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ABSTRACT
Basel Alchikh-Sulaiman

Assessment of the Mixing of Polydisperse Solid Particles in the Rotary Drum
and Slant Cone Mixers Using Discrete Element Method

MASc, Chemical Engineering, Ryerson University, Toronto, ON, 2014
In spite of wide applications of powders in industry, there is a lack of sufficient knowledge regarding the
mixing of poly-disperse particles in rotary drum and slant cone mixers. The main objective of this study was to
explore the mixing quality of mono-disperse, bi-disperse, tri-disperse, and poly-disperse particles inside rotary
drum and slant cone mixers as a function of the drum speed, particle size, agitator speed, and the initial loading
method through the discrete element method (DEM). To achieve this objective, experimental work and
simulations were carried out. DEM results were validated using experimental data obtained from both
sampling and image analysis techniques. DEM simulation results were in good agreement with the
experimentally determined data, both qualitatively and quantitatively. Three major loading methods were
defined: side-side, top-bottom, and back-front. Also, the mixing metric was utilized to measure the mixing
quality. For bi-disperse particles inside the slant cone mixer, the mixing index increased to a maximum and
decreased slightly before reaching a plateau at the drum speed of 15 rpm with different loading methods as a
direct result of the segregation of particles of different sizes. The same behavior was observed in the rotary
drum for bi-disperse, tri-disperse, and poly-disperse particles. The effect of agitator speed on the mixing
performance for bi-disperse particles inside the slant cone mixer was also investigated. The addition of the
agitator increased the mixing quality and reduced the segregation of particles with different sizes. The best
mixing qualities for the tri-disperse and poly-disperse particles inside the rotary drum were recorded for the
top-bottom smaller-to-larger loading method. For the slant cone mixer, highest mixing indices for tri-disperse
and poly-disperse particles with the top-bottom smaller-to-larger loading method were obtained at drum speeds
of 15 and 55 rpm, respectively. The impact of segregation for both mixers was reduced by introducing

additional intermediate size particles.
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Chapter 1: Introduction

Particle processing is an essential step in a variety of applications spanning the ceramics,
polymers, cosmetics, metallurgical, and food industries. The quality of the pharmaceutical tablets
and capsules dosage formulations would depend on their mix homogeneity; for that reason,

discrepancy in the mixture could be detrimental for the patients.

The tumbling mixer is one of the most common batch industrial mixers, where particles flow by
a combination of the drum rotation and gravity. Presently the design of powder mixers is based
on trial and error rather than on analytic or quantitative methods. Nonetheless, the quantitative
characterizations of mixing performance as a function of basic parameters, such as the filling
level, particle size and properties, agitator speed or drum rotational speed, started to appear in the
last decades in academic and industrial research papers (Brone et al., 1997; Muzzio et al., 1997;

Brone et al., 1998; Brone and Muzzio, 2000; Moakher et al., 2000).

Simulations of powders and granules are based on either continuum or discrete elements models.
The discrete element methods (DEM) combine semi-empirical models for the particles’
interactions with the equations of motion from Newtonian physics to simulate the explicit
trajectories of all solid particles inside the mixer, thus yielding realistic predictions of the mixing

behavior.

However, the DEM approach is very demanding computationally, which strongly limits the
number of solid particles and the number of revolutions in a simulation (Bertrand et al., 2005).

Continuum models do not consider the discrete nature of powders and granules and assume that



the powder is a continuum that obeys the momentum and mass conservation laws (Arratia et al.,

2006). For this reason, continuum models could be scaled up easily (Arntz et al., 2008).

In this study, DEM simulations were done, since in this numerical method the phenomena
emerging from the simulations are expected to be the least affected by the details and
approximations of the simulation model (Arntz et al., 2008). One advantage of DEM is that once
a validated model is obtained, it can provide valuable information that would be not easy to

obtain experimentally.

In recent years, the use of particle dynamic simulations was increased rapidly (Walton and
Braun, 1986; McNamara and Young, 1992; Walton, 1993; Ristow, 1996; Bizon et al., 1998), and
was applied towards solving complex industrial problems (Jenkins and Mancini, 1989;

Alexander et al., 2001; Sudah et al., 2005; Arratia et al., 2006; Sahni et al., 2011 ).

The literature review showed that there is a lack of sufficient information about the mixing of the
mono, binary, ternary, and poly-disperse particles inside the rotary drum and slant cone mixers.
Because of this, the main objective of this study is to investigate the mixing quality of the
various particles systems inside the rotary drum and slant cone mixers as a function of the drum
speed, particle size, the agitator speed, and the initial loading method through the discrete

element method (DEM).

The work in this study is divided into the following chapters:

Chapter two gives a brief review of literature to present the fundamentals of powder mixing,

discrete elemental method, and mixer classifications. Also, the research objectives are presented.



Chapter three is concerned with the design, specification, structure, and operation of the rotary
drum and slant cone mixers. Also, this chapter explains the experimental method for both

mixers.

Chapter four is organized to review the general information about DEM, such as governing
equations, numerical method, and the method of calculating the mixing index for poly-disperse

system. Also, this chapter presents the Hertz-Mindlin contact model.

Chapters five and six present the introduction as well as the results and discussion for the rotary
drum study and slant cone mixer, respectively. Finally, chapter seven summarizes the overall

conclusions of this study and provides the recommendations for future work.



Chapter 2: Literature Review

2.1 Powder Mixing

Granular materials with different properties are widespread in nature: they can flow like fluid
(avalanche, sand flow, and debris flow) under the co-activation of external force and internal
stress (Alexander et al., 2001). Despite granules and powders being so prevalent in industries,
mixing processes involving granules and powders are poorly understood compared to the fluid
mixing counterparts (Meier et al., 2007). One key difference between particles and fluids lies in
their mixing properties. While fluids may undergo mixing due to the thermal diffusion,
turbulence or chaotic advection, granular materials often have a tendency to segregate and even
separate due to differences in particle properties such as the shape, size, and density (Abouzeid

and Douglas, 2010).

This fact stems from the reality that scientists and process engineers do not have a set of
constitutive equations that are derived from physics in order to explain the flows of powders and
granules under defined boundary conditions and a specified initial state (Remy et al., 2009). In
other words, the lack of basic understanding of powder mixing leads to broad assumptions
during the stage of process design, scale-up, and poor identification of the important process

parameters (Geldart, 1990; Masuda et al., 2006; Schulze, 2007).

It has been reported that close to 90 % of granules and powders processing plants experience
some kind of major mixing problems during the operation (Wibowo and Ng, 2001). Powder and
granular mixing operations are frequently encountered in a wide variety of chemical industries. It
was estimated that more than 55 % of all products required some sort of particle processing

(Bridgwater, 2003).



In chemical industries, two or more types of solid particles are often required to be mixed to
some degree of homogeneity. In the pharmaceutical field, two drug powders or fillers require to
be mixed in order to produce composite drugs. Also, two types of monomers or pre-polymers
have to mix before polymerization in the plastic injection molding. Examples of chemical
operations involving granules and powders include powder mixing and blending for cosmetics
industries (Muzzio et al., 2004), the production of concrete for the construction industries
(Vidales et al., 2006), the compression of powder drugs into tablets for pharmaceutical
applications (Prescott, 2001), and freeze drying for food processing industries (Wang et al.,

2006).

Lacey (1954) specified three major mechanisms for mixing that are classified into shear,
diffusive, and convective mechanisms. For industrial processes, at least one of these basic
mechanisms is responsible for mixing. For the diffusion mechanism, the individual particles
during the mixing process would be distributed over a surface developed within the mixture. In
the convective mechanism, the particles are mobilized from one location inside the mixer
towards another side. On the other hand, the solid particles during the shear mechanism are

mixed through the formation of slipping planes which are developed inside the mixture.

If two granules are dissimilar (e.g. in size and/or weight), it is often difficult to mix them
homogeneously due to size segregation and/or density segregation (Jiang et al., 2011). Also,
serious segregation phenomena can be induced by horizontal and vertical mechanical vibration
flow in a cylindrical drum. Segregation is a continued source of setback for industries involving

granular materials and could cause dramatic revenue loss (Alexander et al., 2004).



Particulate de-mixing (segregation) is a phenomenon known to occur in several granular flow
processes which does not have a molecular fluid analog (Remy et al., 2009). Under the presence
of shear, granules would self-organize into segregated regions where particles with similar size,

shape, density or surface characteristics assemble (Porion et al., 2004; Remy et al., 2009).

Depending on the segregation mechanisms, the following segregation patterns have been
recognized by the researchers: fluidization, sieving, percolation, trajectory, rolling, displacement,
agglomeration, embedding, push-away, concentration-driven displacement, impact-bouncing,
angle of repose, and air current (Mosby et al., 1996; McGlinchey, 1998; De Silva et al., 2000).
Nonetheless, many of these mechanisms rarely occur in industrial scenarios and many are special

cases of other mechanism (Tang and Puri, 2004).

Displacement and percolation segregation are considered a special case of sieving segregation
since the commonality of these patterns is that the large particles relatively move up while the
small particles move down. Also, these patterns belong to ‘‘top-to-bottom segregation’” (Tang

and Puri, 2004).

The recent studies have shown that the main reason for segregation of the granular materials is
the particle size difference (Kudrolli, 2004; Remy et al., 2011). Tang and Puri (2004) suggested a
segregation mechanism depending on the role of particle size in the mechanism of segregation.
The four proposed primary patterns of segregation were fluidization (fine), agglomeration

(cohesive fine), sieving (small particles), and trajectory (large particles).

Trajectory segregation patterns frequently come out in those situations where the large particles

are in flight or moving velocity or have relatively high rolling. Trajectory segregation is also



called the side-to-side segregation since large particles relatively shift in a direction while the

small particles shift in the other direction (Tang and Puri, 2004).

2.2 Discrete Elemental Method (DEM)

Heuristic rules-of-thumb were used by chemical engineers in order to limit the mixing problems,
but these solutions have not consistently prevented complications such as non-uniform flow or
segregation from occurring during scale-up. For this reason, a more appropriate approach is
required in order to quantitatively predict the particles’ mixing behavior from fundamental
mechanics principles, powders properties, small-scale laboratory tests, and then to design the

process accordingly (Remy et al., 2009).

Experiments to explain solid particles mixtures via continuum-like approaches have had limited
success since, unlike the theory of molecular fluids, solid particles mixtures are discrete in nature
and have an intense impact at the macroscopic scale in homogeneities at the microscopic level
(Goldhirsch, 2003). These characteristics cause the continuum assumption in the classical
mechanical model to be questionable for powders and granules systems. Furthermore, the flow
of powders and granules exhibit a tremendous range of behavior, ranging from rapid fluid-like

scenarios to solid-like quasi-static flow (Campbell, 2006).

The importance of powders and granules, merged with the need for the development of an
accurate theoretical structure, has inspired the study of particulate systems by many scientists
and process engineers. Following the approach from the early days of fluid flow research, several
researchers have worked to understand the behavior of a simple model for a solid particles
system that consists of mono-disperse and cohesionless smooth spheres (Savage and Jeffrey,

1981; Lun et al., 1984; Jenkins and Mancini, 1989; Hopkins and Louge, 1991; Savage and Dai,



1992; Zamankhan et al., 1997; Moakher et al., 2000; Bertrand et al., 2005; Sudah et al.,2005;
Bharadwaj et al., 2010; Tahvildarian et al., 2013; Alian et al., 2014) in simple geometries such as
shear flows (Campbell, 1982, 2002; Hopkins et al., 1992; Glasser and Goldhirsh 2001), chute
flows (Forterre and Pouliquen, 2001, 2002; Conway et al., 2003; LaMarche et al., 2007), rotating
drums (Malhotra et al., 1990; Ding et al., 2001; Ottino and Khakhar, 2002; Felix et al., 2007;
Arntz et al., 2008; Chand et al., 2012) , and couette cells (Lun, 1996; Tardos et al., 1998;

Conway and Glasser, 2004; Liu et al., 2007).

