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Mixing of solids in static mixers with different geometries was studied using discrete element method (DEM)
simulations. The DEM codewas validated by comparing the simulation results with experimental data for a static
mixerwith 180° Kenics elements. Two different types of blending elements, Kenics and LPD,were considered and
compared. Effects of the number of blending elements, the angle of twist of Kenics elements, the slope angle of
LPD elements and particle to tube diameter ratio were studied on efficiency, mechanism and time of mixing.
Flow patterns of solids in themixerswere investigatedwith the aid of the velocity field of particles, granular tem-
perature and velocity gradient. It was shown that the average solids flow rate decreased from101.8 g/s to 54.2 g/s
when number of blending elements increased from 2 to 5. On the other hand, the mixing efficiency improved
with increasing the number of elements from two to four at a constant number of passes. The results of simula-
tions revealed that the Kenics elements with the twist angle of 150° and 180° and LPD elements with the angle of
slope of 60° have the best performance in terms of mixing quality and mixing time. It was also found that larger
values of tube diameter (smaller d/D) lead to a better performance of static mixers. Hybrid arrangement of
elements (a combination of Kenics and LPD elements in one mixer) significantly weakens the performance
of the static mixer.
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1. Introduction

Mixing of different kinds of particles is an essential operation in
many industries. Achieving a homogeneous mixture of particles is es-
sential for product quality assurance and is mainly obtained by combin-
ing the convective and/or dispersivemixingmechanisms [1,2]. The flow
pattern of the granular material is very complex due to the coexistence
of particles with various shapes, densities, and sizes in a single system.
Also, the time dependent phenomena, like segregation and adhesion,
add to this complexity. Hence, this behavior is not well understood
yet [3]; and finding a general theory than can describe the rheology
and flow characteristics of granular flows is still a big challenge
[4,5]. To solve this problem, laboratory experiments [2,7] or detailed nu-
merical simulations [6–8] have been performed for each individual
process.

Granular mixers are classified into batch and continuous mixers.
From the operational point of view, continuous mixers offer better sta-
bility and homogeneity in comparison with batch mixers [9]. The vast
range of available continuous mixers, from common to customized
ones, makes it difficult to choose a proper type for a designated task.
The most common type of solid mixer is the one with a single shaft
that rotates blending elements in themixer. These mixers usually differ
in the shape and configuration of the blending elements [3]. The contin-
uous shaft mixers provide a high level of mixing and can handle a large
throughput. However, the problems with such mixers is that they con-
sume a high amount of energy during the operation and attrition is
sometimes a problem due to sever contact between rotating elements
and particles [3].

Static mixer is another type of continuous solid mixer. In this type,
the mixing occurs due to the flow of the solid through stationary and
fixed elements in a tube. Since the mixing process does not need addi-
tional energy input, this type of mixer is advantageous over other con-
tinuous mixers [10]. The required energy of mixing in a static mixer is
supplied only by the flow of particles (in many conditions by gravity)
[11]. Static mixers offer a very short residence time, low shear rates
and a self-cleaning structure [10]. The process of mixing involves re-
peated splitting, spreading and transporting pockets of the particle
flow [12]. Generally, static mixers offer smaller dimensions as well as
lower costs of equipment and maintenance [10]. They are commonly
used as premixing units, but can also replace conventional continuous
mixers entirely [12]. For thedesign of a staticmixer, the type of blending
elements, thenumber of those elements and the velocity of particleflow
are decisive [11].
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Despite the importance of static mixers and their potential in the si-
multaneous handling and mixing of granular flows, a little research is
done in the field [13–15]. Ghanem et al. [13] listed available commercial
static mixers. One of them is the Kenics static mixer (Chemineer Inc.), in
which blending elements have a blade twist of 180°, as shown in Fig. 1
(a). Another type is the LPDmixer (Ross Engineering Inc.), illustrated in
Fig. 1(b). Jovanovic et al. [11] and Pezo et al. [12] simulated granular
flow in a revolving static mixer using discrete element method (DEM)
coupled with computational fluid dynamics (CFD). They investigated
the mixing quality and the influence of revolutions of a static mixer
with three Kenics elements.

