8 is clearly illustratecherein Figure 5.11. The images clearly show the
generation and propagation of the narrow axisymmetric ceptugl flow zone
located at the central hopper axis. The time interval of axisymmetric flow zone
generation starts immediately after opening the hopp#et and ends by reaching

the outer layer of the granular bed at 0.874 seconds piligeflow zone locates

exactly at the expected site of the first flow zone, illustrated in Figure 4.13. This
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location is a relatively low stressed zamith almost vertial direction of the major

principal stress.

o
A 4

0.00s 0.273s 0.425s

A

0.583s 0.793s 0.874s

Figure 5.11 Generation oplug flow zone (first flow zone) a® 0° internal hopper
angle at axisymmetric axis during the early stage of the flow

After releasing the hopper outlet, the fidischarged portion is the grains at the
central axis of the first granular layer locatdicedly above the hopper outlethe
centralplug flow continued to propagate upward in a vertical trend until it reached
the outer granular bed layer. At 0.425 the second granular layer started to flow at the
central line. Opposite to what has been observed ath6Pfper geometry, the
granular material dundaries close to the outlet region show very limited flow and

the shape of the boundaries take the parallelogram shapes. The flow at each granular
layer starts exactly at the axisymmetric axis of the hopper and expands upward to
the next slice. The homntal expansion of thelug flow is much less than that
reported in cases of 6Mternal angle hopper geometry. Starting from 0.793 seconds

to 0.874 seconds, it is clear that the stagnant zones shapes take the parallelogram
shape at all slices levels. Thgtent of the centrglug flow expansion is much less

than that observed at 6@opper geometry and this is due to the perpendicular
direction of the major principal stressward the hopper wall, compared to the
parallel directions observed in cases06f hopper geometry. At 0.874 seconds the
generation of thelug flow zone is optimised and reaches the top of the granular
assembly. Granular bed dilation is clearly reported at this stage of the flow process
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at the central zone and starts immediatel.a73 seconds and continues until the

full propagation of the central flow zone is achieved at 0.874 seconds.

2542 s 2.976s

Figure 5.12 Tracking of the expantions and changes of the flow zone (second flow
zone) at 90° internal hopper angle at the second stage of the flow process

Further analysis and tracking of the dynamic flow process at the seconddiewv
based on stress statuegented in Figurd.16 is illustratedherein Figure.5.12.
According to the stress profile magnitude and direction, this zone is the moderately
stressed zone and the direction of the major stress principal is perpendicular to the
direction of the hopper &lls. The results in Figure 5.12 show clearly the horizontal
expansion of the central flow zone toward hopper boundailies, trajectories
through all layers, avalanche flow trend and plug height changes dhiingtage.
Differently from what has beereported in cases of ®0nternal angle hopper
geometry, no whole granular layer has been fully discharged from the hopper up to
the end of this stage. The shape of the stagnant zone in the boundaries is taking the
parallelogram shapes across all granudgefs. Above the central plug height, flow
from the boundaries to the central zone takes a steady avalanche trend, while the
parts below that show sliding of the granules along the flow zone boundaries. The
stagnant zones are obviously reported througlagdirs and start directly outside the

central flow zone boundaries until the hopper walls. The central flow zone
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dimensions are increased dramatically at the higher layer toward the bouddaries

to high radial flowtendencyin an avalanche treras show in Figure 5.12

In general, the flow nature at this stage is a mixture of both radial and central flow
trends and stagnant zones are highly persis@aar granular bed shearing points
are reported at all levels vey close to the flow zone bound#iahtese shearing

points, the granules start to flow from the stagnant zones towargiigftow.

The analysis and tracking of the last phase of the flow process through the third flow
zonebased on PSAT findings at section 4.3.3 and Figure i4.illistratedherein

Figure 5.13This flow zoneshowed the highest stress magnitudes withinitbpper
geometry and the direction of the major principal stress is totally perpendicular on
the hopper walls. At this stage of the flow process, the central fbow zontinues

to spread horizontally until it reaches the hopper walls. Radial flow trend is the main
route of granular flow during this phase as shown in Figure 5.13, where granular
materials flow in avalanche trend from the hopper boundaries towara® il

flow zone. As the particles reach the central flow zone, the flow mechanism at this

plug tends to be central flow trend.

6.356 s 6.505s

Figure 5.13 Tracking of the expantions and changes of the flow zone (third flow
zone) at 90° internal hopper angle at third stage of the flow process
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The avalanche flow trend occurs through the external surface of each layer toward
the plug flow zone. Increasing thangle of the plug toward the hopper walls slows
the granular flow toward the flow zone. This is due to increasing the angle of sliding
which negatively decreasesetlstrength of the avalancii@moros et al., 2000 At
6.356and 6.50%econdghe main flow route comes sliding through the granules on
the hopper walls until the end of the flow procd3sgferently from what has been
observed in cases @&0° hopper geometry, stagnation tendency at this geometry
persists until late flow stage.

In general, this stage of the flow is characterisedidaypination ofradial granular
flow trendtowardthe cential flow zone in an avalanche treadd stagnant zones are
highly persistent.The strength of the avalanche flow depends mainly on the sliding
angle of the granules toward the central flow zone. The higher skdhiglg is the
slowest avalanche tren&rarular bed shearing points are clemrossall layers
close tothe flow zone boundarie¥Vhenthe centralflow zone reaches the hopper

boundaries, sliding mechanism becomes predominargleatingooints disappear.

Further analysis has been conducted to measure the evolution of the glerggral
flow height against flow timén the axisymmeric axis of the hoppédihe zero time

for the measurement is the time of reaching ghay flow the outer granular bed
layer, themeasurements are in a downward manner to the outlet region, and the

result is illustrated in Figure 5.14.
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Figure 5.14 Evolution of the height of plug flow zone measured in the symmetry
axis at 90° internal angle hopper
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Similar to what has been reported in cases of 60° internal angle hopper geometry, the
evolution of the centraplug flow is devided into two main régns. In the first
region, there is a dramatic decline of the plug height up to arosedahds due to
heavy flow of the central upper layers through the central flow zort@elsecond
region, the decline of thelug flow height tends to be less tharatlobserved in the

first region and becomes almost linear. This couldabiebutedto the steady
avalanche flow from thdoundariestoward theplug flow zone (Amoroés et al.,

2000.

At a later stage, analysis of the granular bed stagnation inside 90° internal angle

hopper was conducted during the dynamic flow process. It has been noticed that the
stagnation tetlency inside such hopper geometry is more than that observed in cases

of 60° hopper geometry and started at an early stage of the flow process and almost
persisted throghout the entire flow proces$he results illustrated in Figure 5.15

show the createstagnant zones during the flow stages reported in this chapter.

shape

Figure 5.15 Stagnant zones at different hopper segments inside 90° internal angle
hopper geometry
Stagnant zones were formed at both sides of the cepiugl flow zone and
diminished toward the hopper boundari€se parallelogram shaped stagnant zones
inside the granular bed layers persisted to the late stage of thedfmeiallyat
higher levelsas seen in Figure5.1%he changesf the stagnant zone dimensions in
the top and middi&eight of the hoppewere graphycally analysed and the results
are illustrated in Figure 5.1@he graph shows that there is a dramatic decrease in
the first segmenof the stagnant zone at the top section especially rit #aw
stage. This is due to the fact that the main flow process comes through tlaeitdst
flow of the top layer into the central flow zone in an avalanche trend.

129



~ 9 -
S 8-
< 7 - N
s | S~
(8] 5_ \\
c S~ o
S 4 Sl
c 2- _________ RN
- - . \
g 14 TTTe=eal N
m O T T T T I\ 1
0 1 2 3 4 5 6
Time (Sec)
- — -Top stagnant zone - - - Mid stagnant zone

Figure 5.16 Measurments of stagnant zone dimension changekeatop and
middle of 90° internal angle hopper geometry

At this stage of the flow, the particle sliding angle towardspthg flow is low and
speeds up the avalanchevil. By thetime, the graph tends to be more linear until
the last stage of the flow and this is due to the unifsteadygliding of the granules
as an avalanche flow trei@@morés et al., 2000

The change at the middle stagnant section is almost linear from the early stage of the
flow until the end. This is an indication of a unifoand steady flow of this region.

At a 50% time interval, the top section changes is around 39.18%, compared to
around 26.05% at the middle section. This indicates that the flow through the upper
layer is more than that performed from middle layers.

5.4 Conclusions

The qualitative colour coding analysis of the granular material flow process from
multiple hopper geometriess successfully applied here and showatkresting
results. Hoppers havir@Q° internal angle hopper geometry showed mass flow trend
throughout the whole flow process, and the granular material inside the hopper
showed continuous motion at all hopper segments. The granular bed dilation during
the flow process is clearly reportegspecially at the early stage of the flow. The
obtained qualitative results are in good agreement théhtrends displayed by the
maximum shear stress distribution results inside such hopper geometry, showing
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homogeneous stress distribution and vertitadction of the major principal stress,
(Section 4.3.1). No progression of angentralplug flow or stagnant zones at the
hopper boundaries artound inside this particulate geometry. The solid bulk

granular material discharge, follow a first in firstt @agime and the mechanism of

the flow is performed through the central flow route.

The flow behaviour in cases of 60° and 90° internal angle hopper geordetrédsp

in more stagethan those reported in cases of 30° internal angle hopper geometry. In
general, thebehaviour of the granular material flow inside both geometries was in
funnel flow trend performed through three flow zones, and the granular discharge
mechanism is a mixture of both radial and central flow rodtkee first flow zone
initially performed through the propagated centgdlg flow zone at the
axisymmetric axis of the hopper geometries and above the hopper outlet. The central
plug flow spread was higher in cases6® hopper geometry than that obtained in
cases of 90° hopper geometihis is mainly due to relatively wide low stressed
central zone, showing almost vertical direction of the major principal in cases of 60°
hopper geometryThe second and third flow zones come next to tipestining to

the stress magnitude and directioreach zonas shown in Figure 4.12 and Figure
4.16 Granular bed stagnation inside the hopper geometries was reported in both
cases but the incidences and extent were more in cases of 90° internal angle hopper
geometry. This is attributed to the perpenthr direction of the major principal
stress to the hopper walls in casetloé 90° hopper geometry, compared to the
parallel direction to hopper walls reported in cases @f Bopper geometry.
Generally, he obtained qualitative resulfisr 60° and 90hopper geometrieare in

good agreement with theon-homogenous maximum sheatress distribution

profile and direction showing more deviation toward the hopper walls

Though technologies for dynamic tracking of stress in granular materials is not yet
available easily, the current study shows that the nature of shear stress distribution in
granular materials even at static sgatevides many interesting information dreir

dynamic flow trajectories.
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Chapter 6 Analysis of the Granular Materials Dynamic Flow trend
inside 2D Converging Hopper Geometries Using Digital Particle

Image Velocimetry (DPIV)

The aim of ths chapteris to explore quantitatively the influence of hmgrs
geometries on the dynamic flow process of granular material using digital particle
image velocimetry (DPIV). The analysis based on quantitative measurement of the
mean velocity vectors at different segments of the hoppers geometries. The results
will emphasise and link that to the influence of initial packing stress profile
distribution and direction inside hoppers geometry at static condition. The analysis
focusedmainly on the general flow trend, generation of cenghad) flow, stagnation
tendency b the granular materials inside multiple hopper geometries. Multiple
variable factors influencing the granular material flow process such as outlet size,
bed lubrications and hopper wall roughnkase been presented here dtirselected
hoppers geometrse Most of the results reported here have been publish#étein
Journal of Power Technology (Albaraki and Antony 2014).

