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Simulation and test on separating cleaning process of flax threshing
material based on gas-solid coupling theory
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Abstract: In order to further clarify and improve the working performance of separating cleaning device of flax threshing
material, and study the motion law and characteristics of components of flax threshing material, in this paper, numerical
simulation was carried out on the separating cleaning process of flax threshing material based on CFD-DEM method.
Simulation results showed that the components of flax threshing material were separated and cleaned under the influence of
airflow field, meanwhile, variation curves of quantity and mean velocity of flax seeds in the separating cleaning system were
obtained. By referring to streamline distribution of gas-solid coupling, the quantity variation law of components of flax
threshing material with time was explored and their motion curves and variation tendency of average velocity were studied.
Verification test results showed that the cleaning rate of separating cleaning device for flax threshing material was 92.66% with
1.58% of total separation loss. Compared with simulation results, the test results were 1.34% and 0.93% lower, showing that
it is feasible to apply the gas-solid coupling theory and method to simulate the separating and cleaning operation of flax
threshing material.
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1 Introduction

Flax, also called oil seed flax, is extensively distributed as an
oil crop in 40 countries in five continents of the world, among
which Asia and Europe have the largest planting area, followed by
America. The countries with the highest flax production are India,
the Soviet Union, Canada, the United States, and China. Flax is
one of the important oil crops and cash crops in Northwest and
North Chinall. At present, oil and fiber flax varieties are mainly
grown in developed countries in Europe America, for the
advantages of lodging-resistance and consistent maturity, and
adaptability to mechanized combine harvesting with low content
impurity rate, and can be directly sent for cleaning to obtain clean
flax seeds; however, since the intelligent cleaning equipment in
foreign countries has high precision as well as high price, it is not
suitable for large-scale flax production in Chinal?.  Currently, flax
is generally harvested in stages, and mechanized combine
harvesting technology of flax and its equipment are still in testing
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design and development. In order to satisfy the requirement of
intensive processing, flax threshing material obtained under two
working modes should be further separated and cleaned.
Therefore, by considering the integration of orderly vibration
feeding and efficient winnowing, and adopting the principle of
separating cleaning by air flow, a separating cleaning device for
flax threshing material was developed in this study.

There are generally two methods of grain separating cleaning:
air-and-screen cleaning and airflow cleaning®#. The former is
more applied on rapeseed combine harvesters, which clean
rapeseeds through a combination of fan and different types of
vibrating sieves.  However, for large size of sieves and
complicated air duct, they are not suitable to work as key
components of small-scale separating cleaning machine for flax
threshing material. Cyclone separating cleaning system mainly
adopts the principle of airflow cleaning, which is generally applied
in agricultural machinery operation systems, such as small-scale
rice-wheat combine harvester, rapeseed combine harvester, cyclone
separating cleaning testbed, with advantages of good cleaning
effects and compact structure, therefore, this principle can be
applied in the separating cleaning operation of flax threshing
material®™. In view of the little difference of components of flax
threshing material that are easily mixed together and can cause
separation loss, the separating cleaning device for flax threshing
material based on two-stage harvesting need to be further studied.
Therefore, in order to improve the working performance of the
device, based on gas-solid coupling theory, in this study, the
CFD-DEM method was adopted for numerical simulation on the
separating cleaning process of flax threshing material in the device,
and the motion law and characteristics of the components of flax
threshing material were studied to find out the quantity and velocity
variation of threshing material in different regions.



74 January, 2020 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org

Vol. 13 No. 1

2 Structure of separating cleaning device and
working principle

2.1 Structure

The separating cleaning device for flax threshing material is
mainly composed of a vibrating feeding system, airflow cleaning
system, vibrating frequency control box, residue discharge system,
and material receiving device, dust collecting drum, body frame
and road wheels. The structure of the separating cleaning device
is shown in Figure 1.

