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Numerical simulations of granular flow in a cylindrical vessel agitated by a four-
blade impeller were performed using the discrete element method. Velocity, density,
and stress profiles within the mixer displayed a periodic behavior with a fluctuation
frequency equal to that of the blade rotation. Blade orientation was found to affect
flow patterns and mixing kinetics. For an obtuse blade pitch orientation, a three-
dimensional recirculation zone develops in-front of the blade due to formation of heaps
where the blades are present. This flow pattern promotes vertical and radial mixing.
No recirculation zone was observed when the blade orientation was changed to an
acute blade pitch. The system’s frictional characteristics are shown to strongly influ-
ence the granular behavior within the mixer. At low friction coefficients, the 3-D recir-
culation in front of the obtuse blade is not present reducing convective mixing. Higher
friction coefficients lead to an increase in granular temperature which is associated
with an increase in diffusive mixing. Normal and shear stresses were found to vary
with mixer height with maximum values near the bottom plate. Additionally, a strong
dependence between the magnitude of the shear stresses and the friction coefficient of
the particles was found. The stress tensor characteristics indicate that the granular
flow in our simulations occurs in the quasi-static regime. At the same time, the aver-
aged pressure was found to vary linearly with bed height and could be predicted by a
simple hydrostatic approximation. © 2009 American Institute of Chemical Engineers AIChE J,
55: 2035-2048, 2009
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Introduction

Particulate processing operations in a wide variety of
industries are often poorly understood compared with their
fluid processing counterparts. This reality stems in part from
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the fact that we lack a set of constitutive equations derived
from first-principles that describe granular flows under a
specified initial state and boundary conditions. The lack of
fundamental understanding of granular systems leads to
broad assumptions during process design, poor identification
of critical process parameters, and scale-up complications
which are not easily explained.' Traditionally, heuristic
rules-of-thumb have been used to limit these problems, but
these have not reliably prevented complications, such as
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nonuniform flow and segregation, from occurring during
scale-up or commissioning.

Despite the complexity surrounding granular flows, a large
number of industrial processes involve the transport, mixing,
and storage of particulate systems. Industrially relevant geo-
metries tend to be more complex than the simple shear flows
which have been extensively studied in the literature. The
cylindrical mixer geometry mechanically agitated by an
impeller is common in a variety of particle processing tech-
nologies. Although in many cases, agitated mixers are used
to homogenize a blend of solid particles, they also serve to
enhance heat and mass transfer (e.g., agitated dryers). Simi-
lar equipment is also used in high-shear granulation proc-
esses and in tablet press operations to encourage flow in the
feed-frame assemblies. Although simple in form, the mecha-
nisms by which particle motion is generated in cylindrical
mixers are still poorly understood. Problems, such as segre-
gation, particle attrition, and agglomeration®™ are known to
occur in this geometry but the role of operating parameters
and particle properties on flow behavior remains unclear.

Early experimental studies in this geometry focused on
the power and torque requirement on two-dimensional flows
to determine strain rates at the failure point.s’6 These studies
found the existence of particle recirculation patterns that
move with the blade. Horizontal cylindrical mixer studies
were performed by Malhotra et al.,” Laurent et al.,'’ Jones
et al.'' and Bridgwater et al.'> The studies by Malhotra
focused on two-dimensional geometries and provide informa-
tion on mixing kinetics and heat transfer coefficients for agi-
tated dryers. Laurent et al.'® found that flows in this geome-
try are periodic in nature, whereas Jones et al.'' observed
slower mixing when the fill level was increased. Bridgwater
et al.'? observed the development of three-dimensional recir-
culation zones in a ploughshare (horizontal) mixed above a
critical impeller speed. A three-dimensional picture of flows
over two flat blades emerged with the use of positron emis-
sion particle tracking. Three-dimensional recirculation zones
were observed and the size of some of these zones varied
significantly with fill level.'* Additionally, the velocity pro-
files inside the mixer were found to vary linearly with the
rotational speed of the blade. A more complex blade config-
uration was studied utilizing particle image velocimetry.'*!3
This technique records particle positions at the free surface
and near transparent walls which allows for the characteriza-
tion of the flow fields and the determination of particle tra-
jectories. The particle movement within the mixer was found
to be periodic and its frequency depended on the speed of
the blade rotation, a behavior similar to what was found in
horizontal mixers. Striation patterns that developed through
stretching and folding were observed for low-shear opera-
tions which were consistent with chaotic granular mixing.
This behavior was not present during high-shear operations.

Experimental studies have provided insight into the granular
behavior in bladed mixers, but these studies have been limited
to the effect of a small set of process parameters and particle
properties on the measured variables. The set of measured
parameters was in turn limited by the capabilities of the analyt-
ical techniques used. Numerical simulation techniques have the
potential of bridging the knowledge gap, as they allow for the
study of parameters that are difficult to measure or vary experi-
mentally. The discrete element method (DEM) has been widely
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used in recent years to examine granular flow in a variety of
systems ranging from simple shear flows to more complex,
industrially relevant geometries. These studies have provided
insight into the system’s dynamics and transient behavior.
With this technique, information can be obtained on local flow
and stresses that are difficult, if not currently impossible to
obtain experimentally. Stewart et al.'® and Zhou et al.'”'® per-
formed numerical studies using DEM for bladed mixers with
two flat blades. These studies focus on the effect of particle
friction, size distribution, and particle density on the flow and
segregation patterns that developed inside bladed mixers. The
particle’s frictional characteristics were found to affect velocity
profiles and mixing kinetics, whereas particle size and particle
density affected segregation patterns. Sinnott and Cleary'® per-
formed three-dimensional DEM simulations and investigated
the effect of different blade configurations on granular mixing.
Two configurations were studied: a flat rectangular blade and a
horizontal bottom disc. The authors found that the degree of
mixing was susceptible to blade configuration.