6.1 Introduction

Particle image velocimetry (PIV) has been applied in research fields for spatial and
temporal measurement of paréianean velocity in fluid dynamicg@®drian, 1991
Adrian, 2009. Digital image velocimetry (DPIV) is the digital equivalent method of
the conventional particle image velocimetry (PIV) and laser speckle velocimetry
(LSV) based on using a highly sensitive digital cameth Wwigh resolution capacity
(Willert and Gharib, 1991 Analysis of the results performed computationally
instead of manual data processing significantly redarmg potentialPIV errors
(Willert and Gharib, 1991 Recently, DPIV has been adapted for spatial and
temporal analysi®f solid bulk discharge from storage bunkers such as silos and
hoppers, having different outlet orientations and multiple geomé&ietamavicz

et al., 2005Sielamowicza et al., 2006ielamowicz et al., 2031

The adaptive DPIV applied in this research project is-ingasive, real time, a
whole-flow-field optical measurement technique. The software is able to provide

mean velocity vectors of particles within the whole area of interest, as well the
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vertical velaity componergacross the hopper width at any required level. This will
help to link thetrend ofmaximum shear stress results obtained using PSAT method
reported in Chaptet to the DPIV results obtained here. The height of the velocity
measurements areidentical to those used in cases of PSAStudy
(jHN(jTAT 4j¢8This will help to investigate thoroughly and quantitatively, the
influence of shear stress profile distribution and major principal stress direction on

the particles spatial and temporal floehaviour and velocity gradients.

6.2 Material and Methodology

6.2.1 Material

Materials used in this chapter are tfabricated coloured granules described in
Section 3.3, having a particle size range of 300 to 1000 um. Identical hopper
geometries and dimensionsving (30°, 60° and 90°) internal angles were used,
similar to those used in Chaptérand 5 Magnesium stearate powder was obtained
from (Sigma Aldrich, UK) for granular bed lubrication. Sandpaper was obtained
from the local market foaltering hopper wall roughnes£haracterisation of the
physical and mechanical properties of fabricated coloured granules has been
presented in &tion 3.3.2. The roughness of the walls was characterised and
evaluated in a mechanical engineering laboratory andethéts arealso presented

in this Chapter

6.2.2 Methodology

Filling of coloured granular material in multiple layer style, imagetaring and
experimental setupre identical to thoseeported in details in Chaptér (Section

5.2.2. The dynamic flow proceswas performed under the same ambient laboratory
conditions. The temperature was measured during the lab work and was in range 17
19°C. Similar to conditions in cases of the PSAT and colour coding method, the
height of the granular material inside the pep geometries was kept constant
across all hopper geometriesadiout8 cm from the centre of the hopper outlet. The
bulk density of the coloured granules inside the hopper has been measured fifteen
timesand averagetb ensure the initial packing densdf/the assemblies. The mean

weight was calculated and the variaticaa® within acceptable ranges (4.503 +
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0.191, 10.471 = 0.247 and 13.386 = 0.209 gm) for the 30°, 60° and 90° hoppers

respectively.

0
/\ ( orifice level) H/==

W
«—> Hopper nozzle

Figure 6.1 Multiple pharmaceutical excipient granular materials layers inside the
hopper { 90°)

The 2D hopper experimental setup for DPIV flow process image capturing, consists
mainly of multiple hopper geometries made of Persglesets for three cases of
internal angle of hopper (d = 30A, 60A
di mensions of the hoppers used here are
orifice width (w) is 7mm (&1l1d)hoppenoz z| e
thickness (perpendiculartotpel ane of hopper ) heshoppemm ( &¢
internal surfaces and edges were finely polished to minimise particle wall friction.

The selected hopper dimensions, which could be viewed as relatively smatien so
industries, are about the size of some of the hoppers used in thepmadssing
substations in the space industry. The selected dimensions have been saiGtied

that ratios of the hopper dimensions to the average particle size (d) used here, are

adequate to maintain continuous flow during the experiments.

The dynamic flow of the granular material was recorded, using a high speed digital
camera (Photron fastcam viewer PFV, model SA5, the speed was 1000 frames per
second, the resolution was 10241824 pixels and the maximum shutter speed is
1us). At this high speed, the memory of the camera is able to record around 22
seconds (around 22 thousand frames). Due to this high capacity, recardimigof

the flow process starts immediately just beftive outlet opens and continuesstil
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the end of the flowThe recorded movies have been split into single image frames
using Photron software. The software used in this study to analyse the captured
digital images frame by frame is DynamicStudioftware platform (DSSP)rhis
software is an advanced imaging software platform created by Dantec Dynamics Ltd
for images acquisition and processing for PIV d#&ta.adaptive PIV application
within this package has been used to import single framescaoalates velocity
vectors based on particle images. This method is an automatic and accurate adaptive
method. The software imports these images for the data analysis as single frames.
The noninterested areas outside the hopper geometry should be miskadiude

any interference and noise as shown in Figure 6.2. This application iteratively
adjusts the size and shape of the individual interrogation areas (IA) in order to adapt
to local seeding densities and flow gradients, see Figure 6.2. The finalatad

interrogation area in this study is 16x16 pixels

Interrogation
area (I1A)

Figure 6.2 Digital particle image velocimetry data analysis fundamentals; area of

interest (AOI) and interrogation area (I1A)
The illumination of the hopper geometries was optimised, using sufficient light
sources to have the maximum image resolution for the captured images. A high
speed camera shading procedure was calibrated to eliminate any image shadings.
More details are aviable in Chapteb (Section 5.2.2 For each hoppeaangle three
experiments have been conducted and analysetheok the reproducibility and
consistencyof the DPIV resultsduring the flow processThe variations within all
hopper geometrieacrossall height levels were in range 0f20.7% to 0871%.
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6.3 Results and Discussion

Colouring the pharmaceutical excipient granules and filling in hoppers in multiple
layers provides a good opportunity to visualise the flow trajectories and improve the
image resaltions. The DPIV software applied in this experimental work, is able to
measure spatial and temporal mean velocity vectors of particles in a cross
correlation style of the images. The mean velocity measurement in 2D experimental
setup, is the mean of theentical velocity componentv( and horizontal velocity
component ). In cases of three dimensional DPIV applications, the third velocity
component is known as the perpendicular compom@ntThe length of the velocity
vectors is a primary indicator ofélparticle velocity at any locatiqielamowicz et

al., 2005. Long vectors indicate high velocity value, while short acr@sespond to
much lowervalues The colours scale of the velocity vectors map and velocity
contours map are generated, according to the magnitude of the velocity at these
particular areafOstendorf and Schwedes, 20@elamowicz et al., 2005

6.3.1 Hopper Geometry Having a 30° Internal Angle

The mean velocity vector map during the whole flow process is shown in Figure 6.3.
In general, the direction of theean resultanvelocity vectors within the whole
hopper is in a vertical or almost vertical direction. The axisymmetric axis of the
hopper ad its surrounding zonealign dominantly along thevertical direction,

while the hopper boundaries show almost vertical directions. The results show that
the length and magnitude of the vertical velocity vectors are very high inside the
hopper nozzle andt the orifice level of the hopper. These results are in a good level
of agreement with the previous studies, obtained at the same hopper geometry using
different grains(Bohrnsen et al., 20Q040stendorf and Schwedes, 2005 he
velocity vector gradient deceases in an upward direction. The highest hopper
segmentvasthe slowest layer to flow. The vertical to almost vertical direction of
the mean velocity vectors during the whole flow processtrongevidence that all
granular material in all regions, are in continuous vertical motion within the entire

geometry.
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Figure 6.3 Meanresultantvelocity vectors map inside the 30° internal arigipper
geometry filled by coloured pharmaceutical excipient granules

Further analysis of the vertical velocity component within the hopper geometry
during the whole dynamic flow process has been conducted across the hopper
section at three different heights; ( H/ i
deeply investigte the spatial and temporal velocities of the particles inside the
hopper geometry at multipleeightsas well as to link that to the stress distribution
profile reportedearlierat the same heigh{Section 4.3.1)The results of the vertical
velocity canponent across the 30° internal angle hopper geometry at three height
levels are illustrated in Figure 6.4. The results indicate that the highest vertical
velocity component inside the hopper was obtained just above the hopper outlet
(H/ b) wh e r em magngudenoé tkei vertical component is 2.671(mm/s).
The magnitudes of the vertical velocities decreased at higher levels to reach 1.748
(mm/s) and 1.056 (mm/s) at H/4 and H/2 respectively. The values of the vertical
velocity are in negative value as tfiew in the direction of the gravity and high
value means high velocity magnitude. The plot is in polynomial regres¥landr

and theR? ranges from 0.918 to 0.945. The data have been fitted to polynomial

distribution, in order to smooth the shapele plots.

137



Normalised hopper width
0 0.25 0.5 0.75 1

T
y = 2.4264%- 2.3494x- 0.4608
R2=10.9354

_—qm——————

= 2.9388%- 3.1836x- 0.827

Vertical velocity component

, R2 =0.9438
W - - e e e e e m e - — - — e — 1
—7 = 3.108%+ 3.1842x- 1.7108 !
-2.671 R2=0.9183 :

________________________________________________________________

——Poly. (hfinfy ——Poly. (H/4) ——Poly. (H/2)

Figure 6.4 Vertical velocity component plot inside 30° internal angle hopper
geometry having a 7mm outl et size mea
H/2) in 2'Y order polynomial plot

Thepercentage ratios of the maximum vert
and H/2 are higher by 52.80% and 152.94% respectively. The ratios were
recalculated using the mean velocity across the whole horizontal hopper section to
give a more realistic compaon, and to avoid any bias in compariseae Figure

6.5.
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Figure 6.5 Averagrvertical velocity component plot across the hopper width inside
30° internal angle hopper geometry having 7mm outlet size at three heights
(H/ B, H/ 4 and H/ 2)
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The averagevertical velocity components across the hopper width at three heights

H/ b, H/ 2Zare®A59 (m/s), 1.372 (mm/s) and 0.798 (mm/s) respectively as
shown in Figure6.5. The percentage ratios of treveragevertical velocity
component at H/B to H/ 4 and H/ 2 are hig
At all three heights, the centrakia of each height shows a higher velocity
magnitude than the boundary at the same height. Similar results have been reported
by Ostendorf and Schwedes (200&sing similar internal angle hopper geometry

but with grains of high sizeBoth results illustrated in Figure 6.4 and Figure 6.5,

either by using the maximum vertical velocity component oraeragevertical

velocity component, show that the velocity gradient is higher at the lower segment

of the hopper and decresed at highlegmnsents.