Most of the knowledge for mixer design is obtained by either exper-
iments or modeling. Between these two, modeling has shown to be a
promising tool to understand granular flows, to optimize the parame-
ters of the mixing process, and to reduce the need for experimental
work [16]. The DEM is a reliable and efficient approach for themodeling
of granular flow. This modeling approach has been utilized to investi-
gate various mixing processes, ranging from fluidized beds to shaft
batch and continuous mixers [17–25]. In the present work, DEM simu-
lation of a static mixer was carried out and validated by experimental
results available in the literature. Then, effects of mixer geometry on
mixing efficiency and mixing mechanisms were discussed. Two differ-
ent types of blending elements (Kenics and LPD) were examined with
various geometric configurations (number of blending elements, the
angle of twist and slope). The influence of particle to tube diameter
ratio was also investigated. This work offers the first basic knowledge
for sizing and designing static mixers for granular particles.

2. Models and methods

2.1. Static mixers

As shown in Fig. 1, a static mixer is generally composed of a cylindri-
cal tube and some blending elements, which are fixed one above
Fig. 1. Geometry of the static mixer setup (a) 180° Kenics, (b) 45° LPD and (c) hybrid.
another with a twist angle to stimulate mixing. Two types of blending
elements, Kenics and LPD, were considered in this study. Dimensions
of the static mixer and blending elements are listed in Table 1.

In theKenics-typemixer, themixing zone consists of three Kenics el-
ementswith an axial twist angle of α=180°. This setupwas considered
as the base design for the Kenics-typemixer andwas used for validation
in this work. The twist angle of 180° represents the commercially avail-
able type of the Kenics element [10]. Effect of the twist angle was also
studied in Kenics mixers with the twist angles of 90°, 150°, and 210°.
Effects of the number of the mixing elements and particle diameter to
tube diameter ratio were also investigated.

In the LPD-type mixer, the performance of a mixer with the LPD
blending elements was evaluated. In the base case, shown in Fig. 1(b),
the slope angle, β, was 45°. Effect of varying the slope angle between
30° and 60° was also evaluated. The details of these simulations are
given in Table 1. In addition, a hybrid static mixer, consisting of two
180° Kenics elements on the top and bottom and one 45° LPD element
in the middle (illustrated in Fig. 1(c), was considered as a combination
of those two types.

The list of simulation conditions is given in Table 2. The first four
simulations are aimed to investigate the effect of the number of ele-
ments, ranging from 2 to 5 Kenics elements with the twist angle of
180°. In the next nine simulations, a static mixer setup with a constant
number of three blending elements was considered. They can be split
up into three series of simulations: Kenics static mixers with various
twist angles of 90° to 210°, LPD static mixer with slope angles between
30° and 60°, a simulation for hybrid static mixer, and two simulations
(simulations 8 and 9 in Table 2) with different particle to tube diameter
ratios (d/D from 0.02 to 0.0417).

Experiments were performed in a short static mixer and the mixer
was consecutively rotated to simulate a longermixer [12]. Each rotation
(180°) was called “a pass.” In each pass, the particles were allowed to
settle in the bottom. After that, the whole assembly was rotated by
180° to start the next pass. The same procedure was also followed in
the DEM simulations. In the simulation, rotation of the setupwas simu-
lated by reversing the direction of the gravitational acceleration after
each pass was finished.

2.2. Discrete element method

For describing the dynamics of granular flow of in the static mixer,
the soft-sphere DEM simulation was used. Governing equations for
translational and rotational motions in this method are [26]:

mi
dvi
dt

¼
X
j

FNij þ FTij
� �

þmig ð1Þ
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dωi

dt
¼
X
j
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ij þMr
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Table 1
Geometric parameters of static mixers and blending elements.

Parameter Unit Symbol Value

Static mixer tube
Length mm L 540
Diameter mm D 60

Kenics blending element
Height mm h 60
Thickness mm s 1.5
Twist angle ° α 90, 150, 180, 210

LPD blending element
Height mm h 36, 60, 100
Thickness mm s 1.5
Angle of slope ° β 30, 45, 60



Table 2
Simulation conditions for different static mixers.