1. Body frame 3. Road wheel

2. Vibrating frequency control box
4. Electromagnetic vibration exciter 5. Flax seed receiver 6. Residue receiver
7. Residue outlet 8. Settlement hopper 9. Dust collecting drum  10. Cyclone
separation dust remover 11. Dust collection pipe 12. Residue absorption fan
13. Seed separation device 14. Feed tray 15. Feeding hopper

Figure 1  Structure of the separating cleaning device for flax

threshing material

Among them, the feeding system of the separating cleaning
device is mainly composed of a feeding hopper, a feed tray, and a
rear electromagnetic vibration exciter, and its vibration amplitude
can be adjusted by the vibrating frequency control box!®: the
airflow cleaning system is mainly composed of a seed separation
device, a seed receiver, a residue absorption fan, air pipe, dust
collection pipe and a cyclone separation dust remover, and the
rotating speed of the residue absorption fan is also adjusted by the
vibrating frequency control box; the residue discharge system is
mainly composed of a settlement hopper, an automatic residue
discharge mechanism, a residue outlet and a residue receiver,
which can realize discharge of residue of flax threshing material.
Therefore, this device can separate and clean the components of
flax threshing material and discharge the residue in different
working regions. The main technical parameters of the operation
machine are shown in Table 1.

Table1 Main technical parameters of operation machine

Parameters Value
Machine size (length <width ><height)/m>m>m 1.81>0.83x%1.72
Total weight/kg 180
Prototype power/kW 0.75
Quality of automatic discharging discarded/kg 0.26-0.31
Electromagnetic exciter amplitude/mm 0-30
Conversion frequency of the suction fan/Hz 0-60
Rotate speed of the suction fan/r min™ 0-1800
Productivity/kg ™ 50

2.2 Working process analysis

In the working process, the separating cleaning device for flax
threshing material first adjusts vibration frequency of the
electromagnetic vibration exciter and rotating speed of the residue
absorption fan through the vibrating frequency control box. After
harvesting by the combine harvester, the flax threshing material is

fed through the feeding hopper, and under the influence of the
inclination angle of the feeding hopper and the influence of
intermittent vibration of the electromagnetic vibration exciter, flax
threshing material is uniformly transmitted into the seed separation
device. Currently, under the influence of the residue absorption
fan, the material becomes suspended instantly, then the full flax
seeds fall into the seed receiver under gravity. Meanwhile, the
capsules, short stems, wizened or broken seeds of flax material
enter the settlement hopper with the absorption airflow. With the
increase of sectional area of the air duct of the hopper and
slowdown of air velocity, the residue accumulates in the automatic
residue discharge device along the inclined wall of the hopper.
When the mixture of residue accumulates to a certain quantity, the
automatic residue discharge device opens instantly and the residue
falls into the residue receiver. Influenced by the residue
absorption fan, dusts and light residue in the threshing material
directly enter the cyclone separation dust remover, to ensure they
enter into the dust collecting drum.

3 Simulation-based mathematical model

3.1 Solid phase governing equation

In the discrete element theory, the rectilinear motion and rotary
motion of particles abide by Newton's second lawt. In
simulation calculation of separating cleaning of flax threshing
material, first, the contact situation between particles in the
computational domain is determined, then the acting forces,
counterforces and displacement are determined based on Newton’s
third law, and the new unbalanced force between adjacent particles
produced by relative displacement is calculated based on Newton's
second law. The entire particle population is traversed by
iterative calculation until the forces on particles become balanced™!.
The specific governing process can be described by Equations (1)
and (2):

v
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where, m; is particle weight, kg; t is acting time, s; V; is particle
velocity, m/s; f; is the force on the particles, N; I; is rotary inertia of
particles, kg m?% @ is angular velocity of particles, rad/s; M; is
the torque on particles, N/m.
3.2 Gas phase governing equation

The air motion in the flow field abides by the mass
conservation equation, momentum conservation equation and
energy conservation equation. The turbulence model in
simulation is the k-e model, which has high robustness and can
precisely capture the data variation of each point in a flow field®*2.
The equations of kinetic energy k and dissipation rate ¢ in the
standard k- model are
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where, p is the fluid density, kg/m®; 4 is the dynamic viscosity, Pa s;
X; is the x coordinate variable, mm; Gy is the turbulence kinetic
energy term caused by the average velocity gradient; G, is the
turbulence kinetic energy term produced by buoyancy; Yy, is the
influence term of compressible turbulent pulsation expansion on
total dissipation. The model constants are C;,=1.44, C,,=1.92,
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C5,=0.09, with Turbulent Prandtl numbers of turbulence kinetic