These studies provided rich information on the transient and dynamical behavior of solid
particles since these systems contain one or more of the basic elements of industrial flows, such

as the gravity or a body force, physical boundaries, and the shear stress.

The technology of computer simulations provides the opportunity of bridging the knowledge
gap, as the simulation outputs allow for the analysis of system parameters that are difficult to
measure or vary experimentally. In recent decades, the discrete element method (DEM) has been
widely used to investigate the flow of solid particles in a variety of systems, ranging from simple

shear flows to advance industrial geometries (Remy et al., 2009).

Cundalland and Strack (1979) introduced the discrete element method (DEM), which is a
powerful tool to analyze the three-dimensional (3D) flow of particles in powder mixers. It is a
mathematical method used to model the movement of particles interacting with other particles
and solid surfaces through collisions (Tijskens et al., 2003). In this method, the trajectory of each
particle in the system along with particle—particle and particle—boundary interactions is tracked
(Bertrand et al., 2005). DEM has been employed to simulate the mixing of solid particles in a

variety of mixers.



Bertrand et al. (2005) discussed with great details the theoretical and practical aspects of this
method, and introduced new techniques to handle the simulations of more complex systems. The
DEM resembles molecular dynamics approaches since the position of every single particle in a
system is obtained by integrating twice with respect to time for Newton’s second law of motion.
DEM is in fact a time driven soft particle method which lets two particles interpenetrate so as to

mimic particle deformation.

Nonetheless, collisions are not instantaneous with DEM and the level of particle interpenetration
is connected to the nature of collisions. Thus, DEM is suited for contact dominated flows such as

those predominant during the mixing of powders (Bertrand et al., 2005).

2.3 Mixer Classification

The industrial powder mixers could be broadly classified into the following categories: agitated
mixers, tumbling mixers, pneumatic blenders, gravity silo blenders, high-intensity mixers, and
high-intimacy or high-shear mixers. Also, the agitated mixer is divided to the paddle and plough,
fluidizing paddle mixers, ribbon blenders, screw mixers, and the sigma-blade and z-blade mixers
(Manjunath et al., 2004). The appeal of these mixers comes from their capability to handle a
wide variety of particles ranging from free flowing granules to cohesive powders (Muzzio et al.,
2004; Fagih et al., 2006; Chandratilleke et al., 2012).

Due to the industrial importance of the tumbling mixers for cosmetics, food and pharmaceutics,
this study has focused only on two different types of tumbling mixers: rotary drum and slant
cone. Tumbling blenders have many technical advantages that include the moderate mixing

intensity, ease of sanitation, simple structure, and the large handling capacity (Jiang et al., 2011).



The tumbling blender rotates around a horizontal shaft. Inside this blender, the motion of
particles is induced by vessel rotation and the force of gravity. Different types of tumbling
blenders are: V-and Y-blenders, double cone, bin blenders, rotating drums, and slant cone mixer
(Paul et al., 2004). The double cone mixer can also be designed to rotate around two axes, and it

is called the biaxial rotary mixer (Cho et al., 2012).

Although the slant cone mixer is defined as a tumbling mixer, this mixer is designed with an
internal agitator to enhance the mixing quality (Alian et al., 2014). Even though the design of
the rotary drum is simple, it might be introduced with baffles to increase the mixing mechanisms

(Jiang et al., 2011).

Tumbling mixers would “tumble the powder mass,” where the mixing is achieved predominantly
by the random motion when particles roll down a sloping surface. As the entire shell tumbler
rests either on its own axis or eccentrically, the ingredients are physically expatriated and mixing

takes place in the radial direction (Paul et al., 2004).

Serious segregation phenomena may become visible especially in the mixing of bi-disperse or
poly-disperse solid particles with different physical properties inside a tumbler blender. Inside
the mixer, segregation generally appears in the free-surface of granular flow, where the lighter or
larger particles rise to the top, and the denser or smaller particles sink inside the total mass of

particles (Jiang et al., 2011).

Nityanand et al. (1986) studied the mixing inside the rotating drum in both the radial and axial
directions. They realized that the mixing in the radial direction was often orders of magnitude

faster than the mixing in the axial direction. Moreover, several studies showed that the mixing
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and segregation mechanisms inside the rotary drum took place predominantly at the top most

slanted layer of the granular bed (Cho et al., 2012).

Chaudhuri et al. (2006) investigated the mixing of cohesive bi-disperse particles with the side-
side loading method. In this study, the same mass condition for each set of particles was

introduced in order to settle both sets of particles on the same fill level.

Arntz et al. (2008) investigated the fill level effect on the segregation of the bi-disperse particles,
which were initially loaded side by side in a rotary drum. When the particles with different sizes
are mixed inside a rotary drum, the smaller particles are relocated inside the occupied mass, and
the larger particles are pushed away and relocated at the circumference of the occupied mass.
This is called the percolation segregation mechanism (Arntz et al., 2008). According to this
mechanism, the larger particles move further away from the small particles where the small
particles are surrounded at the center by the larger particles. According to the percolation
mechanism, the small particles fall through the voids in the flowing granular bed. It was shown

that the most intense segregation occurred at the fill levels > 65%.

Chand et al. (2012) studied the radial segregation for a binary mixture inside a rotary drum. They
reported that the radial segregation in the longer drum was higher than that in a shorter drum.
Alizadeh et al. (2013) investigated the mixing and segregation of the poly-disperse particles
inside a rotary drum through the particle trajectories, which were obtained from the radioactive
particle tracking technique. The radial segregation, axial dispersion coefficients, and velocity
profiles for mono and poly-disperse systems were studied as a function of the particle size and
rotational velocity. Faqgih et al. (2006) investigated the flow induced dilation of cohesive

granular. The mixing quality inside the rotary blender was a function of the rotational velocity,
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particles sizes, powder composition, flow-induced dilation of cohesive granular powders, and the
geometrical parameters of the mixer. Some studies have shown that the mixing quality in the
rotary drum blenders can be improved by using internal blades or baffles (Malhotra et al., 1988,

1990; Jiang et al., 2011).

Moakher et al. (2000) studied the double-cone mixer and V-blender. They showed that the top-
bottom initial loading had a higher mixing efficiency than the back-front loading. Manickam et
al. (2010) studied the double cone mixer and concluded that the rotation of the mixer at the
higher speeds around the horizontal axis resulted in a better mixing efficiency and lower mixing
time. They investigated the effect of fill level on the mixing performance of a double cone mixer,
and did not examine any changes in the mixing efficiency when the fill level was changed from

10% to 40%.

Alexander et al. (2004) investigated the segregation mechanism for the bi-disperse non-cohesive
glass beads inside a V-blender. At low rotational velocities, the trajectory segregation
mechanism induced by surface flow separated the small and large particles. The large particles
accumulated on the convex side, whereas the small particles collected on the concave side of the
bend. At high rotational velocities, the large particles moved into the center of each shell, while

the small particles accumulated near the center of the V- blender.
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2.4 Research Objectives

Our comprehensive literature review revealed that there is a lack of adequate information about
the mixing of the mono, binary, ternary, and poly-disperse particles inside the rotary drum and
slant cone mixers. Therefore, the main objective of this study is to explore the mixing quality of
the mono, binary, ternary and poly-disperse particles inside the rotary drum and slant cone
mixers as a function of the rotational speed of the drum, particle size, the agitator speed, and the
initial loading method through the discrete element method (DEM). DEM is a reliable simulation
method for assessing the particulate behavior systems. To achieve this objective, both
experimental work and DEM are utilized. To validate the models developed in this study for the
slant cone mixer and the rotary drum, the simulation results are compared to the experimentally

measured values.
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Chapter 3: Specifications of the Mixer and Experimental Methods

3.1 The Rotary Drum Mixer

Figure 1 depicts the schematic diagram of the experimental setup utilized in the rotary drum
study. The drum was constructed from glass and its length and diameter were 22.90 cm and
10.40 cm, respectively. The drum was rotated using a roller assembly, which was connected to a

motor equipped with a variable frequency drive.

The particle size was measured using a particle size analyzer (Microtrac, Model S3500). The
diameter and density of glass beads were 3.0 + 0.2 mm and 2.5 g/cm?®, respectively. To perform
the mixing tests, 15,000 red particles and 15,000 black particles were loaded side-by-side into
the drum. A custom made separator was fabricated to separate the two sets of particles during the
filling to achieve the side-side initial loading method. After loading the cylinder with particles,
the physical separator was removed slowly in order to maintain the side-side initial position. The
mixer was rotated at the specified rotational speed for a certain time and then stopped for taking

photos, which showed the upper and front views of the drum content.

L=2290cm

|
D =10.40 cm ; Motor
1

5.5 ipm

\ @

Figure 1: the schematic diagram of the experimental setup utilized in this study.
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3.2 The Slant Cone Mixer

In the present study, a 3.7 L slant cone blender fabricated by Gemco (Figure 2) was utilized for

the mixing of powders and granules.

Figure 2: Gemco Slant Cone Mixer used in this study
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Figure 3a depicts the 3D model of the slant cone mixer prepared by SolidWorks®. Also, Figure
3b describes the fill level guideline for the slant cone mixer (Alian et al., 2014). Slant cone

blender is classified as a tumbling blender and is asymmetrical in shape.

(@)

(b)

Figure 3: (a) 3D model of the Gemco Slant cone mixer (b) Fill level guideline for the mixer
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This type of blender can be supplied with the intensifier bars with T-shaped blades as shown in
Figure 4. These intensifier bars are installed for different applications such as reducing the
particle size, mixing liquid such as the binder, dispersing additives like paint, and de-lumping
packed material. Moreover, installation of these bars would enhance the mixing efficiency by
providing a large amount of kinetic energy to the particles, and generating a more random and

intense flow of particles inside the drum.

Figure 4: Intensifier bars of the slant cone mixer with T-shaped blades
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As shown in Figure 3a, the blender vessel and the agitator bar stand on the same center of
rotation. One of the issues for powder mixing is the quality of the final mixed product. To ensure
the homogeneity of the final product, characterization of the mixture plays an important role in
the design of the powder blenders. Evaluation of the degree of homogeneity and determination of
the mixing time in the mixing volume are based on the statistical and image analyses. In the
statistical method, a proper sampling procedure should be applied, and adequate number of
samples must be taken. On the other hand, the mixing efficiency in the image analysis method is

obtained from digital imaging of the mixture (Daumann and Nirschl, 2008).

Thief is a powder sampling tool which was used as the sampler in this study for the slant cone
mixer (Figure 5a). Different regions of the bed should be included in sampling. In order to take a
sample from the interior regions, the sampler was inserted into the bed while the mixer was in
the static position. If sampling is limited to a few locations, missing the poorly mixed regions
would be unavoidable. As a result, false outputs are expected (Muzzio et al., 1997). The results
might change due to the disturbance of the mixture caused by the insertion of the sampler (Paul
et al., 2004).

Various statistical analyses such as the nearest-neighbors method, mixture variance, relative
standard deviation, Lacey index, estimation of intensity of segregation, neighbor-distance
method, average-height method, and the mixing metric for poly-disperse mixtures have been
developed to assess the quality of solid particles mixing in different industrial processes (Fan et
al., 1970; Gotoh et al., 1997; Daumann and Nirschl, 2008; Arntz et al., 2008).