These studies have complemented our understanding of
three-dimensional flow structures but have not clearly corre-
lated operating parameters and particle properties to macro-
scopic properties like density, pressure, stress, and granular
temperature. Knowledge of how particle properties affect
macroscopic properties is important for the effective opera-
tion, scale-up and design of bladed mixers. Although previous
work has shown that particle friction is an important parame-
ter, the effect of friction on the mentioned macroscopic
properties is still not fully understood. Additionally, little is
currently known about the stress evolution in bladed mixers
and the parameters that affect it. High-shear granulation proc-
esses depend on stresses developed via agitation to achieve
controlled agglomeration and attrition of granules. In contrast,
agitated drying processes in the pharmaceutical industry are
generally designed to minimize the effect of attrition and
agglomerate formation due to shearing. Uncontrolled shearing
could lead to broad particle size distributions, formation of
fines or large agglomerates, and even loss of crystallinity.

The numerical studies performed for bladed mixer thus far
have focused on relatively simple blade configurations. More
industrially relevant blade configurations remain to be exam-
ined and it is uncertain, whether the results obtained with
the simplified geometries can be extended to the more com-
plex industrial cases. The work presented here focuses on
the computational examination of granular flow for cohesion-
less, monodisperse spheres in a cylindrical mixer agitated by
four blades pitched at a 45° angle. This geometry is repre-
sentative of several industrial granular processes, including
filter dryers and high-shear granulators. The goal of this
study is to provide a three-dimensional picture of granular
behavior including flow patterns, mixing kinetics, bulk den-
sity, granular temperature, pressure, and shear-stress profiles.
We examine the effect of blade orientation, sliding friction,
and shear rates on the temporal and spatial averages of these
parameters as well as fluctuating values. We compared our
results to previously reported experimental and computa-
tional results. The findings presented are relevant to the
operation and optimization of industrial processes as they
provide insight on parameters that may affect mixing, segre-
gation, heat transfer, particle attrition, and particle agglomer-
ation.
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Numerical Method
Discrete element method

DEM considers interparticle contacts to describe the
behavior of a particulate system. It integrates Newton’s
equations of motion for each particle starting from an initial
system configuration. If the time-step for integration is suffi-
ciently small, it can be assumed that the state of a particle is
only affected by the contact with its neighbors. Thus, at any
given time-step, the discrete element method considers only
pair-wise interactions of neighboring particles. This method
provides information regarding the particle’s position, veloc-
ity, and resultant forces. The motion of each particle is
described by

dv;
i = > (FY +Fp) +mig (1
J
dCl),‘
== ; (Ri X F}) 4 10 )

where m;, R;, I;, v;, and w; are the mass, radius, moment of
inertia, linear velocity, and angular velocity of particle 7, and g
is the acceleration due to gravity. The contact model used in
this work is based on the work of Tsuji et al.,”® which provides
a nonlinear force based on Hertzian contact theory. The
normal contact force is given by

F¥ = —k, 8% — 5,5,01/* 3)

where l:n is the normal stiffness coefficient, J,, is the normal
displacement, and 7, is the normal damping coefficient. The
normal stiffness coefficient is obtained from

~ E/2R*

by =2 “
3(1 —0?)

with E being the particle’s Young’s modulus and ¢ the

particle’s Poisson ratio. R* is defined as the effective radius of

the contacting particles and is obtained by
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The normal damping coefficient is given by

/i ©)
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where e is the coefficient of restitution. This model assumes a
constant coefficient of restitution and results in a velocity-
dependent collision time. Although experimental data suggest
an impact-velocity dependent coefficient of restitution, this
model has been shown to produce DEM results in good
agreement with experimental data’®*® and comparable with
other commonly used contact models.>*?

The tangential force is calculated from

7, =Ine

FT = —kdy — 5,001 )
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where l; is the tangential stiffness coefficient, J, is the
tangential displacement, and 7, is the tangential damping
coefficient. The tangential stiffness coefficient is based on the
work from Mindlin*® and is given by
~  2V2R*G
h=—"—-6/" @®)
2—0
where G is the particle’s Shear modulus. The tangential
displacement is calculated by

Of = /v;eldt ©)

where V! is the relative tangential velocity of the colliding
particles and is defined as
V:'el = (V,‘ — Vj) B Cl),'Rl' —+ (DjRj (10)
In Eq. 10, s is the tangential decomposition of the unit
vector connecting the center of the particle. The tangential
force is limited by the Coulomb condition, F’ < pu, IFM.
When the tangential force obtained from Eq. 7 exceeds the
Coulomb _ limit, the tangential displacement is set fo
8; = FT /k; to account for slip during a contact. It is interest-
ing to note that as a consequence of setting ¢, equal to
FT [k, 6, is always less than FV/k. The effect of rolling
friction is included in the term 7, = f/xrlFNchu. In this
work, the tangential damping coefficient is assumed to be
the same as the normal damping coefficient.

Input parameters and mixer geometry

The input parameters for our simulations are listed in
Table 1 and are, in general, those of glass. The sliding fric-
tion coefficient was varied from that of glass to examine the
effect of this parameter on the granular behavior. Addition-
ally, the value of Young’s modulus was decreased to reduce
computational time. Parametric sensitivity studies showed
that reducing the value of Young’s modulus had a negligible
effect on flow patterns, velocity profiles, and interparticle
shear stresses. These observations are consistent with the lit-
erature.'®'®?” The parametric studies also showed that the
amount of viscous dissipation in the normal and tangential
directions had a negligible effect on the results obtained in
our bladed mixer. The maximum normal overlap observed in
the simulations was 4% and the averaged overlap was <1%.
The physical properties listed in Table 1 were used for the
particles, the blades, and cylinder walls.

