Iranian Journal of Chemical Engineering, Vol. 22, No. 2, 12-34, (2025)

AsSsg
© 7
gl e

Iranian Journal of Chemical Engineering

pISSN: 1735-5397

Y ®
(=]
'] 3
-
k) °'HE hE,o‘?
6, K

Uy e

elSSN: 2008-2355

Journal Homepage: www.ijche.com

Investigation of Solid Mixing in a Spherical Triaxe Mixer Using

the Discrete Element Method

Roshanak Arab-Taheri!, Reza Zarghami?, Shahab Golshan®, Khashayar Saleh*, Navid Mostoufi'”

! Process Design and Simulation Research Centre, School of Chemical Engineering, College of
Engineering, University of Tehran, P.O. Box 11155/4563, Tehran, Iran
2 Department of Energy Systems Engineering, Izmir Institute of Technology, 35433, Izmir, Tiirkiye
® Process Development, Amgen, Cambridge, MA, USA
* Transformations Intégrées de la Matiére Renouvelable, Alliance Sorbonne-Université de Technologie

de Compiégne, France

ARTICLE INFO

ABSTRACT

Article type:
Research article

Avrticle history:

Received: 2025-03-10
Revised: 2025-06-07
Accepted: 2025-06-21
Available online: 2025-06-26

Keywords:

Triaxe® mixer,

Discrete Element Method,
Solid mixing,

Cohesive particles,
Mixing index

This research aims to study the mixing dynamics of granular materials
in the Triaxe mixer and compare the effect of operating conditions on
the quality of mixing. The discrete element method was used to simulate
the mixer and track the motion of particles. The Johnson-Kendall-
Robinson model was used for the simulation of the contact of cohesive
particles. The results indicate that the most influential parameter on the
mixing performance is the rotational speed since raising the rotational
speed increases the transferred momentum to the grains. In the specific
design of the mixer, the dead zones are reduced, so the fill-level does not
have a considerable impact on the homogeneity. Also, the quality of
mixing of large particles in this blender is better than the same for
smaller particles. The mixer's performance for blending cohesive grains
was similar to that for the non-cohesive particles. For both types of
solids, the relative standard deviation reached approximately 35% after
70 s. Mixing performances of two sizes of the mixer were compared
based on two criteria, the constant impeller speed and constant power
per volume of the mixer. The results show that the case of the constant
impeller speed can predict the mixing performance of the larger mixer
more accurately.
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1. Introduction

From raw materials to final products, solid
particles exist in numerous industries [1]. Due
to their extensive use, it is important to study
their behavior in different processes. Mixing is
one of the most crucial operations in industries
[2]. The quality of the product highly depends
on the performance of the mixer. For instance,
the poor performance of a mixer can cause
undesired agglomeration or segregation [3],
resulting in a nonhomogeneous product.
Homogeneity is a significant quality of
particles in most cases. In pharmaceutical
industries, for example, the dosage of drugs in
each tablet must be a specific amount.
Otherwise, the tablet will not be effective or,
even worse, can cause serious health problems
[4]. Besides, as our knowledge about blending
particles grows, we will be able to produce
more enhanced products [5]. Therefore, many
researchers have conducted studies on this
subject using different methods [6].
Emiola-Sadiq et al. [7] performed experiments
to investigate the mixing behavior of the
biomass particles (in powdered form) and
silica sand mixture in a fluidized bed. Based on
their findings, the mixing index for this
particular mixture decreases when the biomass
loading is more than 20 wt.%. Osorio and
Muzzio [8] experimentally investigated the
performance of a continuous mixer (GCG-70)
under different conditions. The results of this
study indicate that the rotational speed affects
the hold-up and residence time distribution,
and this particular mixer has a better
performance compared to other continuous
mixers. In another research, Legoix et al. [9]
studied the mixing mechanisms of both non-
cohesive and cohesive particles in a horizontal
convective blender, and identified three
different mechanisms that caused mixing in
this type of mixer. The results show the main
mechanism in zones where the blades pass
through is convection. The strong inter-

particle force in cohesive powders forms
agglomerates and hinders the flow [10]. Many
studies were performed to investigate how this
property would influence the mixing process.
Halidan et al. [11] showed that in a ribbon
mixer, mixing rate, mixture uniformity, and
axial velocity would decrease when the
cohesion increased. According to Legoix et al.
[12], the angle of the blades of a blender has a
considerable  impact on the  power
consumption when the powder is cohesive. Shi
et al. [13] investigated the relationship
between the bulk behavior of particles and the
inter-particle cohesion and showed that the
effect of cohesion on bulk behavior fades as
particles become larger.