In this study, the mixing metric method was used as a factor to calculate the mixing efficiency,

which is described in the next section.
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In order to validate the DEM model developed in this study, spherical non-cohesive “black” and
“red” colored glass beads from Metalfini (Metalfini Corporation, Saint-Laurent, QC) were used
in our experiments. The diameter of the glass beads was measured using Microtrac S3500
particle size analyzer, and the measured diameter was 3.0 £ 0.2 mm. A thief sampler (shown in
Figure 5a) was employed for sampling the particles.

In order to guarantee that the samples are extracted from the desired positions, a custom-made
sampling template with three holes was put on top of the particle bed inside the mixer when the
samples were taken. The template is shown in Figure 5b. Each sample had approximately 100-
200 particles. The percentage of black and red glass beads in each sample was determined
manually by counting the particles.

Moreover, a digital camera was employed to capture the mixing of the black and red glass beads.
These sampling data and snapshots were compared to the results of the simulations to validate
the DEM model developed in this study for the mixing of the solid particles inside the slant cone

blender.
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(b)
Figure 5: (a) Thief sampler and (b) sampling template
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Chapter 4: Discrete Element Method (DEM)

In this study, the discrete element method (DEM) was utilized to examine the mixing of glass
beads in a slant cone mixer. The theoretical and practical aspects of this routine have been
discussed with great details by Bertrand et al. (2005).

DEM is a mathematical algorithm that calculates the position of every particle inside a system by
integrating twice with respect to time according to the Newton’s second law of motion

(Romanski et al., 2011):

Fiotark = My Qg (1)
dL, ,

where m,;, represents the mass of particle k, a; is the acceleration for the studied particle, and

Fiotar i 1S the total force acting on particle k.

Newton’s second law for rotational motion is defined as (Jiang et al., 2011):

Ttotal,k = Ig E (3)

where I, represents the moment of inertia of particle k , L,= (X, Yx, Z) ) is the Cartesian
coordinates of its center of gravity, ‘;—‘: is the angular acceleration for the studied particle, and

Tiorark 1S the total torque acting on this particle.

The mathematical concept for the discrete element method (DEM) is simple and powerful: the
particle’s trajectory inside a mixer is calculated, considering all the forces applying on the

particle and integrating Newton’s second law of motion and the related kinematic equations for
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the space position and velocity. Typical forces considered for a mixing system are the cohesive
forces, solid—solid interactions for example the electrostatic, gravitation, Van der Waals, contact
forces due to collisions, and bridging due to humidity and fluid—solid interactions in multiphase
flows (Di Renzo and Di Maio, 2004). Also, the rotation of each particle would be calculated in a

similar method through an angular momentum balance.

In the context of mixing, the total force acting on a particle k would be defined as (Bertrand et

al., 2005):

Ftotal,k = Z Fcontact,km + FHydrodynamic k + Fnon—Hydrodynamic,k (4)
k+m

where Fron—nyaroaynamick Would be affected in cohesive systems and would represent for any
colloidal or capillary forces. The term  Fyyar0aynamic k represents the gravitational force, the
drag force and any buoyant force might be exerted by the fluid phase. A model is required to

evaluate the total contact force term Fop¢qct km-

EDEM software provides several models to evaluate the contact force. However, Bharadwaj et
al. (2010) suggested applying the Hertz-Mindlin models because it offers an accurate
representation of the physical situation inside the mixer. The Hertz-Mindlin contact model is a
variant of the non-linear spring-dashpot contact model based on the Hertz-Mindlin contact theory
(Johnson, 1987). This model was used in both studies, where a great correspondence and an
accurate representation between simulation and experimental pictures for the rotary drum mixer
were found as shown in Figure 6 on page 37. Also, a good agreement for the slant cone study

was observed between the simulation and experimental results, as shown in Figures 16 and 17 on
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pages 59 and 60, respectively. The forces between two spheres, A and B, are described by the

following equation (Jiang et al., 2011):

z Fcontact,km =F + F (5)

k#+m
where E, is the normal force and F; is the tangential force component.

The total torque Tyorq1x 1S COnsisted of T, and T, , where the torque T, is due to the rolling

friction and the torque T; is generated by the tangential contact force (Jiang et al., 2011) :
Tiotax =T + Tt (6)

The normal force vector is defined as (Di Renzo and Di Maio, 2004):
Fy = —kn 837 7)

where k, and &, define the normal spring stiffness, and normal overlap, respectively. The

normal spring stiffness is calculated as follows (Chand et al., 2012):

4
ky ==

B () ®

where E,¢ and R, " define the equivalent Young’s modulus and effective radius of the colliding

particles, respectively.

The tangential contact force is calculated using the following equation (Di Renzo and Di Maio,

2004):

Fe =-=5; 5t (9)
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where S; and &, define the tangential spring stiffness and tangential displacement, respectively.

The tangential damping force is calculated using the following equation (Kruggel-Emden et al.,

2008):

Fop= |25 S )" 10
tD — ? tﬁ (Mef) ( )

where &, and M, define the relative tangential velocity and the effective particle mass,

respectively.

The tangential spring stiffness is expressed by (Romanski et al., 2011):

x1/2

St =8 Gog Rop ™7 8,17 (11)

where G, is defined as the equivalent shear modulus.

B in Equation (10) is defined by the following equation (Bharadwaj et al., 2010):

_ - ln( Cn rest )
\/ln(Cn rest)2 +m?

B (12)

where C, rs: IS defined as the coefficient of restitution.
The effective radius is defined according to the following equation (Remy et al., 2011):

R * o R, Rp
f T R,+ Ry

(13)

where R, and Ry are the radius of particle A and particle B, respectively.
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The effective Young’s modulus of two colliding individuals (particle- wall or particle- particle)

is defined by (Romanski et al., 2011):

E Eq Ep
ST A=vD)Eg+(1—v2)E,

(14)

Also, the effective particle mass is expressed by (Chand et al., 2012):

M, = —a Ms 15

Moreover, the equivalent shear modulus is calculated using the following equation (Romanski et

al., 2011):

Gy Gp
(2-v4)Gp + (2 —vp)Gy

Geq = (16)

where Myand My are the masses of sphere A and sphere B, and R, and Ry are the radii of the
spheres. E, and Ep are Young’s modulus of the two spheres, and v, and vy are the Poisson

coefficients.

The rolling resistance torque is expressed by (Bharadwaj et al., 2010):

T, =urF,Lw 17)

where ug, L, and w are defined as the rolling friction coefficient, the distance of the contact point

from the center of mass, and the relative angular velocity of particles, respectively.

The torque generated by the tangential force is defined by the following vector product equation

(Jiang et al., 2011):
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where L, N, and F; define the distance from the center of one particle to the contact plane with
the other particle, the normal unit vector, and the vector of tangential contact force, respectively.
The physical and mechanical properties of the glass beads and the drum wall, which were used in

the DEM simulations, were extracted from the literature, and have been listed in Table 1.

Table 1: List of paramerets used in DEM simulation (Bertrand et al., 2005; Arntz et al., 2008;
Bharadwaj et al., 2010; Alian et al., 2014)

Parameter Value
Particle Density (Kg /m°) 2,500
Particle Poisson's Ratio 0.3
Rotary Drum Wall Density (Kg/m®) 2,500
Slant Cone Wall Density (Kg/m®) 7,850
Young’s modulus for the particle (Pa) 2.16x10°
Wall Poisson’s Ratio (Rotary Mixer, and Slant Cone) 0.3
Particle Shear modulus (Pa) 2.4x101°
Rotary Drum Glass Shear modulus (Pa) 2.4x101°
Slant Cone Stainless Steel Shear modulus (Pa) 7.3x101°
Particle/ Particle Static Friction Coefficient 0.5
Particle/ Particle Dynamic Friction Coefficient 0.05
Particle/ Wall (Rotary Drum) 0.5
Static Friction Coefficient
Particle/ Wall (Slant Cone) 0.4
Static Friction Coefficient
Particle/ Wall Dynamic Friction Coefficient 0.05
Fixed Time Step (Sec) 2.0x107°
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To assess the mixing quality in these studies, the mixing index & was employed (Remy et al.,

2011):

(19)

where 7 represents the degree of mixing for a system of defined number of particles at a specific
time step and m,,;, defines the degree of mixing for the same defined number of particles in a
well-mixed system. According to this mixing index, the values of the mixing index for a
perfectly mixed system and for a fully segregated system are ¥ = 1 and ¥ = 0, respectively. In
order to calculate the mixing index, the computational domain is divided into M cells and the

value of = is calculated using the following equation:

= Z(nM z x! Inx!") (20)
M J

where n,, is the total particle number fraction in cell M and x]M is the number fraction of species

jincell M (Remy et al., 2011).

Alian et al. (2014) defined the optimum number of grids as the minimum number of calculations,
the smallest number of cells available, and sufficient number of particles in each cell while the
mixing index was approximately constant with the change in the number of cells.

Arntz et al. (2008) worked intensively over the influence of the number of grid cells on the
mixing index value in the steady state for the rotary drum mixer. They showed that dividing the
entire volume of the rotary mixer for 12x12x1 provided the most accurate value for the mixing

index.
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According to table 2 for the rotary drum mixer, the mixing index for simulation-1 was evaluated
at two different mesh sizes. When, the mesh size was increased from (6x6x1) to (12x12x1) the
number of calculations increased and the average number of particles in each cell decreased,
however the mixing index was slightly affected. To calculate the mixing index ¥ in the rotary
drum study, the simulation domain was divided into 144 cells and each cell was considered as a
sample for mixing calculations.

On the other hand, the simulation domain for the slant cone mixer was divided into 3,375 cells,
and each cell was considered as a sample for mixing calculations, whereas Alian et al. (2014)
had done a sensitivity analysis regarding the number of cells for the slant cone mixer and showed

that the optimized number of grids were (15x15%15) cells.

By definition, m,,;, was calculated where the number concentration of each species in each cell
was exactly equal to the system number concentration for that species under the well-mixed

condition (Arntz et al., 2008).

In these studies, the flow of the particles inside the rotary drum and slant cone mixers were
simulated using a commercial DEM package called EDEM (DEM Solutions Ltd; United
Kingdom; Version: 2.5). Four processors were utilized for all the simulations according to the
availability of EDEM computational license. CPU times for simulations of the rotary drum mixer
were between 24 hours to 48 hours for 20 seconds of the real time. Moreover, CPU times for
simulations were between 48 hours to 96 hours for the time required for the slant cone mixer to

complete 6 revolutions in real time.
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In the rotary drum study, DEM was employed to explore the effects of the initial loading method
(side-side and top-bottom) and the drum rotational speed (5.5 rpm, 15 rpm, and 30 rpm) on the

mixing quality for mono, binary, ternary, and poly-disperse particles.

Table 2 shows the parameters used in all simulations for mono, binary, ternary and poly-disperse
systems inside the rotary drum. It must be mentioned that all simulations for binary, ternary and
poly-disperse systems were performed under the condition of the equal mass for each set of

particles, without considering the effect of the filling level.
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Table 2: Simulation parameters and the mass conditions for Mono, Binary, Ternary and Poly
disperse systems inside the rotary drum mixer.