No. Element
type

No. of
elements

Twist
angle
α (°)

Angle of
slope
β (°)

Mixing
zone
(cm)

d/D tp (s) Flow
rate (g/s)

1 Kenics 2 180 – 120 0.0417 1.88 101.8
2 Kenics 3 180 – 180 0.0417 2.46 77.8
3 Kenics 4 180 – 240 0.0417 2.95 64.9
4 Kenics 5 180 – 300 0.0417 3.53 54.2
5 Kenics 3 90 – 180 0.0417 1.07 178.9
6 Kenics 3 150 – 180 0.0417 2.02 94.8
7 Kenics 3 210 – 180 0.0417 3.32 57.7
8 Kenics 3 180 – 180 0.03 2.1 91.2
9 Kenics 3 180 – 180 0.02 1.71 112.0
10 LPD 3 – 30 180 0.0417 9.79 19.6
11 LPD 3 – 45 180 0.0417 4.03 47.5
12 LPD 3 – 60 210 0.0417 2.26 84.7
13 Hybrid 3 180 45 180 0.0417 3.19 60.0
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Normal and tangential forces, FN and FT, are calculated by the visco-
elastic contact theory [27–29]:

FNij ¼ −
4
3
Eeff

ffiffiffiffiffiffiffiffi
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q
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in which E, G, v, and R are the Young's modulus, shear modulus,
Poisson's ratio, and radius of the particle, respectively, with subscript
i and j referring to contacting particles.

If during a contact, the Coulomb's criterion (|FijT| ≥ μ|FijN|) is violated,
gross sliding occurs and the tangential overlap, δT, is limited based on
the following equation [30]:

δT ¼ sgn δTð Þ
μ FNij
			 			
kT

ð8Þ

where

kT ¼ 16
3
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ffiffiffiffiffiffiffiffiffiffiffiffiffi
Reff δN

q
ð9Þ

Tangential and rolling friction torques are obtained by [31]:

MT
ij ¼ Rinij � FTij ð10Þ

Mr
ij ¼ −μrRi j FNij j

ωi−ω j

j ωi−ω j j
ð11Þ

where μr is the rolling friction factor.
The simulations were performed using LIGGGHTS open-source

code [32].
2.3. Data treatment

Simulation results were further processed to obtain the granular
temperature, the velocity gradient and the relative standard deviation
(RSD). Granular temperature is themean square of velocity fluctuations
of particles and is calculated according to the following equation [17]:

θ ¼ 1
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U02
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z
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Here, U′ is the velocity fluctuation of particles relative to their local
average velocity with the subscript denoting the direction. Granular
temperature provides information about the significance of diffusive
mechanism of mixing. For calculating the granular temperature in the
static mixer, the volume was divided into 9000 (15 × 15 × 40) hexago-
nal cells. For this division, the mixer body (cylinder) was embeded
(sorrounded) with a cuboid. This cuboid was divided into 9000 cells in
the Cartesian coordinates. Consequently, the size of each cell would be
4 mm (x) × 4 mm (y) × 13.5 (z) mm. It should also be mentioned
that the cell dimensions were chosen adequately small such that the
size would not affect the results. In each time step, the average particle
velocity and the fluctuation of the particle velocity were calculated in
each cell and the granular temperature was then evaluated by
Eq. (12). In these calculations, cells with particles less than ten were
omitted.

Beside the granular temperature, which is an indicator of the
diffusive mixing, velocity gradient was also evaluated to determine
the influence of shear mechanism on the mixing process. To calculate
the velocity gradient, the off-diagonal components of the axial particle
velocity gradient tensor in the z-direction was evaluated. Only z-direc-
tion was considered since the dominant flow of particles in the static
mixer is in this direction. Themagnitude of velocity gradient in the static
mixer was calculated from:

χ ¼ ∂uz

∂x

				
				þ ∂uz

∂y

				
				 ð13Þ

To evaluate the derivatives of particle velocity, the average velocity
of particles, evaluated for obtaining the granular temperature, was
used. It should also be mentioned that the same hexagonal cells (was
explained previously) were used to calculate the velocity gradient dis-
tribution in the mixer. In other words, the values of Δx and Δy were
to 4 mm in this case.