Most of the studies on granular processes have
been conducted experimentally. However, it is
not always feasible to set up an experiment if
the experimental method is costly or the
desired parameter is difficult to measure. For
this reason, computational methods, such as
the Discrete Element Method (DEM), are
advantageous. DEM is a powerful technique
that allows modeling and simulation of
granular systems [14]. DEM has been
extensively employed to investigate the effects
of particle angularity on particle mixing [15],
packing behavior [16], hopper discharge [17]
and effect of particle shape on its rate [18],
solid mixing in a rotary kiln [19], tote blender
[20], drum mixer [21,22], cylindrical mixer
[23] paddle blade mixer [3], vertical ribbon
mixer [14] and twin-screw kneader [24]. The
impact of operational and geometrical factors
was investigated numerically for cylindrical
drum mixers by Xu et al. [25], and for a four-
bladed mixer by Boonkanokwong et al. [26].
Another advantage of numerical tools is being
easily used for scale-up. As an example, a
study on the effect of the capacity of the
blender, and on a larger scal for a rotating
drum, was performed using DEM by Pratama
et al. [27], and they showed that the same
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quality can be achieved in longer times with
the larger size of the mixer.

Since geometrical parameters can greatly
influence the quality of products, mixers have
been designed in different shapes based on the
desired level of mixing. Lea [28] investigated
how the design of a mixer would affect the
quality of the suspension of particles.
However, sometimes a mixer, which was
initially designed to blend a particular kind of
material, could be used in a totally different
situation. A planetary mixer, called Triaxe®, is
an example of such a case. It was first
developed to blend viscous fluids, but now it is
also used for solid particles [10]. Planetary
mixers (which rotate around at least two axes
[29]) have been studied by some researchers.
These mixers can be found with multiple
geometries, e.g., gyro shaker [30] and Nauta
blender [31]. Hiseman et al. [32] studied the
patterns of particle flow in a planetary mixer in
which the agitator rotated around two vertical
axes. The performance of a blade-free
planetary mixer for blending cohesive particles
has been investigated by Son [33] using DEM.
The simulations showed a threshold value for
the speeds (estimated 1500 rpm for the
revolutionary speed), above which a high
degree of mixing could be obtained.

It is important to investigate the dominant
mixing mechanism in the mixers. The
dominant mechanism depends on many
factors, such as the geometry of the blender.
For example, based on the results of granular
temperature, Golshan et al. [31] found that the
dominant mechanism of mixing near the
impeller is dispersion in the Nauta blender. On
the other hand, the mechanism of convection
has a significant impact on the performance of
GCG-70 [8]. Tsunazawa et al. [34] described
two different mechanisms of mixing in a pot
blender for rotational and axial direction of
blending using DEM. It is important to note
that this result cannot be achieved by
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experiments due to the complexity of the
mechanism in this type of mixer. As another
example, in a horizontal drum, the main
mixing mechanism in the axial direction is
diffusion [22].

Triaxe® is an innovative mixer among the
planetary mixers. It has a spherical tank, which
is a rare type of container among mixers. The
main advantage of this type of mixer over other
blenders is that its blades can move in two
directions (rotational and gyration) and the
geometry of the container conforms to these
directions, thus a superior mixing quality can
be expected. The performance of Triaxe® has
been investigated for both fluids [31, 32] and
particles [33-35]. Yet, the number of studies on
this mixer is very limited, and none is by
means of computational methods. The study of
mixing mechanisms, especially in unusual
geometry, is not easy to understand by means
of experimental methods, and numerical
studies are a useful approach for this matter
[40]. Based on experimental investigations,
Triaxe® can be a promising mixer for particle
blending. The aim of this work is to investigate
the mixing mechanism and performance of the
mixer using numerical methods and find
upgraded operational conditions. In this study,
the process of solid mixing in Triaxe® was
simulated using the DEM technique for the
first time. Using DEM, it is possible to assess
the impact of different parameters on the
performance of the system. DEM was used to
inspect how the operating conditions and
design parameters (the impeller speed, level of
fill, particle size, and types of blades) affect the
mixing quality. Both cohesive and non-
cohesive grains were considered in the
simulations to recognize how well Triaxe®
could overcome the effect of cohesive forces.
Simulations were also conducted in a larger
tank to study the effect of the size of mixers on
the performance of mixing.
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2. Methodology

LIGGGHTS® [41] (LAMMPS Improved for
General Granular and Granular Heat Transfer
Simulations), an open-source code, was used
in the present work to perform the DEM
simulations. This code was developed based
on LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator) and was
improved to model the systems with granular
flows [42].

