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aerodynamic systems are examined. In this study, simulation experiments were
carried out at 100 g/s and 200 g/s straw feeding values at each value of 18-15-
12-10-8-6-4 m/s air and straw inlet velocities. The flow near the cyclone walls
caused the straw particles to be directed towards the lower exit end of the
cyclone. At feed densities of 100 g/s and 200 g/s, the least particle output was
obtained at a rate of 18 m/s. The highest cyclone output efficiency was obtained
at feed densities of 100 g/s and 200 g/s at a velocity of 12 m/s. The compatibility
of the trial simulation results with the literature showed that the CFD-DEM
application is an important approach to study the behavior of particulate matter
in fluids.
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1. Introduction

The cyclone separator in the agricultural processing industry is considered one of the simplest
and least expensive pieces of equipment for gas particulate matter separation. But cyclones have a
complex flow pattern. Traditionally, the cyclone has been widely used in various industrial applications
due to its high efficiency, simple design, relatively low cost of maintenance, flexible structure, and low
power consumption (Wang et al., 2002; Marinuc and Rus, 2011;). One of the widely preferred areas is
its use in separation processes (Avci and Erel, 2003).
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Cyclones are designed tangentially or axially according to the inlet type. Generally, tangential
inlets are more commonly used for separation in cyclones. The fluid entering the cyclone gains a
rotational motion with the effect of inertial forces. This rotational motion causes the fluid to be affected
by the vortex motion. A relative movement in the radial direction occurs under the effect of different
inertia forces on phases with different densities in the fluid. Part of the dense phase is removed from the
flow area by the effect of centrifugal force (Sendogan, 2012).

The cyclone's input section, body length, discharge pipe diameter, fluid flow, and physical
qualities of the material employed all have an impact on cyclone efficiency. For these parameters to
work in harmony with each other, their values must be determined optimally. More experimental studies
should be done to determine these values (Sendogan, 2012).

There are two most important points in cyclone design and selection. These are efficiency and
pressure loss. The most important factors affecting the efficiency of the cyclone are the rate of entry of
the particles into the cyclone and the amount of particle feed.

Inlet velocity affects both efficiency and pressure drop. As a result, the velocity must be
improved. Cyclone performance can be enhanced under non-specific conditions by employing high
input velocities, but performance can be diminished by increasing cyclone diameter (Faulkner and Shaw,
2006). Especially in the optimization of cyclone-style separators where the design parameters are
dependent on each other, the use of programs that work according to computational fluid dynamics
models facilitates the design and optimization. The flow parameters of high eddy and turbulent fluids
may be easily calculated using computational fluid dynamics (CFD) models (Chu et al., 2011). As a
result, crucial information for forecasting the aerodynamic behavior of the cyclonic-style separation
process may be gained. Recently, high-order turbulence models using the unstable Reynolds mean
Navier-Stokes (RANS) formulation, such as the Reynolds Stress Model (RSM), have shown adequate
numerical estimate capabilities ( Jakirlic et al., 2002; Gronald and Derksen, 2011). Cortes and Gil (2007)
conduct a thorough examination of numerical CFD turbulence models for cyclone separators,
concluding that proper resolution of flow characteristics is required for a successful simulation. The
inclusion of particle matter in the cyclone's air flow necessitates extra modeling computations. As a
result, the best numerical approach is Cundall and Strack (1979)'s Discrete Element Method (DEM),
which uses the Lagrangian formulation technique to monitor each particle matter in the system
independently. One can accurately predict the particulate flow behavior by considering the fluid-particle
contact fundamentals of particle-particle, particle-boundary, and Newton's laws of motion (Peng et al.,
2020; Zhu et al., 2008; Chu et al., 2011) and can analyze all physical phenomena. A schematic flowchart
is shown in Figure 1 (Peng et al., 2020; Zhou et al., 2020) to provide an overview of the DEM algorithm.