RSDwas used for assessing themixing quality. This parameter is de-
fined as follows [11]:

RSD ¼ 100
σ
C

ð14Þ

σ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 C−Ci

� �2
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vuut
ð15Þ

The concentration Ci of one kind of particles was computed in each
cell (those containing 10 or more particles) and the average concentra-
tion of all cells, C was then evaluated [33].

3. Results and discussion

In total, 13 DEM simulations were carried out for studying the
mixing efficiency in different static mixers. The simulation setups are
listed in Table 2. Simulations 2 and 11 (bold in Table 2) are the base
designs for Kenics and LPD static mixers, respectively. The simulation
parameters are listed in Table 3. The parameters were taken from
Pezo et al. [11,12], from which the results were used for validation in
this work. The initial packed bed was formed by letting all particles to



Table 3
DEM simulation parameters [9].

Parameter Symbol Value

Particle density (kg/m3) ρ 650
Particle diameter (mm) d 2.5
Young's modulus (Pa) E 107

Poisson's ratio v 0.25
Coefficient of restitution e 0.5
Rolling friction coefficient μr 0.3
Static friction coefficient μ 0.3
Time step (s) Δt 5 × 10−6

Simulation time (s) – 25a

a Simulation time reported here correspond to setup No. 10 in Table 2.

Fig. 2. RSD values as a function of number of passes in 180° Kenics static mixer.

Fig. 3. Time averaged velocity fields (a) 180° Kenics static mixer (b) 45° LPD static mixer.
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settle down by gravity from top of the static mixer tube, above the
blending elements in the upper compartment (on top of the mixing
zone). For this purpose, a stopper plane was utilized at this point in
the simulations. This stopper was removed at the start of the simula-
tions. Location of this stopper plate is also illustrated on Fig. 1. It should
also bementioned that bottom and top of themixer bodywere closed in
the simulations. After the insertion and settling of particles, they are di-
vided into two types based their location (half left and half right). In the
attached video (simulation of mixing of particles in the static mixer),
these two types can be observed distinctly with red and blue colors. In
the calculation of the mixing quality (which is performed by using
RSD here), these two types were utilized. When all particles were set-
tled, they were allowed to fall into the lower compartment while pass-
ing through the mixing zone. Then, after the first pass was finished, the
gravity vector was instantaneously reversed and the particles passed
the mixing zone for the second time. This gravity reversion was re-
peated four times after the particles were settled down to simulate
five passes in a revolving static mixer [12]. An animation clip, showing
all five passes for simulation setup 2 (see Table 2, base design for Kenics
static mixer), can be found in the supplementary materials. Depending
on the setup of the static mixers, the time of a single pass was between
1.07 s to 9.79 s. This time, tp, is averaged over thefive passes and listed in
Table 2. The flow rates of particles in the static mixers were calculated
based on tp, using the following equation:

flow rate ¼ Vsρ
tp

ð16Þ

in which Vs (≈ 0.000295 m3) and ρ show the total volume of solids in
the mixer and the density of particles, respectively. Besides the mixing
quality in the static mixer, the flow rate of solids is a critical parameter
in the evaluation of the performance of these mixers.

3.1. Validation

The experimental results of Pezo et al. [12] were used to validate the
DEM model in this study. Experimental and simulated RSD values
against the number of passes for the 180° Kenics static mixer with
three blending elements are shown in Fig. 2. The decaying trend of
RSD to about 10% after five passes displays the good quality of mixing
achieved in the mixer. It can be seen in this figure that the RSDs ob-
tained from simulations are in good agreement with the experimental
values. Based on this good agreement, it can be concluded that the
DEM code used in the present study is valid and can be used to study
the effect of design geometry and find the optimum design of static
mixers.