energy k and dissipation rate of ¢,=1.0, 6,=1.3. Turbulence
2

viscosity coefficient x4 = pC,—.
&

4 Model establishment and parameter setting

4.1 Model establishment and computing mesh division

The 3D structural diagram of the separating cleaning device for
flax threshing material was drawn in Solidworks (Figure 2), then it
was simplified by deleting irrelevant components in the simulation
process. Then the diagram was saved as “.x_t” in universal data
format and imported into ANSYS workbench. Then the fluid
domain of the model was extracted by Geometry in ANSYS
workbench, and at last, the highly adaptable unstructured
tetrahedral mesh was adopted for mesh division in the meshing
module. 139761 unstructured tetrahedral meshes were generated
in the whole model, and among them, the fan had 5798
meshes!*?*3],

0 250 500 750 1000 mm
[ S— s—]

Figure 2 Mesh model of the separating cleaning device

Then the mesh model was imported in the FLUENT, after
checking, no meshes of negative volume were produced, then MRF
(Moving Reference Frame) was adopted for simulation.
4.2 Material model and parameter setting

According to the components of flax threshing material (Figure
3a), the three kinds of material entering the separating cleaning
device during the numerical simulation process were seeds, glumes
and dusts, as is shown in Figure 3b, 3c, 3d and 3e respectively.

a. Flax threshing material

b. Seeds
c. Glumes d. Stems e. Dusts

Figure 3 Different components of flax threshing material and
their discrete element models

The parameters of flax threshing material in EDEM are shown
in Table 2. The recovery coefficients of all material were set as
follows: particle-particle recovery coefficient was 0.2, particle-stalk
recovery coefficient was 0.2; recovery coefficient between particles
and the enclosure wall was 0.5; the static friction factors of all
material were set as follows: particle-particle static friction factor
was 1; particle-stalk static friction factor was 0.8, that between
particles and the enclosure wall was 0.58; the dynamic friction
factor among all material components was set as 0.0124°1,

Table 2 Flax threshing material parameters in EDEM

Material Poisson’s ratio  Shear modulus/MPa Density/kg m™
Seeds 0.25 10 750
Glumes 0.25 12 100
Stems 0.25 100 150
Dusts 0.25 100 50

The feeding amount of the separating cleaning device for flax
threshing material was set as 0.03 kg/s, according to the ratio of
grain to straw and dust impurity of the flax threshing material, it
was calculated that material produced 575 seeds, 1250 glumes,
1250 stems and 150 dust particles per second. Based on the
results of previous researches, the rotating speed of the impurity
absorption fan of the separating cleaning device was 1750 r/min,
time step in simulation was 110 s and simulation lasted for 3 s.
4.3 Coupling parameter setting of the model

Dynamic mesh model was adopted to simulate the rotation of
the impurity absorption fan. By loading “.prof” file in boundary
condition, the rotating speed of the fan can be controlled (rotating
speed was the same with that set by EDEM). Time step in
simulation was 110 s.

Gas phase simulation was carried out in FLUENT by taking air
as fluid medium with density of 1.2 kg/m® and viscosity of
1.8x10° Pas. Standard k-¢ was taken as the turbulence model for
transient calculation. The wall surface of the pipeline was a
non-slip wall.  The pressure-based SILPLE algorithm was applied
to solve the velocity field and the pressure field. Second order
upwind scheme was adopted for the momentum term.  First-order
upwind scheme was adopted for the turbulent flow kinetic energy
and turbulent dissipation rate with residual accuracy of 10%s. In
coupling calculation, since the solid phase volume fraction was less
than 10%, which belongs to dilute phase pneumatic conveying
system, so the Euler-Lagrangian coupling model was selected.
The Ergun and Wen & Yu model that can well adapt to the void
ratio was adopted as drag force model, meanwhile, Magnus lift and
Sevman shear were recorded!®*™],

5 Simulation process and result analysis

5.1 Threshing material motion law in separating cleaning

In the early relevant work performance test of prototype,
when the electromagnetic exciter amplitude of the vibration feeding
system was controlled at 14-18 mm, and the conversion frequency
of the suction fan of the air cleaning system was controlled
at 50-60 Hz (the corresponding rotating speed is 1500-1800 r/min),
the operating machine had a strong adaptability to flax threshing
material®®.  So according to the working principle of the
separating cleaning device for flax threshing material, the motion
process and law were simulated by setting the rotating speed of the
residue absorption fan as 1250 r/min, 1500 r/min and 1750 r/min
respectively, to produce components of flax threshing material
(seeds, glumes and stems) and dusts at initial speed of 0 m/s.
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Figure 4 Motion process and law of threshing material in separating cleaning