The mixer dimensions used in this work are shown in
Figure 1. In our coordinate system, the origin is located at

Table 1. Input Parameters

Variable Symbol Value
Rolling friction coefficient Uy 0.005
Sliding friction coefficient s 0.1-0.5
Particle density p 2.2 g/ml
Young’s modulus E 2.6 x 10° Pa
Coefficient of restitution e 0.6
Particle diameter (d) d 5-10 mm
Number of particles N 5,000-36,000
Poisson’s ratio 4 0.25
Time step <1 x 1075
Published on behalf of the AIChE DOI 10.1002/aic 2037
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Figure 1. Mixer dimensions.

the center of the cylinder’s bottom plate. The amount of
particles in each simulation was set such that the top of the
particle bed covered the height of the blades. The particle
bed was composed of monodisperse, cohesionless spheres.
Two different particle sizes were used 5 and 10 mm. The 5
mm particles were used to characterize flow structures and
velocity fields for different blade orientations, whereas the
10 mm particles were used to examine the effect of friction
and shear rate. The larger, 10 mm particles were used to
reduce computational time. The change in particle size did
not have an effect on the flow patterns observed in the
simulations. Comparisons of results between simulations are
done while keeping the ratio of particle diameter to mixer
diameter constant.

Simulations were performed using blade speeds ranging
from 10 to 30 revolutions per minute (RPM). Particles are
created in the computational space and allowed to settle
under gravity while the blades remain stationary. Blade
movement is started once particle deposition has been com-
pleted. Measurements are taken after the system has reached
steady state. The system is considered to be at steady state
when the total kinetic energy of the system reaches a con-
stant value, indicating that the amount of energy lost due to
inelastic collisions is the same as the amount of energy
gained from the movement of the blade. Under these condi-
tions, steady state is reached within 2 s of blade movement.

Results and Discussion
Effect of blade orientation

We begin by characterizing the flow of granular material
for different blade orientations. For the blade configuration
shown in Figure 1, the granular material can be sheared at
two different blade pitches. By rotating the blades counter-
clockwise, the blade pitch relative to the movement of par-
ticles has an obtuse angle. This blade orientation is most
common in particulate processing equipment. Rotating the
blade clockwise produces an acute blade pitch. Although
less common, this blade orientation is used in industrial
processing during unloading operations or smoothing of beds
in filter dryers. A counter-clockwise rotation is denoted by a
positive tangential velocity; a clockwise rotation is denoted
by a negative tangential velocity. We compare the flow
structures and highlight the differences obtained for each
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configuration. The blade speed for both blade orientations
was set to 20 RPM. The results listed in the following sec-
tions were obtained using 5 mm particles with sliding fric-
tion coefficients () of 0.3.

Velocity profiles

Instantaneous velocity profiles at radial position » = 0.09
m and height 7 = 0.06 m are shown in Figure 2 for the
obtuse and acute blade pitches. A cubic control volume with
a size of six particle diameters was created at these coordi-
nates. This position was chosen as the control volume would
be located halfway between the impeller shaft and the cylin-
der wall and would include particles above and within the
span of the blades. The velocity components were calculated
by averaging over the control volume at a particular time-
step. The velocity profiles in Figure 2 show a periodic
behavior for both the obtuse and acute blade pitches. A Fast
Fourier Transform (FFT) analysis of the tangential velocity
component (V,) revealed that the main frequency of this fluc-
tuation is 1.3 Hz which corresponds to the rotation frequency
of the blades. This analysis was carried out using the Fast
Fourier Transform algorithm in MATLAB. The same main
frequency was obtained when this analysis was extended to
the radial (V;) and vertical velocities (Vy). This periodic
behavior was observed experimentally by Lekhal et al.? for
velocity surface measurements. Here we are able to track
velocity fluctuations throughout the particle bed. The power
spectrum obtained from this analysis is shown in Figure 2d
for the obtuse blade pitch and Figure 2h for the acute blade

Obtuse blada piich 0.1 Acute blade pitch
Tangential a) Bl e
n.zWWVwWW\r -0.2 MWW WMAA

Velocity (m/sec)
=)
=]
N o
s
o
N o

# Revolutions

4 4
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s 2 Frequency 2 Frequency
o
00 2 4 6 00 2 4 6
Frequency (Hz)

Figure 2. Velocity profiles at r = 0.09 m, h = 0.06 m.

Obtuse blade pitch: (a) tangential, (b) radial, (c) vertical ve-
locity, and (d) tangential velocity power spectrum. Acute
blade pitch: (e) tangential, (f) radial, (g) vertical velocity,
and (h) tangential velocity power spectrum.
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Figure 3. Time-averaged velocity fields on horizontal
plane

Obtuse blade pitch: (a) tangential velocity and (b) radial
velocity. Acute blade pitch: (c) tangential velocity and (d)
radial velocity. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

pitch. The intensity of the main peak for the obtuse blade
pitch is higher than that of the acute blade pitch indicating a
higher fluctuation amplitude. The particle movement in the
tangential direction is therefore less uniform for the obtuse
blade pitch than for the acute blade pitch.

The tangential velocity for both blade configurations is
one order of magnitude higher than the radial and vertical
velocities. Particle movement in this system is therefore
dominated by the angular movement of the blade. Radial
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and vertical velocity values fluctuate around zero, whereas
the tangential velocity does not. This indicates that the posi-
tion of the particles relative to the blade determines if par-
ticles rise or fall or if they flow toward the cylinder wall or
toward the impeller shaft. The amplitude of the radial and
vertical fluctuations is higher for the obtuse blade pitch than
for the acute blade pitch. As in the tangential direction, par-
ticle flow in the radial and vertical directions is less uniform
for the obtuse blade pitch configuration.