Simulation | Diameter of Initial Rotational | Number of Particles Mass
number the particles Loading Velocity used in Simulation Condition
(mm) Method (RPM) (On order with (gram)
respect to the size of
particles)
1-Mono 3.0and 3.0 Side-Side 55 15000 + 15000 530 + 530
2-Mono 3.0and 3.0 Side-Side 15 15000 + 15000 530 + 530
3-Mono 3.0and 3.0 Side-Side 30 15000 + 15000 530 + 530
4-Mono 3.0and 3.0 | Top-Bottom 55 15000 + 15000 530 + 530
5-Mono 3.0and 3.0 | Top-Bottom 15 15000 + 15000 530 + 530
6-Mono 3.0and 3.0 | Top-Bottom 30 15000 + 15000 530 + 530
7-Binary 3.0and 5.0 Side-Side 55 14141 + 3054 500 + 500
8-Binary 3.0and 5.0 Side-Side 15 14141 + 3054 500 + 500
9-Binary 3.0and 5.0 Side-Side 30 14141 + 3054 500 + 500
10-Binary 3.0and 5.0 | Top-Bottom 55 14141 + 3054 500 + 500
(Larger-to-
smaller)
11-Binary 3.0and 5.0 Top-Bottom 5.5 14141 + 3054 500 + 500
(Smaller-to-
Larger)
12-Binary 3.0and 5.0 Top-Bottom 30 14141 + 3054 500 + 500
(Smaller-to-
Larger)
13-Binary 3.0and 5.0 Top-Bottom 30 14141 + 3054 500 + 500
(Larger-to-
smaller)
14-Ternary | 3.0, 4.0 and Top-Bottom 30 14141 + 5965 + 3054 500 + 500 +
5.0 (Larger-to- 500
smaller)
15-Ternary | 3.0,4.0and | Top-Bottom 30 14141 + 5965 + 3054 500 + 500 +
5.0 (Smaller-to- 500
Larger)
16-Ternary | 3.0,4.0and | Top-Bottom 30 14141 + 5965 + 3054 500 + 500 +
5.0 (Random) 500
17-Ternary | 3.0,4.0 and Side-Side 30 14141 + 5965 + 3054 500 + 500 +
5.0 500
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18-Poly 2.0,3.0,5.0, | Top-Bottom 30 31830 + 9432 + 2038 333 +333 +
7.0 and 10 (Larger-to- +742 + 254 333 +333+

smaller) 333
19-Poly 2.0,3.0,5.0, | Top-Bottom 30 31830 + 9432 + 2038 333+333+
7.0and 10 (Smaller-to- +742 + 254 333 +333+

Larger) 333
20-Poly 2.0,3.0,5.0, | Top-Bottom 30 31830 + 9432 + 2038 333+333+
7.0 and 10 (Random#1) + 742 + 254 333 +333+

333
21-Poly 2.0,3.0,5.0, | Top-Bottom 30 31830 + 9432 + 2038 333+333+
7.0 and 10 (Random#2) + 742 + 254 333+333+

333
22-Poly 2.0, 3.0, 5.0, Side-Side 30 31830 + 9432 + 2038 333+333+
7.0 and 10 left-to-right + 742 + 254 333+333+

Larger-to - 333

smaller

23-Poly 2.0, 3.0, 5.0, Side-Side 30 31830 + 9432 + 2038 333+333+
7.0 and 10 (Random) + 742 + 254 333+333+

333
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For the slant cone study, DEM was employed to explore the effects of the initial loading method
(side-side, top-bottom, and back-front) and the vessel rotational speed (7.0 rpm, 15 rpm, 22.5
rpm, 30 rpm, 45 rpm, and 55 rpm) on the mixing quality for bi-disperse, tri-disperse, and poly-

disperse particles.

Table 3 shows the parameters used in all simulations for mono-disperse, bi-disperse, tri-disperse,
and poly-disperse systems inside the slant cone mixer. It must be mentioned that all simulations
for binary, ternary and poly-disperse systems were performed under the condition of the equal

mass for each set of particles under a constant 70% fill level condition.

Alian et al. (2014) investigated the optimum fill level for the mixing of the mono-disperse
particles inside the slant cone mixer in cases where the agitator was stationary. They reported
that the optimum fill level was 70%. Also, it must be mentioned that the fill level is based on the

volume occupied by the solid particles, not the mass of the bulk.
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Table 3: Simulation parameters and the mass conditions for Mono, Binary, Ternary and Poly

disperse systems inside the slant cone mixer.

Simulation
number

Diameter
of the
particles
(mm)

Initial
Loading
Method

Vessel
Rotational
Velocity
(RPM)

Agitator
Rotational
Velocity
(RPM)

Number of Particles used
in Simulation
(On order with respect to
the size of particles)

Mass Condition
(gram)

1-Mono

3.0and 3.0

Top-
Bottom

15

0

47534 + 47534

1675 + 1675

2-Binary

4.0and 6.0

Side-Side

15

0

20000 + 5926

1675 + 1675

3-Binary

4.0and 6.0

Top-
Bottom
(larger-to-
smaller)

15

20000 + 5926

1675 + 1675

4-Binary

4,0and 6.0

Top-
Bottom
(smaller-
to-larger)

15

20000 + 5926

1675 + 1675

5-Binary

4,0and 6.0

smaller
back-
larger
front

15

20000 + 5926

1675 + 1675

6-Binary

4,0and 6.0

larger

back-
smaller

front

15

20000 + 5926

1675 + 1675

7-Binary"

4,0and 6.0

Side-Side

15

20000 + 5926

1675 + 1675

8-Binary’

4,0and 6.0

Top-
Bottom
(Larger-

to-
smaller)

15

20000 + 5926

1675 + 1675

9-Binary’

4.0and 6.0

Top-
bottom
(Smaller-
to-larger)

15

20000 + 5926

1675 + 1675

10-Binary

4.0and 6.0

Top-
Bottom
(Smaller-
to-larger)

7.0

20000 + 5926

1675 + 1675

1 . . . .
This simulation was done for 10 revolutions

2 . . . .
This simulation was done for 10 revolutions

3 . . . .
This simulation was done for 10 revolutions
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11-Binary

4,0and 6.0

Top-
Bottom
(Smaller-
to-larger)

15

20000 + 5926

1675 + 1675

12-Binary

4.0and 6.0

Top-
Bottom
(Smaller-
to-larger)

22.5

20000 + 5926

1675 + 1675

13-Binary

4,0and 6.0

Top-
Bottom
(Smaller-
to-larger)

30

20000 + 5926

1675 + 1675

14-Binary

4,0and 6.0

Top-
Bottom
(Smaller-
to-larger)

45

20000 + 5926

1675 + 1675

15-Binary

4.0and 6.0

Top-
Bottom
(Smaller-
to-larger)

55

20000 + 5926

1675 + 1675

16-Binary”

4.0and 6.0

Top-
Bottom
(Smaller-
to-larger)

15

50000 + 14815

4190.5 +4190.5

17-Binary®

4.0and 6.0

Top-
Bottom
(Smaller-
to-larger)

15

100

50000 + 14815

4190.5 +4190.5

18-Binary®

4.0and 6.0

Top-
Bottom
(Larger-
to-
smaller)

15

50000 + 14815

4190.5 +4190.5

19-Binary’

4.0and 6.0

Top-
Bottom
(Larger-
to-
smaller)

15

100

50000 + 14815

4190.5 +4190.5

20-Ternary

4.0,5.0
and 6.0

Top-
Bottom
(Smaller-
to-Larger)

7.0

13328 + 6824 + 3949

1116.6 + 1116.6 +
1116.6

* This simulation was done at 100% fill level.
> This simulation was done at 100% fill level.
® This simulation was done at 100% fill level.
’ This simulation was done at 100% fill level.
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21-Ternary 4.0,5.0 Top- 15 0 13328 + 6824 + 3949 1116.6 + 1116.6 +
and 6.0 Bottom 1116.6
(Smaller-
to-Larger)
22-Ternary 4.0,5.0 Top- 22.5 0 13328 + 6824 + 3949 1116.6 + 1116.6 +
and 6.0 Bottom 1116.6
(Smaller-
to-Larger)
23-Ternary 4.0,5.0 Top- 30 0 13328 + 6824 + 3949 1116.6 + 1116.6 +
and 6.0 Bottom 1116.6
(Smaller-
to-Larger)
24-Ternary 4.0,5.0 Top- 45 0 13328 + 6824 + 3949 1116.6 + 1116.6 +
and 6.0 Bottom 1116.6
(Smaller-
to-Larger)
25-Ternary 4.0,5.0 Top- 55 0 13328 + 6824 + 3949 1116.6 + 1116.6 +
and 6.0 Bottom 1116.6
(Smaller-
to-Larger)
26-Poly 3.0, 4.0, Top- 7.0 0 23696+ 9997 + 5118 837.5+ 8375 +
5.0and 6.0 | Bottom +2962 837.5+ 837.5
(Smaller-
to-Larger)
27-Poly 3.0, 4.0, Top- 15 0 23696+ 9997 + 5118 837.5+ 8375 +
5.0and 6.0 | Bottom +2962 837.5+ 837.5
(Smaller-
to-Larger)
28-Poly 3.0, 4.0, Top- 22.5 0 23696+ 9997 + 5118 837.5+ 8375 +
5.0and 6.0 | Bottom +2962 837.5+ 837.5
(Smaller-
to-Larger)
29-Poly 3.0, 4.0, Top- 30 0 23696+ 9997 + 5118 837.5+ 8375 +
5.0and 6.0 | Bottom +2962 837.5+ 837.5
(Smaller-
to-Larger)
30-Poly 3.0, 4.0, Top- 45 0 23696+ 9997 + 5118 837.5+ 837.5 +
5.0and 6.0 | Bottom +2962 837.5+ 837.5
(Smaller-
to-Larger)
31-Poly 3.0, 4.0, Top- 55 0 23696+ 9997 + 5118 837.5+ 837.5 +
5.0and 6.0 | Bottom +2962 837.5+ 837.5
(Smaller-
to-Larger)
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Chapter 5: Using Discrete Element Method to Assess the Mixing of Poly-
disperse Solid Particles in a Rotary Drum

5.1 Introduction

Different types of tumbling mixers such as the double cone, V, Y, and rotary drum blenders have
been used in industry (Paul et al., 2004). The rotary drum blenders, which can be utilized in both
batch and continuous processes, are widely used for the mixing of powders in the food industry
(Onwulata, 2005), bioremediation of contaminated soil for environmental applications (Gray et
al., 1994; Woo and Park, 1999), mixing of slurries such as the hot water extraction of bitumen
from the Athabasca tar sands (Carrigy, 1963), and drying processes in the mineral industry

(Renaud et al., 2000; Ahmadian et al., 2011).

Our comprehensive literature review revealed that there is a lack of sufficient information about
the mixing of the binary, ternary, and poly-disperse particles inside rotary drum mixers.
Therefore, the main objective of this study is to explore the mixing quality of the mono, binary,
ternary and poly-disperse particles in a rotary drum mixer as a function of the rotational speed of

the drum and the initial loading method.

5.2 Results and Discussion

To validate the discrete element model developed in this study, the experimental results were
compared to the simulation outputs. Figure 6 shows the experimental and simulation results
recorded for the mixing of 15,000 red and 15,000 black particles of 3.0 mm diameter, loaded
initially side by side in the drum rotated at 5.5 rpm. The snapshots of the upper and front views

of the rotary drum were captured at time t = 0, 10 and 20 seconds. Reasonable agreement was
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observed between the experimental and simulation results for the mixing of the red and black

particles inside the rotary drum mixer.

*7”717“=0 sec T =15 sec

Figure 6: Comparison between the snapshots of the simulated and real monodisperse solid
mixtures at t = 0, 10, 20 second, drum speed of 5.5 rpm and side-side initial loading: (a)
experimental results and (b) simulation results.