The simulation time tends to be stable after 3 s, so the
Figure 4a-4i show the motion process and law of flax threshing
material in the separating cleaning device when the rotating
speed of the residue absorption fan was 1750 r/min during time
period t=0.52- 2.92 s. Since CFD-DEM coupling was started
under the condition of convergent and stable flow field, when t=0 s,
the EDEM numerical simulation was approximately the working
status of the separating and threshing device for flax threshing
material. When t=0.52 s, the threshing material plant started to
produce flax seeds, glumes, stems and dusts with a feeding quantity
of 0.03 kg/s and an initial speed of 0 m/s, and became
instantaneously suspended after entering the seed separation device,
as is shown in Figure 6a. When t=0.62 s, flax threshing material
was separated under the influence of negative pressure produced by
the rotation of the residue absorption fan. The full flax seeds fell
into the seed receiver under gravity, and at the same time, flax
glumes, stems and dusts fell into the settlement hopper through the
seed separation device. When t=0.82-1.20 s, disturbed by the
rotary airflow field of the residue absorption fan, flax threshing
material started flip-flop movement in the settlement hopper, and in
this process, the threshing material was mainly influenced by
gravity, pressure gradient force, drag force, spinning lift force
and the impact from hopper wall, and some flax glumes, stems
and just a few seeds were retained at the lower end of the
settlement hopper.  Stirred by the winnower of the residue
absorption fan, the dust particles in the threshing material

accelerated the air within the device and entered the cyclone
separation dust remover through dust collection pipe (Figure 4f).
When t=1.82 s the dust particles in the threshing material became
suspended in the cyclone separation dust remover, and started
circular motion around the drum of the dust remover to realize dust
separation. When t=2.32-2.92 s, the material quantity in the flax
separating cleaning device kept stable. After threshing material
entered the device, different components can be separated and
cleaned under influence of high-speed air flow. Meanwhile, it
was found in the simulation process that, for the light weight of
flax seeds and glumes, a few seeds were brought into the settlement
hopper under the high-speed rotation of the residue absorption fan,
and glumes also enter the dust remover with material and
dusts™.  Therefore, other than the feeding quantity of threshing
material and vibration amplitude, the influence of the rotating
speed of the residue absorption fan on the separating cleaning
effects of the device was very important. After simulation of
separating cleaning, the results were calculated and analyzed, and
the grain cleaning rate after numerical simulation was 91.32% with
total separation loss of 2.51%.
5.2 Quantity variation of flax seeds in the entire region

In the process of separating cleaning, flax threshing material is
mainly composed of seeds, glumes, stems and dusts. The
separating cleaning of flax seeds were the most important and the
number of flax seeds were the key to seed cleaning rate. Under
the rotating speed of residue absorption fan of 1750 r/min, the
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quantity variation curve and tendency of flax seeds in the entire
region is shown in Figure 5.

500
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Time/s
Figure 5 Variation curve of quantity of particles with time in the
entire region

Figure 5 shows that, when t=0.40 s, flax threshing material
entered the seed separation device under the influence of
electromagnetic vibration exciter and material receiver, and flax
seeds increased in a linear trend when t=0.40-0.75 s. It was found
in the simulated motion process and law of the flax threshing
material in separating cleaning that, flax seeds were mainly
concentrated in the seed separation device and the settlement
hopper. Therefore, after t =1.00 s, along with the continuous
operation of residue absorption fan, the flow field within the
separating cleaning device was basically stable, and the number of
flax seeds in the above-mentioned regions were basically consistent,
in this case, continuous particle flow of flax seeds at the lower end
of the seed separation device fell into the material receiver under
gravity.