Themaxi mum vertical velocity component v

the whole flow process were tracked, and the results are illustrated in Figure 6.6.
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Figure 6.6 The maximum recorded vertical velocity component values at selected
time intervals during the flow process inside 30° internal angle hopper
geometry

The obtained results show that the granules attain a maximum value in their vertical

velocity quite raplly, as flow begins at around 0.7 seconds and remains almost

constant for the remaining duration until the flow is terminated. The onset of the

vertical increases dramatically to reach (3mm/sec) within less than half a second. At
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the second stagef the pot, the velocity gradient increases steadily to reach the
maximum value, and then takes an almost flat trend until the flow process is
terminated. Fast flow of the firgiranularportion close to the hopper outlet is the
main reason for the granular betiation and high velocity gradient at ’ya flow

stage more details are presentedSection 5.3.1.

Further analysis and cross matching of the results have been conducted using both
mean velocity vectors map at multiple time intervals and its corresponding visual
images, as shown in Figure 6.7. The aim of such analysis, is to identify the area of
the graular bed nucleation (i.e., location of initial solid bulk dilation) and the

subsequent progression of flow of gk solid.

The mean resultant velocity vector profiles inside 30° internal angle hopper
geometry can be generally divided into two maiagss; propagation phase and
termination phase. The early images of the resultant velocity vectors map at 0.229
seconds and 0.317 seconds shantical to almost vertical direction of the velocity
vectors within the hopper geometry. The vectors propagatealy in an upward
direction at the centre of the hopper, as well as the boundaries. The corresponding
images at these time intervals clearly show the bed dilation phenomenon at the zone,
close to the hopper outlet. The magnitude of the velocity veatting lower hopper
segment is the highest across all the segments. At 0.421 seconds, the mean velocity
vectors map spread in all hopper segmemtd show vertical to almost vertical
direction The correspondent image at 0.421 seconds shows clearlylltigaains

inside hopper geometry are in continuous motion at all segments. During later stages
of the flow process at 1.052 seconds, 1.205 seconds, and 1.584 seconds, images
show the terminal discharge of the granular material from the hopper geometry. The
general trend of the resultant velocity vectors in the termingth@seis similar to

that obtained in the propagation phase, but in a downward direction. The direction of
the velocity vectors in the termination phase shows a vertical to almost vertical
direction until the flow process totally terminated. According to the corresponding
images at this stage, the bulk solid bedlen®r than that reported at the earlier
stage of flow characterised by bed dilatidhe granules inside the hopper geometry

are in continuous motion until the end of the flow process.
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Figure 6.7 Mean resultant velocity vectors profiles at 30° internal angle hopper
during different time intervals and the corresponduigual images of the
dynamic granular flow

In general, it is evident that 3topper geometry shows clearly velocity vectors

acting dominantly along the vertical direction (direction of gravity) at all stages of

the flow process. The corresponding visnaages demonstrate clearly, that granular
flow occurs in layers from the outlet region of the hoppér. e . , -f 6 fist stouit
trend. The initial granular bed dilation at the lower hopper segment, discharges the
dilated zone first and the material tiooed to exit in a relatively uniform manner,
showing mass flow trend. This has been confirmed by adequate tracking of the
reduction in the top level of the filling, where the outer layer drops as one layer.

More details are available irestion 5.3.1. Tis flow trend occurred uniformly

across the width of the hopper for most time intervals of the flow process with minor

exceptions just prior to the flow termination.

Dilation of the granular bed inside the hopper is common at the early stage of the
flow process and crucially affects the granular bulk density and accordingly alters
the wall stresgBohrnsen et al., 2004Applying DPIV in this research at very short
time intervals and using the coloured granules, showed this dilation clearly as it is
illustrated in Figure 6.7. More detaidse available in Chapter Fivee&ion 5.31.
Referring to the PSAT results, the 30° internal angle hopper geometry showed
relatively homogenous stress distribution across the three hopper heights and a
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vertical to almost vertical direction for the major principal stress. These microscale
findings enhance the chance of mass flow trend inside such hopper geometry. This
expectation has been validated quantitatively using DPIV. The mean velocity vector
maps and the corresponding images illustrated in Figure 6.7 show vertical direction
for the vectors eross the entire hopper geometries and continuous granular motion
during the whole flow process. This means that the initial packing stress status and

the internal hopper angle have great influence on the nature of the granular flow
trend.

6.3.1.1 Evaluation of Variables Influencing Granular Flow Process

Inside 30° Internal Angle Hopper Geometry

6.3.1.1.1 Hopper Outlet Size

The hopper outlet size is increased from 7mm to 10 mm and the remaining
experimental conditions are kept identical as the previous Ward.influence of
increasing hopper outlet size on the flow process and particle velocity magnitudes

has been conducted and the results are illustrated in Figure 6.8.
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Figure 6.8 Vertical velocity component plot inside 30° internal angle hopper
geometry having 10 mm outlet size mea
H/2) in 29 order polynomial plot

The maximum magnitudes of the vertical velocity components are 3.722 (mm/s),

2253 (mm/s) and 1.481 (mm/s) at H/ b, H/ 4
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has been conducted in cases of (7mm) hopper outlet, the plot data are fitted into the
2nd polynomial plot and the “Rranges from 0.956 to 0.993. The maximum

magnitudes of the vecal velocities components in a hopper having 7mm outlet size

wer e 2.671( mm/ s), 1.748 ( mm/ s) and 1.
respectively. This indicates that increasing the outlet size from (7mm to 10 mm
a42. 86 %) i ncreases t B%35% 28.88% antd y0.2%@a ni t u

H/ B, H/ 4 and H/ 2 respectively.

The previous findings have been recalculated usingatteeagevertical velocity
component across the whole section, at the three predetermined heights at both 7 and

10 mm hopper outlets and thesults are illustrated in Figure 6.9.
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Figure 6.9 Averagevertical velocity component plot across the hopper width inside
30° internal angle hopper geometry at 7 mm and at 20mm outlet sizes at three
heights (H/ Db, H/ 4 and H/ 2)

The results in Figure 6.9 show clearly that dveragevertical velocity components

in cases of 10 mm outlet size across the hopper width at all heights, were higher than
those obtained in cases of 7mm size at the same heights. The percentage increments
of theaveragev er t i c a | velocity component at H/
outletsize are 52.39%, 39.43% and 41.10% than those reported in case of 7mm size

at the same heights respectively. Both calculations, either by using the maximum
vertical velocity component or tteseragevertical velocity component are higher in

cases of 10 mnsize and across the whole width. The results also indicate that
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increasing hopper outlet size, increases the granular velocities in different ratios and

the maximum increment is obtained at the outlet region.

6.3.1.1.2 Granular Bed Lubrication
The granular bed lubrication has been conducted for 7mm hoppers outlets size using

2% magnesium stearate powder as a common lubricant in pharmaceutical industries

and the results are shown in Figure 6.10.
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Figure 6.10 Vertical velocity component plot inside lubricated 30° internal angle
hopper geometry having 7mm outl et siz
and H/2) in 29 order polynomial plot

The results show slight increases ie tharticle vertical velocity components among

all height levels, compared to the Roricated 30° hopper geometry. The

maximum values of the vertical velocity component are 3.053 (mm/s), 2.191 (mm/s)

and 1.352 (mm/s) at H/ b, arig/tod2.6&nN(dm/siH/ 2 r

1.748 (mm/s) and 1.056 (mm/s) at the same levels. The percentage increments of the

maxi mum reported vertical velocity comp

lubricated to nofubricated system are 14.30%, 25.34% and 28.03% regplgctin

addition to that, the Rvalues are improved in cases of lubricated geometry,

compared to the nelubricated ones. The?R/alues are 0.918, 0.944 and 0.945 at

H/ b, H/ 4 and HFHubricated 308 laoppersgeomdtry, compared to

0.987, 0.96 and 0.969 in cases of lubricated geometry at the same heights
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respectively. These results give an indication that the flow process inside the
lubricated system is more uniform than that obtained inside duboicated system.
It is well known, that bedubrication decreases the intergranular friction which

could improve the flow behaviour

The influence of the bed lubrication on particles velokéyg been recalculated using
averagevertical velocity values across the hopper width at all heights andareih

to the noAlubricated system as shown in Figure 6.11.
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Figure 6.11 Average vertical velocity component plot across the hopper width
inside lubricated 30° internal angle hopper geometry for lubricated and non
l ubricated systems at three heights (|

The results clearly show that the mean velocity values at theedtdntsystemare

higher than those obtained at Hobricated system across the same heights. The
percentage increments of the mean vertical velocity compawass the hopper
widthat H/ D, H/ 4 and H/ 2 i n -ldbacatedsystdm ateu br i ¢
18.11%, 24.04% and 32.81% respectively.

Opposite to what have been reported in case of increasing the hopper outlet, the
relativeparticlevelocity increments due to bed lubricatioave been achieved at the
higher levels and not at the outletgion. This has been conformeding both
calculations ofmaximum vertical velocity componeiind mean vertical velocity

component across the basd presented iRigure 6.10 and Figure 6.11
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The previous results and calculations, using mean vertidatitye components

shown in Figure 6.9 and Figure 6.11 indicate that the influence of increasing the
hopper outletsize on patrticle velocitymagnitudesis more thanthe influence of
lubrication of the granuldb e d. The obtained meadH/2 ncr er
in cases of using 10mm outlet size were 52.39%, 39.43% and 41.10%, compared to
18.11%, 24.04% and 32.81% for lubricated bed at 7mm outlet sizes respectively.

6.3.1.1.3 Hopper Walls Roughness

Further investigations have been conducted to report the influgntdee hopper
wall roughness on the general flow trend and particulates velocisi®g nor

lubricated granules and 7mm hopper outlet.sTze hopper wall surface roughness

was induced by gluing sand paper on the inner hopper walls as shown in Figure
6.12.

Figure 6.12 Hopper walls roughness by gluing sandpapper on Perspex smooth walls

The wall roughness of both original smooth Perspex hoppers and the glued
sandpaper on the walls was measured in a mechanical engineering laboratory using a
surface roughness tester (Taytldobson) as shown in Figure 6.13 and roughness

average (Ra) valuesere 0.999 d&and 79.82 drespectively.
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Figure 6.13 Experimental measurements of the wall roughness in laboratory using
Taylor-Hobson, (a) rough surface results, (b) smooth wall results and (c and d)
the measurement procedure

The particulate velocity measurement results inside rough wall hopper ggometr
show slight decreases in the values of the maximum vertical velocity components
across all hopper heights as shown in Figure 6.14. The maximum vertical velocity
components H/ D, H/'4 and H/ 2 in cases of
(mm/s) and 0.88 (mm/s), compared to 2.671(mm/s), 1.748 (mm/s) and 1.056

(mm/s) in cases of smooth hopper walls at the same heights respectively.

