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Dissertation Director:
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A large number of industrial processes involve the transport, mixing and storage
of particulate systems. While prevalent in industry, particulate processes are commonly
plagued by problems due to the complex rheology of these systems. In this work, the
behavior of granular materials in a bladed mixer, an industrially relevant geometry, was
investigated using computational and experimental techniques. Experimental flows were
characterized via Particle Image Velocimetry and image analysis. Discrete element
simulations were carried out to examine the effect of a wide range of system parameters.

Particulate flows in bladed mixers were found to be periodic with complex flow
patterns developing throughout the particle bed. Cohesionless flows were initially
studied. For monodisperse flows, two distinct flow regimes were observed: a quasi-static
regime where blade speed provides the time scale for momentum transfer and an
intermediate regime where stresses scale linearly with blade speed. Particle and wall
roughness were found to significantly affect bladed mixer flows. Systems with higher
roughness are characterized by enhanced particle motion and mixing. Simple scaling
relationships were observed for monodisperse flows in the quasi-static regime. Particle
velocities and diffusivities were found to scale linearly with mixer size and blade speed,

while stresses scaled linearly with particle bed weight. In polydisperse flows, size
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segregation was found to occur due to sieving. However, it was found that the extent of
segregation can be reduced by introducing intermediate particle sizes in between the
smallest and largest particles.

Finally, wet particle flows were examined. At low moisture contents, enhanced
particle velocities and mixing kinetics were observed in comparison to dry flows.
However, at higher moisture contents, particle velocities and mixing rates were observed
to decrease. Wet particle flows were characterized by the formation of particle
agglomerates. Agglomerate formation led to an increase in particle bed roughness which
significantly influenced macroscopic and microscopic flow properties.

These findings contribute to the understanding of granular behavior in complex
systems. Improved understanding of granular flows will enable the development of first-
principles based models which can assist in the design and scale-up of bladed mixer

operations and the identification of critical processes parameters.
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Chapter 1.  Introduction

1.1. Motivation

Particulate processing operations are commonly encountered in a wide variety of
industries. It has been estimated that roughly 60% of all manufactured products required
some sort of particle processing [1]. Examples of unit operations involving granular
materials include fluidized catalytic reactions (bulk chemical industry) [2], compression
of drugs into tablets (pharmaceutical industry) [3], freeze drying (food industry) [4],
mixing and blending (cosmetic industry) [5] and concrete production (construction
industry) [6]. Despite granular systems being so pervasive in industry, processes
involving these types of materials are often poorly understood compared to their fluid
processing counterparts [7]. This reality stems in part from the fact that we lack a set of
constitutive equations derived from first-principles that describe granular flows under a
specified initial state and boundary conditions. The lack of fundamental understanding of
granular systems leads to broad assumptions during process design, poor identification of
critical process parameters and scale-up complications which are not easily explained [8].
It has been reported that close to 94% of solids processing plants experience some kind of
major processing problem [9]. Traditionally, heuristic rules-of-thumb have been used to
limit these problems, but these have not reliably prevented complications such as non-
uniform flow, jamming and segregation from occurring during scale-up or
commissioning. A more desirable approach is the ability to quantitatively predict flow
behavior from fundamental principles, material properties and small-scale laboratory

tests, and then to engineer processes accordingly.



Attempts to describe granular systems via continuum-like approaches have had
limited success since, unlike molecular fluids, granular systems are discrete in nature and
inhomogeneities at the microscopic/particle level have a profound impact at the
macroscopic scale [10]. These characteristics make the continuum assumption in classical
mechanical models questionable for granular systems. Additionally, granular flows
exhibit a tremendous range of behavior ranging from solid-like quasi-static flows to rapid
fluid-like ones [11]. The ability to capture the breath and depth of granular behavior with
a single set of fundamental equations is therefore challenging.

The relevance of granular materials, coupled with the need for the development of
a rigorous theoretical framework, has motivated the study of particulate systems by many
researchers. Following the approach from the early days of fluid flow research, several
scientists have strived to understand the behavior of model granular systems
(monodisperse, cohesionless smooth spheres) [12-17] in simple geometries such as shear
flows [18-21], Couette cells [22-26], chute flows [27-30] and rotating drums [31-33].
These studies have provided rich information on the transient and dynamical behavior of
granular materials since they contain one or more of the key elements of industrial flows
such as shear, physical boundaries and a body force or gravity. While these efforts have
elucidated some of the underlying physics involved in the transport and mixing of
granular materials, the connection between the behavior observed in these simple systems
and the behavior expected in the more complex, industrial systems remains elusive. The
rigorous study of granular flows in industrially relevant geometries has received far less

attention in the literature.



The need for understanding the behavior of complex particulate systems is of
critical importance to the pharmaceutical industry, where close to 80% of pharmaceutical
products are formulated as tablets, pills or capsules [34]. Pharmaceutical processes
require a high level of process control, quality monitoring and reproducibility to ensure
the efficacy of the drug and the safety of the patients. However, pharmaceutical processes
often involve complex equipment configurations and multi-component particulate
systems making the design, commissioning and control of these processes difficult.
Problems are frequently encountered, some even during the latter stages of development,
culminating in the manufacturing of an out-of-specification product. These issues could
lead to the recall of product from the market and could potentially delay the
administration of life-saving drugs to patients.

Many industrial processes involving granular materials employ the use of mixers
with mechanical agitators that provide shear, induce flow and encourage mixing. The
appeal of these mixers comes from their ability to handle a wide variety of solids ranging
from free flowing to cohesive powders and even pastes [5]. Mixer characteristics such as
shape, size and agitator configuration determine the flow patterns, degree of mixing and
the shear profile achieved in such devices [35, 36]. Currently it is difficult - if not
impossible - to predict granular behavior in mechanically agitated beds.

The cylindrical mixer geometry mechanically agitated by an impeller is one of the
most commonly used mixer configurations in industry. While in many cases agitated
mixers are used to homogenize a blend of solid particles, they also serve to enhance heat
and mass transfer (e.g., agitated dryers). Similar equipment is also used in high-shear

granulation processes and in tablet press operations to encourage flow in the feed-frame



assemblies. While simple in form, the mechanisms by which particle motion is generated
in cylindrical mixers are still poorly understood. Problems, such as segregation, particle
attrition and agglomeration [37-39], are known to occur in this geometry but the role of
operating parameters and particle properties on flow behavior remains unclear. The work
presented here was performed in an effort to develop a fundamental understanding of
how granular flow, segregation and agglomeration occur in bladed mixers through the
use of numerical simulations and experimental techniques. We seek to answer some of
the questions that still remain regarding the operation and design of these devices such as
“how do microscopic/particle properties affect bulk behavior?” and “what are the most

important parameters for scale-up?”

1.2.  Granular Flow Regimes

The rheological behavior of granular materials is significantly different from that
of molecular fluids. While the dynamics of fluid systems are often adequately described
by continuum treatments such as the Navier-Stokes equations, an equivalent set of
equations for granular systems is not readily available. The relationship between stress
and strain rates is not well established due to the diverse behavior exhibited by granular
materials. A granular material may behave as an elastic solid or as a liquid depending on
the localized concentration and stress. When a granular material behaves as an elastic
solid, it is able to support large loads such as building foundations by distributing the load
across frictional contacts within the particle bed [40]. In contrast, natural disasters such as
avalanches and landslides occur when particles within a granular assembly move freely

and independently from each other leading to a liquid like-behavior.