2.1. DEM

DEM is a computational technique proposed
by Cundall and Strack [43] to model the
behavior of granular systems. Tracking each
particle individually through  Newton's
equation of motion is a merit of DEM,
compared to the continuum approach [44].
There are two main DEM models: hard-sphere
and soft-sphere, and the soft-sphere model was
used in this study. The governing equations for
both translational and rotational motions in
this method are as follows [45]:

dv;

mi—-=m ldtz Z(FN+FT)+mlg
)

d@;  d%P; I

I dtl:Ii dtzl=Z(MiTj+M{§ (2)

In these equations, normal and tangential
forces and tangential and rolling friction
torques are calculated based on the contact
force formulas.

2.1.1. Contact force
For the non-cohesive grains, a Hertzian contact
model was used to calculate the contact forces
[46]. The form of Hertzian model in LIGGGTS
is defined as follows:

F= (Kndnij - ynvnl-j) + (Kt5tl-j - ytvtij)
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For cohesive grains, Johnson-Kendall-
Robinson [47] model was used as the contact
model. In a cohesive powder, particles tend to
maintain close to each other. In order to model
this type of cohesiveness, we used JKR to
increase the normal force between these
particle. The advantage of this model is its
simplicity and suitability for computational
methods. In this model, the inter-particle force
is obtained as follows [48]:

F = Fext + Feonesion (12)
where
Feonesion = 3WTR

+ \/37TWReffF_)ext + (37TWR)2
(13)
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in which W is the cohesion work per unit area,
and Rers is the effective radius for two particles
with radii Ry and R2. It is worth mentioning that
the cohesion force is considered in both
tangential and normal directions. In
LIGGGHTS, the following simplified model is
used for evaluating the cohesion force:

-

Feonesion = CED X A (14)

In this equation, CED is the cohesion energy
density, and A is the contact area between
particles i and j, defined as follows [41]:

A = ma?

_mw(d—R;—R)(d+R;—R)(d - R; + R))(d +R; + R)
T4 dz

(15)

In which d is the center-to-center distance of
particles.

2.2. Data treatment

To assess the uniformity of mixing in Triaxe®,
the relative standard deviation (RSD) was used
[49]:

100 d
o, = —
P (16)
1 2
= — 17
? n—1_1 @ pJ (n
l:

The standard deviation decreases as the
mixture becomes more homogeneous. For
calculating RSD, a grid of cells was used
which contained more than 9 particles.

In addition to RSD, the granular temperature
was also assessed in post-processing. The
granular temperature, which is the mean
square of velocity fluctuations of particles, is
defined by the following equation [31]:

16

1
0 =3luz+uy+uz| (18)

Power, Froude number, and power number
were calculated to evaluate the performance of
the mixer in different sizes. They are defined
in the following:

P = apgucnd; (19)
2
Fr = Zeh (20)
gds
N, = 21
P — pughdg ( )

2.3. Geometry

Triaxe® is an innovative mixer developed by
Hognon S.A.S., France. It contains a spherical
tank and an impeller with four blades (Fig. 1).
It has a specific design that reduces the dead
zones inside the mixer [50], since the clearance
of blades is very small, and also the dual
motion of the impeller blends the materials
thoroughly, leaving no unmixed zone. Triaxe®
has two separate engines to produce the two
simultaneous movements: rotation and
gyration. The rotational motion is around an
axis that has a 15° angle to the horizon [39],
while the gyration is around the vertical axis
(Fig. 1). Two types of blades (comb with the
slit size of less than 2 mm and full), of which
both are used in this study in two different
sizes of Triaxe®, are shown in Fig. 1. The
smaller size (with a capacity of nearly 50 L) is
the same as the one employed by Forny et al.
[51]. The dimensions of this mixer are
demonstrated in Fig. 2. It should be noted that
the move commands of the LIGGGHTS
software were used to express the rotation of
the impeller and defined the coordinates for the
two axes that the impeller rotates around.
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2.4. Experimental method