3.2. Flow pattern

Velocity field, granular temperature and velocity gradientwere eval-
uated for 180° Kenics and 45° LPD static mixers (three blending ele-
ments each). To obtain the velocity field, the mean velocity vector for
each cell was calculated in each time step, then averaged over time for
a single pass. The resulting velocity field is shown in Fig. 3 for both
mixers. The mean velocity in the Kenics base design (highlighted in
Table 2) clearly increases while passing through themixing zone. Parti-
cles reach the maximummean velocity upon exiting the third blending
element when falling into the lower compartment. A reason for this
trend could be the helical geometry of the Kenics elements that does
not notably hinder the downward motion of particles due to the gravi-
tational acceleration. In contrast, in the LDP base design (highlighted in
Table 2), the maximummean velocity occurs between the first and the
second elements and theflow follows a zigzag pattern. In contrast to the
Kenics elements, LPD elements change the flow direction of particles
drastically due to the rectangular alignment of the blades. This drastic
change of the flow direction prevents particles to accelerate signifi-
cantly while falling down. The particles collide the surface of the second



Fig. 5. Granular temperature in 45° LPD static mixer (a - c) vertical and (d) horizontal
slices.
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and third element perpendicularly (≈ 90°), thereby lose some of their
kinetic energy. This trend cannot be observed in the Kenics elements.
This is reflected in the solid flow rate passing through the static mixer,
another important design parameter in continuous mixers. The solid
flow rate in the Kenics-type mixer is almost 1.6 times that in the
LPD-type mixer (see Table 2).

The granular temperatures of the above mentioned static mixer
setups are illustrated in Fig. 4 for the Kenics mixer and in Fig. 5 for the
LPDmixer. Three vertical-sectional planes at different depths (at depths
of 0, 14.4 and 21.9mmfrom thehalf cross section), aswell as nine cross-
sectional planes (at heights of 0.18, 0.2, 0.22, 0.24, 0.26, 0.28, 0.3, 0.32
and 0.34 m) at different heights, are shown in these figures. The granu-
lar temperatures are averaged over time for one pass through the
mixing zone. It can be seen in Fig. 4 that the granular temperature
takes its highest value slightly above the surface of the second and the
third elements and decreases again towards the wall and the center of
the static mixer. A completely different distribution of granular temper-
ature can be seen in the case of LPDmixer in Fig. 5. The peak values can
be found in the upper part of themixing zone. This trend also can be at-
tributed to higher magnitude of velocity field vectors in that section of
the mixing zone. In fact, higher velocity of particles leads to higher ve-
locity fluctuations when particles face an obstacle where a change in
the direction of their motion happens. Furthermore, a higher granular
temperature can be observed in the path between the successive ele-
ments. Especially, in the area of collision of particles with wall elements
(associatedwith a change inflowdirection), the values of granular tem-
perature rise due to the chaotic movement of particles. A high granular
temperature indicates a better mixing performance due to diffusion
[17].

There are mechanisms of particle mixing, including diffusion, shear
and convection. The rate of shear mechanism can be approximated by
the velocity gradient. The velocity gradients in Kenics and LPD base de-
signs are illustrated in Figs. 6 and 7, respectively (the same conditions as
in Figs. 4 and 5). Thesefigures indicate that thehighest values of velocity
gradient can be found in the regions with the largest velocity field
vectors (see Fig. 3). This trend continues to the end of the mixing zone
in the case of Kenics type elements. However, the maximum shear is
only observed in the space between blending elements in the LPD
mixer. In general, the shear rate is high in the regions where the flow
of particles with high velocity is affected/deflected by the wall and
hence the mixing due to the shear mechanism. Comparing Figs. 6 and
7, the maximum values of the velocity gradient in the LPD static mixer
are lower (more than four times) compared to the Kenics setup, but
concentrated within the mixing zone in contrast to its end and lower
Fig. 4. Granular temperature in 180° Kenics static mixer (a - c) vertical and (d) horizontal
slices.
compartment for the Kenics type. In addition, a larger fraction of the
mixing zone of Kenics mixer shows noticeable shear rate. Therefore,
the share of shear mixing in the Kenics mixer is larger than that in the
LPD mixer.
3.3. Effect of number of blending elements