In general, the amount of stress generated in granular assemblies is mostly
associated with the particle interactions and the influence of the interstitial fluid on stress
generation is often negligible [41]. Stress in granular assemblies is generated by three
different mechanisms [41]:

1) momentum transport due to the collisions of particles in a flowing layer.

i) momentum transport due to the apparent random velocities of particles

flowing across moving layers.

iil) momentum transport due to the forces generated by sustained contacts.

The first mode of stress generation is analogous to the molecular momentum
transport in liquids [41] while the second mode is similar to the molecular momentum
transport in turbulent gases (i.e. analogous to the Reynolds stress [42]). The third mode
does not resemble any of the modes found in molecular fluids and it’s responsible for
some of the elastic solid behavior observed in granular materials. The relative importance
of each mechanism on the total stress generated during flow will depend on the
behavioral regime.

Three distinct behavioral regimes are known to exits in granular flows: the slowly
deforming or quasi-static regime, the rapid flow regime and the intermediate regime. The
regime in which granular flows occur will depend on the system’s concentration,
compression state and applied shear [19]. The boundaries at which flow regime transition
occurs are still not well defined. Traditionally, shear rate has been used to define the

limits where regime transition occurs. Tardos et al. [43] proposed a flow regime map

. . o* _ .0 1/2 o -
based on the dimensionless shear rate,y” =y“[d,/g] ", where y" is the shear rate, d,

is the particle’s diameter and g is the acceleration due to gravity. The proposed flow



regime map is presented in Figure 1.1. Granular systems at high concentrations and low
shear rates tend to behave in the quasi-static regime where particles experience sustained
contacts with their neighbors and momentum transfer is governed by the forces generated
from the particle-particle contacts [19]. In this regime, the frictional particle contacts give
rise to a yield stress which must be overcome in order to induce flow [41]. As the
granular material begins to flow, the sustained contacts generate stresses which are
independent of the rate of deformation. Additionally, when particles flow past a solid
surface in the quasi-static regime, the drag force experienced by the particles is not steady
but fluctuates in time due to the frictional nature of the particle-solid surface interactions.
This behavior is known as stick-slip and it can lead to velocity fluctuations on the same
order of magnitude as the bulk velocity [44].

Some gravity-driven flows, such as flow from a hopper [42], as well as some
industrial mixing processes at low shear rates [45] and most geological flows [44] occur
in the quasi-static regime. Continuum-like models for quasi-static flows have been
developed in the past by considering stress at equilibrium conditions and incorporating a
yield condition and a flow rule [41, 46]. The yield condition describes the normal and
shear stresses at the failure point and the flow rule correlates the rate of deformation
during flow to the failure point stresses. Use of these models requires a large number of
experiments to determine the region of yield stresses in the principal stress space for a
desired material [47]. In addition, solving these models for industrially relevant
geometries can prove to be difficult and they can only provide average values for the
stress distribution within the particle bed. This limits the usefulness of these constitutive

relations as practical tools for quantitative prediction of granular behavior.



Systems at low concentrations and high shear rates tend to fall in the rapid flow
regime. This regime is characterized by short lived binary collisions of particles which
can be approximated as instantaneous. These instantaneous collisions give rise to local
fluctuations in the stress, strain rate and solids fraction [48]. Momentum transfer in this
regime is therefore controlled by inter-particle collisions and the apparent random
velocities of particles moving across flowing layers. The shear stress in the rapid flow
regime scales with the square of the shear rate. The first dependency comes from the fact
that shear rate controls the amount of momentum exchange during each particle-particle
collision. The second dependency comes from the rate of inter-particle collisions which is
also controlled by the shear rate [11].

Fluidized beds generally operate in the rapid flow regime [49] as well as
pneumatic conveying processes in industry and some geological flows such as avalanches
[50]. Continuum models derived from classical hydrodynamics such as the kinetic theory
of dense gases provide a suitable description of granular flows in this regime [14, 17, 51].
These models use equations for the conservation of kinetic energy, momentum and mass.
From this viewpoint, the concept of a “granular temperature” arises. The granular
temperature is analogous to the definition of the thermodynamic temperature for fluids
and represents the amount of kinetic energy due to the difference in velocity for
individual particles relative to an ensemble average. Since the particle-particle contacts in
granular systems are inelastic, the granular temperature of an ensemble of particles is not
maintained and without an external source of energy the particles can reach an ‘absolute
zero’ state [52]. The rapid flow description of granular systems is only suitable for a

limited range of conditions and concentrations.



In between the quasi-static and the rapid flow regimes lies an intermediate regime
where momentum transfer is controlled by both inter-particle collisions and sustained
particle-particle contacts. The transition between the quasi-static regime and the
intermediate regime is not well defined. Research efforts in granular flows have
traditionally concentrated on the quasi-static and rapid flow regimes with the
intermediate regime receiving far less attention. In the intermediate regime, shear stress
tends to scale linearly with shear rate, a behavior similar to that of fluids. More
specifically, the behavior of granular materials in this regime resembles that of visco-
plastic fluids such as Bingham fluids [53]. A yield stress needs to be overcome in order to
induce flow (due to the frictional inter-particle contacts) and, once flow has been
achieved, the shear rate is linearly proportional to the strain rate times a proportionality
constant (i.e., an apparent viscosity). The Bingham model has been employed by various
researchers to describe the rheology in the intermediate regime [53, 54] where the yield
stress and apparent viscosity values are obtained from experimental measurements or
from soil mechanics theories. The limitation of these visco-plastic models comes from
the fact that the yield stress and apparent viscosity are functions of system size and
particle properties.

In recent years, other continuum models have been developed for the intermediate
flow regime which relate stress and strain rates to fluctuating values [43, 55]. These
fluctuations are considered to be spatial and temporal in nature. At low values of theses
fluctuations, the system behaves similarly to a quasi-static system while at large

fluctuations the behavior approximates that of the rapid flow regime. These continuum



models fail to capture some of the inhomogeneties that are known to exist in high

concentration systems such as shear bands and force chains.

1.3.  Segregation

Particulate de-mixing or segregation is a phenomenon known to occur in several
granular flow processes which does not posses a molecular fluid analog. Under the
presence of shear, granular materials will self-organize into segregated regions where
particles with similar size, shape, density or surface characteristics assemble [56]. This
makes the mixing of particulate systems with different components challenging.
Everyday examples of granular materials experiencing segregation are found in the rising
of larger grains to the top of a muesli mixture, and in finding the larger rocks at the
bottom of the mountain and the smaller ones near the top after a landslide or avalanche.