In the experimental setup, mung beans with a
length of 5-6 mm and a width of 3-4 mm were
mixed in a tank with a capacity of 49 L. The
fill level was 30% of the whole tank (15 L),
and the impeller speeds were N;=0.095 s* and
Ng=0.027 s1. The setup is shown in Fig. 3.
For the experiment, the method of particle
image velocimetry (P1V) was used. The results
of the experiments were post-processed by the
Hiris software for the speed vectors, and the
Scilab software was used to illustrate the
Figure 1. Triaxe® mixer. average velocity field.

Spherical Tank

Impeller (gyrational motion)
0.048 m

0043 m

-
I x=0027m
0.056 m 1

0105m 0075m

Figure 3. Experimental apparatus (1) Triaxe
mixer (2) camera PIV (3) port hole.

e

0.108 m

In this work, the steady motion of the grains,
induced by the blade rotation, was video-
recorded at 1000 fps (frame per second) by a
monochrome high-speed camera (Olympus i-
Figure 2. Dimensions of the simulated Speed 3), having a spatial resolution of 2592 x

Triaxe® with a capacity of 50 L. 2048 pixels, and equipped with a 50 mm focal

Blades (rotational motion)
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length lens. In order to correctly capture the
surface zone of the flow, the camera was
placed at a distance of ~ 5 cm from the
transparent window on the top of the mixer
(i.e., ~35 cm from the top surface of the
particle bed). Taking into account the
resolution of the camera, the distance between
the camera and the object, as well as the focal
length of the lens, the spatial scale in the
pictures is 1 pixel ~0.050 mm. Given the scale
and the frame rate, the theoretical random error
of PIV analyses will yield an accuracy of
~0.0002 m/s, which is far lower than the
measured velocities. More precisely, this
means that, for the range of speeds measured
or simulated in this study (i.e., 0.0022 to 22
cm/s), the relative error varies between 9% and
0.09%.

3. Results and discussion

3.1. Validation

For validation purposes, experimental data on
Triaxe were compared with the result of the
DEM simulation in terms of the particle
velocity distribution. In the DEM simulation,

yiem)

b)

the mung beans were estimated with spherical
particles of 5 mm diameters. The impeller
speeds and fill level were set the same as in the
experiments, and the impeller with two comb
and two full blades was considered in the
simulation.

The velocity distributions acquired by
experiment and simulation are demonstrated in
Fig. 4. Fig 4.a and 4b show the speed vectors
and calculated average speeds in a section in
the centre part of the tank. In Fig. 4a and Fig.
4c, the vectors of the speed of particles can be
compared. In both pictures, the higher speeds
(warm colors) are around the impeller, while in
other regions particles are moving very slowly.
The comparison between velocity vectors in
semi-stagnant zones and the zones near the
impeller clearly shows that DEM can predict
the  experimental  values  accurately.
Furthermore, the velocity magnitude from
DEM is in good agreement with the
experimental  values. The  maximum
experimental velocity is 22 cm/s and for the
model is 20 cm/s.

22
cm/s
17

1"

58

0.0022

(@)
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20 cm/s

—

3.2. Mixing dynamics

The simulated flow pattern in Triaxe is shown
in Fig. 5 at three different heights of the mixer:
1/5, 1/6, and 1/8 of the whole height from the
bottom. This simulation has been conducted
for particles with 10 mm diameter in the mixer
with two combs and two full blades. The fill
level is 50 L, and the speeds are: Ny=1.197 s
and Ng=0.035 s*. The arrows in this figure are
the velocity vectors of the particles. Larger
vectors show regions with more agitation. This
figure illustrates that the grains become
blended effectively in the whole volume of this
mixer. The particles move according to the
gyration, and their velocity magnitude is
higher around the impeller blades (where the
rotational motion exists). Regions with higher
speeds move with the rotation of the impeller.
Therefore, the whole volume of the tank

(©)

Figure 4. Velocity distribution in Triaxe the (a) speed vectors (b) average velocity field (c) simulated
by DEM.

