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Mixing Enhancement of Mono-Disperse and Bi-Disperse Particles in a Cylindrical Drum
Mixer Using Discrete Element Simulations

Seifeddine GARNEOUI, Péter KORZENSZKY*, Keppler ISTVAN

Abstract: Numerous studies tackled the mixing behaviour of granular materials in a cylindrical drum mixer, however research regarding mixing enhancement by conceiving
new designs of drum mixers is insufficient. Also, conducted studies to examine the mixing rate in various processes using the contact-based method rather than the variance-
based method is unavailable. In this work, the discrete element method was used to study the mixing of mono-disperse and bi-disperse cohesionless solid particles in an
inner-paddled rotating cylindrical drum mixer with different amounts of paddies and mixer rotational speeds. We found satisfactory mixing sates around the mixer periphery
when compared with previously conducted real experiments to verify our DEM models. The contact-based method's so-called nearest neighbor was employed to
quantitatively assess the different mixing scenarios. A better mixing rate is obtained when a cylindrical drum mixer has 8 uneven paddles installed along its horizontal axel

and the mixer rotational speed is set at 48 rpm.
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1 INTRODUCTION

Mixing of granular materials is of vital importance in
many industries such as chemical, agricultural and
pharmaceutical [1, 2]. The quality of the products mainly
depends on the homogeneity criterion which is difficult to
attain due to numerous physical and process parameters
that may impact the product quality. In fact, an appropriate
design of a mixer and proper parameters selection gives a
better mixing efficiency, hence a better mixture quality.

Varying the rotational speed of a cylindrical drum
mixer undoubtedly changes the motion of the loaded mass
of particles. The material bed cascades inside the mixer
causing a slipping to centrifuging profile motion [3]. The
angle of repose is the inclination between the top surface
of the rolled material bed and the horizontal surface that it
is reposed on. Researchers revealed that the angle of repose
increases by setting a higher drum speed [4], and the
contrary when loading larger particles [5]. As the particles
cascade, active zones also known as rapid flow layers and
passive zones could be observed along the transverse
section. Researchers have investigated those layers and
came out with a yield line to separate them [6]. Many
effects, including the avalanche effect identified by the
rapid flow of the top layer of particles, could be observed
during mixing based on the initial loading configuration
and filling level [7]. Dead zones could take place due to
inappropriate mixer design and setting of operating
parameters [8]. For instance, Metcalfe et al., [7] observed
that dead zones are caused by the static and dynamic angle
frictions and other geometrical parameters.

Calculating the mixing rate is challenging in a drum
mixer because different mixing mechanisms take place,
such as convective and diffusive mixings in the radial and
axial directions, respectively [9]. By knowing the mixing
degree, the mixture quality can be identified, however
sampling from various areas of the mixture is convoluted.
Numerous experimental and numerical methods have been
proposed to calculate the mixing index and estimate the
mixture uniformity [10-12]. A simple technique is to
collect samples by thrusting a probe thief in different areas
of the mixture, however it impacts the state of particles
located around the inserted probe thief [10]. Other image-

based techniques have been utilized such as optical
imaging [13] and near-infrared imaging [14], which are
relatively expensive techniques. Researchers suggested a
model to describe the mixture state based on some
properties, namely: particle color, mass or density.
Moakhter et al., [15] described the mixture state by
dividing the mixture bed into vertical sections and tracking
the axial coordinates of each vertical strip.

The mixing of granular materials in a drum mixer has
been enhanced by an inclined axis of rotation [16],
however using the novel structure of a drum mixer to
improve the mixture and minimize dead zone formation is
still scarce in literature. The Discrete Element Method
(DEM) is a robust numerical technique used to investigate
the flow of particles and assess the mixture state in any
mixing process. For instance, Shen, Y. S. et al. [17],
developed DEM models to see the effect of density on the
mixing rate in a ribbon mixer and it showed that an
extended mixing time is required when considering small
particles. Zhijian Zuo et al. [18], revealed with DEM
simulations, that decreasing the impeller offset would
improve the mixing performance in an intensive mixer.
This numerical method could be computationally
expensive if a large number of small particles are
considered. As an advantage, it treats the granular material
bed as discrete elements. Each element is governed by the
mechanical law of linear and rotational motions computed
through time [19]. Guo and Curtis [20] have reviewed the
application of the Discrete Element technique, mixing
particles in a drum mixer with a fill fraction with a volume
of more than 50% is challenging because dead zones tend
to form less at a lower filling rates.