Segregation is a complex process which is still not well understood. Some of the
complexity surrounding segregation can be observed in Figure 1.2. Depending on
operating conditions and scale of operation, a previously homogeneous mixture in a
rotating drum can segregate into bands of large or small particles in the axial [57, 58] or
in the radial [59] directions with complex patterns being formed. Currently, no general
way exists to prevent the occurrence of segregation or to predict the final segregation
state in cases where it does occur. Industrial processes are significantly affected by
segregation, contributing greatly to the meager 60% operating efficiency of most solids
processes [60]. Complications due to segregation arise in several industrial scenarios such
as bin blending, tumbler mixers, pneumatic conveying and hopper discharge [9]. In the
pharmaceutical industry, segregation often threatens the drug content uniformity of

tablets and could lead to the production of an out-of-specification product.
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Early efforts in segregation research focused on the identification of mechanisms

leading to segregation and thus far approximately 13 different mechanisms have been

proposed [61]. However, many of these mechanisms rarely occur in industrial scenarios

and many are special cases of other mechanism [62]. Tang and Puri [62] classified the

different segregation patterns reported in the literature into 4 main mechanisms (Figure

1.3):

1) Trajectory segregation - occurs when large and small particles have
different velocity profiles due to inertial effects during flow. This type of
segregation occurs in gravity driven flows such as flows in vertical pipes [63].

i) Sieving segregation - occurs when smaller particles fall through the gaps
that form between larger particles during flow as a result of localized shearing.
Known to occur in vertically vibrated systems [64-66], rotating drums [67] and
agitated devices [68].

1) Fluidization segregation - caused by differences in drag/weight ratios
between smaller/lighter particles and larger/heavier particles. This mechanism
causes the smaller/lighter particles to remain near the top surface during filling of
silos or during the operation of fluidized beds [49, 69].

1v) Agglomeration segregation - arises when smaller particles form
agglomerates under the presence of cohesion forces triggering segregation due to
differences in agglomerate mobility (i.e. larger agglomerates with greater
mobility). This type of segregation could occur in drying processes and in

handling of fine, cohesive powders.
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Identification of the dominant segregation mechanisms has enabled the
development of processing strategies that minimize the tendency for segregation to occur.
Reducing the emptying time of units lowers the probability of segregation. Avoiding unit
operations where particles roll pass each other (i.e. inclined chutes) reduces the potential
for trajectory segregation to occur [9]. Reducing the drop height in between unit
operations or avoiding long transfer lines is recommended. Narrowing the width of the
particle size distribution has been proven effective in mitigating sieving segregation [62].
Modification of equipment configurations could also limit the occurrence of segregation.
In rotating drums, changing the shape of the rotating drum from circular to non-circular
induces chaotic advection leading to higher mixing rates and a lower degree of
segregation [70]. Adding baffles in low shear mixers along the axis of rotation reduces
segregation [71]. The baffles induce periodic mixing in the flowing layer by inverting the
orientation of the granular material. These strategies address only a small number of the
potential causes for segregation and, in some cases, are impractical or difficult to
implement.

Most researchers agree that the main factor leading to segregation is particle size
differences [72, 73]. Binary mixtures represent the simplest case of a granular material in
which segregation due to particle size differences occurs. This realization has motivated
the investigation of segregation for binary mixtures in fundamental geometries which
could be viewed as simplified versions of complex equipment configurations. Binary
mixture segregation has been studied in Couette flows via the kinetic theory approach
[23] and with the use of particle dynamic simulations [74]. These studies found that

granular energy is not equally distributed between the small and large particles and that
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species segregation is a result of three competing forces: thermal diffusion, ordinary
diffusion and pressure diffusion. Additionally, the formation of particle clusters in
Couette flows was found to induce segregation. The segregation of binary mixtures in
vertically vibrated systems has been extensively studied in the literature [64, 65, 75, 76].
These studies demonstrated that the frequency and amplitude of the vibrations determine
whether the small or the large particles are present in the top segregated layer. Wall
friction has been shown to give rise to convection cells in vibrated systems which, at
lower large particle concentrations lead to segregation, but promote mixing at higher
large particle concentrations.

The effect of particle size ratio in binary system has also been studied. In general,
higher particle size ratios increase the amount of segregation observed. In systems where
segregation by sieving occurs, the rise velocity of the large particles increases with an
increase in size ratio as the probability of the smaller particles filling the voids in between
the large particles increases [73]. For situations where trajectory segregation is the main
mechanism, an increase in size ratio increases the differences in velocity profiles between
the large and small particles due to inertial effects. This has been observed
experimentally in flows through vertical pipes [63]. In fluidized systems, an increase in
size ratio increases the difference in the drag/weight ratio between the large and small
particles [69].

Segregation in polydisperse mixtures has not been as extensively studied as the
binary mixture cases due to the added complexity that arises from the presence of
multiple particles species. Rosato et al. [66] studied the segregation behavior of a three

component system in a vertically vibrated cylinder. The authors noticed that during the
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initial shaking cycles, 3 different regions developed in the vibrated bed: a top region
composed of mostly large particles, a well mixed center region and a lower region
composed of mostly small particles. As the system continued to be vibrated, a completely
segregated bed was obtained. The authors also showed that the sorting order between the
particle species is affected by changes in the size ratio. Dahl and Hrenya [49, 77] studied
size segregation of granular materials with continuous size distributions in a simple shear
system and a fluidized bed using the discrete element method. Gaussian and lognormal
particle size distributions were studied in both systems. In the simple shear system, they
found that species segregation occurs due to the presence of a granular temperature
gradient, with larger particles accumulating in the low temperature areas for all the size
distributions studied. In the fluidized bed case, large particles accumulated towards the
bottom plate and the walls of the system for both the Gaussian and lognormal
distributions. However, axial segregation was higher for the lognormal case than for the
Gaussian distribution. The localized particle size distribution was found to be of the same

form as the overall size distribution for both the simple shear and the fluidized bed case.

1.4. Cohesive Granular Flows

The presence of inter-particle adhesion forces is often encountered in many real
granular systems. These forces give rise to different phenomenological behaviors in
cohesive granular materials from what is observed in non-cohesive systems. For example,
the tensile strength of static piles increases in the presence of cohesion [78]. This
characteristic enables the creation of sand castles from wet sand since a stable shape
cannot be created with dry sand [79]. The angle of repose of a granular pile is usually

increased by cohesion [80]. Cohesive forces can increase dilation of granular materials
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during flow and can induce hysteresis [81, 82]. The apparent friction between particles
increases even with a small amount of cohesion in the system [83]. This complex
behavior makes the prediction and control of cohesive granular flows difficult. The
presence of cohesion in industrial scenarios leads to operational problems which are not
easily solved or prevented. Cohesion can often lead to problems such as bridging,
channeling, discontinuous mass flows, material accumulation on equipment walls and
broadening of particle size distributions [9, 84]. The majority of research in granular
flows has focused on non-cohesive systems. Studies involving the flow of cohesive
granular materials are not as commonly encountered in the literature. The need for
fundamental studies dealing with the transport and storage of cohesive granular materials
is therefore substantial.