37



5.2.1 Mono-disperse Particles

In this part of the study, the mixing of monodisperse particles of 3.0 mm diameter in the rotary
drum mixer was evaluated using the validated model as a function of the initial loading method
and the drum rotational speed. The drum was rotated for 20 seconds in all simulations. Figure 7
depicts the mixing index versus time as a function of the rotational speed of the drum for side-
side and top-bottom initial loading, respectively. These results show that the mixing quality was
enhanced with an increase in rotational speed and reached its highest value at 30 rpm for both
forms of initial loading. The data presented in Figure 7 show that the mixing qualities achieved
for both top-bottom and side-side initial loading of the monodisperse particles were almost the
same at 30 rpm. However, the mixing indices obtained for the top-bottom initial loading at the
lower rotational speeds (e.g. 5.5 and 15 rpm) were higher than those achieved for the side-side
initial loading. It must be mentioned that the mixing indices at t =0 s were ¥ = 0.290 and ¥ =
0.074 for the top-bottom and side-side initial loading methods, respectively. It is postulated that
the higher initial mixing index for the top-bottom loading method was due to the higher initial
contact surface between the red and black particles for this loading pattern compared to that for

the side-side loading method.
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Figure 7:Mixing index versus time for the mono-disperse particles at the different drum

rotational speed and initial loading methods.
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5.2.2 Bi-disperse Particles

To investigate the mixing of bi-disperse particles, 14,141 glass beads with a diameter of 3.0 mm
and 3,054 glass beads with a diameter of 5.0 mm were loaded into the rotary drum mixer. As
mentioned in Table 2, the total mass of each set of particles was the same (500 g). Figure 8
depicts the mixing index versus time as a function of the drum rotational speed for the side by
side initial loading method. It can be seen that the mixing quality achieved at 30 rpm was higher
than those at the lower rotational speed (i.e. 5.5 and 15 rpm). The mixing index att = 0 s was
W = 0.20, which was due to the contact surface area between two sets of the particles in the side-
side initial loading. These data show that the degree of mixing at 30 rpm reached a maximum
(W =0.862) at t = 4.7 s and then decreased with time till it reached a plateau (¥ = 0.755). It can
be seen that the degree of mixing for the bi-disperse particles was smaller than that for the
monodisperse particles. Arntz et al. (2008) reported the segregation of the bi-disperse particles in
a rotary drum blender. When the particles with different sizes are mixed inside a rotary drum, the
smaller particles are relocated inside the occupied mass, and the larger particles are pushed away
and relocated at the circumference of the occupied mass. This is called percolation segregation
mechanism (Arntz et al., 2008). According to this mechanism, the larger particles move further
away from small particles where the smaller particles are surrounded at the center by the larger
particles. Figure 9 shows the simulated snapshots of the mixing of bi-disperse particles inside the
rotary drum mixer for the side-side initial loading at different rotational velocities. These results
show the accumulation of the smaller particles (black particles) at the centre and the larger
particles (red particles) at the boundary of the loaded mass inside the drum. This confirms the

segregation phenomenon in the mixing of bi-disperse particles.
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Figure 8: Mixing index versus time for the side-side initial loading of the bi-disperse particles at
the different drum rotational speeds.
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(a) v
(c) -

T=0 Sec T=10 Sec

Figure 9 : Snapshots of the mixing of bi-disperse particles for the side-side initial loading at: (a)
5.5 rpm, (b) 15 rpm, and (c) 30 rpm.
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Figure 10 shows the mixing index versus time for different top-bottom initial loading patterns at
5.5 and 30 rpm. It must be mentioned that we employed two methods for the top-bottom initial
loading of bi-disperse particles in this study as illustrated in Figure 11. In the first method, the
bottom of the drum was filled with the larger size particles (5.0 mm diameter) and then the
smaller size particles (3.0 mm diameter) were loaded on top of the larger particles. This filling
method was called: top-bottom larger-to-smaller initial loading. In the second method, the
bottom of the drum was filled with the smaller sized particles (3.0 mm diameter) and then the
larger sized particles (5.0 mm diameter) were loaded on top of the smaller particles. This filling

method was called: top-bottom smaller-to-larger initial loading.

The data presented in Figure 10 show that the initial mixing index at t = 0 s for the larger-to-
smaller loading method (¥ = 0.334) was higher than that for the smaller-to-larger pattern (¥ =
0.264). This was due to the fact that the small particles, when loaded on the top of the large
particles, moved down through the void spaces among the large particles. This resulted in a

higher initial contact surface between the small and large particles for this initial loading method.

The simulation results for the bi-disperse particles (Figure 10) demonstrate that the mixing
indices achieved at 30 rpm were significantly higher than those at 5.5 rpm for both methods of
the top-bottom initial loading. In fact, higher rotational speed is required to mobilize the bi-
disperse particles in the radial direction, which improves the quality of mixing. The mixing index
at 30 rpm reached a maximum and then decreased slightly to a plateau. This was due to the

segregation according to the percolation mechanism.

Figure 11 illustrates the snapshots of the mixing of the bi-disperse particles in the rotary drum for

two methods of the top-bottom initial loading at 5.5 and 30 rpm.
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Figure 10: Mixing index versus time for the bi-disperse particles at two different drum rotational
speeds and two different top-bottom initial loading methods.
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Figure 11: Snapshots of the mixing of the bi-disperse particles at: (a) 5.5 rpm for the top-bottom
larger-to-smaller, (b) 5.5 rpm for the top-bottom smaller-to-larger, (c) 30 rpm for the top-bottom
smaller-to-larger, and (d) 30 rpm for the top-bottom larger-to-smaller.
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These snapshots show that the smaller particles accumulated at the centre and the larger particles

moved to the boundary of the loaded mass.

Moreover, it can be seen from Figure 10 that the degree of mixing achieved for the smaller-to-
larger initial loading was higher compared to that for the larger-to-smaller loading especially at
the lower rotational speed. Figure 10 demonstrates that the segregation taken place due to the

percolation mechanism was more pronounced for the top-bottom larger-to-smaller loading.

5.2.3 Tri-disperse Particles

To investigate the mixing of tri-disperse particles, 14,141 glass beads with a diameter of 3.0 mm,
5,965 glass beads with a diameter of 4.0 mm, and 3,054 glass beads with a diameter of 5.0 mm
were loaded into the rotary drum mixer. As mentioned in Table 2, the total mass of each set of

particles was the same (500 g) and the angular velocity of the drum was fixed at 30 rpm.

Figure 12 depicts the snapshots of the tri-disperse particles for the side-side and different top-
bottom loading methods. It must be mentioned that we employed three methods for the top-
bottom initial loading of tri-disperse particles in this study. In the first method, the bottom of the
drum was filled with the larger size particles (5.0 mm diameter), and the medium size particles
(4.0 mm diameter) were loaded on top of the larger particles. The smaller size particles (3.0 mm
diameter) were then loaded on top of the medium particles. This filling method was called: top-
bottom larger-to-smaller initial loading. In the second method, the bottom of the drum was filled
with the smaller size particles (3.0 mm diameter) and the medium size particles (4.0 mm
diameter) were loaded on top of the smaller particles. The larger particles (5.0 mm diameter)
were then loaded on top of the medium particles. This filling method was called: top-bottom

smaller-to-larger initial loading. In the third method, the bottom of the drum was filled with the
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medium size particles (4.0 mm diameter) and the smaller size particles (3.0 mm diameter) were
loaded on top of the medium size particles. The larger particles (5.0 mm diameter) were loaded
on top of the smaller particles. This filling method was called: top-bottom random initial loading.
Figure 12 shows that the smaller particles accumulated at the centre and the larger particles
moved to the boundary of the loaded mass, whereas the medium particles surrounded from the
outer surfaces the smaller particles. Figure 12c had the smallest number of 3.0 mm black

particles in the center of the mixture after 5 seconds from the rotation.
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Figure 12: Snapshots of the mixing of the tri-disperse particles at 30 rpm for the (a) top-bottom
larger-to-smaller, (b) top-bottom smaller-to-larger, (c) top-bottom random, (d) side-side initial
loading. Black particles with a diameter of 3.0 mm, green particles with a diameter of 4.0 mm,
and red particles with a diameter of 5.0 mm.
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Figure 13 depicts the mixing index versus time for different initial loadings of the tri-disperse
particles at 30 rpm. It can be seen that the degree of mixing increased from an initial value to a
maximum point and was then slightly decreased. These data show that we were not able to
achieve a completely homogeneous tri-disperse particle with the mixing index of ¥ = 1 due to
the segregation of the particles with different sizes (see Figure 13). The degrees of mixing for the
top-bottom smaller-to-larger and larger-to-smaller initial loadings were higher compared to those
achieved for the other initial loading methods. It must be mentioned that the initial mixing index
for the top-bottom larger-to-smaller, top-bottom smaller-to-larger, top-bottom random, and side-
side initial loadings were 0.351, 0.345, 0.324, and 0.130, respectively. The higher initial mixing
index for the top-bottom larger-to-smaller was due to the fact that the small particles, which
loaded on top of the large particles, moved down through the void spaces among the large
particles according to the sieving/percolation mechanism (Hogg, 2009). This resulted in a higher

initial contact surface between the small and large particles for this initial loading method.
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Figure 13: Mixing index versus time for the different initial loading methods of the tri-disperse
particles mixed at 30 rpm.
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5.2.4 Poly-disperse Particles

To assess the mixing of poly-disperse particles, 31,830 glass beads with a diameter of 2.0 mm,
9,432 glass beads with a diameter of 3.0 mm, 2,038 glass beads with a diameter of 5.0 mm, 742
glass beads with a diameter of 7.0 mm, and 254 glass beads with a diameter of 10 mm were
loaded into the rotary drum mixer. As it has been listed in Table 2, the total mass of each set of

particles was the same (333 g) and the angular velocity of the drum was fixed at 30 rpm.

Figure 14 depicts the snapshots of the polydisperse particles for two side-side and four top-
bottom initial loading methods captured at 0, 5, 10, 15, and 20 s. For the top-bottom initial

loading, we employed three different loading methods.

In the top-bottom larger-to-smaller loading method, the bottom of the drum was filled with the
largest glass beads (10 mm) and then the other particles with the sizes of 7, 5, 3, and 2 mm were
loaded on top of the largest particles in descending order by size. In the top-bottom smaller-to-
larger loading method, the bottom of the drum was filled with the smallest glass beads (2 mm)
and then the other particles with the sizes of 3, 5, 7, and 10 mm were loaded on top of the

smallest particles in ascending order by size.

In the top-bottom random #1 initial loading, the bottom of the drum was filled with 7 mm glass
beads and then the 3 mm, 10 mm, 2 mm, and 5.0 mm glass beads were loaded. In the top-bottom
random #2 initial loading method, the bottom of the drum was filled with 3 mm glass beads and

then the 7 mm, 2 mm, 10 mm, and 5.0 mm glass beads were loaded.
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Figure 14: Snapshots of the mixing of poly-disperse particles at the drum rotational velocity of
30 rpm for: (a) top-bottom larger-to-smaller, (b) top-bottom smaller-to-larger, (c) top-bottom
random #1, (d) top-bottom random # 2, (e) side-side random, (f) side- side- left-to-right larger-
to-smaller. Black particles with a diameter of 2.0 mm, white particles with a diameter of 3.0 mm,
red particles with a diameter of 5.0 mm, green particles with a diameter of 7.0 mm, and blue

particles with a diameter of 10 mm.
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As can be seen in Figure 14, two types of the side-side initial loading methods were utilized in
this study. In the side-side- left-to-right larger-to-smaller initial loading, the glass beads were
loaded side by side into the drum in the descending order by size from the left to the right. In the
second type of the initial loading, the particles were loaded randomly side by side. In this
method, the sizes of the glass beads loaded from the right to the left were: 2, 10, 5, 3, and 7 mm.
The snapshots depicted in Figure 14 demonstrate the segregation of the poly-disperse particles

during the mixing operations in the rotary drum.