In this paper, we created a new structure for a
cylindrical drum mixer and revealed its merit on the
mixture of mono-disperse and bi-disperse solid spherical
particles compared to a conventional cylindrical drum
mixer using discrete element simulations. This paper is
organized as follows; the first section presents the discrete
element methodology, the second section describes the
mixing rate used, reliability of the discrete element models
is screened in section 4, results are interpreted in section 5,
and our conclusions are drawn in the final section.

752

Technical Gazette 29, 3(2022), 752-758



Seifeddine GARNEOUI et al.: Mixing Enhancement of Mono-Disperse and Bi-Disperse Particles in a Cylindrical Drum Mixer Using Discrete Element Simulations

2 DISCRETE ELEMENT METHOD

The Discrete Element Method is a powerful numerical
tool used to investigate the behavior of granular materials
during processes such as packing, mixing, etc., by
computing the Newtonian and contact force models in each
iteration. It is capable of modelling either a small-scale or
a large-scale system of solid elements. High-accuracy
results could be achieved by the discrete element method
when using a system composed of particles that have the
same size, shape and physical parameters [21]. For
instance, Lemieux et al., revealed that the DEM is reliable
for modelling the flow of mono-disperse and bi-disperse
particle systems in a V-blender [22].

The movement of every particle in DEM is described
by the calculation of newton's equation of translation and
rotation including the effect of gravity and contact forces.
For a particle having a moment of inertia (/) and mass (m),
the sum of forces acting on it describes the translational
force and the sum of torques acting on it describes the
rotational force. The effect of rolling friction was neglected
in this work to simplify calculations. The Hooke's linear
contact model implemented in LIGGGHTS code is used to
calculate the normal and tangential forces between every
two colliding particles [23]. The equations are written as
follows:

—mg+2( Ery+FS5) (1)

dv, . .
d—t’represents the acceleration of the translational

motion, g is the acceleration of gravity, Fncl] and F,‘U

the normal force balance and the tangential force balance
for two colliding particles i and j, and the general force
balance equation for two colliding particles is given by:
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F,;and the tangential contact force F, ; represents the

contact force Fj between particles i and j. They are
calculated using LIGGGHTS code [23] as follows:
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particles i and j; Ej; is the equivalent Young's modulus; R;
is the equivalent radius; m;; is the equivalent mass and &, ;;
is the normal stiffness. They are defined as follows:
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E;, Gi, vi, R; and m; are the Young's modulus, shear
modulus, Poisson's ratio, radius and mass of the particle i,
respectively; E;, Gj, v;, R; and m; are the Young's modulus,
shear modulus, Poisson's ratio, radius and mass of the
particle j, respectively.

The calculation cycle updates the position, velocity,
and forces acting on every two particles at the end of every
time-step. It begins with the detection of contact points and
overlapping distances between particles, afterwards it
calculates the contact forces through the force-
displacement law, and subsequently the motion of particles
is calculated through Newton's second law of motion. The
setting of a time-step is of vital importance for convergence
issue in any discrete element simulation. An explicit time
integration scheme is implemented to solve the equations;
therefore an adequate time-step should be considered. The
Rayleigh time-step is frequently used to find the critical
time-step which is the maximum value at which the
simulation runs stably. It is calculated as follows:

TR P
AT, iy = £ 10
Rayleigh ™1 630 +0.8766 | G (19)

R, v, p and G are the radius, Poisson's ratio, density,
and shear modulus of particles, respectively. In our work,
we have fixed the time-step in all simulations at 20%
Rayleigh time.

3 HOMOGENEITY INDEX

Homogeneity index gives a quantitative understanding
of the mixture of particles which could be obtained
numerically by post-processing results from discrete
element simulations. There are methods which are grid
dependent, meaning that the mixing system should be
divided into cells, then the index is calculated based on
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statistical analysis by calculating the different number of
particles of each type. The index is always in the interval
[0, 1]. 0 indicates a total segregation state of mixture and 1
indicates a perfect state of mixture. Many conducted DEM
studies have utilized the grid-dependent mixing index (so-
called Lacey index) [24-26], this index is calculated as
follows:

S*-S8

M=""0
Sk=So

(1n)

For an equally binary mixture of black and white
particles; %, Sg and S3 are the variance of black particle

concentration in each cell, the variance of a fully unmixed
material bed, and the variance of a fully mixed material
bed, respectively. They are calculated as follows:

s? :ﬁg(xi -x,)’ (12)
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N is the number of cells. Knowing that the number of
cells having no particles inside the system are neglected, n
is the average number of particles per cell, x; is the
concentration of black particles in a cell i and x,, is the
average concentration of black particles in the whole
material bed.