The bulk cohesion of a granular material is controlled by intrinsic material
properties (surface energies, elastic moduli, etc.), particle properties (size, size
distribution, morphology, etc.) and moisture content in the system [85]. In general, three
types of forces contribute to the amount of cohesion present in a system: van der Waals
forces, electrostatic forces and capillary forces. The van der Waals forces occur at the
molecular level and are proportional to the separation distance between particles times a
proportionality constant called the Hamaker constant. The value of the Hamaker constant
depends on material properties such as chemical composition and surface roughness [86].
The van der Waals binding energy is usually small compare to the kinetic energy during
flow for particles with a radius above 20 um [80]. Therefore, in most granular flow
scenarios, van der Waal forces tend to weakly influence the behavior of the system. For

fine powders, the effect of van der Waal forces becomes important during flow.
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Electrification of particles could occur during flow due to repeated collisions
between particles with different material surface properties [87]. This process is called
triboelectrification and it often leads to the development of electrostatic adhesive forces
between particles. The development of these forces during flow could cause
complications such as electric discharges which increase the risk of dust explosions [88].
While electrostatic effects are of particular importance due to the associated hazards, the
magnitude of electrostatic forces between particles has been shown to be one order of
magnitude smaller than van der Waals forces for particles above the micro size range
[86].

The presence of moisture in a granular system gives rise to cohesion due to
capillary forces. When particles are in contact in wet systems, a meniscus is formed
between the contacting surfaces as capillary action attracts the liquid on the nearby
surfaces [85]. This leads to the formation of a liquid bridge which creates an attractive
force due to surface tension and the hydrostatic pressure inside the bridge [89]. Capillary
forces can have a significant effect on the behavior of granular materials. For example,
the magnitude of capillary forces doubles that of gravity for particles with a diameter
above 100 um [80]. Particles in a wet system can exist in a number of different states
depending on the moisture content of the system. These states are the pendular state (low
moisture content), the funicular state (intermediate moisture content), and the capillary
state (high moisture contents) (see Figure 1.4) [90]. The resulting behavior in wet
systems is dictated by the amount of liquid present in the system and the distribution of

the liquid via capillary bridge networks [80]. The presence of moisture also leads to the
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development of viscous forces between particles. However, at low moisture contents, the
effect of these forces is secondary to the effect of the capillary forces [91].

The importance of the cohesion forces relative to gravitational and shearing forces
can be determined by a set of dimensionless numbers. The granular Bond number is the
ratio of the cohesive force to the gravitational force. For slowly shearing systems, the
effect of cohesion becomes important when the granular Bond number is above one. For
systems experiencing high shear, the collision number determines the relative importance
of cohesive forces. The collision number is given by the ratio of the maximum cohesive
force to the collisional force due to Bagnold [92]. Cohesion forces dominate the flow of
granular material for collision numbers above one.

For systems containing particles of different sizes or surface characteristics,
cohesion forces can act to enhance mixing or to promote segregation [93]. Recently,
researchers have developed phase diagrams to assist in the determination of the final state
of a multi-component granular mixture under the presence of shear and cohesion [92, 93].
These diagrams are developed by taking into account the values of the granular Bond
number and collisional number for each combination of particle type interactions. When
the magnitude of the adhesion forces between dissimilar particle types is greater than the
magnitude of the forces due to gravity and shearing, segregation is mitigated. However, if
the cohesion forces between similar particle types are higher, segregation is enhanced by

the presence of cohesion in the system [94].

1.5. High Shear Mixers

Granular flow research in high shear mixers has received increased attention in

recent years due to the industrial relevance of such devices. Most high shear mixers can
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be classified into two categorizes based on the axis of rotation: horizontal mixers and
vertical mixers. Horizontal cylindrical mixer studies have been performed by Malhotra et
al. [95-97], Laurent et al. [98, 99], Jones et al. [100] and Bridgwater et al. [101]. The
studies by Malhotra et al. [95-97] focused on 2-dimensional geometries and provide
information on mixing kinetics and heat transfer coefficients for agitated dryers. The ratio
of the blade height to bed height was found to have a significant impact on particle
mixing while heat transfer mechanisms were affected by the shape and cohesiveness of
the particles. A 3-dimensional picture of flows in horizontal mixers emerged with the use
of positron emission particle tracking (PEPT). Radioactive tracers are inserted within the
particle bed and gamma ray detectors record the position of these particles as they follow
the movement of the bulk flow in the system. Laurent et al. [98, 99] found that particulate
flows in this geometry are periodic in nature and that axial dispersion coefficients linearly
increase with blade speed. Jones et al. [100] observed slower mixing as the fill level was
increased and blade speed was decreased. These researchers also found that axial
transport was lower for cohesive materials compared to that of the dry materials.
Bridgwater et al. [101] observed the development of three-dimensional recirculation
zones in a ploughshare (horizontal) mixer above a critical impeller speed.

Early experimental studies in vertical mixers by Bagster and Bridgwater [102,
103] focused on the power and torque requirement on 2-dimensional flows to determine
strain rates at the failure point. The side wall was found to have a considerable effect on
the resulting strain field. These studies also found the existence of particle recirculation
patterns that move with the blade. Knight et al. [104] studied the effect of impeller speed

and configuration on the impeller torque in a 3-dimensional vertical mixer. They found
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that the dimensionless torque on a disc impeller was independent of impeller speed while
torque for a flat blade impeller varied linearly with speed. Impeller angle and height also
had a significant effect on the measured torque. The PEPT technique was used by Stewart
et al. [105] to study flow over two flat blades in a vertical mixer. This study found that
particles move radially forming recirculation zones and the size of some of these zones
varied significantly with fill level. Additionally the velocity profiles inside the mixer
were found to vary linearly with the rotational speed of the blade. A more complex blade
configuration consisting of four blades pitched at a 45° angle was studied by Conway et
al. [106] and Lekhal et al. [107] utilizing Particle Image Velocimetry (PIV). This
technique records particle positions at the free surface and near transparent walls which
allows for the characterization of the flow fields and the determination of particle
trajectories. The study by Conway et al. [106] found that particle movement within the
mixer was periodic and that its frequency depended on the speed of the blade rotation, a
behavior similar to what was found in horizontal mixers. Striation patterns that developed
through stretching and folding were observed for low-shear operations which were
consistent with chaotic granular mixing. This behavior was not present during high-shear
operations. Lekhal et al. [107] examined the effect of moisture on granular flows in a
bladed mixer. Two flow regimes were identified at different levels of bed moisture. At
low moisture contents, granular flow was dominated by the motion of individual grains,
while at high moisture contents the flow is controlled by the motion of small
agglomerates that formed due to cohesive forces.