Figure 15 shows the mixing index versus time for the different top-bottom and side-side initial
loading methods. These results demonstrate that the mixing index increased from an initial value
to a maximum point and slightly decreased before reaching a plateau. The best results were
achieved with the top-bottom larger-to-smaller and the top-bottom smaller-to-larger initial

loading methods.

These data also show that the final mixing indices recorded at the end of the mixing operation
(i.e. 20 s) for the poly-disperse particles were higher than those obtained for the tri-disperse and
bi-disperse particles. This means that the impact of the segregation reduced with an increase in
the degree of polydispersity. These data also provide a basic understanding for the mixing of
non-cohesive poly-disperse particles inside a lab scale rotary drum mixer, that would help for
future work to develop a comprehensive understanding of the mixing behavior for the poly-

disperse particles inside a large scale rotary mixer.
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Figure 15: Mixing index versus time for the the poly-disperse particles mixed at 30 rpm and

different initial loadings.
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In fact, the presence of the additional intermediate sized particles with the sizes between the
smallest and largest particles resulted in an increase in the diffusive and convective particle
motion inside the mixer. This increase in the diffusive and convective motions improves the
mixing mechanism, which reduces the extent of segregation caused by a mechanism called the
sieving mechanism (Remy et al., 2011). Moreover, the enhancement of flow kinematics is
achieved by the differences in the packing structure inside the particle bed. Remy et al. (2011)
investigated the segregation of bi-disperse, tri-disperse, and poly-disperse mixtures (5 and 11
different sized particles) in a bladed mixer. They reported that the extent of the segregation for

11-size poly-disperse mixture was less compared to those obtained for the other mixtures.
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Chapter 6: Evaluation of Polydisperse Solid Particles Mixing in a Slant
Cone Mixer Using Discrete Element Method

6.1 Introduction

Particle mixing is an essential step in a range of industrial applications such as mineral,
polymers, food, ceramic, pharmaceuticals, and cosmetics processing. In chemical industries, two
or more types of solid particles are often required to be mixed to some degree of homogeneity.
Different types of tumbling blenders are: V-and Y-blenders, double cone, bin blenders, rotating
drums, and slant cone mixer (Paul et al., 2004). It is important to mention that both symmetrical
and asymmetrical designs are used in tumbling mixers. Double cone and V-shape blenders are
symmetrical blenders and their axes of rotation are perpendicular to the line of symmetry. V-
Shape blenders are commonly used for the blending of granules and powders due to their
complete discharge of the final mixture, ease of cleaning, efficient blending, and short blending

time (Tahvildarian et al., 2013).

The flow in a tumbling blender consists of the fast flow in the slim region near the surface, a
close to non-deforming region underneath that rotates with the mixer as a rigid body, and a thin
transition region in between that is distinguished by density gradients and high shear. The rapid
layer is a flat and thin region of three particle diameters, which remains nearly invariable in size
for the 60% fill level (Sudah et al., 2005). This analysis is best explained in the context of the

rotary or quasi-two-dimensional disk mixers (Arratia et al., 2006).

Sudah et al. (2005) investigated the mixing mechanisms experimentally and computationally in a
tote blender. Simulations were done for mono-disperse and bi-disperse spherical glass beads at a

1:1 scale. During the cascading region, the examination of velocity profiles from DEM
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simulations delivered information about the mechanisms of mixing. Radial mixing in a tumbling

blender was shown to be orders of magnitude faster than axial mixing.

Arratia et al. (2006) explored the performance of the Bohle (bin) blender and reported that the
top-bottom initial loading was more efficient than the back-front loading. They investigated the
fill levels of 40%, 60%, and 80 % with both top-bottom and side-side initial loading methods at
10 rpm and showed that the mixing efficiency obtained at the lower fill levels was higher than
that at the higher fill levels. They also pointed out that the solid particles at the higher fill levels

had low velocity and less space to move.

Two commercial asymmetrical blenders are the slant cone blender and the long leg V-shape
design, which has one leg longer than the other. The asymmetrical blenders superimpose the
axial flow of the material in the direction of rotation. Indeed, the granules inside the blender are
forced across the vertical axis of the tumbler each half revolution, and this increases the quality
of granules mixing in a shorter time. The slant cone mixer with an intensifier bar is an advanced
type of the powder mixer (Alian et al., 2014), which is a combination of the tumbling and

agitator blenders. It is used for mixtures that may agglomerate or for high intensity blending.

Our comprehensive literature review revealed that there is a lack of adequate information for the
mixing of the binary, ternary, and poly-disperse particles inside the slant cone blender.
Therefore, the main objective of this study is to explore the mixing quality of the binary, ternary
and poly-disperse particles in a slant cone mixer as a function of the drum speed, the initial
loading methods, and internal agitator speed through the discrete element method (DEM). DEM

is a reliable simulation method for assessing the particulate behavior systems.
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6.2 Results and Discussion

To validate the DEM model developed in this study, the simulation results were compared to the
experimental data qualitatively and quantitatively. For the validation tests, the mixer was filled
using the top-bottom initial loading method with equal number of red and black glass beads
totaling to 95,068 beads with a diameter of 3.0 £ 0.2 mm to achieve 70% of the fill level
approximately. The angular velocity of the drum was 15 rpm.

For accomplishing the top-bottom pattern, the bottom of the slant cone mixer was filled with the
black particles and then the red particles were loaded on top of the black particles. This particular

experiment lasted for 24 s of the real time to obtain 6.0 complete revolutions.

To validate the simulation results using the imaging method, the images of the glass beads
mixture were taken at the end of each complete revolution and then compared to the snapshots of
the simulation at the same real time value. As illustrated in Figure 16, there is a reasonable

agreement between the simulation and experimental data.

Figure 17 shows the mixing index after each revolution. It can be seen that a good agreement
was also achieved between the experimentally determined values and the simulation results.
During the sampling procedure, each sample was extracted three times from every desired
position. The use of sampling template disturbed the particle bed inside the mixer, and the

number of particles collected by thief sampler caused the errors in the experimental data.
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Figure 16: Comparison between theAsnapshots of the simulated and real solid mixtures at each
revolution at the fill level of 70%, drum speed of 15 rpm and up-down initial loading while the
agitator was stationary.
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Figure 17: Comparison between the mixing index graphs achieved through the experiment and
simulation at the fill level of 70%, the drum speed of 15 rpm and the top-bottom initial loading
while the agitator was stationary.
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6.2.1 Bi-disperse Particles

At this part of the study, the effects of the initial loading methods, the drum rotational speed, and

the agitator speed for mixing of bi-disperse particles were investigated.

6.2.1.1 Effect of Initial Loading Methods

To investigate the mixing of bi-disperse particles, 20,000 black colored non-cohesive glass beads
with a diameter of 4.0 mm and 5,926 red colored non-cohesive glass beads with a diameter of 6.0
mm were loaded to reach 70% of the fill level of the mixer’s geometry. As mentioned in Table 3,
the total mass of each set of particles was the same (1,675 g). The angular velocity of the blender
was 15 rpm to have 6.0 complete revolutions in 24 seconds of the real time. Moreover, the
internal agitator was chosen to be stationary, since the tumbling effect was of the interest at this
part of this study.

The effect of initial loading for bi-disperse particles (i.e. side-side, top-bottom smaller-to-larger,
top-bottom larger-to-smaller, smaller back-larger front, and larger back-smaller front) on the
mixing efficiency of the slant cone mixer was explored.

It must be mentioned that we employed two methods for the top-bottom initial loading of
bi-disperse particles in this study as illustrated in Figure 18. In the first method, the bottom of
the slant cone was filled with the larger sized particles (6.0 mm diameter) and then the smaller
sized particles (4.0 mm diameter) were loaded on top of the larger particles. This filling method
was called top-bottom larger-to-smaller initial loading. In the second method, the bottom of the
slant cone was filled with the smaller sized particles (4.0 mm diameter) and then the larger sized
particles (6.0 mm diameter) were loaded on top of the smaller particles. This filling method was

called: top-bottom smaller-to-larger initial loading.
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Flgure 18: Snapshots of the S|mulated SO|Id mixture for the bl-dlsperse partlcles at the f|II Ievel
of 70% and the drum speed of 15 rpm while the agitator was stationary (a) side-side initial
loading, (b) top-bottom larger-to-smaller, (c) top-bottom smaller-to- larger, (d) smaller back-
larger front, and (e) larger back-smaller front. Red particles with a diameter of 6.0 mm, and
black particles with a diameter of 4.0 mm.
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Figure 19 depicts the mixing index versus number of revolutions computed for the five different
initial loadings. It can be seen that the top-bottom smaller-to-larger initial loading method
provided the highest mixing efficiency, and the side-side and top-bottom loadings were both
more efficient than the back-front loading. According to these data, after 3.0 revolutions, the
mixing index values for both top-bottom and side-side loadings were over 0.80, whereas this
value for the back-front loadings were near 0.45. The reason for the low mixing efficiency in the
smaller back-larger front and larger back-smaller front cases were that the movement paths of
each set of particles (black or red) were perpendicular to the expected paths for mixing; as a
result each set of particles was mixed mostly with the same set instead of being mixed with
another set of the particles. In other words, the homogenization process was extremely dependent

on the dispersive transport, which is a slow process (Arratia et al., 2006).

From Figure 19 it can be seen that the mixing index value for the top-bottom loading
at zero revolution was higher than those for the side-side and back-front loading patterns. This
was due to the fact that the initial contact surface between the black and red particles was larger
in the top-bottom smaller-to-larger and the top-bottom larger-to-smaller patterns compared to the
other two loadings. To better demonstrate these findings, Figure 18 shows the snapshots of the
slant cone mixer simulations for five different loading patterns at the end of each complete

revolution.
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Figure 19: Mixing index versus number of revolution for the different initial loading of bi-

disperse particles at the fill level of 70% and the drum speed of 15 rpm while the agitator was

stationary.
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The mixing simulations for the side-side and top-bottom initial loading methods were extended
from 6.0 to 10 revolutions in order to understand more about the mixing and/or segregation
mechanism.

Figure 20 shows the snapshots of the slant cone mixer simulations for the three different initial
loading methods at the end of each complete revolution. At the second rotation, a good mixing
quality for the solid particles was achieved at the top bottom smaller-to-larger loading method. In
other words, the red and black particles obtained the best mixing quality in compared to the other
snapshots for the same loading method. Starting from the fourth rotation, the segregation patterns
were developed, and the black and red particles formed two separate zones.

Figure 21 depicts the mixing index versus number of revolutions computed for the side-side and
the top-bottom different initial loadings. It can be seen that the mixing quality achieved for the
top-bottom smaller-to-larger was higher than those for the side-side and top-bottom larger-to-

smaller.

These data show that the degree of mixing at the top-bottom smaller-to-larger reached a
maximum of ¥ = 0.861 at 2.25 revolutions and then decreased with time till it reached a plateau
(w = 0.680). On the other hand, the graphs for the degree of mixing at the side-side and top-
bottom larger-to-smaller reached a maximum of ¥ = 0.805 at 4.25 revolutions and 3.25
revolutions, respectively; then, both mixing indices graphs decreased with time until it reached a
plateau.