Today, agricultural products (wheat, barley, etc.) are generally harvested with a combine
harvester, and the remaining straw is either made into bales or chaff is made with a straw shredder
machine (thresher machine). In small lands where the combine does not enter, the straw and seed parts
of agricultural products are separated by threshing machines with or without storage. In addition, the
harvesting and threshing processes of legumes such as chickpeas and beans are also carried out with
threshing machines, with or without storage. The straw coming out of these threshing machines needs
to be loaded, transported, and stored. The bagging process is widely used in the transportation or storage
of hay. The bagging process is costly in terms of labor and causes a lot of time loss.

This study aims to optimize the design of the cyclone (separator) part of the cyclone regular
straw bagging system, for which a patent application has been made for the straw bagging process by
using CFD and DEM methods. In this context, flow analysis and particulate flow (air-straw) analyses
of the cyclone, designed according to the literature, were carried out at different air inlet velocities with
CFD and DEM based programs. Time-dependent separation and cyclone yield analysis of straw at
different air velocities and feeding conditions in the cyclone were performed with CFD ANSY'S Fluent
and ROCKY DEM software. In this context, simulation experiments were carried out at 100 g/s and 200
g/s straw feeding values at each value of 18-15-12-10-8-6-4 m/s air and straw inlet velocities.
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Figure 1. Flowchart of the discrete element method.
2. Material and Method

The fluid phase motion is estimated using the Navier-Stokes equations in the continuous flow
model, which divides the system area into tiny cells (Drew, 1983; Fluent, 2009; Neuwirth et al., 2013;
Fonte et al., 2015; He et al., 2018). Fluid control in the cyclone is estimated in the CFD simulation using
Equation (1-2) to determine continuity/conservation of mass and conservation of momentum,
respectively. A finite volume approach was used to solve these equations using the CFD ANSYS-
Release-19 software within Selguk University.

02 4 Vowo=0 W

a(pfvf) (2)

+V(p foVf):— Vp+Vrtp fg-i-V(- p fu'iuj )

Where pr is the density of the fluid, t is the real-time, Ot is indeed the difference in operators at
period, vr is the mean flow rate, p is the pressure, and ¢ is the viscous stress tensor of the fluid, g
represents gravity, u; u]f represents the mean variable fluid velocity, and pru; u]'- represents the Reynolds
stress nonlinear component due to turbulence.

The Reynolds stress model (RSM) was adopted for the current investigation because of the
severe eddies and anisotropic turbulence within the cyclone (Gimbun et al., 2005; Xiang and Lee, 2005;
Wan et al., 2008; Gronald and Derksen, 2011; El-Emam et al., 2021).
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The primary strategy to follow the particle phase trajectory in the area under examination is to
use the Lagrangian method in DEM software (El-Emam et al., 2021). The motion of particulate matter
is split into two categories: translational motion, which is defined by Newton's second law (Equation 3),
and rotational motion, which is defined by Euler's law (Equation 4).

dui C £
m —= FS +FL+Fe (3)
1 1 1 i
dt Ejl
d())i o
Ii E = E Mij (4)

Where m; is the particle mass and u; and w; are the particle i's translation and rotation velocities,
respectively. The contact force and torque exerted on particle I by particle j or the wall, respectively, are
Ff; and M;;. Fif fluid-particle interaction forces, Fig gravitational force I; is the second moment of
particle i and t is time.

The Hysteretic Linear Spring Model (Walton and Braun, 1986) is utilized in this work to reduce
the overhead of extensive simulation times. Because the velocities and charge rates of surrounding
particles are ignored, the energy loss is unaffected by other connections. This model can also be due to
repeated compressible materials incorporating non-adhesive particle flow. ( Freireich et al., 2009; Fonte
et al., 2015; Almeida et al., 2016). The DEM approach produced and employed the following Equation
(5-8) to mathematically describe this model ( Walton and Braun, 1986; Rocky, 2018).
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Where Fin'T and F ?’(T'AT) are the actual contact forces at time T and time T—AT, respectively,
and AT is the time step. AS" stands for normal overlapping variation, whereas S™T and S™T~2T stand
for normal overlap in the present and past, respectively. The unloading and loading contact stiffnesses
are Krand K", respectively, and the wall or boundary is w. € is the restoration ratio, and Z is the particle
size. E; and E,, are the particle and boundary Young's moduli, respectively.