The obtained results in Figure 6.14 show that the decrease of the maximum vertical
velocity component due to wall roughnes
and 14.96% respectively. On the other hand, the particles average vertical velocity,
decreaseat t he hopper boundaries at H/ b, H/
28.59% respectively. This indicates that the particles close to the boundaries are
affected more by the wall roughness than those at the middle {tBedoout et al.,

2013. Multiple factors, such as initial packimgnsity, bin geometries and material
characteristics greatly influence velocity variation due to wall rough{@tssgart

and Evans, 20QBabout et al., 2013 ee and Yoon, 2015
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Figure 6.14 Vertical velocity component plot inside smooth and rough wall 30°
internal angle hopper geometry having 7mm outlet size, solid line are smooth
wall s and dashed I|ines are rough wall
and H/2) in 29order polynomial plot

The results indicate that the reduction of the particle vertical velocity due to wall

roughness depends on the location of the particles from the hopper boundaries. The

resultswere recalculated using thaveragevertical velocity component across the

hopper width and the results confirm the velocity declining trend at all hopper

heights as shown in Figure 6.15. Téeeragevertical velocities valuesacross the

beda t H/ b, H/ 4 and H/ 2 i.015 9mes)els1970rhm/s) o u g h

and 0.667 (mm/s), compared to 2.159 (mm/s), 1.372 (mm/s) and 0.79 (mm/s) for

smooth wall at the same heights respectively. The declining ratios are 6.67%,

12.76% and 16.41% for the smooth wallhhat i g ht s H/ Drespeadtively. a n d

Both calculations usg the maximum velocity values and the meatocity values

across the hoper width indicate that the higher velocity reduction, due to wall

roughness, is obtained at high granular levels close to the boundariesotiiibe

attributed to the nature of the mass flow trend characterised by particulates wall

sliding behaviour, increasing of wall roughness will increases the residence time of

these particulates at high segments compared to those close to the outlet region.
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Figure 6.15 Average vertical velocity component plot across the hopper width
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6.3.2 Hopper Geometry Having a 60° Internal Angle

(H/ D

The influence of the hopper internal angle on the spatial and temporal mean

resultantvelocity vectors is illustrated in Figure 6.16. The general flow trend in case

of 60° internal angle hopper is totally diféat from that observetoh 30° hopper
geometry. This can be clearly observed through the directions of theresediiant

velocity vectors within the hopper geometry through the entire flow process. The

mean velocity vectors map through the flow procekswsclearly that there is a

central region displaying a vertical or almost vertical direction of the velocity

vectors, while the surrounding regions show inclined direction, parallel to the

hopper walls. It is very important to mention that the lower Rogegment has a

wide range ofalmostvertical velocity vectors, compared to the middle and top

segments. This vertical direction indicates that thieerelatively continuous motion
of the granules at this region during the flow process. These resulis goad
agreement with the previous study conductedSilamowicza et al. (200Gand

Choi et al. (200pbat the saméopper geometry, usinigigh particle sizeamaranth

grains andlack glass beads respectively
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Figure 6.16 Mean resultantvelocity vectors map inside the 60° internal angle
hopper geometry filled bgoloured pharmaceutical excipient granules

The highest velocity values are obtained at the hopper orifice level as well as the
hopper nozzle. The particle velocity magnitudes decreased in an upward direction.
The higher hopper segment shows slower particle motion compared to that in the
middle andower segments. The hopper boundaries are the slowest region among all
hopper geometry. This slow particle motion will enhance the extent of grain
stagnation at the boundaridhe central flow trend takes place at the central region
of the hopper, showingertical direction of the velocity vectors, while the radial
flow trend comes through the boundaries. The length of the velocity vectors at the
lower hopper segment is longer than that reported at higher segments. It has been
reported that some velocitgstors at high segments near the boundaries show long
inclined velocity vectors. These could be attributed to the high radial flow trend
from the boundaries toward the central zone in an avalanche trend during the

dynamic flow process.

Further investigabn has been conducted to measure the vertical velocity component

within the hopper geometry during the whole dynamic flow process across the

hopper section at three different height

in Figure 6.17. Such invegttions will report clearly the influence of the hopper
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geometry onthe spatial and temporal velocities of the particles during the flow
process. This will provide an excellent opportunity to link fleav trend and
velocity values to the stress profilesttibutions reported at the same heights
(section 4.3.2as well as cross match the results across all hopper geometries.
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Figure 6.17 Vertical velocity component plot inside 60° internal angle hopper
geometry having 7mm outl et Si ze meas.:
H/2) in 29 order polynomial plot

The results in Figure 6.17 show that the maximum value of the vevitatity

component inside the hopper geometry during the whole dynamigflogessvas

obtained at the central axis of the lower hopper segment close to the outlet region

(H/ b) . The velocity values are 1.908 (n

H/ b, H/'4 and H/ 2 respectively. 't i s ob\

a hgher level outside the outlet region. The data are plotted in polynomial

regression ? order andR? ranges from 0.905 to 0.987. The percentage ratios of the

maxi mum vertical velocity component at |
and 137.90% respteely. The ratios were recalculated using the mean velocity
across the whole horizontal hopper section to give a more descriptive comparison

and to avoid any bias in the results. Hveragevertical velocity components across

the hopper width at threeihgg ht s H/ b, H/'4 and H/ 2 are 1

and 0.474(mm/s) respectively as shown in Figure 6.18. The percentage ratios of the

151



averagev er t i c al velocity component at H/ Db t

and 190.5@% respectively.
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Figure 6.18 Average vertical velocity component plot across the hopper width
inside 60° internal angle hopper geometry having 7mm outlet size at three
heights (H/D, H/ 4 and H/ 2)

The obtained results in Figure 6.43ing the maximum vertical velocity component

and in Figure 6.18 using treveragevertical velocity component indicate that the

velocity magnitudes are very high at the regions close to the hopper outlet and
gradually decreased at higher segments. Sintiland hasbeen reported by

Sielamowicza et al. (2006ising similar hopper geometry.

Further analysis of thenaximum vertical velocity component magnitudes at the
hopper orifice (H/BP) during different ti
been conducted and the results are shown in Figure Bh&Sobtained results show

that there ardramatic increases in the maximum vertical velocity at the early stage

of the flow, reaching the maximum value at around 0.6 seconds and remains almost
constant for the remaining duration until the flow is terminated. The flate shape of

the velocity plotobtained in cases of 60° hopper geometry are more steady than
those obtained in cases of 30° hopper geometry. Very minor flactuations have been
observed at the flate segments of the plot. However, slight increases have been
recorded at the end of theiigporcess and this is due to granules sliding at the last

stage of the flow process. In general, the maximum vertival velocity components
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reported in cases of 60° hopper geometry is much lesshbs@ observed in cases

of 30° hopper geometry. Furtherngparisons will be reported in the end of this

chapter.
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Figure 6.19 The maximum recorded vertical velocity component values at selected
time intervals during the flow process inside 60° internal angle hopper
geometry

The mean velocityectors map in Figure 6.16 displays the central region, showing
the vertical to almost vertical direction of the velocity vectors. This indicates that
there is high possibility of centrgllug flow generation at this location. DPIV
technique is an excelletool to track and visualise any granular bed changes over a
short period of time. This advantage has been utilised properly here to report the
formation and propagation of the centpélig flow zone within the granular bed as
well as the direction and mgaitude of velocity vectors at this zone. The results of
the mean velocity vector map and its corresponding visual images during the central
plug flow propagation are illustrated in Figure 6.20. This deep investigation will
help to report the granular bedation and stagnation tendency in order to link these

results to the stress profiles distributions at static condition at corresponding sites.
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Figure 6.20 Mean resultant velocity vector profiles at 60° internal angle hopper and
its corresponding visual images during the cernghadj flow propagation (first
flow zone)

Figure 6.20 shows in detail the generation and propagation of the qaogdlow

at the axisymmetric axis of the hopper geometry. The plug starts exactly above the
hopper outlet and propagates in a vertical direction towards the outer layer of the
granular bed. At 0.338 seconds, the resultant mean velocity map shows vertical
almost verticaldirection of the vectors at the hopper lower segment. The vector
regions include the region located directly above the outlet and the surrounding
region. This indicates that all particles at this hopper segment are in continuous
motion at ths early stage of the flow process. The corresponding flow image shows
that the granular bed shows marked dilation above the outlet region, and most of this
layer is in continuous motion. Thetug flow continues to propagate vertically at the
axisymmetric a&is at 0.477 seconds toward the outer granular layer. Concurrently,

the corresponding image shows clearly that the granular bed continues to dilate in an
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upward direction at the axisymmetric axis and the extent of stagnation increased at
the boundaries, pecially upper layers. Most of the lower granular layer in the dark
colour close to the outlet has already been discharged. At 0.591 seconds, the plug
reaches the outer granular layer at the same vertical trend and the direction of the
resultant mean vetity vectors at this stage of the flow are taking a vertical
direction aligned to the gravity direction. The lower hopper segment close to the

outlet region shows few inclined vectors, due to the flow from the lower boundaries.

In general, this stage isharacterised by continuous granular bed dilation, which
starts exactly above the outlet and continue to the outer granular layer in a vertical
direction. The granules rearranged themselves inside the hopper geometry after each
discharged portion and shate borders of the centrplug flow. The lower hopper
segment shows considerable particulate motion during the early stage of the flow.
Referring to the PSAT results, the central zone of the 60° internal angle hopper
geometry showed low value stress desfiand the direction of the major principal
stress was in a vertical to almost vertical direction. The lower hopper segment
showed low stress values and the stress direction was inclined parallel to the wall
and towards the outlet direction. These micatsccharacteristics indicate that
granuleslocateswithin this zone and close to the outlet, will flow first. This zone
has been denoted as the first flow zomeye details are available iecion 4.3.2

and Figure 4.12. This has been confirmed here girdle analysis of the early flow
stage mentioned in Figure 6.20. The results indicate that the initial stress packing

profiles and directions have crucial influence on the general flow trend.

Further tracking and analysis have been conducteterater stages of the flow
process at this hoper geometry, as illustrated in Figure 6.21. This stage is
characterised by the expansion of fhlag flow horizontally towards the hopper
boundaries. The flow behaviour during this phase is a mixture ofdewitnal and
radial flow trends. At 2.620 seconds, the mean velocity vectors map shows radial
velocity vectors at the flow stream having high velocity magnitudes and longer than
those at the boundaries and those close to the outlet region. This indicatteet
radial flow trend is more dominant at this stage of the flow, due to low angle of

particles sliding toward the central flow zone.
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Figure 6.21 Mean resultant velocity vector profiles at 60° internal angle hopper and
its corresponding visual images duriny 8tage of the flow process (second
flow zone)

This trend is also reported at 3.418 seconds and the tendency is high. These results
indicate that the flow process at this stage takes place mainly through the radial flow
trend from the boundaries towards the central flow region at the axisymmetric axis
of the hopper. The corresponding images at 2.620 and 3.418 seconds show clearly
the high extent of the radial flow at this stage that flows towards the central zone
through the outer zones of higher granular layers. The granules flow in avalanche
trend athigher levels and slide at the lower levels. Both the mean velocity vectors
map and the corresponding images show clearly that the granular material at the
lower hopper segment is in continuous motion during the late flow stage. These
results are in a godevel of agreement with those obtained Riglamowicza et al.

(2006 using the same hopper geometry.

According tothe PSAT results reported section 4.3.2 and illustrated in Figure
4.12, this flow zone was expected to be the second flow zone, due to high stress
magnitudes in comparison to the first zone, as well as the inclined direction of the
major principal stress. The prediction accordingsteess profile distribution and
direction is proved here, as illustrated in Figure 6.21 as the flow comes through the
boundaries towards the central flow zone and the radial flow trend becomes

dominant at this stage. The lower hopper segment boundaoss t the outlet
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(H/ B) show continuous ©particul ate mot.i
The continuous motion of the particulates at this segment could be attributed to the
low stress magnitudes and the inclined direction of the major prinsipass
towards the hopper outlet.