Based on these mixing results, the following simulations in this study were conducted for the

top-bottom smaller-to-larger initial loading method under 6.0 complete revolutions.
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Revolution Side-Side Top-bottom (larger-to-smaller) Top-bottom (smaller-to-larger)

0
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Figure 20: Snapshots of the simulated solid mixture for the bi-disperse particles at the fill level
of 70% and the drum speed of 15 rpm while the agitator was stationary (a) side-side initial
loading, (b) top-bottom larger-to-smaller, and (c) top-bottom smaller- to-larger. Red particles
with a diameter of 6.0 mm, and black particles with a diameter of 4.0 mm
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Previous researchers explored the effect of the initial loading for mono-disperse particles inside
the symmetrical tumbling mixers such as the v-blender, double cone, and pan coater. For
instance, Moakher et al. (2000) studied the V-blender and double-cone mixer. They showed that
the back-front initial loading method had a lower mixing efficiency than the top-bottom loading
method. Sahni et al. (2011) investigated the mixing inside the Pan coater, and showed that the

back-front loading method had a lower mixing efficiency than the side-side initial method.
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Figure 21: Mixing index versus number of revolution for the different initial loading of bi-
disperse particles at the fill level of 70% and the drum speed of 15 rpm while the agitator was
stationary.
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6.2.1.2 Effect of the Drum Rotational Speed

DEM was utilized to study the effect of the blender angular velocity on the mixing efficiency of
bi-disperse particles in the slant cone mixer. The rotational speed was varied from 7.0 rpm to 55
rpm. In these simulations, the top-bottom smaller-to-larger initial loading was used to charge
20,000 black glass beads with a diameter of 4.0 mm and 5,926 red glass beads with a diameter of
6.0 mm into the vessel. The fill level was 70% and the agitator inside the blender was stationary
since the main objective of this investigation was to assess the effect of the rotational velocity of
the drum on the mixing quality.

Figure 22 illustrates the snapshots of the mixing of the bi-disperse particles in the slant cone
blender for the top-bottom smaller-to-larger initial loading at six drum speeds. These snapshots
show that the larger particles (red) accumulated at the centre and the smaller particles (black)
moved to the boundaries of the loaded mass. This separation between small and large particles
was due to the segregation according to the trajectory side-to-side mechanism (Tang and Puri,
2004). Alexander et al. (2004) investigated the segregation mechanism for the bi-disperse non-
cohesive glass beads inside a V-blender. At low rotational velocities, the trajectory segregation
mechanism induced by surface flow separated the small and large particles. The large particles
accumulated on the convex side, whereas the small particles collected on the concave side of the
bend. At high rotational velocities, the large particles moved into the center of each shell, while
the small particles accumulated near the center of the V- blender.

Figure 23 demonstrates the mixing index versus number of revolutions for six different drum
rotational speeds (7.0, 15, 22.5, 30, 45 and 55 rpm). It can be seen that an increase in the angular
velocity enhanced the mixing index. It should be noted that the mixing indices at the 22.5 and 30

rpm reached to & = 0.840 after 3.0 revolutions, whereas the degree of mixing at 7.0 rpm reached
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a maximum of ¥ = 0.790 after 1.5 revolutions and then decreased with time till it reached a

plateau (¥ = 0.650).

Revolution=0  Revolution=1 Revolution = 2 Revolution =3 Revolution=4 Revolution=5 Revolution=6

Figure 22: Snapshots of the simulated solid mixture at different drum speeds for the bi-disperse
particles at the fill level of 70% and the top-bottom smaller-to-larger initial loading method while
the agitator was stationary. (a) the drum speed of 7.0 rpm, (b) the drum speed of 15 rpm, (c) the
drum speed of 22.5 rpm, (d) the drum speed of 30 rpm, (e) the drum speed of 45 rpm, and (f) the
drum speed of 55 rpm . Red particles with a diameter of 6.0 mm, and black particles with a
diameter of 4.0 mm.
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Figure 23: Mixing index versus number of revolution for the different drum speeds of bi-
disperse particles at the fill level of 70% and the top-bottom smaller-to-larger initial loading
method while the agitator was stationary.
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The determination of the optimal angular velocity for a blender is a challenging task because at
the higher angular velocities, the blender may give enough centrifugal force to hold the particles
on the blender walls. Furthermore, at the higher velocities, the particles may be prevented from
tumbling freely and as a result the particles are kept at the periphery of the drum. On the other
side, at the lower angular velocities, the blender cannot deliver the required cascading motion
and shear rates resulting in a lower efficiency of the mixing. The previous two scenarios could
cause a reduction in the mixing efficiency (Lemieux et al., 2008; Sahni et al., 2011).

As shown in Figure 23, the mixing indices at 45 rpm and 55 rpm increased with the number of
revolution till they reached a plateau with a mixing index around 0.83. However, at the lower
rotational speeds, the mixing index increased with the number of revolutions and then decreased
until it reached a plateau. The difference in mixing performances between those achieved at the
low rotational velocities (7.0 and 15 rpm) and the medium velocities (22.5 and 30 rpm) were
larger than that between the medium and high angular velocities (45 and 55 rpm). Although at
the higher rotational velocities a better mixing efficiency is achieved, however, more energy is

consumed and higher maintenance costs might be needed.

Lemieux et al. (2008) investigated the mixing performances of the V-blender and bin-blender,
and showed that with increasing the rotational speed of the mixer, mixing efficiency was
increased for both blenders; however, this effect was less dominant for the bin-blender compared
to that of the V-blender. Sahni et al. (2011) investigated the pan coater mixer. Their studies
showed that the mixing efficiency was enhanced with an increase in the rotational velocity of the

mixer.
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6.2.1.3 Effect of the Agitator Speed

The use of the agitator installed inside the slant cone mixer depends on the mixture size. In other
words, the agitator should be utilized only when the mixer is slightly overloaded. Also, the use of
an agitator reduces the mixing time by applying more energy to the particles. In this part of the
study, the effect of the agitator on the mixing performance of the slant cone mixer is investigated
for the same bi-disperse particles that were used earlier. It was observed in the previous section
that the mixing index increased from an initial value to a maximum and decreased slightly before
reaching a plateau for the bi-disperse particles for different initial loading methods and the drum
speed of 15 rpm as a direct result of the segregation of the particles with different sizes. For this
reason, the effect of the agitator on minimizing the segregation patterns should be investigated.
The agitator speed employed in this study was +100 rpm while the rotational speed of the vessel
was maintained at 15 rpm. The positive rpm sign means that the rotation mode was co-rotating
(i.e. the same direction for the drum and the agitator rotation). The top-bottom smaller-to-larger
and top-bottom larger-to-smaller loading methods with 100% fill level were utilized in order to
compare the mixing indices achieved with the agitator speeds of 0 and +100 rpm.

50,000 black colored non-cohesive glass beads with a diameter of 4.0 mm and 14,815 red
colored non-cohesive glass beads with a diameter of 6.0 mm were loaded to reach 100% of the
fill level. As mentioned in Table 3, the total mass of each set of particles was the same
(4,190.5 g).

In the co-rotating mode, the particles near the agitator have the highest velocity. This could be
justified by Newton’s second law for rotational motion (Jiang et al., 2011). The total momentum

of each particle is the vector sum of the momentums applied by the drum and the agitator.
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In the co-rotating mode, since these vectors are in the same direction, the sum of the momentums
results in a larger magnitude than that in the stationary agitator mode. Since the mixing quality
depends on the movement of the particles, a higher mixing index was achieved by the co-rotating
mode (Alian et al., 2014).

Figure 24 depicts the snapshots of the bi-disperse particles for the top-bottom smaller-to-larger
and larger-to-smaller initial loading methods captured at the end of 0, 3, and 6 revolutions. These
snapshots demonstrate that the use of the agitator for the bi-disperse particles enhanced the

mixing quality and reduced the segregation of the particles with different sizes.

Figure 25 shows the mixing index versus time for the different loading methods and the agitator
speeds of 0 and +100 rpm. These results demonstrate that the mixing index increased from an
initial value with the number of revolution before reaching a plateau. It can be seen that the
mixing indices achieved for the top-bottom smaller-to-larger with a rotating agitator were
significantly higher than those at the same loading method with a stationary agitator. These data
also show that the final mixing indices recorded at the end of the mixing operation (i.e. 6.0
revolutions) for the bi-disperse particles with a rotating agitator was higher than those obtained
for the bi-disperse particles with a stationary agitator at the fill level of 100%. In fact, the use of
the agitator is required to mobilize the bi-disperse particles in the radial direction, which
improves the quality of mixing. Overall, the segregation (de-mixing) was reduced due to the

rotation of the agitator.

Alian et al. (2014) studied the effect of the agitator on the quality of mixing for mono-disperse
particles inside the slant cone mixer at the fill level of 100%. They showed that the mixing
quality was improved tremendously by the rotation of the agitator compared to that achieved

with the stationary agitator.
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Revolution =0 Revolution = 3 Revolution = 6

Figure 24: Snapshots of the simulated solid mixture for the bi-disperse particles at the fill level
of 100% and the drum speed of 15 rpm (a) top-bottom smaller-to-larger with a stationary
agitator, (b) top-bottom smaller-to-larger with an agitator speed of 100 rpm, (c) top-bottom
larger-to-smaller with a stationary agitator, and (d) top-bottom larger-to-smaller with an agitator
speed of 100 rpm. Red particles with a diameter of 6.0 mm, and black particles with a diameter
of 4.0 mm.
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Figure 25: Mixing index versus number of revolution of the bi-disperse particles at the fill level
of 100% and the top-bottom smaller-to-larger and larger-to-smaller loading methods while the
agitator was rotating with the speeds of 0, and +100 rpm.
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6.2.2 Tri-disperse Particles

DEM was used to study the effect of the vessel angular velocity on the mixing efficiency of tri-
disperse mixtures in the slant cone mixer. Similar to the bi-disperse systems, rotational speed

was varied from 7.0 rpm to 55 rpm.

In these simulations, the top-bottom smaller-to-larger initial loading was used to charge 13,328
black glass beads with a diameter of 4.0 mm, 6,824 red glass beads with a diameter of 5.0 mm,
and 3,949 gray glass beads with a diameter of 6.0 mm into the slant cone mixer. As shown in
Table 3, the total mass of each set of particles was the same (1,116.6 g). The fill level was 70%
and the agitator inside the vessel was stationary since the main objective of this part of the study

was to assess the effect of the rotational velocity of the drum.

It must be mentioned that we employed one initial loading method to charge the tri-disperse
particles into the slant cone mixer. The bottom of the slant cone was filled with the smaller sized
particles (4.0 mm diameter) and the medium sized particles (5.0 mm diameter) were loaded on
top of the smaller particles. The larger particles (6.0 mm diameter) were then loaded on top of

the medium particles. This filling method was called top-bottom smaller-to-larger initial loading.

Figure 26 shows the snapshots of the solid mixture obtained through the simulations at the end of
each complete revolution for six rotational velocities. Figure 26 shows that the larger particles
accumulated at the centre and the smaller particles moved to the boundaries of the loaded mass,
whereas the red particles (5.0 mm diameter) accumulated mostly between the gray particles (6.0
mm diameter) and the black particles (4.0 mm diameter) in the middle of the loaded mass. This
separation between different size particles was due to the segregation according to the trajectory

side-to-side mechanism (Tang and Puri, 2004).
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Figure 26: Snapshots of the simulated solid mixture at different drum speeds for the tri-disperse
particles at the fill level of 70% and the top-bottom smaller-to-larger initial loading method while
the agitator was stationary. (a) the drum speed of 7.0 rpm, (b) the drum speed of 15 rpm, (c) the
drum speed of 22.5 rpm, (d) the drum speed of 30 rpm, (e) the drum speed of 45 rpm, and (f) the
drum speed of 55 rpm . Gray particles with a diameter of 6.0 mm, red particles with a diameter
of 5.0 mm, and black particles with a diameter of 4.0 mm.
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Similar to the bi-disperse studies, Figure 27 demonstrates the mixing index versus number of
revolutions for six different drum rotational speeds (7.0, 15, 22.5, 30, 45 and 55 rpm). It should
be noted that the mixing indices at the 15 rpm reached ¥ = 0.870 after 3.0 revolutions, whereas
the degree of mixing at 45 rpm reached a maximum of & = 0.830 after 4.5 revolutions and then
decreased with time until it reached a plateau (W = 0.834). These data show that we were not
able to achieve a completely homogeneous tri-disperse particle with the mixing index of ¥ =1

due to the segregation of the particles with different sizes.