The number of blending elements can affect bothmixing quality and
the solid flow rate passing themixer. Fig. 8 shows RSD against the num-
ber of passes for the 180° Kenics static mixer with 2 to 5 blending ele-
ments. The RSD per pass decreases (mixing efficiency improved) with
increasing the number of elements from two to four at a constant num-
ber of passes and there is no noticeable difference between four and five
blending elements. The samebehaviorwas observed in the experiments
of Bauman et al. [34] in a similar Kenics mixer. The solid flow rates re-
ported in Table 2 shows that the average solid flow rate in the mixer
is 101.8 g/s for the mixer with two blending elements. This value de-
creases to 54.2 g/s as the number of blending elements is increased to
5. When the number of blending elements is increased in the mixer,
the number of obstacles against the free flow of particles in the tube in-
creases which acts as a resistance to the flow of particles.
Fig. 6.Velocity gradient in 180° Kenics staticmixer (a - c) vertical and (d) horizontal slices.



Fig. 7. Velocity gradient in 45° LPD static mixer (a - c) vertical and (d) horizontal slices.

Fig. 9. RSD results for static mixers with Kenics elements in different twist angles α.
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Fig. 8 also demonstrates that the RSD decreases (mixing quality in-
creases) with the number of passes in all cases. For the mixer with
four or five blending elements, this final value of RSD is reached after
two passes while it attained after three passes for the mixer with
three blending elements and finally it is obtained after four passes for
the mixer with two elements. To explain these trends, it seems that
the utilization of more than four elements is not necessary to reach
the maximum quality of mixing. Consequently, considering both the
mixing quality and the flow rate passing the mixer, a mixer with three
or four blending elements can be an optimum choice for the static
mixer studied in these simulations.
3.4. Effect of angle of blending elements

The angle at which the blending elements are fixed to the wall can
also influence the mixing quality and solid flow rate through the
mixer. For this reason, the twist angle (α) in the Kenics mixer was var-
ied between 90° and 210° and the angle of slope (β) in the LPD mixer
was varied between 30° and 60°.

Fig. 9 shows the variation of RSD in the Kenics mixer with var-
ious twist angles as a function of the number of passes. The twist
angle of the Kenics element has a significant influence on the
mixing quality. For example, at a constant number of passes
(here two passes), the RSD is 59.8% for α = 90° and decreases to
43.5% for α = 150° and then to 21.9% for α = 180°. This trend
shows that the twist angle of 180° has the best performance in
Fig. 8. Comparison of the RSD values over the number of passes for a 180° Kenics static
mixer with 2 to 5 blending elements.
achieving a higher quality of mixing, followed by twist angles of
210° and 150° the twist angle of 90° of Kenics elements by far
shows the worst mixing efficiency. This trend matches the results
of Thakur, Vial, Nigam, Nauman, Djelveh [10] on the mixing of
fluids in Kenics mixer in which the mixer with the twist angle of
180° provided the best mixing efficiency. It can be concluded
that the mixing improves when the flow is repeatedly divided
and recombined by mixing elements as the particle flow passes
the mixing elements. However when the twist angle deviates
from 180°, a fraction of particles escape the process of flow divi-
sion and recombination. Such escapes of particles (similar to a by-
pass flow), decrease the quality of particle mixing after passing
the mixing element. The more deviation from 180°, a larger frac-
tion of particles bypasses the mixing process, which decreases
the mixing quality. By comparing the flow rates reported in
Table 2, it can be found that the particle flow rate increases as
the twist angle of Kenics elements is decreased. Based on these re-
sults, to obtain the maximum mixing efficiency and maintaining
the flow rate of particles high after five passes, the Kenics ele-
ments with the twist angle of 150° and 180° seem to be the best
choice in this type of mixer. It should be mentioned that these re-
ported best twist angles (150° and 180°) were chosen based on
both mixing quality and flowrate (mixing time) in the mixer.

