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Am’C{é history: Simulations of granular flow of monodisperse, cohesionless spherical glass beads in a cylindrical bladed mixer ag-
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was varied from 1 to 4 blades, and the impact of the number of blades on granular flow and mixing kinetics was
investigated. It was found that particle velocities were influenced by the number of the blades used in the mixing
system. Higher radial and vertical velocities of particles were observed in the 1- and 2-bladed mixers, which led
to more pronounced three-dimensional recirculation patterns. However, the tangential velocity components of
particles in the 3- and 4-bladed cases were larger. Additionally, it was found that using two or three impeller
blades provided better mixing performance than using one or four blades, as evaluated by calculation of the rel-
ative standard deviation (RSD) and the Lacey index of the systems. Granular temperature and particle diffusiv-
ities obtained for the 2- and 3-bladed cases were also higher than those for the 1- and 4-bladed mixers. Solids
fraction analysis showed that dilation of the particle bed occurred to the greatest extent in the 2-bladed mixer.
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Scale-up Contact force network data and blade-particle force calculations showed that using different numbers of impeller
blades led to significant differences in the force distribution. Finally, the effect of scaling up was evaluated by
varying the mixer diameter to particle diameter ratio. Increasing the mixer diameter to particle diameter ratio
was found to have little impact on flow and mixing behaviors.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction incomplete. Problems such as segregation [7], particle attrition [8-11],

Powders and granular materials occur in everyday life in situations
ranging from baking to geophysical flows to industrial processes [1,2].
A large number of industries including chemical, food, pharmaceutical,
and cosmetic industries frequently handle powders or granular mate-
rials [3]. Compared to fluid processing, our understanding of solids pro-
cessing lags behind. The lack of fundamental understanding of granular
systems can lead to inefficient process development and design, poor
identification of critical process parameters, and scale-up problems
[4]. A cylindrical mixer mechanically agitated by an impeller blade,
which we will refer to as a bladed mixer, is a common geometry in a va-
riety of particle processing technologies. Bladed mixers are used in a
number of solids processing operations including blending, agitated
drying, high-shear granulation, and during the tablet compaction unit
operation to encourage flow in the feed-frame assembly [5,6]. While
there has been a significant amount of research on granular flow in
bladed mixers, our understanding of bladed mixer operations is
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and agglomeration [12,13] are known to occur in this geometry during
processing, but the role of operating parameters and particle properties
on the flow behavior remains unclear. A cylindrical mixer agitated by an
impeller blade is commonly used for liquid mixing, and it has been ob-
served that the number of blades on the impeller can significantly affect
mixing efficiency [14]. The effect of the number of blades on solids flow
and mixing in a cylindrical mixer has not been studied in detail.
Previous researchers have experimentally investigated solids flow in
a bladed mixer. Measurements of power and torque were carried out in
order to understand the force needed to move the blades through a bed
of particles [15,16]. Positron emission particle tracking was used to in-
vestigate the movement of particles in a bladed mixer [17]. Particle
image velocimetry (PIV) was carried out at the free surface and walls
of a cylindrical mixer in order to characterize flow behavior [18,19].
These studies found that a periodic three-dimensional (3D) recircula-
tion pattern developed with a frequency corresponding to that of the
blade rotation speed. It was also observed that the size of the recircula-
tion zones and the rate of mixing were significantly influenced by the fill
level. Additionally, velocity profiles were found to scale linearly with the
rotational speed of the blades. Although these experimental studies
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have provided insight into the granular behavior in bladed mixers, they
have been limited to the effect of a small set of process parameters and
particle properties on the measured variables.

Numerical simulation techniques have the potential of bridging the
knowledge gap because information can be obtained on local flow and
stresses that are difficult, if not currently impossible, to obtain experi-
mentally. Stewart et al. [20] and Zhou et al. [21,22] performed simula-
tions of bladed mixers with two flat blades using the discrete element
method (DEM). They found that the frictional characteristics of particles
had an impact on the velocity profiles and mixing kinetics. They also ob-
served that particle size and density affected segregation patterns.
Remy et al. [23] carried out DEM simulations of cohesionless spherical
glass beads in a cylindrical vessel agitated by a four-bladed impeller.
The effect of two different blade configurations (acute or obtuse blade
pitch) and the effect of particle friction on granular flow behaviors
were investigated. It was found that the obtuse blade pitch orientation
generated a strong 3D recirculation zone and promoted vertical and ra-
dial mixing. An increase in the sliding friction coefficient of particles led
to a rise in granular temperature and an increase in diffusive mixing.
Furthermore, Remy et al. [24] studied the effects of fill level and mixer
properties (wall friction, blade position, and the ratio between mixer
and particle diameters) on granular flow in a bladed mixer. The granular
material behavior followed some simple scaling relations when the
ratio of mixer size to particle diameter was increased above a critical
ratio. They noticed that particle velocities and diffusivities scaled linear-
ly with the mixer size and the blade speed. They also found that normal
and shear stress profiles scaled linearly with the total weight of the
granular bed. An additional study on the effect of blade speed was car-
ried out by Havlica et al. [25] using DEM simulations.