It must be mentioned that the initial mixing index for the top-bottom smaller-to-larger initial

loading was ¥ = 0.330.

The lower initial mixing index for the top-bottom smaller-to-larger was due to the fact that the
large particles, which loaded on top of the small particles, failed to move down through the void
spaces among the small particles according to the sieving/percolation mechanism (Hogg, 2009).
This resulted in a lower initial contact surface between the small and large particles for this

initial loading method.
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Figure 27: Mixing index versus number of revolution for the different drum speeds of tri-
disperse particles at the fill level of 70% and the top-bottom smaller-to-larger initial loading
method while the agitator was stationary.
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6.2.3 Poly-disperse Particles

DEM was used to study the effect of the vessel angular velocity on the degree of mixing of poly-
disperse mixtures in the slant cone mixer. The rotational speed was varied from 7.0 rpm to 55

rpm, similar to those employed for the bi-disperse and tri-disperse systems.

The top-bottom smaller-to-larger loading method was utilized for the poly-disperse particles. In
this method, the bottom of the slant cone was filled with the smallest glass beads (3.0 mm) and
then the other particles with the sizes of 4.0, 5.0, and 6.0 mm were loaded on top of the smallest

particles in ascending order by size.

In these simulations, 23,696 green glass beads with a diameter of 3.0 mm, 9,997 black glass
beads with a diameter of 4.0 mm, 5,118 red glass beads with a diameter of 5.0 mm, and 2,962
gray glass beads with a diameter of 6.0 mm were loaded into the slant cone mixer. As it has been
listed in Table 3, the total mass of each set of particles was the same (837.5 g). The fill level was
70% and the agitator inside the vessel was stationary since the main objective of this part of the

study was to assess the effect of the rotational velocity of the drum.

Figure 28 depicts the snapshots of the poly-disperse particles for the top-bottom smaller-to-larger
initial loading method at six different drum speeds captured at the end of each complete rotation
cycle. These images demonstrate the segregation of the poly-disperse particles during the mixing
operations in the slant cone mixer. Figure 28 shows that the larger particles accumulated at the
centre and the smaller particles moved to the boundaries of the loaded mass, whereas the
medium particles were surrounded from the outer surfaces by the larger particles. Figure 28
shows that the largest number of 6.0 mm gray particles, 5.0 mm red particles, and 4.0 mm black

particles were found at the center of the mixture after 6.0 drum rotations.
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Figure 28: Snapshots of the simulated solid mixture at different drum speeds for the poly-
disperse particles at the fill level of 70% and the top-bottom smaller-to-larger initial loading
method while the agitator was stationary. (a) the drum speed of 7.0 rpm, (b) the drum speed of
15 rpm, (c) the drum speed of 22.5 rpm, (d) the drum speed of 30 rpm, (e) the drum speed of 45
rpm, and (f) the drum speed of 55 rpm. Gray particles with a diameter of 6.0 mm, red particles
with a diameter of 5.0 mm, black particles with a diameter of 4.0 mm, and green particles with a
diameter of 3.0 mm.

81



Figure 29 presents the mixing index versus number of revolution for the different drum speeds.
The results for 7.0, 15, 22.5, and 30 rpm show that the mixing index increased from an initial
value to a maximum point and slightly decreased before reaching a plateau, whereas the results
for 45 rpm and 55 rpm demonstrate that the mixing index increased with the number of
revolution until it reached a plateau. Moreover, the highest mixing index was achieved with the
drum speed of 55 rpm. In fact, the increase in the diffusive and convective motions improves the
mixing mechanism, which reduces the extent of segregation caused by the sieving mechanism

(Remy et al., 2011).

These data also show that the final mixing indices recorded at the end of the mixing operation
(i.e. 6.0 revolutions) for the poly-disperse particles were higher than those obtained for the bi-
disperse and tri-disperse particles. This means that the impact of the segregation reduced with an
increase in the degree of polydispersity. In fact, the presence of the additional intermediate size
particles with the sizes between the smallest and largest particles resulted in an increase in the

diffusive and convective particle motion inside the mixer.

These data also provide a basic understanding for the mixing of non-cohesive poly-disperse
particles inside a lab scale slant cone mixer, that would help the researchers in future studies to
develop more understanding of the mixing quality for poly-disperse particles inside a large scale

slant cone mixer.

Remy et al. (2011) investigated the segregation of the bi-disperse, tri-disperse, and poly-disperse
mixtures (5 and 11 different size particles) in a bladed mixer. They reported that the extent of the

segregation for 11-size poly-disperse mixture was less than those obtained for the other mixtures.
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Figure 29: Mixing index versus number of revolutions for the different drum speeds of poly-
disperse particles at the fill level of 70% and the top-bottom smaller-to-larger initial loading

method while the agitator was stationary.
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Chapter 7: Conclusions and Recommendations for future work

7.1 Conclusions

Discrete element method (DEM) was successfully utilized to study the mixing of mono-disperse,
bi-disperse, tri-disperse, and poly-disperse solid particles in a lab-scale rotary drum and a slant
cone mixer as a function of rotational drum speed, particle size, agitator speed, and initial
loading method. The Hertz-Mindlin contact model was used to calculate the total contact force.
54 simulations were done in this study for the two mixers. To compute the mixing index, the
simulation domain for the rotary drum and slant cone mixers were divided into 144 cells and
3,375 cells, respectively. Each cell was considered as a sample for mixing calculations. The
following initial loading methods were employed with both mixers for the bi-disperse solid
particles: top-bottom smaller-to-larger, top-bottom larger-to-smaller, and side-side position.
In addition to these loading methods, the smaller back-larger front and larger back-smaller front
positions were investigated for the slant cone mixer. The drum rotational speeds in the slant cone
study were 7.0, 15, 22.5, 30, 45, and 55 rpm, and the rotary drum speeds were 5.5, 15, and 30

rpm.

To validate the DEM model of the rotary drum, the snapshots of the mixing of the solid particles,
which were obtained through the experiment and simulations, were compared and reasonable
agreement was observed between these results. The model developed in the slant cone study was

validated by experimental data obtained using sampling and imaging methods.

With the rotary drum, the best mixing results for the mono-disperse systems were achieved when

the side-side and top-bottom loading methods were utilized with 30 rpm angular velocity.
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The best mixing results for the bi-disperse particles were attained when the top-bottom smaller-
to-larger initial loading method was utilized. The highest mixing index was achieved at the drum
speeds of 30 rpm and 45 rpm for the rotary drum and slant cone mixer, respectively. Also, with
the same loading method, the best mixing quality was achieved for the tri-disperse particles with

the rotary mixer at the drum speed of 30 rpm.

The effect of the agitator speed on the mixing performance for the bi-disperse particles inside the
slant cone mixer was investigated. The agitator speed employed in this study was +100 rpm
(same rotation direction as of drum) while the rotational speed of the drum was maintained at 15
rpm. The fill level of particles inside the mixer was increased to 100% (as recommended by the
manufacturer for use of the agitator), and the top-bottom smaller-to-larger and larger-to-smaller
loading methods were utilized at 0 and +100 rpm agitator speeds. The addition of the agitator for
the bi-disperse particles increased the mixing quality and reduced the segregation of particles

with different sizes.

For the slant cone mixer, the top-bottom smaller-to-larger initial loading method was utilized for
tri-disperse and poly-disperse particles. It was found that the mixing quality of tri-disperse
particles decreased at higher drum rotational velocities and the highest mixing index was
obtained at the drum speed of 15 rpm. In addition, the highest mixing index for poly-disperse

particles was obtained at the drum speed of 55 rpm.

For the poly-disperse solid particles inside the rotary drum mixer, the following initial loading
methods were employed: top-bottom smaller-to-larger, top-bottom larger-to-smaller, top-bottom

random positions, side-side left-to-right larger-to-smaller, and side-side random position.
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However, the use of the top-bottom smaller-to-larger and the top-bottom larger-to-smaller

loading methods resulted in the highest mixing indices at the drum speed of 30 rpm.

It is important to mention that the perfectly mixed system was achieved for the mono-disperse
particles inside the rotary drum mixer. However, due to the segregation of the particles with
different sizes, a good mix was not attained for both mixers with the bi-disperse, tri-disperse, and
poly-disperse particles. In fact, the simulation results of the rotary drum showed the
accumulation of the smaller particles at the centre and the larger particles at the boundary of the
loaded mass inside the mixer. This finding supports the segregation of the particles according to
the percolation mechanism. On the contrary, the simulation results for the slant cone showed the
separation of the smaller particles at the drum walls and the accumulation of the larger particles
at the center of the loaded mass inside the mixer. This finding supports the segregation of the

different sized particles according to the trajectory side-to-side mechanism.

Also, the simulation results for the slant cone and rotary drum mixer showed that the impact of
the segregation was reduced as the degree of the polydispersity was increased. In fact, the
presence of the additional intermediate sized particles with the intermediate sizes led to an
increase in the convective and diffusive particle motion, which improved the mixing quality and

reduced the extent of segregation caused by the sieving mechanism.
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7.2 Recommendations for Future Work:

The following topics are suggested for future work:
1. Mixing for cohesive poly-disperse particles in the slant cone mixer.

2. Mixing behavior of poly-disperse particles with different densities in the rotary drum and

slant cone mixer.

3. Mixing of poly-disperse particles with non-spherical geometries in the rotary drum and

slant cone mixer.

4. Mixing of the poly-disperse particles in the rotary drum equipped with baffles.
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Nomenclature:
ay Acceleration for the studied particle (m/s?)

Cnrest Coefficient of restitution

E.;  Young’s modulus (N/m?)
E, Normal force resulting from the contact of particle A with particle B (N)
F; Tangential force resulting from the contact of particle A with particle B (N)

Fiorarr Total force acting on a particle (N)
Fip Tangential damping force (N)

Geq  Equivalent Shear modulus (N/m?)

g Acceleration of gravity (m/s?)

Ik Moment of inertia of a particle (kg-m?)

k,, Normal spring stiffness (N/m?)

K, Rolling stiffness of the spring (N/m?)

L Distance from the center of one particle to the contact plane with the other particle (m)
M¢s  Effective particle mass (kg)

my Mass of particle A (kg)

N Normal unit vector

n,  Total particle number fraction in cell M
Ref Effective radius of the colliding particles (m)
Ra Radius of particle A (m)
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Rp Radius of particle B (m)
S; Tangential spring stiffness (N/m?)
Tiotar Total torque acting on a particle (N-m)

T, Rolling resistance torque (N-m)

xM

j Number fraction of species j incell M

Greek Letters

a Torsional deformation between particles

p Damping coefficient

On Normal overlap

O Tangential displacement

St Relative tangential velocity (m/s)

¢, Rolling damping coefficient

URr Rolling friction coefficient

Va Poisson coefficient

VB Poisson coefficient

T Degree of mixing of all particle species at a specific time step
y Degree of mixing for Poly-disperse systems
w Relative angular velocity of a particle (rad/s)
dw

e Angular acceleration of a particle (rad/s?)
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