The Linear Spring Coulomb Limit Model (El-Emam et al., 2021) was used in this research to

determine the total tangential contact force of the particle shear force during tangential contact (Equation
9).
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FI'™ = min(FT™ + KPASE uFMT) ©)

Fl-t’T and F;t’(T_AT) are the tangentially contacting forces at the current and previous times,

respectively, St is the change in tangential overlap throughout the time step, and is the friction coefficient
indicating contact slip.

This numerical study used a one-way link between CFD and DEM, as well as an appropriate
friction correlation model, to anticipate the actual behavior of the particulate matter flow in the cyclone
separator ( Peng et al., 2020; El-Emam et al., 2021).

The Ganser drag model (Ganser, 1993; Fonte et al., 2015; Almeida et al., 2016) has been
successfully used since it is based on a single particle drag model. A discrete phase flow is a diluted
flow whereby each particle is dealt with separately (ElI-Emam et al., 2021). Another strong reason to
employ this model is that the particle matter in the simulation is non-spherical, having changing forms,
densities, characteristics, alignment, and concentration. Therefore, the Ganser drag model can be
accurately concluded using the particle relative Reynolds number and the two shape factors in the
governing equations, as shown in (Equation. 10-13).
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RepKIKZ
d, 2 1 d
K,=(—=+Z¢05) 2252 11
1(3dv 3¢ ) °D (b

0.5743

K,=10'$148Clog;00) (12)
pelve-uild
ep - Hl : (1)
£

Where the coefficient of friction is Cd, the Reynolds number is Rep, and the shape factors are
Stokes and Newton, respectively. d, is the diameter of a spherical particle whose reflected area is equal
to the reflected area of the real particle. The particle's sphericity is @, the diameter of a solid sphere with
the same volume as the real particle is dv, the fluid viscosity is pr, and the particle diameter is D.

Numerical simulations were run in CFD ANSY S-Release-19 on a machine with an Intel(R) 2.10
GHz CPU and 16GB of RAM for this work, as well as in ROCKY DEM software, which was provided
with a 6-month trial version. Here, the unidirectional coupling of the CFD-DEM is used since the
movement of particles is only affected by the airflow (dilute flow), and the particle velocity at the inlet
of the cyclone is considered to be the same as that of the surrounding air (Elghobashi, 1994; Elsayed
and Lacor, 2014; ElI-Emam et al., 2021). It is also recommended for the simulation of large particles in
one-way coupling and unlimited homogeneous flows with different particle densities (Elsayed and
Lacor, 2011; Fonte et al., 2015; Almeida et al., 2016). The general view of the cyclone used in this study
is given in Figure 2, and its dimensions are given in Table 1 The cut-off size of this cyclone was not
determined in this study because the basic working principle of the cyclone in this study is that it will
be used for packing or bagging the straw by separating the air from it.
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Table 1. Dimensions of thedesign componentse

Companent Geometry Dimensions (mm)
Cyclone diameter Dc 320
Cylinder length Lc 420
Cone length Zc 950
Vortex diameter Dv 120
Vortex length Lv 130
Straw outlet duct Do 100
Straw and air intake duct Di 100

First, three-dimensional unstructured networks (Slacket al., 2000; Chu et al., 2011) were
arranged on the designed cyclone (Fig. 2). The goal here is to resolution-independent is network
resolution independent. It has been found that the solution has changed with the network improvements
made in the cyclone. This indicates that a network-independent solution has yet to be found. As a result,
network enhancements were made, and the process was repeated until the solution remained unchanged
as the network changed. The y+ value was assumed to be between 30 and 100 for these operations (El-
Emam et al., 2021). The cyclone mesh network has a total of 98.255 cells. The CFD solution was then
transferred to DEM to execute the CFD-DEM merger simulation after network independence was
established.