Although the main flow of the particles in this system is
in the tangential or angular direction, complex flow struc-
tures are observed. As the blades rotate, the granular bed
deforms by forming heaps where the blades are present and
valleys between blades passes. Figure 3 depicts time-
averaged velocity fields for particles above the blades in the
horizontal plane. Averaging was performed considering only
the time-steps for which the blades were present at the posi-
tion shown in Figure 3. Figures 3a, ¢ show the horizontal
plane velocity field for the obtuse and acute blade pitch,
respectively. The color of the vector represents the value of
the vertical velocity. The velocity fields for the obtuse and
acute cases are very similar with the main difference being
the direction of flow. As expected, the magnitude of the
velocity increases for particles close to the wall. Addition-
ally, the velocity is higher for particles near the front of the
leading blade than for particles behind the adjacent blade.
For the vertical velocity, the magnitude is highest by the
wall while particles near the shaft have a small vertical
velocity component. This trend is observed for both blade
orientations. The radial velocity fields are presented in
Figure 3b for the obtuse blade pitch and 3d for the acute
blade pitch. Particle radial movement is limited for the acute
blade pitch, whereas higher radial velocities are observed for
the obtuse blade pitch. Similar to the vertical velocity, the
magnitude of the radial velocity is highest by the cylinder
wall and smallest near the shaft.

The radial and vertical velocity trends shown in Figures 2
and 3 suggest the existence of three-dimensional recircula-
tion patterns. These patterns are observed in the velocity
fields obtained in the vertical plane (Figure 4). Figures 4a—c
show the time-averaged radial and vertical velocity fields for
the obtuse blade pitch at three different positions. The mag-
nitude of the tangential velocity is represented by the color
of the vectors. For the obtuse blade pitch, the tangential
velocity points out of the plane of the graph. In front of the
blade (Figure 4a), a recirculation pattern develops analogous
to the vortexing observed for liquid systems in cylindrical
tanks agitated by pitch-blade turbines.”® Experimental sur-
face flow measurements suggested the existence of a 3D
recirculation zone.'"* Our computational results confirm the
existence of this zone and describe where and how the recir-
culation develops. A less prominent recirculation pattern was
reported by Zhou et al.'® for two flat blades. In particular,
the velocity for the particles near the bottom plate and the
shaft was significantly smaller than what is observed in our
system. In our system, the recirculation is much stronger as
due to the pitch of the blade, the particles by the wall flow
upward forming a heap. The particles on the top of the heap
move radially inward which forces the particles by the shaft
to flow downward and radially outward, leading to the pro-
nounced recirculation. The existence of such recirculation
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Figure 4. Time-averaged radial and vertical velocity fields in the vertical plane.

Obtuse blade pitch: (a) front of blade, (b) in-between blades, and (c) behind the blade. Acute blade pitch: (d) front of blade, (¢) in-between
blades, and (f) behind the blade. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

patterns becomes important during process design and scale-
up, as such patterns could lead to enhanced mixing in mono-
disperse systems and potentially in polydisperse systems as
well. Unlike liquid systems, this recirculation pattern is only
present near the front of the blade. In between the blades,
the particles on top of the blades now flow radially outward
(Figure 4b) whereas particles by the bottom plate and shaft
move mainly in the tangential direction. Particles by the
wall flow upward with a small radial velocity component.
As the blade passes, particles on the top of the heap fall
behind the blade (Figure 4c). Particles within the blade
height flow downward as they fall from the front of the heap
similar to forward flowing avalanches.

The acute blade pitch velocity profiles are shown in Fig-
ures 4d, f. In this case, the tangential velocity points into the
plane of the graph and the magnitude is represented by the
vector color. No recirculation pattern arises in front of the
blade (Figure 4d) contrary to what is observed for the obtuse
blade pitch. Particles by the cylinder wall flow downward
due to the blade’s pitch. Particle on top of the blade flow
radially inward. A ‘““dead zone” can be noticed near the shaft
and bottom plate, as these particles have a small tangential
velocity component and almost no vertical or radial move-
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ment. This “dead zone” is present in between the blades
(Figure 4e) and behind the blade (Figure 4f). The presence
of this “dead zone” has a significant effect on the mixing
performance for the acute blade pitch, as will be demon-
strated in the Mixing kinetics Section. Particles by the wall
follow the same behavior in between the blades and behind
the blade as in the obtuse blade pitch case (Figures 4e, f).

Density and granular temperature profiles

The bulk density of a system and the granular temperature
profile are important macroscopic properties of a granular
assembly. Knowledge of how these profiles develop in
dynamic systems could assist in the development of contin-
uum-like models analogous to classical thermodynamic
theory. Bulk density measurements provide insight into the
system’s compression and dilation states and can help deter-
mine other macroscopic properties such as pressure. The
granular temperature is defined as T = 1/2{u'u’), were u’ is the
fluctuation velocity, which is the instantaneous deviation from
the mean velocity in a control volume around the point being
examined. ( ) denotes the temporal averaging of the quantity
u'u’ within the control volume. Granular temperature profiles

August 2009 Vol. 55, No. 8 AIChE Journal
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Figure 5. Density fluctuations at r = 0.09 m for the
obtuse blade pitch.
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could be used to gauge the diffusive behavior of particles29
and the tendency of the system to segregate as temperature
gradients have been shown to produce segregation.