This index lacks the ability to find the mixture state in
a specific direction [27], moreover it showed an important
level of uncertainty when different number of cells are used
[28]. Fig. 1 shows the evolution we conducted of the Lacey
index when mixing spherical solids in a cylindrical drum
mixer. Evidently, Lacey mixing indices diverged when
using different numbers of cells as described in Fig. 1.
These uneven obtained results are due to the grid size
applied to the DEM system for the calculations. Therefore,
without a proper calibration, the Lacey index could be
erroneous.

Lacey index
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Figure 1 Evolution of the Lacey mixing indices according to grid systems utilized

On the other hand, grid-independent methods exist,
which are non-sensitive to flow patterns. In this work, the
nearest-neighbor method has been used. Rather than

calculating the number of each particle's group in every
cell, it finds a definite number of the nearest particles to
every single particle by iteration, then it splits up the
neighbors depending on their type. Fig. 3 presents an
example showing how to calculate this grid-independent
index in the case of a binary mixture with a 1:1 volume
ratio of particles. In our work a large number of particles
were used. For this purpose we wrote a java script to find
the index in a short period of time by reading x, y and z
coordinates of all the particles from a csv file. The
following equation finds the nearest neighbor's mixing
index for a whole material bed at a particular time.

Figure 2 Different grid systems applied to the mixing domain for Lacey index
calculations
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Npart, naifr and nyp are the total number of particles in the
system, the number of different particles in terms of type
and the number of neighboring particles, respectively
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Figure 3 lllustrative case of the nearest-neighbor method

As illustrated in Fig. 3, the particle i has 8 identical
particles among the 12 nearest particles, accordingly the
index for the i particle is 2-4/12 = 0.67. The mixing index
of the whole material bed is the average index of all
particles.

In case of mixing different sizes of particles, for
instance one group has #n particles and another group has
twice the number of particles of the first one, then the
number of particles that should be considered as nearest to
each particle should be scaled up by 1:2, meaning 24
particles are to be considered.

4 DISCRETE ELEMENT SIMULATION SYSTEM AND
RELIABILITY ASSESSMENT

Cylindrical drum mixer assigned with acrylic material,
having a diameter of 280 mm and a width of 140 mm, was
created. The mixer was filled and maintained at 75%.

The mixer was filled at 70% for all the simulations
with spherical glass beads. segregation state has been set
before mixing by generating two groups of particles from
separate inlets placed on the top of the mixer separated by
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a cross-sectional splitter placed in the middle of the mixer
in order to study the homogeneity of particles mixture from
a totally inhomogeneous mixture state. The filling time of
particles is 1 s. For the mono-disperse mixing case, the
diameter of the two types of particles selected is 10 mm,
and for the bi-disperse mixing case, the diameters of the
two types of particles selected are 10 mm and 5 mm. A 1:1
filling volume ratio was maintained for all simulations
inside the drum. After the particles have been inserted, the
splitter was removed and the material bed settled down
until it reached a stationary state in the mixer under the
influence of gravity for 1 s time, followed by the rotation
of the mixer vessel for 75 seconds, in order to ensure the
maximum mixing rate. In this work, the micro-mechanical
properties provided by Yanjie et al., [29] were used to
define the mixer wall and particle materials and describe
particle-particle and particle-wall interactions (Tab. 1).

Table 1 Micro-mechanical parameters used in simulations

. Particle (glass Mixer wall .
Properties spheres) (acrylic sheet) Particle-wall
Density, p / kg/m® 2700 1800 -
Young's modulus, ; ;
£/ Pa le le -
Coef.ﬁm_ent of 067 ) 067
restitution, e
Poisson's ratio, v 0.22 0.35 -
Cogfﬁplent of 095 ) 08
friction, u

In this work used different configurations of the
cylindrical drum by installing various numbers of paddles
in the middle of the mixer. The length of paddles is uneven
aiming to increase particle's randomization during the
mixing process. We aimed to improve the mixing
efficiency using these novel mixer designs, wherein a
simple drum is also used in order to check the difference in
terms of mixing efficiency. The mixer set-ups we used are
detailed in Fig. 4.

RN rah \
e ! !