Granular flow, mixing and segregation in vertical bladed mixers has also been

studied via numerical simulations. Numerical simulation techniques have the potential of
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bridging the knowledge gap, since they allow for the study of parameters that are difficult
to measure or vary experimentally. The discrete element method (DEM) has been widely
used in recent years to examine granular flow in a variety of systems ranging from simple
shear flows to more complex, industrially relevant geometries. Stewart et al. [108] and
Zhou et al. [109, 110] performed numerical studies using DEM for bladed mixers with
two flat blades. Stewart et al. [108] demonstrated the ability of the DEM technique to
accurately capture glass bead flows in a bladed mixer. The studies by Zhou et al. [109,
110] focused on the effect of particle friction, size distribution and particle density on the
flow and segregation patterns that developed inside bladed mixers. The particles’
frictional characteristics were found to affect velocity profiles and mixing kinetics, while
particle size and particle density affected segregation patterns. Sinnott et al. [36]
performed 3-dimensional DEM simulations and investigated the effect of different blade
configurations on granular mixing. Two configurations were studied: a flat rectangular
blade and a horizontal bottom disc. The authors found that the degree of mixing was
affected by the blade configuration. More recently Sato et al. [111] showed that agitator
torque increases with rotational speed in a vertical bladed mixer and that particle kinetic
energy can be related to the measured torque.

While previous work has provided insight into the granular behavior in bladed
mixers, these studies have been limited to the effect of a small set of process parameters
and particle properties on the measured variables. These studies have not clearly
correlated operating parameters and particle properties to macroscopic properties.
Additionally, little is currently known about the stress evolution in bladed mixers and the

parameters that affect it. High-shear granulation processes depend on stresses developed
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via agitation to achieve controlled agglomeration and attrition of granules. In contrast,
agitated drying processes in the pharmaceutical industry are generally designed to
minimize the effect of attrition and agglomerate formation due to shearing. Uncontrolled
shearing could lead to broad particle size distributions, formation of fines or large
agglomerates and even loss of crystallinity. The numerical studies performed for bladed
mixer thus far have focused on relatively simple blade configurations. More industrially
relevant blade configurations remain to be examined and it is uncertain, whether the
results obtained with the simplified geometries can be extended to the more complex
industrial cases.

For bladed mixers, the majority of past studies have focused on dry granular
materials. The case of granular flow in bladed mixers in the presence of cohesion has
received less attention despite the fact that cohesion is present in many industrial
scenarios where bladed mixers are used (i.e. wet granulation, agitated drying). Most of
the research on wet granular flows has been perform for prototypical geometries such as
chute flows, Couette cells, or rotating drum. These studies mostly focused on developing
mathematical models to predict the inter-particle forces that arise due to the presences of
moisture. The modeling of wet particle interactions has not been extended to the more

complex case of granular flow in bladed mixers.

1.6. Wet Granulation

Wet granulation is a process by which a blend of fine powders is mixed with a
liquid binder to form larger agglomerates or granules. This technique is widely used in
industry as it allows for better control of product bulk density, particulate flowability,

blend compactibility and drug content uniformity [112], the latter being a crucial quality
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attribute of pharmaceutical tablets. Wet granulation processes are usually performed in
one of two equipment configurations: a fluidized bed or a high shear mixer [112]. Litster
[113] has identified three key classes of rate processes which control the density and size
distribution of the granules formed: wetting and nucleation, growth and consolidation,
and attrition and breakage (see Figure 1.5). These rate processes occur in both the
fluidized bed and the high shear mixer configurations and are influenced by the mixing
and shearing profiles achieved in the granulator. Wetting and nucleation is controlled by
the distribution of liquid binder throughout the powder bed, where the best conditions for
nucleation arise when each drop of liquid forms a nucleus of a granule. Growth and
consolidation are controlled by the deformation and compaction of granules under shear
[114]. Attrition and breakage is controlled by the amount of shear stress transferred to
the particle bed due to interactions with the equipment walls and with other particles.
Most wet granulation research in high shear mixers has focused on the prediction
and control of granule properties from equipment variables or operating conditions.
Traditionally, scale-up rules based on impeller speed kinematics have been used to
control granulation processes at different scales. Rahmanian et al. [115] studied the effect
of impeller speed on granule properties at different scales. The authors used 3 different
scaling rules to compare results across granulator scales: the constant tip speed rule, the
constant Froude number rule and the constant shear stress rule. They found that the
constant tip speed and the constant shear stress rules produce granules with similar
properties across scales ranging from 1 to 250 liter. This was not observed with the

constant Froude number rule.
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One of the most commonly used techniques for wet granulation control is to
monitor agitator torque or power consumption. In previous years several researchers have
related torque or power consumption measurements to granule properties such as granule
strength, size distribution and compressibility achieved in laboratory scale high shear
granulators [116-118]. More recently Sirois and Gordon [119] found that by using a
normalized impeller work parameter to determine granulation end-point, one could
control bulk density, average particle size and the cohesion index across scales ranging
from 5 to 125 liters. The normalized impeller work end-point was found to be
independent of impeller speed, geometry or granulator size. Sato et al. [120] showed that
granule strength increases linearly with agitator power per unit volume regardless of
vessel scale, and that granule mass and mean diameter can be correlated to agitator
power.

Less attention has been given to the characterization of velocity profiles, flow
patterns and stress distribution in high shear granulators. Litster et al. [121] measured
powder velocity at the free surface at different impeller speeds. The authors identified
two different flow regimes in this study: a bumping flow regime where the material
rotates slowly and the surface of the particle bed deforms by forming a “bump” as the
blades pass, and a roping flow regime where the material rotates faster and mixes in the
vertical direction. In the bumping regime, surface velocities increase linearly with
impeller speed while in the roping regime surface velocities appear independent of
impeller speed. Watano et al. [122] measured stress above the blades of a high shear
granulator with the use of a strain gauge. Their measurements showed that shear stress

increases linearly with impeller speed and that shear stress is highest by the granulator’s
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wall. Tardos et al. [123] used calibrated particles with a well-defined yield strength to
indirectly measure stresses within mixer granulators at 3 different scales. The researches
found that shear stress is most sensitive to the amount of liquid binder present in the
system with higher shear stresses achieved as the amount of cohesion in the system
increased. From the measured stress data, the authors suggested a scaling rule for
achieving “equal shear stress” across granulator scales in which the tip speed of the
impeller is scaled by the impeller diameter to the 0.8 power.

Efforts to model wet granulation processes have mostly focused on the used of
population balance methods to predict granule particle size distributions [124-126]. In
this methodology, the particle size distribution is divided into discrete size range
intervals. The rate of change of the amount of particles in each size range is determined
from probability functions representing the nucleation, coalescence and breakage
processes. The population balance models tend to be complex and several assumptions
are needed to facilitate the numerical solution of the equations [112]. The challenge in the
population balance is the determination of the kernels associated with each rate process
from the fundamental mechanisms of granule formation, growth and breakage. Currently,
the dynamics of these mechanisms are not well understood [124] making the verification
of the simplifying assumptions difficult. This limits the usefulness of population balance
methods in the design and scale-up of wet granulation processes. Recently, researchers
have resorted to the use of the discrete element method (DEM) for the determination of
population balance kernels [127, 128]. However, in these studies only a small portion of
the particulate flow within the granulator was simulated and the effect of cohesion on

particle velocities was ignored. A complete 3-dimensional analysis of particle
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agglomeration and attrition under the presence of shear and cohesion, which is needed to

construct reliable population balance models, is still lacking.