Periodic bulk density waves are seen within the mixer
(Figure 5). As in the velocity case, the main density fluctua-
tion frequency is that of the blades’ rotation. This behavior
indicates that the granular material compresses as the blade
passes and dilates in between the blades. It is worth noting
that qualitative differences in particle packing as a function
of blade position were observed experimentally by Stewart
et al.'"> The DEM simulations allow us to quantify the fre-
quency and magnitude of the density waves. Density profiles
for the obtuse blade pitch as a function of mixer height and
number of revolutions are shown in Figure 5a at r = 0.09
m. The average density and the amplitude of the fluctuations
are a function of the mixer height. The power spectrums cor-
responding to these density profiles are shown in Figure 5b.
The main peak height in the power spectrums shows that the
amplitude of the fluctuations remains constant within the
region that spans the height of the blades. In this region, the
bulk density fluctuates between a maximum value of 1300
kg/m® and a minimum value of 1000 kg/m’. This maximum
value is close to the randomly close-packed density (~1400
kg/m3 in this case). Above the blades, the mean value and
amplitude of these fluctuations change significantly. At h =
0.055 m, the density fluctuates between 1300 and 800 kg/m3.
The highest fluctuation amplitude occurs at &7 = 0.065 m,
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where density values range from 1200 to 300 kg/m’. This
region coincides with the top of the heaps. The granular
material begins to compress at the leading edge of the heap
and dilates as the particles fall in the wake of the blades.
The magnitude of the density minima in this region suggests
that the particle concentration in the wake of the blade is
small. We may think of particles in this region as being flu-
idized for the period required for the wake of the blade to
pass. The smallest density values are observed at the heap’s
summit (2 = 0.075 m) as particle concentration here is at its
lowest. The amplitude of these fluctuations is similar to that
at h = 0.055 m.

A similar trend in density fluctuations is observed in the
acute blade pitch case. However, differences in the average
bulk densities were found. For the obtuse blade pitch, the total
average bulk density was measured at ~900 kg/m3 whereas
for the acute blade pitch the total average bulk density was
found to be ~1100 kg/m>. The difference in bulk density can
be explained by the blade configuration in each case. In the
obtuse blade pitch configuration, the blade movement acts
against gravity lifting the granular material up and causing di-
lation. On the other hand, the acute blade pitch acts in the
same direction as gravity compressing the granular material
as it gets pushed down. It should be noted that bed dilation
relative to initial conditions (~1200 kg/m3 initial density)
also occurs for the acute blade pitch but to a lower extent
than for the obtuse blade pitch. The difference in bulk density
affects the stress profile within the granular bed, as will be
shown in the Shear and normal stress profiles section.

The time-averaged granular temperature profiles are shown
in Figure 6. Figures 6a, ¢ show contour plots of the granular
temperature in the horizontal plane for the obtuse and acute
blade pitch, respectively. Vertical plane profiles are shown in
Figures 6b, d. Granular temperature maximums are observed
near the cylinder wall (Figure 6a) and above the top tip of the
blades (Figure 6b). These high temperature regions correspond
to the areas where the particle velocity is the highest (as shown
in Figures 3 and 4). Additionally, frictional interactions between
the particles and the cylinder wall leads to an increase in granu-
lar temperature. The resulting velocity of wall-colliding par-
ticles differs from that of the bulk flow due to wall friction.
This behavior is also observed in granular flows down inclined
chutes, where the granular temperature is highest by the rough
chute wall.>' Lower temperature regions exist near the impeller
shaft and within the span of the blades. These colder regions
represent areas of uniform particle flow and low velocity fluctu-
ations. Similar granular temperature trends in the horizontal
plane were observed experimentally by Lekhal et al.'® via sur-
face velocity measurements. The granular temperature for the
acute blade pitch is much lower than for the obtuse blade pitch
(Figures 6c¢, d). This is consistent with the velocity fluctuation
results presented in the Velocity profiles section. The acute
blade orientation leads to more uniform flows where the bulk of
the particles follow the angular motion of the blade. For this
case, granular temperature mostly is generated by the frictional
interactions with the cylinder wall and the bottom plate.

Mixing kinetics—Obtuse vs. acute pitch

The differences in granular behavior observed between the
obtuse and acute blade configurations lead to differences in
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Figure 6. Time-averaged granular temperature profiles.

Obtuse blade pitch: (a) horizontal plane and (b) vertical plane. Acute blade pitch: (c) horizontal plane and (d) vertical plane. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]

mixing performance. We evaluate the degree of mixing
obtained for each blade orientation by coloring particles on
the left side of the horizontal plane differently from the par-
ticles on the right side prior to blade movement. The par-
ticles have identical properties except their color. We then
follow the mixing pattern as blade motion begins. In addi-
tion, we perform statistical analysis on particle concentration
for a specific color particle. At a particular time step, we
compute the relative standard deviation (RSD) of particle
concentration for the entire system. The RSD is obtained
from the following formula:

RSD = Jeone (11

conc

where o.on. 1S the standard deviation of the particle
concentration over all the samples taken and My, is the
overall mean particle concentration. The RSD value obtained
can be highly sensitive to sample size and sample number. The
sample grid size for the RSD calculation was determined by
varying the sample number and size until the RSD value
obtained was independent of sampling grid.

Figure 7 shows snapshots of the top horizontal plane view
for the obtuse blade pitch (Figure 7a) and for the acute blade
pitch (Figure 7b) at different numbers of revolutions. Well-
mixed zones in both cases are first observed by the cylinder
wall, the area of highest granular temperature. Thus, the
frictional characteristics of the wall facilitate mixing by
increasing the fluctuation velocities. In contrast, areas of
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uniform flow and lower granular temperature remain
unmixed for longer periods of time. Enhanced mixing is
obtained for the obtuse blade pitch when compared with the
acute blade pitch. This mixing difference is observed as
early as after 1 revolution. After 4 revolutions, the obtuse
blade pitch system is well mixed and mixing is down to the
particle—particle level, whereas unmixed regions still remain
in the acute blade pitch system. The velocity profiles showed
that for acute blade pitch flows, “dead zones” appear and
the 3-D recirculation found for the obtuse blade pitch is not
present. Convective mixing is reduced by agitating with an
acute blade pitch. Additionally, the acute blade pitch leads
to a lower granular temperature within the particle bed. This
decrease in granular temperature is associated with a
decrease in particle diffusivity. Diffusive mixing is therefore
hindered by acute blade pitch flows. The difference in mix-
ing performance is confirmed with the calculation of the sys-
tem’s RSD (Figure 8). After 5 revolutions, the RSD for the
obtuse blade pitch is 0.45 whereas for the acute blade pitch
is 0.51, indicating that higher number of unmixed regions
exist in the acute blade pitch case. The difference in mixing
performance is still present after 10 revolutions.