The tracking of the flow trajectories and trend at the third stage of the dynamic flow

process is illustrated in Figure 6.22.

mm/s

l 5.00

Figure 6.22 Mean resultant velocity vector profiles at 60° internal angle hopper and
their corresponding visual images during§ tage of the flow process (third
flow zone)

The main route of the dynamic flow process at this stage is the radial flow from the

boundaries to the central flow zone, as well as the sliding of the granules on the
hopper walls. The stagnation of the granules is clearly shown in the images at the
third stage and the flow trend takes the parabolic shape close to the walls. Free
falling ard sliding of the granules on the wall at 4.935 seconds during this stage

increase the velocity at the outlet region, as seen from the length of the vectors at
this region. The PSAT results in section 4.3.2 reported high values for the stress

profiles closeto the boundaries and total inclined direction for the major principal
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stress parallel to the wall. The dynamic flow of the granules at the third stage of the
flow occur exactly at this region where the high stress magnitudes delay the granular

flow, showng parabolic shapes at the boundaries.

6.3.2.1 Evaluation of Variables Influencing Granular Flow Process

Inside 60° Internal Angle Hopper Geometry

6.3.2.1.1 Hopper Outlet Size

The hopper outlet size hGsobtemmfoai®&as
investigate the influence of the hopper outlet size on the flow process and particulate
velocity magnitudes. The results of the
H/4 and H/2 are shown in Figure 6.23.
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Figure 6.23 Vertical velocity component plot inside 60° internal angle hopper
geometry having 10 mm outlet size mea
H/2) in 2'¢ order polynomial plot

The maximum magnitudes of the vertical veloaitynponents inside 60° internal

angle hopper geometry are 2.560 (mm/s),

H/4 and H/2 respectively. The polt data are fitted in th&p@lynomial plot and the

R? range is from 0.953 to 0.988. The recorded maximum rhadgs of the vertical

velocities component inside this geometry having 7mm outlet size were 1.908
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( mm/ s) , 1.182 ( mm/ s, and 0.802 (mm/s)
indicates that increasing the outlet size by around 43% (7mm to 10 mm) increases
the velocity magni tudes by 34. 17 %, 18.

respectively.

The previous outcomes have been recalculated usingviiragevertical velocity
component across the whole section at 5

having 7 ad 10 mm hopper outlets and the results are illustrated in Figure 6.24.
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Figure 6.24 Averagevertical velocity components plot across the hopper width
inside 60° internal angle hopper geometry at 7 mm and 10mm outlet sizes at
three heights (H/ D, H/'4 and H/ 2)

The results in Figure 6.24 prove that #weragevertical velocity components in the

cases of 10 mm outlet size across the hopper width at all heights are higher than
those obtained in the cases of 7mm size at the same hopper heights. The percentage
increments of thaveragev er t i cal velocity components
of 10 mm outlet size are 45.10%, 43.72% and 34.60% than that reported in cases of
7mm size at the same heights respectively. In both calculations, using the maximum
vertical velocity components and tlaveragevertical velocity components, are
higher in cases df0 mm size. In general, the increment of both maximum vertical
velocities andaveragevertical velocities are higher in cases of 30° internal angle

hopper geometry than those obtained in cases of 60° hopper geometry. This could be
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attributed to the dominamnass flow trend reported in cases of 30° hopper geometry

and domination of the central flow reut

6.3.2.1.2 Granular Bed Lubrication

The influence of granular bed lubrication on particulate velocity gradients have been
investigated in cases of 7mm hoppers outlets size using 2% magnesium stearate

powder, and the results are illustrated in 6.25.
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Figure 6.25 Vertical velocity component plot inside lubricated 60° internal angle
hopper geometry having 7mm outlet siz
and H/2) in 29order polynomial plot

The results indicate that bed lubrication increases particles vertical velocity

components among all height levels at different percentages, depending on the

particle location within the hopper geometry. The maximum vertical velocity

component s amdtH/2 kdide the ltbficated bed are 2.153 (mm/s), 1.343

(mm/s) and 0.977 (mm/s), compared to 1.908 (mm/s), 1.182 (mm/s) and 0.802

(mm/s) in case of nelubricated bed at the same levels respectively. The percentage

velocity increments due to lubricatioare 12.842%, 13.621% and 21.820% at

hei ghts H/ b, H/ 4 and H/ 2 respectively.

Similar to what has been conducted in cases of 30° internal angle hopper geometry,

the influence of bed lubrication inside lubricated and-lumicated 60° internal
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angle hoppegeometry has been recalculated usageragevertical velocities value
across the hopper width at all predetermined heights. The results are shown in

Figure 6.26 in comparison to the nlubricated system for easy matching.
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Figure 6.26 Average vertical velocity component plot across the hopper width
inside lubricated 60° internal angle hopper geometry for lubricated and non
l ubricated systems at three heights (|

In general, thaveragevelocity values at the lubricated system are higher than those
obtained in a notubricated system at the same -petermined heights. The
percentage increments of tageragev er t i ¢ a l velocity compon
H/2 in cases of lubricated system monlubricated system were 17.43%, 28.91%

and 29.32% respectively.

The obtained results in Figure 6.24 and Figure 6.26 indicate that the impact of
increasing the hopper outlet on particle velocity gradients is higher than bed
lubrication. The obtainedoinr e ment s at H/ b, H/ 4 and H/ 2
outlet size were 45.10%, 43.72% and 34.60%, compared to 17.43%, 28.91% and
29.32% for the lubricated bed at 7mm outlet size respectiMeyeover,the impact

of the granular bed lubrication on verticphrticle velocities isless than that

obtained in cases of 30opper geometry.
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6.3.2.1.3 Hopper Walls Roughness

The influence of hopper wall roughness on vertical particle velocities magnitudes

has been conducted and the results are shown in Figure 6.27.
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Figure 6.27 Vertical velocity component plot inside smooth and rough wall 60°
internal angle hopper geometry having 7mm outlet size, solid line are smooth
walls and dashed lines are rough walls measured até € hei ght s ( H
and H/2) in 2nd order polynomial plot

The maximum vertical velocity component

hopper walls are 1.699 (mm/s), 1.029 (mm/s) and 0.671 (mm/s), compared to 1.908

(mm/s), 1.182 (mm/s) and 0.802 (mmifsases of smooth hopper walls at the same

heights respectively.

The percentage reduction in the maximum vertical velocity component due to wall
roughness at H/ b, H/'4 and H/ 2, are 10.
Further investigation has beennducted on average particle velocity at the hopper
boundaries which will obviously reflect the influence of the wall surface on flow
trend as the central region affected by parpaeticle friction mainly. The particle
velocity decreases at the hopgeroundar i es at H/ b, H/ 4 a
25.31% and 33.57% respectively. These results indicate that the flow of the particles
close to the boundaries, is more influenced by the wall surface state more than that
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at the axisymmetric axiBabout et al., 2003 Another confirmation of the previous

results for the influences of the hopper wall roughness on the vertical particle
velocity has been obtained by theeragevalues of the vertical velocities plot as

shown in Figure 6.28he results show that tleerlagevertical velocity component
across the hopper width at H/ b, H/ 4 an.
(mm/s), 0.601(mm/s) and 0.383 (mm/s), compared to 1.377 (mm/s), 0.716 (mm/s)

and 0.474 (mm/s) for smooth walls at the same heights respectiveydeklining

ratios, due to surface roughness are 11.91%, 16.06% and 19.20% iatg ht s H/ E
H/4 and H/2 respectivelyhese results indicate théetinfluence of wall roughness

on particulates residence time in case of 60° hopper geometry is more than tha
reportedin 30° hoppergeometryas shown in Figure 6.14 and 6.Moreover, the

wall roughness of 60° hopper geometry reduces the particulates velocity at the

boundaries more than that at the central zone.

Hopper height
= h/4
¢ 0
o
Q.
5
O  -04-
2
g
-
SE -08-
© £
S
)
> -1.2 -
()
S
5 -1.213
z 16" 1.377

m 7mm outlet (rough walls) = 7mm outlet (smooth walls)

Figure 6.28 Average vertical velocity component plot across the hopper width
inside smooth and rough wall 60° internal angle hopper geometry at three
heights (H/ Db, H/' 4 and H/ 2)

Generally, thdlow trend of the 60° internal angle hopper geometry is a funnel flow
trend showing radial and central flow trend. The flow performed mainly through the
central flow zone and particulateadial sliding toward the cerdit region in an
avalanche trend. Stagtionzonesat the hopper boundariaese clearly reportetere.

At the late stage, the granule sliding mechanism dominates and granules slide
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towards the outlet on the hopper boundaries. Increasing wall roughness will enhance
the stagnancy and decreasamgies sliding on the walls and concurrently decreases
particulates velocity close to the walSimilar to 30°hopper geometry, increasing
hopper outlet has more influence on particulate velocities than bed lubrieation

wall roughness influenceas paticulate velocitiess more than that reported in case

of 30°hopper geometry.
6.3.3 Hopper Geometry Having a 90° Internal Angle

The general dynamic flow trend and the influence of 90° internal angle hopper
geometry on the granular material flow velocities and trajectories are illustrated in
Figure 6.29. The mearesultantvelocity vectors shown in Figure 6.29 are able to

show detded spatial and temporal particulat characteristics during the flow process.
In general, the flow behaviour inside this hopper geometry is to some extent similar

to that reported in cases of 60° hopper geometry with some exceptions.

Figure 6.29 Mean resultantvelocity vectors map inside the 90° internal angle
hopper geometry filled by coloured pharmaceutical excipient granules

The similarity of the flow process inside 60° and 90° internal anigtggper
geometries comes from more than one perspective. Firstly, both geometries show
clearly that there is a central flow region which displays a vertical to almost vertical
direction of the velocity vectors. Second the surrounding regions show inclined
velocity vectors to the hopper boundaries. On the other hand, the main difference
between the two anglas the domination of the radial flow trend in cases of 90°

hopper angle than those reported in cases of 60°. This is clearly detected from the
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lengths ad magnitudes of the inclined velocity vectors outside the central flow
region. Figure 6.29 shows that there is a very narrow central flow region showing a
vertical to almost vertical direction of the mean velocity vectors. The dimension of
this central rgion is less than that reported in cases of 60° hopper geometry, see
Figure 6.16. The lower hopper segment shows an inclined direction of the mean
resultantvelocity vectors, compared to the almost vertical directions reported in
cases of 60° geometry tlie same segment. This indicates that not all particulates at

this segment show continuous particulates motions during the dynamic flow process.

The highest mean velocities values are reported through the colour scale and the
length of the vectors at the hopper orifice, avalanche flow trend region from the
boundaries toward the central zone and at hopper nozzle. Similarly to what has been
reportedin cases of 30° and 60° geometries and apart from the previous mentioned
regions, particle velocity magnitudes decrease at higher segments and close to the
boundaries. As in other cases of 30° and 60° hopper geometries, the vertical velocity
components dimg the whole dynamic flow process across the hopper section at
three different heights; H/ b, H/ 4 and H
in Figure 6.30.
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Figure 6.30 Vertical velocity component pt inside 90° internal angle hopper
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The plot shows clearly the high magnitude of the radial flow trend from the the
boundaries at H/4 and H/2 towards the central flow zone as mentioned previously in
Figure 6.29. The results show that the maximum value of the vevistatity
component insid the hopper geometry during the whole dynamic flow process was
obtained at the hopper outl et region (H
0.550 (mm/s) and 0.682 (mm/s) at H/ b, HI/

The data are plotted in polynomial regressi order and the coefficient values

(R are 0.994, 0.867 and 0.163 at H/ DB, H
what has been reported in cases of 30° and 60° hopper geometries, the coefficient
values R are very low at H/4 and H/2 and the maximwelocity at the middle of

the hopper H/2 is higher than that reported at lower segment H/4. In addition to this,

the polynomials plot at H/2 cross H/2 plot at the boundaries. It is obvious that the
mean velocity magnitudes at higher levels are affedtathatically by the dominant

radial flow trend and this prediction is confirmed by tifev&ueat H/2.