becomes mixed in a periodic way. However, at
a specific position of the impeller, the particles
that are far from the blades move very slowly.
Therefore, it can be said that there is still a
semi-stagnation zone, the position of which
changes over time. Semi-stagnant zones can be
found in other parts (shown with a red circle in
the figure). Also, the velocity of particles at
three different heights can be compared in Fig.
5. Note that the whole volume of the tank
becomes mixed in a periodic way. However, at
a specific position of the impeller, the particles
that are far from the blades move very slowly.
Therefore, it can be said that there is still a
semi-stagnation zone, the position of which
changes over time. Nevertheless, the
gyrational movement of the impeller over time
provides effective mixing in the mixer.
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Figure 5. Flow pattern in Triaxe® a) 1/5, b) 1/6, and ¢) 1/8 of the height of the mixer.

Fig. 6 shows the granular temperature of this
case (d =10 mm, fill-level = 50 L, two combs
and two full blades, and Nr and Ng are 1.197
and 0.035 s1) in 3D. Similar to the results of
the rotational movements of the impeller (Fig.
5), it can be seen in Fig. 6 that the granular
temperature is high near the impeller. Granular
temperature is used for investigating the
mixing mechanism. High granular temperature

20

or the red parts show a high dispersion regime
in these zones. Therefore, particles are more
agitated near the impeller, while in other parts,
the lower granular temperature (blue and
white) clearly shows the semi-stagnation
points. The zones with lower granular
temperature correspond to the slower moving
particles, as shown in Fig. 5.
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Figure 6. Granular temperature distribution in Triaxe® (measures are in m%/s?)

3.3. Triaxe® simulation results

One limitation of DEM is its computational
cost and the fact that it is not feasible to
simulate a very large number of particles.
Also, large particles are more challenging for
mixing due to segregation. Therefore, large
grains were chosen for the simulations of this
study. Based on the work of Li et al. [52], glass
beads with diameter of 10 mm and density of
2500 kg/m? were considered in the simulation.
For the case of 10 mm particles and a 50 L
mixer, the number of particles is nearly 45000.
Other parameters used for the simulations of
this work are listed in Table 1. The computer
used for simulations was equipped with a
processor Intel® Core™ i7 CPU 930 @ 2.80
GHz x 8.

In post-processing, particles were divided into
two types based on their position on the x-axis.
They are marked as green and orange particles,
as shown in Fig. 7. This figure shows how
these two types of particles were blended at
different times.

Table 1.

0.159

Simulation parameters. Except for the particle
diameter and CED, other parameters were set for

all cases.
Parameter Symbol Value
Particle diameter d 10 mm
Particle density P ig?r?ﬁ
Young's modulus E 107 Pa
Poisson's ratio v 0.5
Coefficient of restitution e 0.97
Friction coefficient M 0.1
Rolling friction coefficient  pr 0.025
ceo S
Time-step At 5x106s

21
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t=60s
Figure 7. Snapshots of mixing cohesive particles in Triaxe. The positions of particles are shown in the
left column, and the position of the impeller is shown in the right column.
(N=1.197 s}, Ng= 0.035 s, particle diameter = 10 mm, fill level =50 L, and the impeller has two
combs and two full blades).
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3.4. Effects of operating conditions and
geometry

In this work, the effect of influential operating
conditions on the performance of Triaxe® was
investigated. These conditions include the

impeller speed, size of particles, type of blades,
fill level, and cohesive forces. All simulation
cases are listed in Table 2. Case 0 is considered
the base simulation setup.

Table 2.
Simulation setups.
N (s Ng (s d (mm) Fill-level (L)  # of comb-full blades

Case 0 0.167 0.035 10 50 2-2
Case 1 0.057 0.035 10 50 2-2
Case 2 1.197 0.035 10 50 2-2
Case 3 0.167 0.138 10 50 2-2
Case 4 0.167 0.276 10 50 2-2
Case 5 0.167 0.035 10 50 0-4
Case 6 0.167 0.035 10 50 4-0
Case 7 0.167 0.035 5 50 2-2
Case 8 0.167 0.035 10 25 2-2
Case 9 0.167 0.035 10 10 2-2

3.4.1. Impeller speed

Since the impeller of Triaxe® moves around
two different axes, the impact of each
movement was investigated separately by
changing the speed of one movement while
keeping the speed of the other movement at a
constant value. First, the gyration speed was
kept constant, and simulations were conducted
at different rotational speeds (0.057, 0.167,
and 1.197 s%, in cases 0, 1, and 2 respectively).
The results are shown in Fig. 8 in terms of
relative standard deviation. It can be seen in
this figure that RSD decreases by increasing
the rotational speed, which shows that the
mixture becomes more homogeneous under
this condition. Also, increasing the speed
results in faster mixing.