Effect of microscopic friction

Previous work done on bladed mixers with two flat blades
showed that particle friction is an important parameter.ls’18
In this section, we look at the effect of sliding friction on
velocity fields, density and granular temperature profiles, and
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Figure 7. Top view of mixing for left-right segregated
system at 20 RPM.

(a) Obtuse blade pitch and (b) acute blade pitch. [Color fig-
ure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

mixing kinetics. To reduce computational time, the results
listed in this section were obtained using 10 mm particles.
We find that similar flow patterns and trends are obtained
for the 10 mm particle vs. the 5 mm particles. The simula-
tions outlined in this section were carried out for an obtuse
blade pitch and a rotational speed of 10 RPM.

From the system’s frictional properties, the sliding friction
coefficient (i) was found to significantly affect velocity
trends while the rolling friction coefficient (x,) had a negligi-
ble effect. Velocity fields at the front of the blade in the ver-
tical plane are presented in Figure 9 for three different val-
ues of us. Heap formation occurs for u, = 0.5 and ps = 0.3
(Figures 9a, b, respectively) leading to the formation of the
three-dimensional recirculation zone. At these frictional con-
ditions, stable contact force chains develop between par-
ticles,*> which cause the particle bed to deform by forming
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heaps where the blades are present. A force chain is a net-
work of interparticle contacts in which force is transmitted
along the contact path. Little difference is observed between
the velocity fields shown in Figures 9a, b. Particles rise by
the wall and fall by the impeller shaft. When g is set to 0.1
(Figure 9c) a different behavior is observed. Because of the
low friction, stable contact force chains do not form, par-
ticles slide past each other more often and no heap is
formed. This in turn leads to low radial and vertical velocity
values and the recirculation zone cannot develop. Particles
move as a block solely in the tangential direction. A similar
behavior was observed at low sliding friction coefficients for
a flat two-blade impeller configuration.'® However, experi-
mental verification of the low friction results is still needed.

Bulk density differences were also observed. The vertical
and radial movement of the particles for pg = 0.5 and pg =
0.3 allow the granular bed to dilate as the blade moves, lead-
ing to a total average bulk density value of ~900 kg/m>. In
contrast, little bed dilation is observed for the case of u, =
0.1. The average bulk density in this case was measured at
~1200 kg/m3. Density fluctuations similar to the ones shown
in Figure 5 were observed for all values of p;. However, the
mean and amplitude for the pg; = 0.1 case are not dependent
on mixer height. The density in this case fluctuates between
1300 kg/m® and 1000 kg/m®.

Fluctuation velocities are also affected by the value of .
Figure 10 shows the time-averaged granular temperature pro-
files as a function of radial position for the three values of
Us. Increasing the value of pg leads to an increase in the
granular temperature of the system. Granular temperature
gradients are observed for pg = 0.5 and g = 0.3. However,
a colder and uniform granular temperature profile is obtained
for the u, = 0.1 case. As a result, periodic velocity fluctua-
tions are seen for ug = 0.5 and g = 0.3 but not for pg = 0.1
(not shown). Increasing the sliding friction coefficient leads
to an increase in velocity fluctuations at frequencies higher
than the rotation frequency of the blades. This behavior is
analogous to the effect observed for wet systems in the
experiments of Lekhal et al.'> where higher velocity fluctua-
tions were observed with increased moisture levels. These
higher frequency fluctuations are associated with surface
avalanching. The Fourier transform peak height for these
fluctuations is significantly smaller than the main peak height

| = Obtuse

sEEEE Acute

RSD

# of Revolutions

Figure 8. Effect of blade orientation on degree of mix-
ing at 20 RPM.
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Figure 9. Time-averaged velocity fields in-front of
blade.

Obtuse blade pitch: (a) ps = 0.5, (b) us = 0.3, and (c) pg = 0.1.

indicating that, while present, avalanching is not a dominant
effect in this system.

The effect of sliding friction on the mixing kinetics can
be seen in Figure 11. Relative standard deviation trends as a
function of revolution number are shown in Figure 1la.
Figure 11b shows some top view snapshots for each pg
value. As expected, increasing the friction coefficient leads
to enhanced mixing. Almost no mixing occurs at g = 0.1.
After 5 revolutions the RSD values are 0.45 for pu; = 0.5
and 0.6 for pu, = 0.3 whereas the value for pg = 0.1 remains
at 0.9. This poor mixing performance is explained by the
absence of the three-dimensional recirculation zone at u, =
0.1. The presence of this vortex promotes convective mixing.
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However, in addition to convective mixing, diffusive mixing
appears to play an important role in this system. Although
little difference is observed between the recirculation pat-
terns for pg = 0.5 (Figure 9a) and pg = 0.3 (Figure 9b), the
RSD trends show a difference in mixing kinetics. The
enhanced mixing performance observed at the higher
value is explained by the higher granular temperature. These
higher fluctuation velocities are associated with an increase
in particle diffusivity. Thus, higher friction coefficients pro-
mote diffusive mixing. Although convective mixing is the
dominant mechanism in this system, diffusive mixing
becomes important when the homogenization process is
down to the particle—particle level. However, the relative
contribution of the diffusive and convective mixing compo-
nents may change with particle/system size. Further work is
needed to explore the effect of system size on the observed
mixing kinetics.