5.3 Velocity variation of flax seeds in the entire region

The variation curve of the velocity of flaxseeds with time in
the entire region is shown in Figure 6. When t=0.40-0.80 s, flax
seeds enter into seed separation device with threshing material and
became suspended under the influence of residue absorption fan.
The velocity of flax seeds gradually increased with time of moving.
At around t=0.80 s, the average velocity of flax seeds changed
abruptly. This was because the full flax seeds suddenly dropped
under gravity to the seed receiver after the status of instantaneous
suspension. After t =1.10 s, the velocity of flax seeds became
stable and kept at around 0.90 m/s.
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Figure 6 Velocity variation curve of flax seeds with time in the
entire region

5.4 Variation of quantity and velocity of components of flax
threshing material in different regions

Material retention in each region in the device after separating
cleaning is one of the most important performance indicators that
influence cleanliness of flax harvesting. During the test, it was
found that the components of flax threshing material were found in
the four regions as shown in Figure 7. Therefore, it is necessary to
analyze the quantity and moving velocity of the components of
material from region 1 and region 4 under influence of solid-gas flow,

to find out the influencing factors for retention of components of the
threshing material2%2,
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Figure 7 Different motion regions of flax threshing material in
separating cleaning process

The study above shows that, the material kept at stable status
after t=0.80 s. Therefore, under rotating speed of 1450 r/min of
the residue absorption fan, the separating cleaning process of
material in the device was observed and analyzed based on
CFD-DEM coupling, and the variation of quantity and average
velocity of flax threshing material in different regions is shown in
Figure 8 and Figure 9.

The streamline trajectories in Figure 8a-e show that, flax seeds
mainly stayed in region 1 and region 2, and formed a continuous
particle flow in the seed separation device. In the region 2 of the
settlement hopper, the flow field distribution and streamlines were
in disorder, mainly because the region was a key unit that
connected the seed separation device and residue absorption fan as
well as cyclone separation dust remover. The four different
components of flax threshing material had motion and retention in
mixture, which seriously disturbed the distribution of flow field of
gas-solid coupling. The distribution streamlines in the residue
absorption fan show that, the wind pressure in region 3 basically
kept unchanged and intensity of pressure was the highest at the
contacting point at the tip of the blades and decreased gradually
long the rotating direction. In the region 4 in the cyclone
separation dust remover, the main material was dusts, therefore, the
flow field distribution was uniform in the drum and streamline
trajectories were consistent. The dusts had centrifugal rotation
along the drum wall of the cyclone separation dust remover and
discharged through the lower outlet.

The variation curves of the quantity of components of flax
threshing material with time in different regions are shown in
Figure 9.

Figure 9a shows that, flax seeds were mainly in region 1 of the
separating cleaning system. Only several seeds in region 3 were
retained and no flax seeds entered in the region 4, indicating that
some of the seeds in region 3 might circulate along with the rotary
flow field of the residue absorption fan.  The variation tendency of
the quantity of flax stems and glumes in each region was basically
the same (Figures 9b and 9c), and mainly accumulated in the
hopper region 2, since there were insignificant difference in mass
of them; flax stems and glumes were discharged through the
automatic residue discharge mechanism after accumulating to a
certain amount, therefore, the number of flax stems and glumes
increased linearly after 0.7 s. Figure 9d shows that the dusts did
not stay in region 1 and region 2 after entering the separation
device in the early stage, so the variation tendencies in the two
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separation dust remover.
The variation curves of the average velocity of components of
flax threshing material with time in different regions are shown in

regions were relatively consistent. Except for a very small
number of flax stems and glumes, almost all the dusts entered the
cyclone separation dust remover influenced by the residue

absorption fan, and rotated along with the suspended airflow. Figure 10.
More and more dust particles accumulated in the cyclone
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Figure 8 Motion analysis on components of flax threshing material in different regions
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Figure 10 Variation curves of the average velocity of components of flax threshing material with time in different regions