Cases 0, 3, and 4 in Table 2 can be considered
for the effect of the gyration speed (0.035,
0.138, and 0.276 s* respectively), and the
constant rotational speed on the performance
of the mixer. Fig. 9 demonstrates RSD at
various gyration speeds. It can be seen in this
figure that RSD does not necessarily decrease

by increasing the gyration speed. The RSD
curve corresponding to 0.138 s is located
higher than the curve of 0.035 s, while it is
lower than the curve of 0.276 s?. As in the
paper by Golshan et al. [31], it was observed
that in the case the impeller does not have
enough time for blending, the high gyrational
speed has a negative impact on the
performance of the mixer. The rotational speed
helps the impeller to mix the particles in a
shorter time. Therefore, it can be concluded
that the combination of the two motions
governs the performance of the mixer.

Comparing Figs. 8 and 9 reveals that the
impact of the rotation is far more than that of
the gyration motion. This trend was expected
because the rotational movement rotates the
blades, which are responsible for the blending.
In this mixer, rotational movement causes
micro mixing while gyrational movement
causes macromixing. By increasing the
rotational speed, the momentum, that is
transferred to the particles increases, thus
mixing becomes more efficient. On the other

23
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hand, gyration moves the blades to the other
parts of the tank and helps the whole volume
of particles to blend.

100
7B
O 50- B
%) 50 hN Trseolll -
x ‘\\\ e
251 — N=0057s
-+ N=0.167 s
==+ N=1.197 5%
O T T T T T T T
0 10 20 30 40 50 60 70
Time (s)

Figure 8. RSD for blending grains in Triaxe® at various rotational speeds.
(Particle diameter = 10 mm, fill level = 50 L, the impeller has two combs and two full blades)

100
75-
S e
O 501 BRTE
Q 50
m ‘—\-\‘-\
—_ — -1
25 Ng—0.0355
-+ Ng=0.138s*
-=+ Ng=0.276 51
0 T T T T T T T
0 10 20 30 40 50 60 70
Time (s)

Figure 9. RSD for blending grains in Triaxe® at various gyration speeds.
(Particle diameter = 10 mm, fill level = 50 L, the impeller has two combs and two full blades)
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3.4.2. Type of blades

In order to inspect the effect of the type of
blades on the performance of the mixer, cases
0, 5, and 6 in Table 2, in which two types of
blades (comb and full blades) were used in
simulations, were considered. In cases 5 and 6,
all four blades are of the same kind, while case
0 has an impeller with a combination of two
combs and two full blades. The effect of the
type of blades on RSD is plotted in Fig. 10 for
these cases. According to this figure, the
decrease in RSD is the least when all four
blades are of comb type, which means the
mixing performance, in this case, is worse than

the same in the other cases. On the other hand,
the best mixing performance is achieved with
two comb and two full blades, installed face to
face. Forny et al. [50] also observed the same
pattern for Triaxe®, which showed that when
two full and comb blades were installed face to
face, the mixture would become more
homogeneous, in comparison with the other
combination of blades. When using comb
blades, the contact area between blades and
particles increases, thus the shear rate becomes
greater and full blades cause bulk mixing. The
combination of these two effects helps obtain
a better performance of the mixer.
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Figure 10. RSD results for different blade type arrangements. The number of comb and full blades is
shown in the figure (Particle diameter = 10 mm, fill level =50 L, N;=0.167 s*and Ny = 0.035 s)

3.4.3. Particle size

Another influential parameter in the quality of
mixing is the size of particles. In order to
investigate this effect, two different
simulations were performed with particles
with different diameters, 10 and 5 mm (cases 0
and 7 in Table 2).