Shear and normal stress profiles

In this section, we discuss the normal and shear stress pro-
files that develop inside bladed mixers. Stresses were calcu-
lated following the procedure outlined by Campbell.** Colli-
sional stresses are obtained from

d
u =y (Fik) (12)

where d is the diameter of the particle, V. is the size of the
control volume, F; is the total contact force, and £; is the unit
vector pointing along the line connecting the centers of the
colliding particles. As before, ( ) represents the temporal
averaging within the control volume. Stresses in granular
systems are known to be scale-dependent.’® As such, the
calculated stress values are affected by the size of the control
volume. The size of the control volume used here was
determined by varying this parameter until the stress values
obtained were independent of control volume size (~5 particle
diameters). In this work, only the contribution of collisional
stresses is considered as kinetic stresses were found to be 3
orders of magnitude smaller.

The collisional stress tensor was calculated in a three-
dimensional cylindrical coordinate system. Our analysis
showed that a symmetric stress tensor is obtained following
this procedure (i.e., tq, = T,9). We focused our attention on
the averaged normal stress and the shear stress component in
the plane of the blade rotation, 74.. From the normal stresses,
the pressure inside the particle bed is given by

P =— (100 + Ter + Tyy) (13)

W[ =

where 7gg, Ty, and 1,y are the normal stresses in the tangential,
radial, and vertical direction, respectively.

Figure 12 shows stress profiles at 7 = 0.09 m as a func-
tion of mixer height and number of revolutions for the
obtuse blade pitch simulations at 20 RPM. The pressure pro-
file is shown in Figure 12a and the 7¢, profile is shown in
Figure 12c. These profiles document a periodic behavior
similar to that of the velocity and density profiles. As dem-
onstrated before, the main fluctuation frequency is equal to
that of the blade rotation. The pressure profile implies that
the material compresses when the blades are present and
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files for different ps.

Solid line with solid dots shows the granular temperature
for pug = 0.5, dash line with squares u, = 0.3, and dotted
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dilates in between blade passes. The mean and amplitude of
the pressure fluctuations are a strong function of mixer
height, as shown by the power spectrum (Figure 12b).
Higher pressures are observed near the bottom plate and the
pressure decreases monotonically with increased height, as
the particles at the bottom sustain the weight of the particles
at the top. This is similar to the behavior observed in

3)1

0.8

RSD
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M, =0.1

Figure 11. Effect of particle friction on mixing kinetics.

(a) Relative standard deviation for red particle concentra-
tion and (b) top view snapshot of mixing patterns
for different friction coefficients. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Figure 12. Pressure and shear stress fluctuations at r
= 0.09 m for obtuse blade pitch flow at 20
RPM.

(a) Pressure profiles, (b) pressure power spectrum, (c) shear
stress 7q, profile, and (d) 7o, power spectrum. Particle
diameter = 5 mm.

silos®¥ for static systems. Higher fluctuation amplitudes
are also observed near the bottom plate. In contrast to the
density profiles, the pressure fluctuation amplitude reaches a
minimum above the blade height, as these particles sustain
lower weights than the bottom particles. The tq, fluctuations
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(Figure 12c) result from the formation of internal force
chains when the material compresses near the blades and the
subsequent breakage of these force chains as the material
dilates in between blade passes. The value of the shear stress
component Ty, is roughly one order of magnitude lower than
that of the normal stress or pressure. The mean and ampli-
tude of the 7, fluctuations change little within the span of
the blades, whereas these values decrease above the blade
(Figure 12d). This indicates that most of the material shear-
ing occurs within the span of the blade. Similar periodic
behavior was observed for the remaining stress tensor com-
ponents (not shown). However, the values for ¢, and 7,
fluctuate around zero, whereas the values for 74, do not.

The blade orientation affects the magnitude of the shear
stress and pressure inside the mixer (Figure 13). Time-aver-
aged pressure profiles are shown in Figure 13a as a function
of radial position for both the obtuse and acute blade pitch
orientations. Higher pressures are observed for the acute
blade pitch. Pressure values vary little in the radial direction.
The increase in pressure is explained by the increased bulk
density observed for acute blade pitch (see the Density and
granular temperature profiles section). The acute blade pitch
orientation compresses the granular bed by pushing it down
as the blades rotate leading to higher pressures. On the other
hand, dilation occurs for the obtuse blade orientation which
reduces the pressure inside the particle bed. The effect of
blade orientation is less pronounced for the shear stress Tg,
(Figure 13b). The values of 7q, are highest near the cylinder
wall and close to zero near the impeller shaft. This is due to
the increased tangential movement observed near the wall
and the increased strength of the force chains due to wall
friction. The ratio of the shear stress to the normal stress is
known as the bulk friction coefficient and is used to describe
stresses at yield conditions in soil mechanics. This ratio is
related to the internal angle of friction and is commonly
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Figure 13. Comparison of time-averaged stresses for
obtuse vs. acute blade pitch.

(a) Pressure, (b) shear stresstg, and (c) bulk friction coeffi-
cient 1g,/Tgo. Particle diameter = 5 mm.
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assumed to be a constant material property when the mate-
rial is at the critical state.’® The critical state of a granular
material is characterized by a constant bulk density. Figure
13c shows the time averaged value of the t¢,/7¢¢ ratio. This
ratio is far from constant with maximum values near the cyl-
inder wall. Nonconstant bulk friction coefficient values were
also observed in computer simulations of two-dimensional
hopper discharge.37 The nonconstant bulk friction coefficient
is most likely due to the changes in bulk density that occur
within the particle bed as the blades rotate. These results
suggest that the continuum models based on plasticity theory
and soil mechanics may not provide an adequate description
of granular flows in bladed mixers. The increase in bulk fric-
tion coefficient is a result of increased shear stresses near the
cylinder wall. It should be noted that the highest value of
the bulk friction coefficient is less than the particle—particle
friction coefficient (0.3 for these simulations). This indicates
that the particle bed yields at lower stresses than what is pre-
dicted by Coulomb’s law. Identical friction coefficients are
obtained from the t¢/7,, ratio. The magnitude of t,,/t,, and
Toy/Tyy is about 25% of the t¢,/T99 magnitude.