1.7.  Agitated Drying

The bladed mixer configuration is also found in agitated drying processes used in
industry. Agitated drying is a contact drying process in which a wet particle bed is dried
under heat and vacuum in the presence of shear. Heat is usually introduced into the
system by jacketed cylinder walls, and in some cases by a heated impeller. Currently,
little is known about the parameters affecting heat and mass transfer in agitated dryers.
This makes the design, scale-up and control of drying operations difficult. Agitated
drying processes are plagued by complications such as agglomerate formation, particle
attrition and over-drying. Most of the work done on agitated contact drying has focused
on the use of empirical models to predict drying [129, 130]. Heat transfer is modeled as a
penetration process where a drying front of particles moves into the wet particle bed and
heat conduction occurs. Mixing is accounted for in these models by empirical
correlations which relate the system’s Froude number to the contact time between dry
and wet particles. The mixing parameters in these models are assumed to be constants.
These correlations fail to account for the complex motion of particles in agitated devices.

Recent work in agitated dryers has explored the effect of drying conditions on
particle attrition and agglomeration. Lekhal et al. [37, 39] studied the effect of drying at
different conditions on the morphology of KCl (cubic particles) and L-threonine (needle-
like particles). The authors found that attrition and agglomeration occur to a significant
extent only after a critical moisture level was achieved. Attrition of particles was the

prevalent mechanism affecting particle size changes at low drying temperatures and high
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shear rates for both the KCI and L-threonine systems. In contrast, at high drying
temperatures and low shear rates, agglomeration dominated over particle attrition.
Particle shape and aspect ratio was shown to be affected by the amount of shearing
during drying, with a higher degree of particle attrition occurring for the needle-like
particles vs. the cubic particles. Lee and Lee [38, 131] performed a force balance for the
material in front of a pan dryer blade to develop an expression for the force experienced
by the particles. Utilizing the developed expression, they were able to show that the force
on the particles in front of the blade decreases with an increase in the pitch angle of the

blades.

1.8.  Outstanding Issues and Path Forward

Many questions still remain regarding the behavior of granular materials in
mechanically agitated devices. Most of the previous work done on bladed mixers has
focused on specific unit operations (i.e. blending, wet granulation or agitated drying) and
on the parameters affecting the performance of these processes. The majority of these
studies have not thoroughly investigated the underlying physics of particulate flows in
bladed mixers limiting the usefulness of the findings.

Few studies are found in the literature which attempt to explain the observed
behavior via mechanistic arguments. Previous studies have been limited to a small set of
process variables and have not clearly correlated operating parameters and particle
properties to macroscopic properties. Little is currently known about the evolution of
stress in bladed mixers and the parameters that affect the stress. Relatively simple blade
configurations have mostly been studied. More industrially relevant blade configurations

remain to be examined.
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Industrial bladed mixer operations often involve the use of components with
particle size distributions and with a certain amount of moisture. Most of the fundamental
segregation studies in bladed mixers have been performed using binary mixtures of small
and large particles. The effect of increasing polydispersity on segregation has not been
explored. It is unclear whether the binary mixture results can be extended to the more
complicated case of pseudo-continuous particle size distributions. The effect of moisture
content on granular flow in bladed mixers has not been extensively studied. The most
prominent effect of moisture is an increase in interparticle cohesiveness, which directly
impacts the bulk flowability of the granular material.

The work presented here addresses some of the questions that still remain
regarding the behavior of particulate systems in bladed mixers. Chapter 2 introduces the
experimental and numerical methods used to examine flows in the bladed mixer
geometry. Characterization of monodisperse flows via numerical simulations is presented
in Chapter 3. Chapter 4 highlights the effect of mixer properties and mixer scale on
granular behavior. Accompanying experiments are described in Chapter 5 which validate
the applicability of the numerical simulations and reveal the effect of shear rate on flow
regime transitions. Polydisperse systems are examined numerically and experimentally in
Chapter 6. Experimental and numerical examination of wet particulate flows is included
in Chapter 7. Conclusions are presented in Chapter 8 along with recommendations for

future work.
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1.9.  Figures for Chapter 1
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Figure 1.1 Tentative schematic of particulate flow regimes a) Slow, frictional flows,
b) Rapid flows, and c) Intermediate flows. From Tardos et al. [43].
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Figure 1.2 Segregation patterns in a rotating drum. a) Effect of rotation rate on radial
banding. From Hill et al. [59]. b) Effect of particle size, cylinder diameter and rotation
rate on axial banding. From Alexander et al. [57].
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Figure 1.3 The four main proposed mechanism for segregation. From Tang et al.
[62].
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Figure 1.4 The different states of wet granular flows. From Papadakis et al. [90].
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Figure 1.5 Rate processes in wet granulation. From Litster [113].
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Chapter 2. Numerical and Experimental Methods

2.1. Numerical Simulations

While experimental studies can provide insight into the behavior of granular
materials during flow, these studies are often limited by the capabilities of current
analytical techniques. Experimental measurements are usually restricted to off-line
analysis of samples removed from the particle bed or to on-line measurements of a small
number of variables at specific locations. In contrast, the use of numerical simulation
techniques can reveal a greater level of detail of how granular flows develop in complex
equipment configurations. The discrete element method (DEM) is one of the most widely
used numerical tools in the study of granular flows [86]. This technique provides insight
into the system’s dynamics and transient behavior and allows for the study of parameters
that are difficult to measure or vary experimentally. For example, DEM simulations can
generate information on localized flow, contact networks and stress profiles; information
that with current experimental techniques is difficult if not impossible to obtain. In the
following sections, we discuss the DEM models used in this work along with the
theoretical considerations associated with these models. Methods for determining

important macroscopic quantities from the discrete simulation data are also described.

2.1.1. Theoretical Basis

The macroscopic flow of particulate systems is governed by the particle
interactions that occur at the microscopic level. As such, DEM describes the behavior of
a particulate system by considering the inter-particle contacts. In general, DEM models

are classified into two categories: hard-sphere models and soft-sphere models [132]. In
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hard-sphere particle simulations (also referred to as event-driven simulations), particle
collisions are assume to be binary and instantaneous. These assumptions are generally
valid for low concentration systems in which the collision time is orders of magnitude
lower than the mean free flight time between collisions (i.e. granular gases) [133]. In this
type of simulation, the time to the next binary collision is calculated and used to update
the positions and velocities for all the particles in the system. Post-collision velocities are
calculated from the coefficient of restitution, a material quantity which relates the amount
of kinetic energy dissipation that occurs during a collision to the particle velocities. The
effect of surface roughness is usually accounted for by imposing a coefficient of
tangential restitution which limits the angular velocity of the particles after contact [134].
The limitation of the hard-sphere models comes from the assumption of instantaneous
particle collisions, which makes this type of approach inappropriate for simulating
systems experiencing enduring contacts (i.e. quasi-static flows and intermediate regime
flows).