A similar analysis was performed for the LPD mixing elements in
the mixer with three angles of slope (β = 30°, 45° and 60°). Fig. 10
shows the variation of RSD in the LPD mixer at various angles of
slope as a function of the number of passes. The angle of slope
does not affect the RSD in the mixer noticeably. The particle flow
rate passing through the LPD mixer is 84.7 g/s for the slope angle
of 60° while it decreases to 19.6 g/s as the slope angle is decreased
to 30°. The reason for this trend is that decreasing the angle of
Fig. 10. RSD results for static mixers with LPD elements in different angles of slope β.



Fig. 12. RSD results for a hybrid static mixer with two 180° Kenics and one 45° LPD
blending element.
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slope decreases the available space for the flow of particles which in
turn reduces the particle flow rate. Considering both mixing quality
and flow rate of particles, the angle of slope of 60° is preferable for
LPD elements.

3.5. Effect of particle to tube diameter ratio

The particle diameter remained constant in all the simulations of this
work. For investigating the effect of particle to tube diameter ration on
the mixing efficiency, diameter of the static mixer with three Kenics el-
ements (bothmixer body and Kenics elements) was increased from the
base case (D = 60 mm, d/D = 0.0417) to D = 83.3 mm (d/D = 0.03,
simulation 8 in Table 2) and D = 125 mm (d/D = 0.02, simulation 9
in Table 2). Fig. 11 shows the variation of RSD as a function of the num-
ber of passes for various d/D values.During the first two passes, increas-
ing the tube diameter improves the mixing quality slightly. During the
first pass, the RSD decreases to 49.5% and 37.9% for D = 60 mm and D
= 125 mm, respectively. As the size and the total number of particles
were kept the same, the larger mixing zone can take more particles
and mix the particles more effectively. However, the three mixers per-
form the same as the number of passes exceeds three. The particle
flow rate increases with increasing the tube diameter (see Table 2).
This trend is expected since the cross section area for flow of particles
increases with the tube diameter which in turn increases the flow rate
of particles. Based on these results, larger values of tube diameter
(smaller d/D) are preferable in static mixers, at least in the range of
values studied in the present work. It should be mentioned that the ef-
fect of particle size on themixing behavior requires further research and
in this work only the effect of the mixer size (which affects d/D) has
been studied.

3.6. Type of blending element

A comparison between the two investigated blending element types
in their base design (180° Kenics and 45° LPD) is shown in Fig. 12. The
RSD graphs for these static mixers follow an almost identical trend.
The solid flow rate passing through the Kenics mixer is 77.8 g/s while
it is 47.5 g/s in the LPD mixer (see Table 2). This comparison demon-
strates better overall performance of the Kenics mixer. In fact, both
mixer types result in a similar mixing quality while the Kenics mixer
produces less resistance against the solid flow.

A hybrid static mixer was also tested by simulation in the pres-
ent investigation. The hybrid mixer is a mixer with two 180° Kenics
element (top and bottom) and one 45° LPD element (middle).
Evolution of the RSD over the number of passes in this mixer is
also shown in Fig. 12. It can be seen in this figure that the RSD for
the hybrid mixer is around 10% more than the corresponding values
Fig. 11. RSD results for 180° Kenics static mixers in different particle to tube diameter
ratios d/D.
for the base designs during passes one to three. In passes four and
five, the difference in RSD values almost disappears and the final
mixing limit is again attained in all mixers. The reason for this
trend is that difference might be found in the various flow and
mixing patterns of the Kenics or LPD static mixer. The latter (LPD)
shows a slower mean velocity but achieves almost the same mixing
quality as the Kenics base design, which has a more developed ve-
locity field (see Fig. 3). The combination of these different blending
elements could lead to a disturbance of the specific mixing pattern
of each element type, thus affects the mixing performance nega-
tively. The granular temperature and velocity gradient in a horizon-
tal sectional plane in the center of the hybrid static mixer are
visualized in Fig. 13. The granular temperature notably shows
fewer hotspots across the mixing zone in comparison with the
two base designs (see Figs. 4 and 5), which could be linked to the
uncoordinated velocity fields of different elements (LPD and
Fig. 13. (a) Granular temperature and (b) velocity gradient for the hybrid static mixer.
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Kenics), which leads to longer time required for a single pass. The
average time tp = 3.19 s for a single pass lies between the corre-
sponding values of the two base designs (see Table 2). The lower
granular temperature during mixing can be responsible for higher
RSD values. In addition, the velocity gradient in Fig. 13(b) has no re-
markable deviation from the two base designs (see Figs. 6 and 7).
Therefore, it cannot be responsible for the difference in the mixing
efficiency between hybrid and base designs.