Despite the complex dynamics observed in the bladed
mixer, we find that we can approximate the temporal aver-
aged pressure as a function of mixer height with the simple
hydrostatic pressure relationship

P = pyug(h — Hyea) (14)

where ppuk s the total average bulk density of the granular
bed, g is the acceleration due to gravity, 4 is the vertical
position, and Hy.q is the total height of the particle bed. The
term in parenthesis in Eq. 12 is needed to account for the
bottom plate being located at 7 = 0.0 m. Figure 14 shows the
fit between the pressure values obtained from the DEM
simulations and the hydrostatic pressure curves for the obtuse
and acute blade pitch cases. The bulk density values obtained
from linear fitting of the hydrostatic pressure equation were
780 kg/m3 for the obtuse blade pitch case and 1300 kg/m3 for
the acute blade pitch case. These values are close to the
averaged densities calculated from the DEM simulations
(~900 kg/m® for the obtuse case and ~1100 kg/m’ for the
acute case). This demonstrates that if the average bulk density
during flow is known, the averaged normal stress in this
dynamic system can be approximated by hydrostatics. This
linear dependence of normal stresses with height has also been
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observed in fluidized systems.Sg’39 However, further work is
needed to explore the effect of particle/system size on the
observed pressure profiles.

Many of the stress trends observed in the bladed mixer are
consistent with the behavior of slowly deforming, quasi-static
systems. In quasi-static systems, momentum transfer is gov-
erned by the frictional contacts between particles. As such, the
particle—particle friction coefficient has a significantly effect on
the developed shear stresses. Figure 15a shows the effect of
interparticle friction on averaged values of 7q, in the bladed
mixer. Increasing the friction coefficient leads to an increase in
shear stress. The 7q,/Tgg ratio also increases with increased par-
ticle—particle friction (Figure 15b). The pressure profiles were
found to be less sensitive to the particle’s frictional characteris-
tics. The strength and stability of the force chains that develop
inside the mixer increase at higher friction coefficient. This
result implies that the main source of stress in the bladed mixer
is the formation of these force chains. On the other hand, shear
stress profiles were found to be independent of shear rate
(Figure 15c). From this we can conclude that increasing the
shear rate in the bladed mixer leads to an increase in the shear
stress fluctuation frequencies but has little effect on the mean
and amplitude of these fluctuations. Momentum transfer is
therefore governed by interparticle contacts and for our simula-
tions the bladed mixer operates in the quasi-static regime.
Knowledge of the flow regime in which a process takes places
could assist during process design and scale-up as it provides a
fundamental basis for granular flow behavior and could assist
in identification of critical process parameters.

Conclusions
The discrete element method was used to characterize the
flow of cohensionless, monodisperse spheres in a bladed
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mixer. The simulation results presented here are consistent
with published experimental data and comparable to results
obtained from previous numerical studies in similar systems.
Instantaneous, averaged and fluctuating velocity fields show
that the particle movement is governed by the angular
motion of the blades. The granular bed deforms by forming
heaps where the blades are present and valleys between
blades passes. The presence of these heaps leads to the for-
mation of a three-dimensional recirculation zone in front of
the blade, where particles flow upward by the wall and
downward by the impeller shaft. This 3-D recirculation pro-
motes radial and vertical mixing. When the blade orientation
is changed from an obtuse blade pitch to an acute blade
pitch, the recirculation zone is not present. As a result, the
particles move mainly in the tangential direction with little
radial and vertical mixing. Acute blade pitch flows were
shown to lower the granular temperature within the particle
bed. This decrease in granular temperature is associated
with a decrease in particle diffusivity. Diffusive mixing is
therefore hindered by acute blade flows.

Density fluctuations exits within the granular bed with a
frequency equal to the rotation frequency of the blades.
This behavior indicates that the granular material com-
presses as the blade passes and dilates in between the
blades. The system’s frictional characteristics were shown to
strongly influence the flow structure and mixing kinetics
observed within the mixer. At low friction coefficients the
3-D recirculation in front of the blade is not present, reduc-
ing the convective mixing. Higher friction coefficients lead
to an increase in diffusive mixing. Collisional stresses
showed a periodic behavior similar to the density trends.
Normal stresses were found to be an order of magnitude
larger than shear stresses. The average pressure was found
to vary with mixer height with maximum values near the
bottom plate and could be approximated by the simple
hydrostatic pressure. A higher bulk density was observed for
the acute blade pitch which led to an increase in pressure
for this blade orientation.

A strong dependence between the magnitude of the shear
stresses and the friction coefficient of the particles was
found. Shear stress increases with higher particle—particle
friction. Surprisingly shear stresses were found to be inde-
pendent of shear rate. These stress tensor characteristics indi-
cate that for our simulations the granular flow in this bladed
mixer occurs in the quasi-static regime. Momentum transfer
in this system is therefore governed by interparticle contacts.
This observation implies that quasi-static theories could pro-
vide a first-principles approach to bladed mixer design,
scale-up, and operation for cohensionless systems. Many
questions remain unanswered regarding the behavior of more
complex granular systems in bladed mixers such as polydis-
perse systems, nonspherical particle beds, and wet systems.
Additionally, a more comprehensive study exploring the
effect of system size on the trends reported here is needed.
Our study describes the behavior of an idealized granular
system (cohesionless, monodisperse glass spheres in the
millimeter size range) in a bladed mixer. Although simple in
nature, it complements our understanding of granular flows
in an industrially relevant geometry and represents an initial
step toward understanding the granular behavior of more
complex systems.
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