In CFD simulations, the liquid film flow (air) conditions were used (ElI-Emam et al., 2021). The
air characteristics in the cyclone were modified to be turbulent, with a temperature of 25°C, a density of
1,225 kg/m®, and kinematic viscosity of 1.7894 106 kgm/s. To show the impacts of airflow, the RSM
turbulence model is combined with typical wall functions. For each calculation model, the y+ value is
between 30-100. This shows that the nodes closer to the wall are in the log-log layer and not in the
laminar substrate (EI-Emam et al., 2021). The terminal velocity for wheat straw varies between 4.80-6
m/s (Khoshtaghaza and Mehdizadeh, 2006). In this study, straw and air intake velocities were applied
as 18-15-12-10-8-6-4 m s™' inside the cyclone. Each velocity application has been tested at 100 g/s and
200 g/s straw inlet feed densities. Thus, a total of 200 g and 400 g straws have been entered at the
cyclone input for each velocity value application. The DEM simulation values for the straw are given in
Table 2. A straw particle of the same size was used to get a faster and more accurate result of the
simulation time.

Table 2. DEM simulation values of straw

Property Unit Straw
Particle Shape - Straight fiber
Dimensions mm 5 (Equivelant diameter) x 20
Density kg/m? 200 (O'dogherty et al., 1995; Annoussamy et al., 2000)
Number of particles - 18000
Coefficient of friction (straw-straw) - 0.3 (Sitkei, 1987)
Coefficient of friction (straw-steel) - 0.8 (Liu et al., 2018)
Coefficient of restitution 0.2 (Lietal., 2018)
Rolling resistance 0.3
Poisson's ratio 0.4 (Lietal., 2012; Liu et al., 2018)
Shear modulus of straw GPa 0.001 (Liu et al., 2018)
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Figure 2. Cyclone model and mesh network.

One-way CFD-DEM coupling simulation was performed for each velocity value. A total of 14
different simulations were run, including air velocities and different feed densities. For each operating
case, particulate matter was given proportionately to the air velocity at the inlet of the cyclone. The total
simulation time was selected as 6 seconds before starting the simulations. The airflow was operated until
the conclusion of the simulation period, while the cyclone was fed constantly till the 2nd second of the
simulation time. Cube was made using the Processes component of Rocky's Particle program. With this
Cube feature, the inlet and outlet mass values of the cyclone from both the inlet channel (Di) and the
outlet channel (Do) of the straw to the straw are graphically and numerically taken with 0.1 second
intervals from the first moment of the straw starting the flow (Oth second) to the 6th second. Calculations
under these conditions took approximately 40 to 60 hours, depending on each velocity value.

The output efficiency (s) was obtained in this study to evaluate the cyclone efficiency. The
output efficiency (Equation 14) was computed by comparing the number of straws at the cyclone intake
(feed) to the number of straws at the outflow (product) ( Vose, 1978; Farran and Macmillan, 1979;
Stepanenko, 2017; El-Emam et al., 2021).

The amount of straw entering the cyclone

= 1
"™ The amount of straw coming out of the cyclone x100 (14)
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3. Results and Discussion

Due to severe turbulence and violent vortex, cyclone separators have a complicated velocity
profile at high air intake velocities. The findings of the CFD simulations looked at in this study were
compared to varied velocities and velocity variations along the cyclone borders. To acquire an exact
result of extraction efficiency and to depict the rotational properties of the airflow, a precise estimate of
velocity variation levels is necessary. The Rankine vortex type is defined by the velocity profile that
forms the typical flow shape ( Peng et al., 2002; Cortes and Gil, 2007; Kozotub et al., 2017). The flow
within reverse flow cyclone separators must follow this flow arrangement (Figure 3). On the outside,
there is a free vortex, and in the middle, there is a forced vortex. The hay is forced out by the flow
towards the cyclone barriers. The fluid flow direction in the core part of the cone section is inverted
upwards, directed from the vortex finder to the cyclone exit. Figure 3 depicts the velocity profiles for

the cyclone's various air input velocities.
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Figure 3. Velocity profiles in the cyclone of different inlet velocities.