Fig. 11 compares the performance of the mixer
in terms of RSD for different particle sizes.
The trend of RSDs in this figure illustrates that
the mixing of larger particles is more efficient
in short times. The reason for this trend is that
when the number of particles in the mixer
decreases, it becomes easier for the impeller to
mix them homogenously. When the size of
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particles is reduced, mixing becomes more
challenging due to the increase in the number
of particles. After a long enough time,
however, the mixing quality is the same for
both particle sizes. This fact indicates that

although the mixing of smaller particles is
more challenging than that of the larger ones,
the efficiency of mixing of both sizes would be
the same if a long enough time is considered
for the mixing.

100
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«
25+
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Time (S)

Figure 11. Effect of the particle size on RSD (Fill level = 50 L, the impeller has two comb and two full
blades, Ny = 0.167 s Ng = 0.035 s?)

3.4.4. Fill level

Depending on the geometry and flow pattern,
fill level can have a significant influence on the
performance of the mixer. In cases 0, 8, and 9
in Table 2, the Triaxe mixer was simulated for
50, 25, and 10 L of grains. Fig. 12 illustrates
the effect of the fill-level on the performance
of the Triaxe® mixer in terms of RSD. RSD
decreases faster in the higher fill levels of

26

solids. However, the differences are not
significant, which means that in this specific
geometry of the mixer, the fill level does not
have a considerable effect on the mixing
efficiency. The reason for this fact is that the
clearance between the blades and the wall is
very small (only a few millimeters), which
minimizes the dead zones.
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Figure 12. RSD results for blending particles in Triaxe® in different volumes of grains (The particle
diameter is 10 mm, the impeller has two comb and two full blades, Nrand Ng are 0.167 and 0.035 s,
respectively)

3.4.5. Cohesion

The existence of cohesive forces among
particles is a distinctive characteristic of
powders. Since this property affects the
flowability, it is imperative to study its effect
on the mixing performance. In this section, the
mixing behavior of both non-cohesive and
cohesive grains was investigated. Moreover,
the effect of the impeller speed was also

studied. To include the effect of both rotational
and gyrational speeds, we used a characteristic
speed definition (ucn) [53]. As shown in Table
3, the simulations were carried out for non-
cohesive and cohesive particles in two
different cases (the characteristic speeds of
0.58 and 0.16 m/s). The difference between
these simulations is the contact model used for
each type of grain.

Table 3.
Simulation setups for non-cohesive and cohesive grains.
Nr(s?)  Ng(s?) (rlrj;/r:s) d(mm)  Fill-level (L)  # of comb-full blades
¥ non-cohesive 1.197 0.035 0.58 10 50 2-2
Y’ cohesive 1.197 0.035 0.58 10 50 2-2
® non-cohesive 0.167 0.276 0.16 10 50 2-2
@’ cohesive 0.167 0.276 0.16 10 50 2-2

A comparison between the RSDs in the mixers
filled with cohesive and non-cohesive grains is
made in Fig. 13. At ucn=0.58 m/s, the rotational

speed is high, and uc=0.16 m/s represents the
lower speed. The higher speed is proven to
create more effective motion. At both speeds,
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the RSDs of non-cohesive and cohesive grains
are very close. Of course, the curves of
cohesive grains are slightly higher (so the
homogeneity of the cohesive mixture is a little
lower) because the forces among cohesive
particles are stronger. Since the trends for

cohesive grains are almost the same as those
for non-cohesive ones, it can be concluded that
under this condition, Triaxe® overcomes the
cohesive forces for the grains with the CED of
300000 J/m?.
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Figure 13. Comparison between non-cohesive and cohesive grains in two different characteristic

speeds.

3.5. Effect of scale

As mentioned before, two sizes of Triaxe® (50
L and 100 L) were considered in this work.
Simulations were conducted based on two
criteria: the constant impeller speed and the
constant power per solid volume. Table 4
indicates the operating conditions of these

simulations. When a parameter in these mixers
is kept constant, other parameters change
according to the ratio of the two dimensions of
the mixers. Some of these changes are listed in
Table 5. It can be seen in this table that the
power is 16 times higher in the larger tank, in
constant impeller speeds.