Further analysis of the influence of hopper geometry on the vertical velocity
component across the hopper width has been conducted using the dtbtissic
P=5%assuming no st at i.she Pvalaees aHMiafdH/2weeen c e a
7.24x10" and 1.86x183°. The tvalues and criticakvalues at the same two heights

of H/4 and H/2were 12.37, 14%and 2.%, 2.0lrespectively. The Raluesat both

heights H/4 and F/ are extremely smaller than 0.05 anrdatues are greater than

the critical t valuesindicate significant differencbetween the data &t/ #&nd that

at H/4 and H/2 This indicates that polynomial best fit function is not vdbd the

vertical velocity component resultstdt4 and H/2evels.

In order to give more explanation for the velocity variations at higher levels, the plot
was replotted as a normal plot and the results are illustrated in Figure 613tk
resultsshow clearly the distribution of the actual recorded velocities across each
granular bed height. The maximum vertical velocity component inside 90° hopper
geometry has been recorded in the central axis at the outlet region. High velocity
magnitudes are repted at levels H/4 and H/2 outside the hopper central zone.
These regions have a high velocity magnitude as clearly reported in Figur&te29.
length of the inclined velocity vectors at these sites are longer than those recorded in

the hopper centre afose to the walls at the same height centre
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Figure 6.31 Vertical velocity component plot inside 90° internal angle hopper
geometry having 7mm outlet size measur e
normal plot distribution

The flow at this area is characterised by the dominamaditl flow trend in an
avalanche trend from the boundaries toward the central flow re@Qiorthe other
hand, the velocity values at the hopper boundaries at H/4igherhthan those

reported in case of H/2.

The low R at H/2 reported in Figure 6.30 is attributed to the low central region
velocity magnitudes, compared to their boundaries. The percentage ratios of the
maxi mum vertical v el oc amd/?2 ar@highbeoby 483.27s a't
% and 128.45% respectively. The ratios were recalculated usiagehageselocity

across the whole horizontal hopper section to provide a more realistic comparison
and to avoid any results bias as shown in Figure 6.32.
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Figure 6.32 Average vertical velocity component plot across the hopper width
inside 90U internal angle hopper geomi

The averagevertical velocity components across the hopper width at three heights

H/ b, H/'4 and H/ 2 are 1.067 (mm/s), 0. 39

shown in Figure 6.32. Theertical velocity component plotat H/4 and H/2 in

Figure 6.31 show marked oVapping at these levebhndtheir averagdevel across

the bedvalues are almost equas shown in Figure 6.32he percentage ratios of

theaveragev er t i c al velocity components at H/

170.13% and 171.50 respectively.

Similar to what has been conducted in cases of the previous two hopper geometries,
themaxi mum vertical velocity component n
during different time intervals have been measured and the results are shown in
Figure 6.33.The resultsshow that there is substantial increment in the values of
maximum vertical velocity at the initial stage of the flow, reaching the maximum

value at around 0.85 seconds and remains almost constant with minor fluctuations

for the rest of the flow process.i@it increases have been reported at the end of the

flow stage and this is attributed to high avalanche and particle wall sliding

tendencies at this stage .
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Figure 6.33 The maximum recorded vertical velocity component values at selected
time intervals during the flow process inside 90° internal angle hopper
geometry

The initial velocity increases are associated with the initial granular bed dilation

forming the centraplug flow. In late stage the velocity plot become steadier with

minor fluctuations.The time required to discharge all the granules from the hopper
is longer than that reported in cases of 30° and 60° hopper geometries. The
maximum vertical velocity compemts recorded here are the least among all hopper

geometries.

The overall flow trencand mean resultanelocity vector profilesnside 90° internal

angle hopper geometrgre illustrated in Figure 6.29 indicates that the flow
behaviour inside such geomeis a combination of radial and central flow trends.
Further, deep investigation of the flow nature and stages have been conducted and
showed that dynamic flow inside such geomeupdivided to three flow stages

The first stage of the flow is the pragmion of the centraplug flow at the
axisymmetric axis of the hopper at the early stage of the flow process as illustrated
in Figure 6.34.For easy comparison, Figure 6.34 illustrates both mean velocity
vector maps and their corresponding visual imagesnaltiple time intervals,
showing clearly the central plug flow initiation and its vertical propagation toward

the outer granular layer.
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Figure 6.34 Mean resultant velocity vector profiles at 90° internal angle hopper and

its corresponding visual images during the cerghad flow propagation (first

flow zone)
The centralplug flow is located at the axisymmetric axis of the hopper, starting
direcly above the hopper outlet and propagating vertically toward the outer layer of
the granular bed. At 0.414 seconds, the direction of the resultant mean velocity
vectors are in a vertical to almost vertical direction at the region close to the hopper
outlet The corresponding visual image at this time, shows clearly the initial bed
dilation occurring in the region above the hopper outlet. The motion at this region is
mainly reported at the centre of the granular layer located above the hopper outlet
with no boundaries involved. The propagation of the plug continues vertically, and
at 0.665 seconds it reaches the middle of the hopper, showing the same central trend
of spreading. At this stage, the direction of the velocity vectors are vertical and the
central plug shows the granular stagnation at both plug sides. The stagnation
tendency starts at the level of the first granular layer and expands upward. The
granular bed dilation and centralug flow propagation continue and optimize at
0.811seconds when the plug reaches the outer slice. The plug shows the vertical

direction of the mean velocity vectors started at the outlet region and ended at the
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outer layer. At 0.811 seconds, the stagnant dgaamones are clear at both sides of

the central flow zone. Opposite to what has been reported in cases of 60° hopper
geometry, the lower hopper segment shows a clear stagnant zone at both sides and
the central plug flow expansions and dimensions are mutdss. These
characteristics give an idea that the stagnation tendency in cases of 90° hopper

geometry is higher than that reported in cases of 60° geometry.

Quick linking of the first dynamic flow stage outcomes to the stress profiles
distributions and dection reported at static condition using PSAT shows strong
level correlation and influences. The cenfpllg flow generated at the first flow
stage, locates exactly at the expected central zone according to PSAT analysis that
shows low stress magnitudesd vertical direction of the major principal stress
more details are available in section 4.3.3 and Figure #H&low stress values and
alignment of the stress direction to the gravity will enhance the flow of this zone at
the central axis, while theeviation of the stress direction to the hopper wall out of
this region increases the extent of stagnation at the boundaries. The spatial and
temporal particulate dynamic flow changes at the second stage of the flow process

inside 90° internal angle hper geometries are summarised in Figure 6.35.

Figure 6.35 Mean resultant velocity vector profiles at 90° internal angle hopper and
its corresponding visual images during thés2age of flow process

During this phase, the centiallg flow expanded toward the hopper boundaries and
the general flow behaviour shows the combination of both the dominant radial flow

trend in avalanche style that comes from the boundaries toward the central region
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andtheuni f orm centr al flow trend at hopper
vectors colour scale and the length of the velocity vectors prove that the avalanche
flow stream shows higher velocity magnitudes than that at the centre of the hopper
atsomestges. At 3.061 and 4.504 seconds, t
inner granular layers have particles velocities less than that obtained at the
superficial layer while the regions close to the hopper boundaries show no motion.
This indicates thathe radial velocity trend is dominant at this stage of the flow and

the stagnation tendency is persisted.

During the experimental work, the recorded visual tracking of the granular flow
process, reports that the tendency of avalanche formatiodwaaton is relatively

higher in cases of 90° hopper, than those reported in case of 60° hopper geometry.
Hence for a typical case of 90° hopper, Figure 6.36 presents the vertical velocity
contour distribution map and its corresponding visual image takem #@entical

time interval.

It has been confirmed that the flow trend of the granular material inside 90° hopper
geometry is primary performed through theslaped avalanche trend along their
inner surfaces. The visual image shows significant amourteaftagnant granular

material close to the hopper boundaries outside tehape contours.

(Y) Shape of Stagnant Avalanche
the contours Zones Trend

Figure 6.36 Mean vertical velocity contour map-&haped flow region (a) and its
corresponding visual image (imside 90° hopper geometry at 4.504 sec

The stagnant zones are very clear at this stage of the flow and take mainly the
parallelogram shape in most layers. More investigations have been reported in
(Section 5.3.2

Thorough investigation of the flow behaviowsingthe visual images at this stage,
the solid, liquid and gaseous behaviour of the granular material during their flow

process has been reportgdarlyas showing in Figure 6.3&orterre and Pouliquen,
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2008. The stagnant layers at the hopper boundaries show no motion to represent the
solid state, while the flow stream at the axisymmetric axis of the hopper and the
flow boundaries represent the liquigtsis characterised by continuous motion. The
gaseous state represented by the messy bounced particulates at the outer layer of the

granular flow stream.

The corresponding PSAT results reported at second stage of the flow, show that this
region has relately higher stressed profiles than that at the central zone and less
than that at the boundarjesore details are available in section 4.3.3 and Figure
4.16 The direction of the major principal stressthis zonéas perpendicular to the

walls which increase the stagnation tendency.

The last stage of the granular flow inside 90° internal angle hopper geometry is
denoted as the third flow zone and illustrated in Figure 6.37.

Figure 6.37 Mean resultant velocity vectors profiles at 90° internal angle hopper
and its corresponding visual images during tHstage of flow process

During this phase of the flow process, the dynamic flow process mainly occurs
through the radial flow trend. In general, the granules flow in avalanche trend
toward the outlet direction or slid on the hopper walls at late stage. The mean
velocity vector maps show high magnitudes at the flow stream region. The last stage
of the flowat 6.505 second is characterised by granules sliding on the hopper walls
where all granules are in continuous motion. Stagnant zones at this stage are existed
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at early flow time and diminished at late stages when granules slide in continuous

radial motiontowards the hopper outlet.

The obtained results are in a good level of agreement with the PSAT results obtained
in Section 5.3.3and Figure 4.1@s this region showed high stress profile values
compared to the previous two zones, and the direction oh#jar principal stress is
perpendicular to the hopper wallhese microscale properties will delay the flow of

granules at this region and increase the stagnation tendeseyto the boundaries

6.3.3.1 Evaluation of Variables Influencing Granular Flow Process

Inside 60° Internal Angle Hopper Geometry.