Soft-sphere models, on the other hand, are appropriate when particle contacts are
sustained. In these types of simulations (also referred to as time-stepping simulations),
Newton’s equations of motion are numerically integrated with time for each particle
starting from an initial system configuration. If the time-step for integration is sufficiently
small, it can be assumed that the state of a particle is only affected by contact with its
neighbors and boundaries, as well as body forces [86]. Thus, at any given time-step, the
soft-sphere models consider only pair-wise interactions of neighboring particles. Figure
2.1 depicts the microscopic particle-particle (Figure 2.1a) and particle-boundary (Figure

2.2b) contacts.
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The motion of each particle is described by

dv.
m = tl = Z (F, +F/)+mg @-1)
J
do,
L= =2 (RxF)+1, 2-2)
J

where m;, R;, I;, vi and w; are the mass, radius, moment of inertia, linear velocity and
angular velocity of particle i, and g is the acceleration due to gravity. Solution of
equations 2-1 and 2-2 requires explicit expressions of the forces experienced by particles

during contact as a result of the particles undergoing deformation. These forces are

generally decomposed into normal (E/.N ) and tangential (Fl.jT ) components. Continuum

approaches such as contact mechanics or the Finite Element Method could be used to
estimate the value of the contact forces. However, these approaches would be very
computationally expensive [133]. To achieve computational efficiency, several simplified
models have been developed for spherical particles which relate the magnitude of these
forces to the amount of deformation that occurs during contact. The extent of deformation

in the normal direction is characterized by the overlap or normal displacement (J,) of

two spherical particles [135]:
5, =max(0,(R,+R)=|r=r) @3

where r;and r; represent the position vectors for particles i and j respectively.
In general, 3 types of mechanisms can govern the deformation of particles during
contact: elasticity, viscoelasticity, and plastic deformation [132]. Elastic collisions occur

when the contact displacement is reversible and no kinetic energy is lost as a result of
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particles colliding. However, loss of kinetic energy usually occurs in realistic materials
[52]. In viscoelastic contacts, the deformation incurred during a collision is reversible but
the amount of displacement is dependent on the displacement rate. For plastic collisions,
the deformation of particles is permanent and the amount of displacement is independent
of the displacement rate. The latter two mechanisms lead to the dissipation of energy
during contact. Therefore, most soft-sphere DEM models consider either a viscoelastic or
a plastic mechanism in the formulation of contact force expressions.

For viscoelastic DEM models, the force expressions include two terms: a
repulsion (or elastic) term and a dissipation (or viscous) term. The simplest viscoelastic
force model is the linear spring-dashpot model which assumes a linear relationship
between the elastic force and the displacement and a linear dependence of the viscous
dissipation on the displacement rate [136]. The repulsion term is calculated assuming a
Hooke-type relation between the stiffness of the particles and the displacement. The
dissipation term is calculated by multiplying the displacement rate by a damping constant
[137]. The linear spring-dashpot model yields an analytical solution for the collision time
[135] making it computationally efficient. However, this model is not based on contact
mechanics and it leads to a constant coefficient of restitution and a constant collision
time. Experimental data has shown that both the coefficient of restitution and the
collision duration are functions of the pre-collision velocity [132, 135].

The limitations of the linear viscoelastic models can be overcome by using non-
linear models based on Hertz contact theory. In these models, the elastic force is obtained

from the stiffness of the particles multiplied by the displacement to the 3 power. The

stiffness coefficient is obtained from the physical properties of the material such as the
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Young’s modulus and the Poisson ratio [138]. This facilitates the implementation of these
force models as stiffness values can be obtained from material properties which are
readily available in the literature for a variety of materials. In general, these models lead
to coefficient of restitutions and collision durations which are collision velocity
dependent. However, most of these models do not allow for the analytical solutions of
their differential equations and must be solved numerically making them more
computationally expensive than the linear models.

DEM models which allow for the plastic deformation of particles during contact
are often referred to as hysteretic models. In these models, the contact forces are set to
zero when the final amount of particle deformation is reached. At this point, the particles
are no longer in contact. An ideal plastic behavior can be easily implemented in a DEM
algorithm by using different stiffness values for the loading and unloading phases of
particle contact (i.e. approach and retraction). Linear and non-linear hysteretic models are
found in the literature, but the linear models provide an analytic solution for determining
the final amount of particle deformation during contact [133] making them more
computationally efficient. When the loading and unloading stiffness coefficients are
assumed to be constant, these models yield a constant coefficient of restitution but a
velocity-dependent collision time. The challenge in using the plastic models is the
determination of the loading and unloading stiffness from physical material properties.
Often, the value of the stiffness coefficients is set so that a particular value of the

coefficient of restitution is achieved during contact.
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2.1.2. Contact Force Model
The contact model used in this work is based on the work of Tsuji et al. [131],
which provides a non-linear force based on Hertzian contact theory. The normal contact

force is given by

FY = _l;n5n3/2 . 7 5 Sl (2-4)

n-n-n
where l;n is the normal stiffness coefficient, and y, is the normal damping coefficient.

The normal stiffness coefficient is obtained from

7 E~2R

T =

with E being the particle’s Young’s modulus and o the particle’s Poisson ratio. R’ is

defined as the effective radius of the contacting particles and is obtained by

RR,
"R R (2-6)

*

The normal damping coefficient is given by

Vo =Ine———= o, 2-7)
vIn?e+ 7’

where e is the coefficient of restitution. This model assumes a constant coefficient of
restitution and results in a velocity-dependent collision time. While experimental data
suggest an impact-velocity dependent coefficient of restitution, this model has been
shown to produce DEM results in good agreement with experimental data [131, 139-141]
and comparable with other commonly used contact models [133, 142].

The tangential force is calculated from
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F' =—k6 -7.65" (2-8)

tn
where lz is the tangential stiffness coefficient, &, is the tangential displacement and 7,

is the tangential damping coefficient. The tangential stiffness coefficient is based on the

work from Mindlin [143] and is given by

-~ 2V2R*G 1/2
k,=——9, 2-9)
2—-0

t

where G is the particle’s Shear modulus. The tangential displacement is calculated by
5, = [vidt (2-10)
where V', is the relative tangential velocity of the colliding particles and is defined as
Vg =(v,=v,)-s+oR +oR, (2-11)
In equation 2-11, s is the tangential decomposition of the unit vector connecting the

centers of the particles. The tangential force is limited by the Coulomb condition,

F' <y,

FY ‘ . When the tangential force obtained from equation 2-8 exceeds the
Coulomb limit, the tangential displacement is set to 5, = F" / 1;, in order to account for
slip during a contact. It is interesting to note that as a consequence of setting o, equal to
F"/ lz, S, is always less than F"/ lz The effect of rolling friction is included in the
termz, =— ,u,‘F N ‘Ra). In this work, the tangential damping coefficient is assumed to be

the same as the normal damping coefficient.
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2.1.3. Cohesive Force Model

The effect of moisture content in granular flows can be investigated via DEM

simulations by including an extra term in the equation of linear motion [144]:
—_Z(FN+F FC—I—mg (2-12)

where FU.C is the cohesive force experienced by particle i due to the formation of a liquid

bridge between it and particle j. For the case of low moisture contents (also known as the
pendular regime), it can be assumed that discrete liquid bridges form only when particles
come into contact. This assumption makes the inclusion of a capillary force into a DEM
algorithm straight forward. The existence of liquid bridges in the pendular regime
depends on the amount of liquid in the system, the surface characteristics of the particles
and on the pore size distribution [145, 146]. The transition between the pendular regime
and the funicular regime is not well defined. Several authors have reported a transition
from the pendular to the funicular regime for liquid-to-solid volume ratios ranging from
4% to 17% [145-149].