Table 4.
Setups of simulations to study the enlargement of the mixer.
Criteria . 4 1 # of comb
Capacity Nr (s1) Ng (s d (mm) blades
Constant N 50 L 1.197 0.035 10 2
100 L 1.197 0.035 10 2
50 L 0.167 1.623 10 2
Constant PV g . 0.167 0.276 10 2
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Table 5.
The ratio of different parameters of the large mixer over the smaller one.
Nr (s7) Ng (s Uch Fr P PV
Constant N 1 1 2 2 16 2
Constant P/V 1 0.17 1 0.5 8 1

The RSDs in the two scales for the constant
impeller speed and constant P/V are presented
in Figs. 14a and 14b respectively. These
figures show how the mixing performance
changes with the scale of the mixer. When the
simulations were conducted at the constant
impeller speed, the homogeneity of the
mixture improved on a larger scale, while the
performance of the larger mixer, when P/V is
kept constant, has degraded. By comparing the
two figures, it can be noticed that when the
impeller speeds are kept constant (Fig. 14a),

100

@

A

50

RSD %o

25+

the mixing quality in both scales would
become very close after 25 s, and after 60 s, the
difference becomes negligible. On the other
hand, the difference between the mixing
quality at the constant P/V (Fig. 14b) is
significant, even in long times of mixing. This
trend suggests that by keeping P/V consistent,
the mixing quality obtained in the smaller
Triaxe® cannot be generalized to the large one
because the gyrational speed (which is proven
as an influential factor) in the two mixers are
different.
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Figure 14. Comparison of the RTD results between two different sizes of Triaxe® based on two
criteria a) The constant impeller speed, and b) The constant P/V

4. Conclusion

In this work, the performance of the innovative
Triaxe® mixer was studied under different
operational conditions. The objective here was
to compare the results and see how operational
conditions could change the homogeneity of
the mixture. The results of this study are
summarized as follows:

- Both rotational and gyration motions of the
blades affect RSD considerably. However, the
rotation can be declared more efficient because
it transfers momentum.

- The selection of the type of blades is
important. Each type of blades has a specific
mixing pattern, and it can be recommended to
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have a combination of both comb and full
blades to improve mixing.

- RSDs for different fill levels were very
similar because the dead zones are reduced due
to the specific geometry of this mixer.

- The blending of particles with a diameter of
10 mm was simulated and compared with that
of particles with a diameter of 5 mm. Results
showed that, in short times, a decrease in RSD
is steeper for the large particles. However, in
the end, both cases reach the same quality of
mixing.

- The effect of cohesive forces on mixing was
also considered in this study. To simulate this
kind of grain, the SJKR contact model was
utilized. Results for two different
characteristic speeds were illustrated and
compared. The RSD trends for both types of
particles were very similar, suggesting that
Triaxe® could effectively overcome the
cohesive forces under these conditions.
Finally, the performance of a larger mixer was
simulated under two different conditions. First,
the impeller speed was constant, and second
when the power per volume was kept the same.
It was found that at the same impeller speed,
the results were predicted more accurately in
the larger mixer.
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Notation
A contact area, m?
CED  cohesion energy density, J/m3
d particle diameter, mm
d. diameter of the horizontal part of the
impeller, m
E Young's modulus, Pa
e coefficient of restitution, dimensionless
FN normal force, N
Fr tangential force, N

30

G
g
I

Kn

Kt

MT
MR

shear modulus, Pa

gravity acceleration, m/s?

moment of inertia, kg/m?

elastic constant for normal contact,
dimensionless

elastic constant for tangential contact,
dimensionless

tangential torque, N.m

rolling friction torque, N.m

particle mass, kg

impeller rotational speed, s*
impeller gyration speed, s

number of samples, dimensionless
normal vector, dimensionless
power, W

concentration, dimensionless
average concentration, dimensionless
radius of the particle, m

time, s

tangential vector, dimensionless
local fluctuating velocity, m/s
maximum tip speed of agitator, m/s
volume, m?

particle velocity, m/s

particle position, m

Greek letters

o
At

Yn

constant parameter
time step, s

viscoelastic damping constant for normal

contact

viscoelastic damping constant for
tangential contact

particles overlap, m

damping coefficient, kg/s.m%%
granular temperature, m?/s?
friction coefficient, dimensionless

rolling friction coefficient, dimensionless

Poisson's ratio, dimensionless
particle density, kg/m?

standard deviation, dimensionless
relative standard deviation

angular position of particle, rad
angular velocity of the particle, rad/s
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Subscripts and superscripts
eff effective

i,J particlesiand j

X,
y,  Cartesian vector components
z
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