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Abstract: The cleaning device is an important part of combine harvesters, as its superior or inferior
performance directly affects the performance of the combine harvester greatly. With an increasing
rice yield, the current single-duct cleaning performance declines greatly, and causes a large grain
sieve loss level and a direct grain loss for the farms. To optimize the existing single-duct cleaning
device to meet the large feeding rate requirement, firstly, the terminal velocity of rice grain and MOG
(material other than grain) for different varieties was experimentally measured by the custom-made
device. The effects of the moisture content of rice grains and the length of short straws on terminal
velocity were studied in detail. Then, the gas–solid two-phase flow theory was comprehensively
applied by utilizing the discrete element method (DEM) and computational fluid dynamics (CFD) to
study the working mechanism of the existing single-duct cleaning unit, and the cleaning performance
was evaluated from the view of the motion law of the threshing output within the cleaning shoe. At
last, a multi-duct cleaning device was put forward, and a field experiment was performed to assess
the performance of the newly developed cleaning device. The results showed that the grain sieve
losses ratio and grain impurity ratio improved dramatically, proving that structure optimization of
the cleaning device was feasible.

Keywords: rice; combine harvesters; threshing output; terminal velocity; moisture content

1. Introduction

According to statistics from the year of 2019, China holds over 2,000,000 combine
harvesters, which has increased by 3.36% compared with the year of 2018 [1]. Most rice
combine harvesters in China were designed based on rice yields under 9000 kg/ha; a single-
duct centrifugal fan plus a reciprocating sieve as the cleaning unit were mostly used as the
cleaning device in the current rice combine harvesters. Field experiments indicated that
such cleaning devices can achieve a good performance only in cases of feeding rates under
3 kg/s. However, as of now, the tangential flow threshing cylinder and longitudinal axial
flow threshing cylinder composite unit is the primary mechanical structure of combine
harvesters in the Asian region, and with rice yields increasing continually, exceeding
12,000 kg/ha and always with a high moisture [2], the cleaning unit has to deal with larger
output materials up to 3–4 kg/s; thus, the cleaning section capacity has become a limiting
factor [3,4].

The agricultural material cleaning process is a typically combined effect of the gas–
solid two-phase flow field [5]. It is of great significance to study the air-and-screen cleaning
device, to analyze the air flow distribution of the cleaning shoe, and to explore the motion
law of agricultural materials on the screen surface, which not only provide the theoretical
basis for designing and optimizing the existing typical cleaning unit, but also give theoreti-
cal inspiration to look for new cleaning methods. The use of computational fluid dynamics
(CFD) for the computation of turbo machinery flows has significantly increased in recent
years [6,7]. Flow analysis techniques using a steady Reynolds-averaged Navier–Stokes
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(N-S) approach has led to remarkable progress in several engineering applications. Further-
more, combined with measurements, CFD provides a complementary tool for simulating,
designing, optimizing, and analyzing the flow field inside a turbo machine [8]. The cou-
pling of DEM and CFD provides a means of momentum and energy exchange between
solids and fluids, which, in principle, removes the need for some of the semi-empirical
approximations employed in CFD solid–fluid models, and is attracting increasing interest
from industries. This enables the investigation of fluidized beds, pneumatic conveying,
filtration, solid–liquid mixing, and many other systems. Effective modeling of the solid–
fluid flow requires methods for adequately characterizing the discrete nature of the solid
phase and representing the interaction between solids and fluids. DEM-CFD models re-
ported in the literature have largely been applied to the simulation of fluidized beds and,
more recently, to the pneumatic transport of particles [9–14]. Many industrial processes
involve complex geometry, often with moving parts, and complex flow dynamics. The
simulation of such systems requires the use of unstructured fluid meshes, and the ability
to handle energy as well as momentum exchange, turbulent flow, and chemical reactions.
This capability is now possible in a commercial environment using the co-simulation of
EDEM discrete element modeling software with FLUENT. EDEM software is an advanced
particle mechanics simulation tool employed for modeling industrial particulate handling
and processing operations. It uses a surface mesh to represent boundary surfaces, which
enables a one-to-one coupling with the boundary surface elements of the CFD fluid vol-
ume mesh. EDEM-FLUENT co-simulation is being used to investigate systems such as
particle agglomeration and clumping in fluidized beds, dense-phase conveying, filtration,
solid–liquid mixing, pipe erosion, spray coating, and many others.