In all of the different velocity combinations, the sidewalls of the cyclone had higher velocities
than the center. The pressure distribution depending on the velocity profiles within the cyclone is shown
in Figure 4. Positive high-pressure is seen at the entrance of the cyclone and on the side walls (cylinder
(Lc) walls). This might imply that the wind in this location will have a greater influence on the straw
particons than in others. While the pressure decreases in the middle of each cyclone, the pressure
becomes negative at the vortex outlet (Dv). The streamline reverses its path towards the center of the
cyclone near the end of the negative pressure zone, and air exits the cyclone through the vortex outlet.
This situation is seen in Figure 4. The pressure on the sidewalls of the cyclone also increased due to the
increase in air entry velocity into the cyclone. The flow near the cyclone walls is intended to push heavy
particles towards the lower outlet end of the cyclone.
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Figure. 4. Pressure distributions in the cyclone of different inlet velocities.

It is known that the majority of flow particles accumulate on the cyclone intake wall shortly
after entering and then drop in strips (Wang et al., 2006; Li et al., 2009). As seen in Figures 5-6 and 7,
particle behavior can be accurately captured by the current CFD-DEM model. It is seen that the flow
reaches a steady state after 2 seconds, which is consistent with the literature (Chu et al., 2011).

The separation efficiency found in the cyclone is reflected in the spiral flow pattern of the straw.
Particle flow usually enters the perimeter from the cyclone intake, and spirals are created around the
barrel portion towards the top of the cyclone, as images of the simulation result from different time steps
plainly demonstrate. They flow tangentially down to the conical section of the cyclone, generating an
outer vortex. The higher air velocity in the outer vortex of the barrel section causes the heavier particles
(straws) to be separated from the flow stream and gathered towards the cyclone wall due to increased
centrifugal force. When the flow reaches the conical part, the air velocity drops drastically and creates
an internal vortex. During this process, the straw fall from the end of the conical section as the airflow
escapes the vortex finder. The flow of straw in the cyclone at rates of 4 m/s, 10 m/s, and 18 m/s is given
as an example in Figure 5-6 and 7, respectively. It is seen that the straw moves from the cyclone walls
to the straw outlet channel with the effect of the pressure on the cyclone wall. Similar relationships were
also seen in other velocity trials and feeding values.

The time-dependent changes in the amount of straw particles coming out of the cyclone were
examined at each velocity value. The output amounts of the straw particles were observed at a rate of at
least 18 m/s at both 100 g/s (Figure 8) and 200 g/s (Figure 9) feed densities. The high velocity value
prolonged the residence time of the straw in the cyclone and caused it to leave the cyclone later. With
the increase in the cyclone inlet velocity, the straw output decreased at different simulation times due to
the increase in the centrifugal force acting on the straw and the increase in the number of eddy rotations
( Karpov and Saburov, 1998; Figici, 2006). This was particularly evident at the cyclone input velocities
of 15 m/s and 18 m/s. The decrease in time-related product output at high air and hay input velocities
was caused by the increase in the length of time the straw remained in the cyclone. Researchers have
reported that gas velocity, particle inlet density, and particle diameter have increased particle residence
time (Dibb and Silva, 1997; Corréa et al., 2004; Corréa et al., 2004; Farias et al., 2013). Corréa et al.
(2004a) study foundthe that if cyclone air flow rate increases from 8.6 kg/s to 9.25 kg/s, the residence
time of the particle in the cyclone increases from 0.67 s to 1.27 s.