A schematic representation of a liquid bridge in the pendular regime is shown in
Figure 2.2. The capillary force resulting from the surface tension and the pressure
difference inside the liquid bridge can be expressed as [144]

F, =2zysin Bsin(B+60)+ zR*APsin® . (2-13)

where B is the half filling angle, 0 is the contact angle, y is the surface tension and AP is
the pressure difference across the air-fluid interface. In order to solve equation 2-13, an
expression relating the hydrostatic pressure within the liquid bridge to its geometry is

needed. The Laplace-Young equation provides this relationship by assuming that the
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mean curvature of the meniscus is constant and proportional to AP. Several analytical and
numerical solutions of the Laplace-Young equation are available in the literature [86,
150] but many of these solutions tend to be complex and not easily implemented in
discrete simulations. However, explicit force expressions derived from approximate
solutions of equation 2-13 and the Laplace-Young equation [89, 144] can be included in
DEM algorithms without compromising computational efficiency. The cohesion force
model proposed by Mikami et al. [144] was used in this work. This model is based on
regression expressions obtained from numerical solutions of these two equations. From

this model, the cohesion force is given by
F. =exp(dh+B)+C (2-14)
A=-1.177"% (2-15)
B=(-0.34InV —0.96)6* —0.0191nV +0.48 (2-16)
C =0.00421nV +0.0078 (2-17)

where F. is the normalized capillary force (F, = F,/2zRy), Vis the dimensionless

liquid bridge volume (V =V /R?), h is the dimensionless separation distance between

the surface of the particles (ﬁ =h/R); and 4, B and C are constants. The Mikami model
has been shown to yield capillary forces in good agreement with experimental data and
with other numerical solutions of the Laplace-Young equation [89, 151].

When pendular bridges are stretched, the thickness of the liquid layer decreases
leading to the formation of Rayleigh instabilities within the liquid bridge [152]. These

instabilities eventually cause the rupture of the liquid bridge at large separation distances.
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The distance at which a pendular bridge breaks is determined by using the expression

proposed by Lian et al. [150]
h, = (0.620 +0.99)/ ¥ (2-18)
The presence of moisture also leads to the development of viscous forces between

particles. The capillary number relates the magnitude of the viscous force to the capillary

forces in a liquid bridge, and is calculated by

_nu }
Ca 4 (2-19)

where 1) is the dynamic viscosity of the liquid and U is the characteristic velocity. For a
water wet granular material flowing at a velocity of 0.2 m/sec (a typical velocity in a
bladed mixer), the value of the capillary number is Ca < 0.01. This indicates that the
effect of the viscous forces is negligible compared to the effect of the capillary forces.
The effect of dynamic viscous forces will not be considered in this work.

The following assumptions were made in the implementation of the liquid bridge
model into the DEM algorithm:

1. The total amount of liquid in the system is perfectly mixed throughout the

entire particle bed such that each liquid bridge has the same volume of liquid.

2. No condensation or evaporation of the liquid occurs.

3. A pendular liquid bridge is formed at the point of contact when two particles

come in contact.

4. A pendular liquid bridge is formed at the point of contact when a particle

comes in contact with the walls.

5. Liquid bridges move tangentially slipping over the surface of the particles and

the walls (i.e. the capillary force acts only in the normal direction).
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2.14. Mixer Geometry and Input Parameters

A schematic of the mixer geometry used in this work is presented in Figure 2.3. In
our coordinate system, the origin is located at the center of the cylinder’s bottom plate.
Table 2.1 shows the mixer dimensions that were used for the base case simulations. The
effect of increasing mixer size is discussed in Chapter 4. The amount of particles in the
base case simulations was set such that the top of the particle bed covered the top of the
blades. The effect of increasing particle bed height beyond the top of the blades is
discussed in Chapter 4. In the base case simulations, the particles were assumed to be
monodisperse and cohesionless. The effect of polydispersity is discussed in Chapter 6
while the effect of cohesion is discussed in Chapter 7. Particles are created in the
computational space and allowed to settle under gravity while the blades remain
stationary. Blade movement is started once particle deposition has been completed.
Measurements are taken after the system has reached steady state. The system is
considered to be at steady state when the total kinetic energy of the system reaches a
constant value, indicating that the amount of energy lost due to inelastic collisions is the
same as the amount of energy gained from the movement of the blade. Under the
conditions of our simulations, steady state is reached within 2 sec of blade movement.

The input parameters for the base case simulations are listed in Table 2.2 and are,
in general, those of glass. The value of Young’s modulus was decreased to reduce
computational time. Parametric sensitivity studies showed that reducing the value of
Young’s modulus had a negligible effect on flow patterns, velocity profiles and inter-
particle shear stresses. These observations are consistent with the literature [108-110,

153, 154]. The parametric studies also showed that the amount of viscous dissipation in
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the normal and tangential directions had a negligible effect on the results obtained in our
bladed mixer. The maximum normal overlap observed in the simulations was 4%, and the
average overlap was < 1%. The physical properties listed in Table 2.2 were used for the
particles, the blades and cylinder walls in the base case simulations. The effect of varying

the cylinder wall parameters is discussed in Chapter 4.

2.1.5. Macroscopic Flow Properties

Important macroscopic quantities can be calculated from the discrete particle data
by implementation of temporal and spatial averaging procedures. In this section we
describe the various averaging procedures used in the determination of macroscopic
variables.

The granular temperature is one of the macroscopic quantities of interest as it
provides a measurement for the degree of random movement of the particles in the

system. The granular temperature is defined as [107]
T= l<uu> (2-20)
2

were u’ is the fluctuation velocity. The mean velocity for a group of particles within a

control area at a specific time is subtracted from the velocity of each particle yielding the

fluctuation velocity. < > denotes the temporal averaging of the quantity u 'u’ (the square

of the fluctuation velocity of each particle). Temporal averaging is done once the particle
system is at steady state.

The local void fraction within the particle bed is calculated using the method of
overlapping spheres. Spherical control volumes are created throughout the computational

domain and the number of particles which overlap with each spherical control volume is
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determined. The local void fraction is calculated by subtracting the overlapping volume

of each particle from the control volume size

D (m(R, +R, —a)’[a® +2a(R, + R.)=3(R; + RZ)+ 6R,R.])

e=1--+ 2-21
12aV, 21

where R is the radius of the spherical control volume, R, is the radius of particle £, a is

the distance between the center of the particle and the center of the control volume and

V. 1s the size of the control volume.

We gauge particle motion at the microscopic level by calculating particle
diffusivities which describe the mass flux rate due to the particles’ “random walk”. The

diffusive tensor calculation was taken from Campbell [155] and is given by
D; = ((Ax, - Ax,)(Ax, - Ax,) /2t (2-22)
where Ax; represents the particle displacement in the i direction relative to the particle’s

initial position, El.is the mean particle displacement and D, is the corresponding

diffusion coefficient in the i direction due to a gradient in t