6.3.3.1.1 Hopper Outlet Size

Similar to what has been conducted in the previous two hopper geometries, the
hopper outlet has been increased to 10mm instead of 7mm to investigate the
influence of this increment on the particle spatial and temporal vertical velocities, as
well as the geeral flow trend. Increasing the outlet size changes the outlet mean
particle size ratio to around (a15.5 d)
The results of the particle vertical V €

shown in Figure 68
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Figure 6.38 Vertical velocity component plot inside 90° internal angle hopper
geometry, having a 10 mm outl et size
H/2) in 29 order polynomial plot
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The obtained maximum vertical velocity components of the particles inside 90°
internal angle hopper geometry, having 10mm outlet size, are 1.893 (mm/s), 0.752
(mm/s) and 1.003 (mm/s), compared to 1.558 (mm/s), 0.550 (mm/s) and 0.682
(mm/s) for 7mm outlet siza t H/ b, H/'4 and H/ 2 respecti
t hat i ncreasing t he outl et size from
magni tudes by 21.50%, 36.73% and 47. 07 ¢

Similar to what has been reported in casesnoi autlet size 9° hopper geometry,

the values of correlation coefficient 9Rat H/4 and H/2 are very small and this
could be attributed to a high scattering of the points at these levels. In addition to
that, the polynomial plots at H/4 and H/2 be overlapnattiple points and level H/2
shows higher maximum vertical velocity than H/4 level. In order to clarify lofy (R
values and plot overlapping, the actual velocity values have been plotted in normal

distribution as seen in Figure 6.39.
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Figure 6.39 Vertical velocity component plot inside 90° internal angle hopper
geometry having 7mm outl et Si ze meas.!
H/2) in normal plot distribution

The results display clearly the distribution of the actual recorded velocities across

each granular bed height. The magnitudes of the velocities at the boundary regions

at H/4 and H/2 are much higher than those recorded at their centres, due to high

radial velocity inside such geometries. The velocities close to the hopper walls are
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higher in the case of H/4 than at H/2. The results also show clearly that at level H/4

and H/2, velocity value point scattering is less than that obtained in cases of 7mm as

illustrated in Figure 6.31 especially at level H/2.

Further analysis has been conducted using mean values aivéinagevertical

velocity component across the bed height to avoid any bias of the analysis, and the

results are shown in Figure 6.40, result§mwim outlet size have been superimposed

in the same plot for ease of comparison.
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Figure 6.40 averagevertical velocity component plot across the hopper width inside
90° internal angle hopper geometry7amm and 10mm outlet sizes at three
H/ 2)
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b, H/ 4 and

In general, increasing the outleze markedly increases the velocity gradients at all

height levels and alters the general flow trend. The percentage increments in the

averagevelocity at 10mm outlet size, compared to 7mm size, are 17.34%, 46.58%

and 67.30% at

H/ b, H/ 4

6.3.3.1.2 Granular Bed Lubrication

and

H/ 2

respecti v

Granular bed lubrication influence on particulate velocity gradients has been

investigated in cases of 7mm hoppeautlets size using 2% magnesium stearate

powder and the results are illustrated in 6.41.
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It is clear from Figure 6.41 that bed lubrication increases vertical particle velocity
components across all height levels. The maximum vertical velocity components at
H/ b, H/'4 and H/ 2 inside the | ubricated
0.824 (mnfs), compared to 1.558 (mm/s), 0.529 (mm/s) and 0.660 (mm/s) in cases
of nontlubricated bed at the same levels respectiv@lyposite to what has been
reported in cases of the narbricated system at Figure 6.30, the particulate
velocities at H/2 are legban those recorded at H/4. This indicates that lubrication
of the granular bed increases the central flow via decreasing paditiele
friction. Furthermore, (B values of the polynomial plot show a marked
improvement in cases of lubricated geomeatoympared to the nelubricated one
especially at higher leveld/4 and H/2.These results indicate that lubrication of the
granular makes the flow process more uniform than thdutmicated system as the

particleparticle friction tends to reduce in suobnditions.
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Figure 6.41 Vertical velocity component plot inside lubricated 90° internal angle
hopper geometry having 7mm outlet siz
and H/2) in 29 order polynomial plot

These results have been confirmed usingatheragevertical velocity components

across the whole granular bed as shown in Figure 6.42.

The obtained results prove that the ave

H/4 and H/2 repectively. The percentage increases are 6.09%, 96.96% and 20.77%

177



respectively. Both results in Figure 6.41 and 6.42 prove the uniformity of the flow

inside the lubricated bed comparing to the-hdoricated bed.
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Figure 6.42 Average vertical velocity component plot across the hopper width
inside lubricated 609nternal angle hopper geometry fdubricated and non
|l ubricated sysytems at three heights (H/

The obtained results fromranular bed lubrication and outlet size increment show
clearly the complexity of the flow process inside 90° hopper geometry, and how

changing some variables, crucially alters the flow behaviour.

6.3.3.1.3 Hopper Walls Roughness

The results of the influence of hopper wall roughness on particle vertical velocity
magnitudes are shown in Figure 6.43, where clear overlapping is reported at H/4 and
H/ 2 |1 evel s. The maxi mum vertical vel oci
cases of rogh hopper walls are 1.369 (mm/s), 0.497 (mm/s) and 0.574 (mm/s)
comparing to 1.559 (mm/s), 0.550 (mm/s) and 0.682 (mm/s) in case of smooth

hopper walls at the same heights respectively.
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Figure 6.43 Vertical velocity component plot inside smooth and rough wall 90°
internal angle hopper geometry having 7mm outlet size, solid line are smooth walls
and dashed |ines are rough wall s me as u
2nd order polynomial plot

The percentage reduction in the maximum vertical velocity components due to wall
roughness at H/ b, H/'4 and H/ 2 are 12.109
reductions of the particle velocity at the hopper boundaries have been measured, and
the results wer@ 2 . 4 2 %, 31.09% and 55.42% at H/ b,
high reduction of particles velocities at the boundaries show clearly the significant
influences of hopper wall roughness on the particle velocity gradients at the
boundariegBabout et al., 200)3The reduction of paidulates velocity at the hopper
boundaries inside 90° hopper geometry is higher than that obtained in case of 30°

and 60° hopper geometries.

Further clarification of the overlapped polynomial plots in Figure 6.43 at H/4 and
H/2 levels for both cases has been conducted using normal data plot as illustrated in
Figure 6.44. The results show relatively high velocity magnitudes outside the central
hopper zonen cases of both rough and smooth walls. Increasing walls roughness

increases the particles velocities at the hopper central region. This could be
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attributed to low radial flow in cases of rough surface as the patrticles sliding on the

hopper wdk were affected crucially by the surface smoothness.

Normalised hopper width
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Figure 6.44 Vertical velocity component plot inside 90° internal angle hopper
geometry having 7mm outlet size and rough walls measured at three heights
(H/4 and H/2)

Furthermore analysis of the influences of the wall roughness on the particles vertical

velocity have been conducted, using theeragevalues of the vertical velocities

across the horizontal sectioas shown in Figure 6.45.
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The results show that theveragevertical velocity component across the hopper
width at H/ D, H/'4 and H/ 2 in case of ro
and 0.336 (mm/s), compared to 1.067 (mm/s), 0.395 (mm/s) and 0.393 (mm/s) for
smooth walls at the same heights respectively. Tdatirdng ratios in theaverage

velocity values are 16.21%, 13.74% and 14.50% at heightsb , H/ 4 and
respectively. In general, increasing wall roughness, decreases the particulate
resultant velocities and the maximum decrease are reported at bouadaiessult

of decreasing granular radial flow.
6.3.4 General Remaks
6.3.4.1 Theoretical and Experimental Discharging Rates

The average granular material discharge rates from all hopper geometries were
performed experimentally using an equal amount of the granuiésha results are
presented in Figure 6.46. The results are the mean values of eight readings for each
hopper angle, and recorded in assistance with the high speed camera digital
recordings. The obtained results have been compared with the theoretittal bhgs
applying the Rose and Tanaka equation (Eq.GRlgse and Tanaka, 1968s shown

in Figure 6.46.

O ™M@ E” Q - o?yg O v 8 Eg. 61

Q| OAd 8 if — wm n Eq6.2

Q) OAbmn 8 EA wm?h Eq.6.3
Where D is the hopper outlet diameter, |

is the (average) particle diameter, Z is particle shape factor, equal to 6 for the grains
used hergHeywood, 193Band U is the bul k solhid st
theoretical and experimental results show that the discharge rate is the highest for
the lowest internal angle and decreases dramatically with an increase in the internal

angle.
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Figure 6.46 Comparison of the theoretical and the experimental granular
discharging rates at different internal hopper angle

The results in Figure 6.46 show a fairly good level of agreement between the

experimental and the theoretical discharge rates for all $esaaf hopper angles.

The deviations among the experimental and theoretical results are 3.4%, 0.73% and

8.71% respectively. However, the relatively high value of deviation in the case of

the 90° hopper is noted with the consideration that the theorgtedittion did not

rigorously account for the complex modes of granular flow observed in the

experimental trials and discussed in detail in section §A&lsaraki and Antony,

2014).

6.3.4.2 Granular Flow Wave at Central Plug Flow

Very interesting phenomenon has been reported in cases of lubricated granular bed
flow inside silos having high internal angle gesines; 60° and 90° filled in
industrial filling method and having large outlet size (10mm). This phenomenon has
been denoted as central flow zone wave propagation cycle and illustrated in Figure
6.47. Although, analysis of granular flow trend or stresdilpr distribution inside

silos is not part of this research project, multiple trials have been conducted for
future work using DPIV, and this phenomenon has been reported during these

experiments and reported here for documentation. The incidence of this
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phenomenon in cases of hopper industrial filling is vergimal, compared to the

silo geometry.

Figure 6.47 Central flow zone wave propagation cycle inside high internal angle
silo geometries; (a,b and c) inside 60° silo geometry and (d,e and f) inside 90°
silo geometry

The superimposedeal time velocity vectors on actual images of the dynamic
granular flow inFigure 6.47 show clearly the stages of this cycle, inside both silo
geometries at the axisymmetric axis. The time required for the cycle initiation and
propagation is very short and occurs during the development of the gelotal

flow. The wave startexactly above the outlet region, directly after the outlet
opening, as seen in Figure 6.47 (a and d). It propagates upward in a vertical direction
at the axisymmetric axis of the silo till it reaches the outer granular layer, see Figure
4.47 (b, c, e and)f As the first wave diminished at the top section of the silo,
another wave starts to generate at the outlet region, as clearly shown in Figure 6.47
(c and f). This cycle generates, propagates and diminishes in a very short period of
time and is greatlynfluenced by the lubrication of the granular bed and outlet sizes.
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6.4 Conclusions

Dynamic flow behaviours of the granular materials inside multiple hopper
geometries have been assessed using the DPIV method. The results show that
thoughthe granular marialscharacterised hewmre classifiedconventionallyas free
flowing, the hopper geometries still have great influence on their flow trend and the
impact increases witincreasing the internangle. Hopper having small internal
angle, shows in general, uniform mass flow behaviour where granules are
discharged via central flow trend at high velocity. Increasing hopper internal angle
shows a clear neaniform flow trend and granular stagnation at hopper boundaries.
The general flow trendhside higher angles is funnel flow trend, and flow occurs
through the central and radial flow routes. The central flow route occurs during the
generation and propagation of the cenphig flow, while the central flow route
comes later from the boundasi¢oward the central axis. The higher the internal
angle is, the higher the extent of stagnation,-moiform flow behaviour andhe
domination of radial flow is observed Increasing the outlet size has greatly
influences particulate velocity, rather thaubrication of the granular bedn
general, increasing hopperiivroughness decreastt®e overallparticulates velocity

and more reductions have been repodethe boundariesompared tdhe central
region. The influence of wall rough at the boundariess higher atthe higher
internal hopper angle Hopper geometry having (90Mternal angle shows very
complex flow behaviour andhangingany flow variablesuch as bed lubrication

affect the flow trend dramatically.