Remy et al. [26] experimentally examined torque and shear stresses
and found that they scaled linearly with the total weight of the bed as
predicted by DEM simulations. Comparisons between experiments
and simulations for granular flows in agitated mixers have been carried
out by varying parameters including surface roughness of particles [27],
polydispersity [28], and moisture content in wet systems [29]. Hare et
al. [30], Zafar et al. [31], and Chandratilleke et al. [32] reported granular
flow behaviors of cohesive particles in a bladed cylinder and found good
agreement between experiments and DEM simulations. Although gran-
ular flows in agitated mixers have been experimentally and computa-
tionally investigated by a large number of researchers, none of these
studies have examined the effect of the number of impeller blades on
granular flow and mixing behavior.

Mixing of solid particles in various types of blenders has been widely
studied by means of the discrete element method. Alizadeh et al. [33]
analyzed DEM simulation results for flow and mixing of granules in a ro-
tating drum. They found that the Young's modulus and the static friction
coefficient were the important particle properties that affected particle
dynamics. Tahvildarian et al. [34] explored the effects of rotational
speed and fill level on the circulation intensity and the axial dispersion
coefficient of non-cohesive, monodisperse solid particles in a V-blender
via DEM simulations. It was shown that the circulation intensity in-
creased with an increase in the rotational speed and a decrease in the
fill level. They also reported that the axial dispersion coefficient of the
particles was a linear function of the rotational speed of the V-blender.

Alizadeh et al. [35] compared mixing efficiency of a V-blender to that
of a tetrapodal blender utilizing discrete element simulations. Higher
axial and radial mean velocity profiles were observed in the tetrapodal
blender compared to the V-blender. They found that the tetrapodal
blender provided better diffusive axial and convective radial mixing
and showed a shorter mixing time compared to the V-blender due to
more efficient mixing mechanisms. Further analysis demonstrated
that the tetrapodal blender was less susceptible to segregation of gran-
ules than the V-blender.

DEM simulations of the mixing process of particles in a six-blade
plough shear mixer and in a slant cone mixer with an intensifier bar
were conducted by Alian et al. [36,37]. They studied the effect of

operating conditions on mixing performance by computing the Lacey
mixing index. In the plough shear mixer, they compared top-bottom
loading to side-side loading and found that the rate of increase of the
mixing index was larger for the side-side loading. They also showed
that the mixing time decreased with an increase in the rotational speeds
and that lower fill levels resulted in higher mixing indices. For the slant
cone mixer, the side-side and top-bottom loading patterns led to faster
mixing compared to the back-front loading. It was observed that in-
creasing the rotational speed of the vessel enhanced the mixing index
and that the kinetic energy of particles increased proportionally with
the drum speed. In the slant cone mixer, the effect of the rotational di-
rection of the agitator with respect to the direction of the drum was
also analyzed, and it was shown that the mixing rate obtained in the
co-rotating mode was higher than that in the counter-rotating mode.

With the current trend of moving from traditional batch
manufacturing methods used in the pharmaceutical industry, continu-
ous powder blending processes have been extensively studied in recent
years. Gao et al. [38,39] characterized and optimized a continuous
mixing process by means of experimental residence time distribution
(RTD) measurements and DEM simulations in order to develop a pre-
dictive model for the output mixture variance. Combined with the
DEM model, Sen and Ramachandran [40] developed a new multi-di-
mensional population balance model (PBM) to quantify the dynamics
of a continuous powder mixing process. Gao et al. also proposed a
scale-up strategy for a continuous powder blender that can be used
for different types of materials [41]. Although a number of research pa-
pers have studied the influence of various operating conditions on the
mixing performance, only little have they focused on the number of
the blades used in the blender.

Bladed mixers are a relatively simple geometry - a cylinder with an
impeller - and thus provide an opportunity for research on particulate
flow and mixing. As discussed above, the effect of the number of blades
on solids flow and mixing in a bladed mixer has not been studied in de-
tail. In contrast to particulate systems, the effect of the number of impel-
ler blades in liquid stirred tanks has been extensively investigated in a
number of papers. Wu et al. [14] conducted experiments to determine
the effect of the number of impeller blades on the turbulent velocity
fields and the minimum speed required to suspend solids. Kumaresan
and Joshi [42] investigated the effect of the number of blades in stirred
tanks using computational fluid dynamics and found that increasing
the number of blades from four to six led to an increase in the power
consumption and the average normal stress. Jirout and Rieger [43] car-
ried out experiments to investigate the effect of the number of blades on
a suspension of solids. They reported that the minimum speed neces-
sary for particle suspension for three, four, and six blades decreased
with the increasing number of blades. They also observed that the im-
peller with the lowest number of blades had the lowest torque value.

In this work, DEM simulations have been carried out to examine the
effect of the number of impeller blades on granular flow behaviors
including particle velocities, mixing kinetics, granular temperatures,
particle diffusivities, bulk density, blade-particle contact forces, and
normal contact force network. In addition, the impact of scaling up the
system size was investigated. This paper is organized as follows: in the
next section we describe the details of DEM simulations, and we then
discuss results for the base case agitated mixers. This is followed by
results for scaling up of the agitated mixer, and we then present
conclusions.

2. Numerical method
2.1. Discrete element method

The discrete element method (DEM) integrates Newton's equations
of motion for each particle starting from an initial system configuration.

If the time-step for integration is sufficiently small, it can be assumed
that the state of a particle is only affected by contact with its neighbors
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