When we examine the Figures, it can be seen that many straws reach a steady state at the base
of thclone in the 2.1 the second of the simulation period. However, it is seen that the straw flow at the
highest velocity of 18 m/s is more unstable than the straw flow at the lower velocity values. We can
explain the reason for this as the turbulent flow that occurs in the cyclone at high velocity.
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Figure 5. Time-dependent movement of straw in the cyclone at an inlet velocity of 4 m/s.
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Figure 6. Time-dependent movement of straw in the cyclone at an inlet velocity of 10 m/s.
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Figure 7. Time-dependent movement of straw in the cyclone at an inlet velocity of 18 m/s.
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Figure 8. Total particle output amount of different velocities (at 100 g/s feed density).

The output efficiency at the end of the 6th second of the simulation was investigated at different
air and straw inlet velocities and different straw inlet dinties into the cyclone (Figure 9). Output
efficiency of both 100 g/s and 200 g/s straw inlet densities decreased at high inlet rates of 15 m/s and 18
m/. The highest output efficiency at 100 g/s and 200 g/s inlet densities were calculated as 93.8% and
96.4% at 12 m/s air inlet velocity, respectively. At low flow rates, the centrifugal force is weak, making
regular flows of particles difficult. As a result, the output efficiency may be lower. At higher flow rates,
however, the centrifugal force is strong, and the turbulent kinetic energy increases. This also affects the
stability of the cyclone inflow field. This effect will intensify the back-mixing of particles and cause a
reduction in output efficiency. In this study, there was a decrease in cyclone output efficiency at very
low velocity and very high velocity. Ma et al. (2015) reported that in their three different cyclone designs
and different flow rates (30-40-50-60-70 m*/h), they achieved the highest output efficiency of 50 m*/h
flow rate. They reported reduced output efficiency at very low and very high flow rates in each cyclone
model.

The increased feed density in the cyclone at the same air inlet rates has increased the hay output
efficiency. Lim et al. (2003) reported that increased particle inlet density increases cyclone yield. Huang
et al. (2018) explained in their study results that increasing particle mass loading improves separation
efficiency. The separation efficiency is proportional to the residence time of the straw particle in the
cyclone.

100

m200 g/s m 100 g/s

954 96,0 95.4 96,1 204
95 93,6 93,0 023 93,8 o1
90,3
90 88,6
87,1
85
80 77,8
75
70 _ T T T T T T
4 6 8 10 12 15 18

Input velocity (m/s)

Output efficiency (%)

Figure 9. Cyclone output efficiency at different inlet velocities and feed densities.
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4. Conclusion

The amount of straw particles exiting the cyclone was analyzed in a time-dependent manner in
this study using CFD and DEM methods in a designed cyclone.

Reynolds stress turbulence model was used since the cyclone has a complex turbulent flow type
as its flow type. During the simulation, the drag model caused the straws to form trajectories towards
the bottom of the cyclone. According to the simulation results, there was an increase in pressure on the
side walls of the cyclone due to the increase in the air inlet velocity to the cyclone. The flow near the
cyclone walls caused the straw particles to be directed towards the lower exit end of the cyclone. At feed
densities of 100 g/s and 200 g/s, the least particle output was obtained at a rate of 18 m/s. The high
velocity value extended the residence time of the straw in the cyclone and delayed the separation of the
straw from the cyclone. The highest cyclone output efficiency was obtained at feed densities of 100 g/s
and 200 g/s at a velocity of 12 m/s. In addition, the increase in feeding density at constant air inlet
velocity entering the cyclone increased the straw output efficiency. The simulation analysis results of
the straw flow in the cyclone were found to be compatible with the literature. Thus, straw bagging or
packaging will also guide in terms of improving the designs by using CFD and DEM simulation methods
before cyclone designs. This research was the first attempt to model the airflow of straw particles using
a cyclone separator.
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