NI LN A

Ordinary cylindrical drm Configuration A Configuration B Configuration C

Figure 4 Set-ups of the cylindrical drum used in simulations
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R
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v

Figure 5 Mixing states of real experiments obtained from literature and
numerical simulations at 4 rpm drum speed

Table 2 Design of numerical experiments

Simulation Mixer set-up Material bed Mixer rotational

cases speed
Ordinary drum

Case 1to 4 ggﬁgiﬁizﬁgﬁg Mono-disperse 8 rpm
Configuration C
Ordinary drum

Configuration A .o

Case 5t0 8 Con ﬁiura Gon B Bi-disperse 8 rpm
Configuration C

16 rpm

24 rpm

32 rpm

Case 9to 15 | Configuration C Bi-disperse 40 rpm

48 rpm

60 rpm

80 rpm

The simulation cases are described in Tab. 2. Initially,
simulation cases | to 4 and 5 to 8§ were conducted at an 8
rpm fixed drum speed to check the efficacy of the different
mixer designs in term of mixture uniformity for mono-
disperse and bi-disperse materials, respectively.
Eventually, the mixer speed was varied only for the finest
mixer set-up in term of mixing efficacy for the bi-disperse
material because it is more challenging, as shown in the
results section. Simulation cases 9 to 15 tackled the impact
of mixer rotational velocity (configuration C) on the bi-
disperse mixture quality.

5 RESULTS AND DISCUSSIONS

LIGGGHTS-PUBLIC, version 3.8.0 (open-source
software for simulating particles dynamics by the discrete
element method, distributed by DCS Computing GmbH,
Linz, Austria) was employed to perform all the runs, and
PARAVIEW version 5.9.0 (open-source, multi-platform
data analysis and visualization application) was used to
visualize the results and generate simulations data. 4
groups of simulations were carried out, the first group
involves 4 simulations to investigate the impact of the
mechanisms described in Fig. 4 on the mixture quality of
mono-sized particles. An identical number of simulations
were also carried out to investigate the impact of the
aforementioned mechanisms when mixing particles having
different sizes. Then, 7 more simulations were conducted
by varying the rotational speed of the best drum
mechanism obtained to improve the mixing quality of bi-
disperse particles and finding an optimal mixing model and
speed for the drum. Finally, we furthered a sensitivity
analysis of the mixture homogeneity on the coefficient of
rotational friction by conducting numerical experiments at
various values of the rotational friction coefficient. Results
were post-processed by reading files generated from
LIGGGHTS in PARAVIEW. The state of particles at a
specific time could be visualized either near the mixer wall
or in the middle of the mixer by clipping the system. Also,
we could track particle velocity and their locations.