4. Conclusions

Discrete element method simulations of static mixers were per-
formed in the present work. Results of simulations were validated
with the experimental data from literature. It was observed that the
simulation results are in good agreement with the experimental data.
Effects of mixer geometry (number of blending elements, angle of
twist, angle of slope and particle to tube diameter ratio) on mixing effi-
ciency, mixingmechanism andmixing timewere studied. Two different
types of blending elements, Kenics and LPD, were utilized in themixers.
The flow pattern of solids in the mixers was investigated using the ve-
locity field of particles, granular temperature (which represents the dif-
fusion mechanism of mixing) and velocity gradient (which represents
the shearmechanismofmixing). It was observed that the average solids
flow rate decreased constantly from101.8 g/s to 54.2 g/s formixerswith
2 to 5 blending elements, while themixing efficiency improvedwith in-
creasing the number of elements from two to four at a constant number
of passes and no noticeable difference was found between four and five
blending elements. Results of simulations on the effect of twist and
slope angles revealed that to obtain the maximum mixing efficiency
and maintaining the flow rate of particles high, the Kenics elements
with the twist angle of 150° and 180° and LPD elements with the
angle of slope of 60° are the best choices. It was also illustrated that
using a larger tube diameter value (smaller d/D) leads to the better per-
formance of static mixers. By comparing the mixing efficiencies and
flow rates of static mixers with different geometries, it was concluded
that the Kenics mixer with four elements at twist angle of 180°, and
LPD mixer with three elements at slope angle of 60° illustrate the best
performance in terms of quality of mixing and flow rate. A hybrid ar-
rangement of elements (a combination of Kenics and LPD elements in
one mixer) was also tested in the simulations and it was observed
that the hybrid arrangement weakens the quality of mixing.

Notation
D diameter of tube, mm
d diameter of particles, mm
E Young's modulus, Pa
e coefficient of restitution, dimensionless
Fij
N normal force, N

Fij
T tangential force, N

G shear modulus, Pa
g gravity acceleration, m/s2

h height of blending element, mm
I moment of inertia, kg.m2

L length of static mixer tube, mm
L1 length of upper compartment, mm
L2 length of mixing zone, mm
L3 length of lower compartment, mm
Mij

T tangential torque, N.m
Mij

r rolling friction torque, N.m
m mass of particle, kg
N total number of particles, dimensionless
n number of samples, dimensionless
nij normal vector, dimensionless
R2 correlation coefficient, dimensionless
R radius of particles, mm
RSD relative standard deviation, %
s thickness of blending element, mm
t time, s
tij tangential vector, dimensionless
U′ fluctuating velocity, m/s
Vs total volume of solids in the mixer, m3

v velocity of particle, m/s
x concentration, dimensionless
x average concentration, dimensionless

Greek letters
α twist angle of the Kenics element, deg
β angle of slope of the LPD element, deg
Δt time step, s
δ overlap of particles, m
~ηn damping coefficient, kg/s.m.0.25

θ granular temperature, m2/s2

μ friction coefficient, dimensionless
μr rolling friction coefficient, dimensionless
ν Poisson's ratio, dimensionless
νrN relative velocity of particle in normal direction, m/s
ρ density of particles, kg/m3

χ velocity gradient, 1/s
ω angular velocity of particle, rad/s

Subscripts and superscripts
0 initial state
eff effective
i, j particles i and j
N normal direction
p passing
r random mixture
T tangential direction
x, y, z Cartesian vector components

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.powtec.2019.02.014.
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