Figure 10a shows that when flax seeds fall in a continuous
particle flow in the separation device, the speed of falling into the
seed receiver was stable, which was about 1 m/s; some seeds had
flip-flop movement in the 2nd region of the settlement hopper and
gradually fell into the automatic residue discharge mechanism at
last, and the seed velocity reduced from 3.25 m/s to 0 m/s. It can
be observed from Figure 10b and 10c that, the variation tendency
of average velocity of flax stems and glumes in region 1 was
basically the same: the movement speed began to increase after
0.4 s and became stable when it reached 2.5 m/s. Most flax stems
and glumes in the threshing material were separated and retained in
the hopper region 2, however, for light weight, the stems and
glumes accumulated at the bottom of the hopper still had flip-flop
movement influenced by the swirling airflow field in region 2.
Therefore, the final motion velocity remains at 0.5 m/s. In the
region 3 of the residue absorption fan, velocity curves show that the
average velocity of the flax stems fluctuated between 1.5 and
3.0 m/s, and the average velocity of flax glumes was kept at 1.5 to
4.0 m/s. It shows that a small amount of flax stems and glumes
were permanently retained in the enclosure of the residue
absorption fan and fluctuated within a certain range of velocity
with the rotation of fan blades. It is also found that there are
several flax glumes entering into the cyclone separation dust

remover along with the flax glumes after 1.9 s.  Figure 10d shows
that, the dusts had obvious variation tendency in velocity with
initial motion time of 1 s in region 3. After 1.5 s when the flow
field of the separating cleaning system became stable, the mixed
dusts were sent into cyclone separation dust remover by the residue
absorption fan at a stable velocity, and the suspended velocity of
dusts in the cyclone separation dust remover kept changing around
3.0 m/s.

6 Test verification

In August 2018, the on-site operation demonstration and
operation performance test of the separation and sorting device for
flax threshing material were carried out in Tiaoshan Farm of Jingtai
County, Gansu Province. The test material was selected from the
threshing material (mainly flax seeds, capsules and short stems) of
Longya No. 14 during flax harvesting. The average number of
capsules per plant was 24.1 and the average number of capsules
was 7.2, and the average thousand seed mass was 8.1 g, the yield
per plant was 0.95 g, and the moisture content of the threshing
material was 11.6%. Before the test, the test machine was in
racing, and the vibration amplitude in feeding (0-30 mm) and the
variable frequency of rotating speed of the residue absorption fan
(0-60 Hz) were debugged.
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According to the expected design function of the test machine
and based on the test method specified in the national standard
GB/T 5262-2008 General Rules for Measuring Methods of
Agricultural Machinery Test Conditions, the working performance
test was carried out (Figure 11), and the power of the device was
0.75 KW. After the device was in normal operation after racing,
flax threshing material during harvesting period was added into the
feeding hopper??4,  Seed cleaning rate, total separation loss, and
clogging of automatic residue discharge mechanism were taken as
testing indexes for working performance of the device; at the same
time, the operation situation of the vibration feeding system, the
seed separation device, automatic residue discharge mechanism and
the airflow clearing system were studied.

c. Separating cleaning of flax seeds
L

d. Separating cléani'rlwg of fléx stems and glumes
Figure 11 Verification test on the separating cleaning device for
flax threshing material

Test results showed that the grain cleaning rate of the
separating cleaning machine for flax threshing material was
92.66% with total separation loss of 1.58%, and it could realize

separating cleaning of flax threshing material during harvesting
period. Compared with simulated seed cleaning rate (91.32%)
and total separation loss (2.51%), the test results were 1.34% and
0.93% higher, showing basic consistency between test results and
simulation results, and the correctness of simulation results of the
separating cleaning process for flax threshing material based on
gas-solid coupling theory.

7 Conclusions

1) Through analysis on the working process of the flax
separating cleaning device, the fluid governing equation in the
device and gas-solid coupling were established; and non-sliding
contact model and mathematical model of particles, and particle
model of all components of flax threshing material were
established based EDEM, and calculation domain of fluid were also
established based on FLUENT.

2) Numerical simulation was made on the motion process of
flax threshing material in the separating cleaning device, and
variation curves of quantity and mean velocity of flax particles in
the whole region were obtained. By referring to streamline
distribution of gas-solid coupling, the quantity variation law of
components of flax threshing material with time was explored and
its motion curve and variation tendency of average speed were
studied.

3) Verification test was carried out by taking seed cleaning rate
and total separation loss as the indexes of working performance of
flax separating cleaning device, the cleaning rate of separating
cleaning device for flax threshing material was 92.66% with 1.58%
of total separation loss and it was found that the test results and
simulation results were basically consistent, and test results were
1.34% and 0.93% lower, showing that it is feasible to apply the
gas-solid coupling theory and method to simulate the separating
and cleaning operation of flax threshing material.
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