5.1 Mixing of Mono-Disperse Particles

Fig. 6 shows the variation in the mixing index with
mixing times for the different drum set-ups. Reading the
graphs reveals that "Configuration C" of the drum
enhanced the mixture quality. This could be explained by
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the approach that both particles near the mixer wall and
paddles received maximum energies induced by them to
improve the granular assembly, resulting in a diffusive
mixing. Thus, paddles avoided dead zone formation in the
middle of the mixer because without them in the mixer,
little energy would be received among particles further
from the mixer wall.

~~~~~~~~~~~~~ Ordinary drum mixer = = = = Configuration A

— — — Configuration B Configuration C

Mixing index
o o o
= o w e

o
N

=]

0 10 20 30 40 50 60 70

Mixing time (s)

Figure 6 Variation in the overall mixing index of mono-disperse material bed
during 75 s of mixing

5.2 Mixing of bi-disperse particles

In this part, we tackled the mixing of unequally sized
particles. In this case, three mechanisms should be deemed:
convection, diffusion, and segregation. The first two
mechanisms sustain mixing. Convective mixing is also
known as macro mixing which helps the granular material
bed to turn around the mixer frame from one side to another
and diffusive mixing involves the random displacement of
a particle within a material bed, letting particles change
their position relative to one another. However, segregation
(the opposite term of mixing) disfavors mixing due to the
so-called stratification phenomenon, as smaller particles
tend to slip down the material bed through the voids
between larger particles. This has been elucidated due to
the uneven velocity speed of larger particles against
smaller particles during mixing [30]. An appropriate
mixing time should be selected to avoid insignificant over-
mixing.

------------- Ordinary drum mixer — — = = Configuration A

— — — Configuration B

Configuration C

0,3
0,25

o
N~

0,15

Mixing index
o
=

0,05

0 10 20 30 40 50 60 70
Mixing time (s)

Figure 7 Variation in the overall mixing index of bi-disperse material bed during
75 s of mixing

Simulation cases 5 to 8 described in Tab. 2 were
conducted. In the interest of improving the mixing state,
various numbers of paddles, as described in section 5, were
installed in the middle of the mixer along the axis to
intensify particles mixing. Fig. 7 shows how the

homogeneity index of the binary system progresses
alongside mixing times for the different drum set-ups.
Obviously, the paddled mixer improved the mixture. Also,
a mixing-demixing transition is perceived from the curves
of the mixing indices wherein the highest mixing degree is
obtained at around 40 seconds of mixing time. Mixing
beyond this time causes demixing.

»
»

Mixing time (s)

Figure 8 Variation in the overall mixing index of bi-disperse material bed during
75 s of mixing

Among advantages of the discrete element method, we
can visualize particle distributions in the middle of the
mixer. Observations of occupancy snapshots in the middle
of the drum were described in Fig. 8. It can be seen from
these snapshots that smaller particles tend to compact in the
middle of the whole material bed, elucidating the low
mixing degrees obtained even though paddles were being
used in the drum.

5.3 Optimal Rotational Mixer Speed

According to results obtained in the previous sub-
sections, it is obvious that the mixing of bi-disperse
particles is rather complex and requires enhancement. For
this purpose, we furthered simulations by gradually
increasing the drum speed from 8 rpm to 16 rpm, 24 rpm,
32 rpm, 40 rpm, 48 rpm, 60 rpm and 80 rpm. Related
homogeneity indices along the mixing process are
illustrated in Fig. 9.

Mixing index

0 10 20 30 40 50 60 70

Mixing time (s)

Figure 9 Variation in the overall mixing index of bi-disperse material bed during
75 s of mixing for various drum speeds

By increasing the drum speed, the mixture quality
improves, whereas increasing the drum speed to above
60rpm is inefficacious as confirmed at 80 rpm.

5.4 Sensitivity Study of the Mixing Index on the Rolling
Friction

As we neglected the coefficient of rotational friction to
reduce calculation times, we furthered numerical
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experiments to investigate the impact of the rolling friction
on the mixture homogeneity in the drum mixer. According
to previous studies about mixing of glass spheres in drums,
the coefficient of rolling friction didn't exceed 0.01
between particles [2, 31]. As evidence, we introduced a
range of values of the coefficient of the rotational friction
between all particles, and between particles and the mixer
wall from 0.001, 0.005, 0.01, and 0.025, after which the
results were compared to the experiment that had no
coefficient of rotational friction.

0,4
K 035 ®® ° ° °
=]
£ 03
Zos
»
=02
=)
o 0,15
&
= 0,1
g
& 005

0

0 0,005 0,01 0,015 0,02 0,025 0,03

Coefficient of rolling friction

Figure 10 Variation of the average mixing index in relation to the coefficient of
rolling friction (mixing of bi-disperse material case in "configuration C" set up of
the mixer at 60 rpm drum speed)

Fig. 10 shows the results of the mixing indices for the
different above-mentioned values of the coefficient of
rotational friction. The mixing time was set at 25 seconds
because previous results of the bi-disperse mixture with the
"configuration C" mixer design showed that 60 rpm is the
optimal speed of the drum and particle uniformity at this
speed did not give rise to an increase after 25 s as it reached
a steady state. Each value of the mixing index plotted in the
graph is the average value of the indices calculated every 5
seconds of mixing time for every simulation. Results
revealed that the coefficient of rotational friction has little
to no effect on the mixture uniformity of particles in the
cylindrical drum.

6 CONCLUSIONS AND RECOMMENDATIONS

The effects of paddle numbers and mixer rotational
speeds have been investigated by using discrete element
simulations. The number of paddles ranged between 2, 4
and 8 paddles, and the drum speed variations are 16, 24,
32,40, 48, 60 and 80 rpm. The following conclusions could
be drawn from the obtained results:

e Paddled drum mixer depicted by "configuration C" has
the best mixing performance compared to other
configurations. It has improved the mixture of the
mono-disperse and bi-disperse mixtures by 15.36%
and 13.28%, respectively compared to the non-paddled
drum mixer.

e 60 rpm is the optimal drum rotational speed as it has
improved the average mixing rate in 75 seconds of
mixing time by 33.87%, 24.53%, 16.89%, 11.08% and
5.76% compared to 16 rpm, 24 rpm, 32 rpm, 40 rpm
and 48 rpm, respectively. However, increasing the
drum rotational speed adversely, impacted the mixing
quality as setting the drum at 80 rpm worsened the
mixture quality by 2.45% and 21.32% compared to 70
rpm and 80 rpm mixer speed, respectively.

e Sensitivity analysis showed that a maximum of 0.85%
variance was obtained after setting a coefficient of
rolling frictions ranging between 0 and 0.025, which
demonstrates that the effect of the coefficient of rolling
friction on the mixing rate in the drum is trivial.

As for recommendations, the effect of more complex
shapes of particles on the mixing rate could be investigated.
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