The general dynamic flow results here are in good level of agreement with the PSAT
results and assumptions reported in chaptiEr the general flow behaviours. The
predictions of the flow trend and the flow zoneside multiple hopper geometries,
basedon the stress profile distributions and the direction of the major principal
stress are validated here quantitatively using DFidm earlier PSAT resultshe
smaller internal angle hopper geometry (30°) displayed uniform stress distribution
and a vertial direction of the major principal strefs/ouredmass flow trendand

also characterised by a verticed almost verticadirection of the velocity vectors
inside all hopper segmenissing DPIV. This means that all particles were in

continuous motion iside the hopper geometry during the flow process. This is
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directly related to the uniform stress status inside the hopper as well as the alignment
of the major principal stress to the direction of the gravity. On the other hand, higher
internal hopper angk (60° and 90°) showed clear funff@l trend and divided into

three consequent flow zones. The early cerptay flow with vertical velocity
vectors at the central hopper axis (first zone) which locates exactly at the low
stressed central zone, having vertical direction of the major principal stress. The
second flow zone comes next, where the flow is a combinatidiotbf radial and
central flow routes, withan inclined direction of the velocity vectors toward the
central zone and outlet region. This zone locates at the second stressed zone, where
the major principal stress is inclined in a parallel and perpendidirkation to the
hopper wall inside 60° and 90° hopper geometries respectively. The third flow zone
contains the last flowable particulates, and the direction of the velocity vectors are
inclined toward the central zone and outlet region, due to avaldlwhdrends.
According to PSAT analysis, this zone showed the highest stress magnitudes within
the highethopperangle geometries and the direction of the major principal stress is
totally parallel or perpendicular towards the wall for both 60° and 90hefei@s

respectively.

Overall, this chapter has strongly quantified the flow velocities using advanced
DPIV and supports the generic hypotheses of PSAT results, i.e., the initial state of
shear stress distribution in particuldt#ings to their subseque dynamic flow
characteristics are quite strong. When a dynamic stress measurement in micron size
particulates becomes feasible in future such fundamental links could be further

enriched.

185



Chapter 7 Visual Mapping of Stress Distribution Profiles within
Pharmaceutical Granular Bed Subjected to Relatively Low

Uniaxial Confined Compression Using PSAT

This chapteraims to report experimentally the maximum shear stress profile
propagation and distribution inside pharmaceutical excipient granules sulijected
relatively low uniaxial confined compression, using PSAT. Whereas compression
characteristics of granular materials are studied extellysn the previous literature
under high levels of external compression loading, information is lacking on their
response under low levels of compression loading and this aspect is the focus of the
current work. In this chapter, stress analysis of micron size grains under low
compression loading is presentathereas Chapter ®ill present investigations for

the displacement profiles of grains using DPIV under identical loading conditions.
The investigations focused mainly on the influence of interparticle frictions and wall
friction on stress propagation inside the compressed bed. In this study, the maximum
compession force applied 4 Newton. The pharmaceutical excipient granules are
the same fabricated sensor particles used in Chapter 4 and characterised in Section

3.2.2 having particle size distribution (3&M00um).

7.1 Introduction

The ganulesand powdes compression process in the pharmaceutical industry for
solid dosage form manufacturing consists of four to five consequent stages,
occurringwithin a very short space of timgCarstensen and Toure, 198Denny,

2002 Mallick et al., 2011). The available information ithe literature about the
nature of stress changes at the early stage of the compression process during
particles rearrangemers,still ambiguous to researchers and dempvestigationof

this stage is needeand recommendedDenny, 2002 Davies, 2009 The early
compression stage in Heckel s pl p@ot, char
is attributed to the changesghich occur during the particles rearrangement stage
(Mallick et al., 2011Mallick, 2014). The rearrangement phase is characterised by
relatively free particle motion and sliding without any significant deformation
(Mallick et al., 201). Mallick (2014 provided some new characteristics for the
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early nonlinear approach of the Heckel equation which represents the changes
occurring during the rearrangement compression stage in order to estimate the
granule compressibilityHe subdivided e early curved approach into two linear
lines; primary angdecondary rearrangement stage, and the Heckel equation becomes
a triexponential equation. Although such a new model is limited tbedelensity
changes, it might be advantageous and provide greater insight and understanding of
the compaction processLiterature mainly investigagethe influence of high
compression force on powders dengitgfile changesand occurrence of capping or
lamination phenomen@orensen dl., 2005 Sorensen et al., 200bou et al., 2015
Yohannes et al., 2015arkar et al., 20)5Capping is simply defined as removal of

the top crown or bottom part of the compressed #daeli et al. (2014 studied the
influence of manufacturing variablesuch as compression force, manufacturing
devices shape and compression speedtatmet capping tendency. They have
reported that the use of capping tendency ratio (EG), which is based on an extraction
of Youngo6® inrmdatiand radil directions, is an efficient rdestructive
indicator of tablet capping tendency. The dimsionless capping tendency ratio EG
=0 /O isabletoshow the tabletds weakest p |
information for both the formulators and manufactur8eskar et al. (20)5tudied

the influence of compression force on the tablet capping tendency using a specially
designed roll compression device with fitted air compensator, in order to increase
the dwelling time of the compressed granules. The results indicated thatimgreas
in-die dwelling time of the compressed granules decreases the capping tendency at
low compression forces. At high compression force and above the required force for

particles deformation, the influence of applied force rate is more significant.

In phamaceutical industries and due to the nature of the raw materials,
rearrangement stagd the compression cycle occurs under relatively low external
loading conditions and greatly influences the bed densification and internal stress
propagation(Nordstrom et al., 20Q8ordstrom et al., 20090n the other hand, the
rearrangement phase for titanium powder during the compaction process occurs
within 200 MPa(Lou et al., 201k Discrete fine particles significantly alter the
particulates initial packing and the rearrangement phase, but have no influence on
the comjaction and tensile strength of the compressed bed. The litesafuas that
this phase is a critical phase during the compression cycle and the changes during
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this phase are still ambiguo(dgallick, 2014). Clear understanding of the influence
of interpatrticle friction as well as the particle wall friction on the stress propagation
and distributionhas not been investigated deeply yet mratidressed in the present

work.

7.2 Material and Methodology

7.2.1 Material

Materials used in this chapter are tfabricated stress respavis granules,
characterised irbection 3.2.2 having a particle size range of 300 to 1000 pum. A
special rig able to apply uniaxial compression has been designed and fabricated in
our laboratory athe University of Leeds to fulfil the requirements of both the PSAT

and DPIV setup and regeiments as shown in Figure 7.1.

Figure 7.1 Fabricated compression chamber (a) actual image of the rig and (b)
schematic diagram of the rig and its dimensions

The dimensios of the compression rig base400mm X350mm, the compression

chamber dimensions are 60mm hejgl@Omm width and 4mm thickness

(perpendicular to the plane of the rig). Thebrifront and rear sides have been

fabricated using transparent Perspex sheets that allow sufficient lighin#tion of

the granular bed. Compression loadsapplied at the centre of the top punch. The
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preliminary studies prove that the rig is able to tolerate a relatively low compression
force up to 150N, showing no damage or deformation to the test rig @iyl

smooth walls) and no granular leakaggs observed.
7.2.2 Methodology

The major components of the PSAT experimental set up for granules compression
are the circular polarised light projector, digital PSAT camera and software, manual
compression rig witldigital force gauge, fabricated compression rig, as illustrated in
Figure 7.2. The applied compression force was adjusted at the centre of the top part

of the rig,alsoillustrated in Figure’.2(a).

The sensor particles were loaded into the compression chambecarefully to
minimise segregation ofjranules. A proper funnel witha flexible nozzle has been
used tofeed granules into the die cavity where the nozzias aligned along the
central axiof the diewhich wasfill edwith the granulesn layersand buit up to the
bounday. The maximum height of the granular bed inside the chamber was 6cm.
The de filling procedure was repeated 15 times to assess the initial packing density
of the granules ithin the die cavity and the results showed steady results with

reasonable variation range, 8.13 = 0.295gm.

Figure 7.2 Experimental setup for granular material compression at relatively low
uniaxial compression usinfe PSAT technique(a) central guide lines at the
top part of therig (b) manual compressionrig and (c) PSAT system
arrangement
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Once the optimum PSAT setup conditiongre completed, the emittedircular
polarised lightilluminated the birefringent sensor particieside the compression
rig and the PSAT camera captured multiple imagesdierent static loading
conditiors. The face gauge in the manual loading rig directly measaihesamount
of applied loads. The captured imagesre analysedfor the stressdistribution

characterisethside the compressed granulesngPSAT quantitative software

7.2.2.1 Limitations of PSAT for Granular Compression

In the case of compression, the optimum distance between the birefringent sample
and the light source ranges fror®t® 35cm, the optimum sample depth is 4mm and

the maximum applied load allowing around 180 beldt intensity is not more than

38N. The maximum force applied in this study was restricted4té Bue to high

light retardation within the granular bed under compression load. On the other hand,
these limitations were used properly to investigate thoroughly the stress status of the

compressed granular bed at low external loading conditions.

7.3 Results and Discussion

The profiles ofmaximum shear stress propagation and distribution within the sensor
particles inside the die chamber undéferent levels of compressiaare shown in

Figure 7.3. The image colour scale was adjusted and calibmatexler to simplify

the comparison of the image fringes and simply represent the spatial and temporal
stress magnitudes. The images show clearly that the propagation of the maximum
shear stress profiles statirectly below the upper punch and diffuseotigh the
granular bed vertically and laterally to the die chamber base, and to boundaries
respectively. Diffusion and distribution of the maximum shear stress within the die
chamber are strongly imnon-homogenousnanner The top section of the granular

bed directly below the punch shows higher stress magnitudes than those observed at
themiddle and bottom sections, as well as die boundaries at all loading conditions. It
is clear that the stress profiles propagate in a downward direction reaching the base
of the compression die and then deviate toward the wall boundaries.

Elevation of the compression load increasesiitesity ofgranular bed as the inter

particles voidsare minimised and the granulesre rearrange within the die.
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Increasing both compressidoad and granular bed densitigough toincreases the
contact between granules as well as the interparticle friggsulting in high shear

stress propagation and increasing contacting force network between the particulates

Figure 7.3 Maximum shear stress profiles propagation within the sensor particles
under different external loads and their corresponding heights

The relatively low stressed zone at twtom die segment and at the dmundaries
compared to that along the central zone of the granular bed could be attributed to
low particles motion at #se locationsThis assumption will be investigated in
detail in the next chapter during application of the DPIV technique on granular bed

compres®n and deformation at similar conditions.

Increasing the external compression loads from low magnit&dg<q higher loads

(34N) leads to marked increases of the stress magnitudes within all the die segments.
Higher increment has been reported atzivee located directly below the punch and

the central zone. A high level of stress at these regions is attributed to the ability of

such particulates to transmit the stress via relatively strong contacts within the
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