In this work, the terminal velocity of typical rice varieties was measured by using the
developed test-bed, which provides data support for designing the cleaning devices; then,
the discrete element method (DEM), computational fluid dynamics (CFD), and gas–solid
two-phase flow theory were comprehensively applied to study the working mechanism of
the existing air-and-screen cleaning unit and to evaluate its performance from the view of
the air flow distribution of the cleaning shoe and the motion law of agricultural materials
on the sieve. We then put forward a new kind of efficient cleaning device for tangential-
longitudinal full-feed combine harvesters. Finally, a field experiment was performed to
assess the performance of the newly developed cleaning device.

2. Materials and Methods
2.1. Terminal Velocity Test-Bed for Each Threshing Output Component

The grain-cleaning process occurs on the cleaning unit of the combine harvesters due
to the pneumatic force created by the airflow generated by the fan [15,16]. The role of the
airflow is to move the light components of the MOG mixture and evacuate them from the
combine. The pneumatic force of the air must be higher than the gravitational force acting
on the MOG and lower than the gravitational force acting on the grains. Thus, a certain
range of airflow velocity is required to simultaneously satisfy both conditions. Terminal
velocities are the most significant properties in aerodynamics, and the terminal velocity at
which the particles are suspended stationarily in the vertical air stream can be determined
by using different methods: the free-fall, vertical air tunnel, and elutriator methods [17–28].
In this work, the custom-made device illustrated in Figure 1 was used to measure the
terminal velocity of the different outputs of the threshing system, and to provide the basic
information for designing a cleaning device.

The overall dimensions of the measuring device are 2.2 m × 0.9 m × 3.0 m
(long × wide × high). The supporting power of the device is 5.5 kw, the motor revo-
lution speed can be adjusted from around 300 to 1000 rpm, and the terminal velocity
measurement range is 0~25 m/s. Before the start of a measurement, the samples were
poured through the material inlet (3) onto the perforated plate inside the convergence
cylinder (4). Then, the fan (8) speed was increased until the tested material was suspended
in the conical tube (1). As most of the tested materials had an irregular shape, it was hard
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to find an exact suspension height L (m) in the conical tube relative to the perforated plate
inside the convergence cylinder. The airflow velocity V1 in the test port (2) was measured
with a hot-wire digital anemometer (VT100, KIMO, Paris, France) with a measurement
range from 0.15 to 30 m/s and a resolution of 0.01 m/s. Finally, the terminal velocity Vi
(m/s) was calculated by substituting the minimum and maximum values of L (m) into the
following equation:

Vi = [D1/(D1 + 2L sin ϕ)]2V1 (1)

where D1 is the diameter of the convergence cylinder (m) and ϕ = 5.5◦ is the taper angle of
the conical tube (◦).

Figure 1. Setup for terminal velocity measurement of threshing outputs; 1—conical tubes, 2—airflow
velocity test port, 3—material inlet, 4—convergence cylinder, 5—regulator tube, 6—stand frame,
7—throttle, 8—fan.

Different samples were selected from the threshing output, which are illustrated
in Figure 2. Each component was tested 3 times, and the average terminal velocities
were calculated.

Figure 2. Cont.
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Figure 2. Illustrations of the different components in the threshing outputs for which the terminal
velocity was measured.

2.2. Test Materials and Their Basic Physical Characteristics

Three different varieties of the rice threshing output were collected after the rice was
threshed by the combine harvesters. Using the 1014B electric heating, constant temperature,
vacuum-drying oven (Shanghai Yiti Machinery Manufacturing Co., Ltd., Shanghai, China),
the moisture content of grains and stems was measured by a constant temperature drying
method. For this test, the oven temperature was kept at 105◦ and the drying time was
24 h. One thousand grains were randomly selected and counted, and the 1000-grain mass
was scaled by a balance, which was repeated three times to obtain the average value. The
three-dimensional size of the full grains, short straws, and leaves was measured by a vernier
caliper. A certain quality of the full grains, non-full grains, and short stems were randomly
weighed and put into a beaker filled with the proper amount of water. The results showed
that the average density of the full grains, blight grains, and short straws was 1.28 g/cm3,
0.19 g/cm3, and 0.16 g/cm3, respectively. The moisture content measurement results and
1000-grain weight of each variety are shown in Table 1.

Table 1. Properties of threshing outputs for different rice varieties.

Items
Measuring Result

Rice Variety 1 Rice Variety 2 Rice Variety 3

Three-dimensional size of full grains, mm 3.48 × 2.71 × 7.72 3.22 × 2.38 × 8.13 2.37 × 3.49 × 8.14

Moisture content of full grains, % 26.1 25.4 24.3 25.9 24.8 23.6 25.9 25.3 23.2

1000-grain weight of full grains, g 30.2 31.2 33.6 28.6 30.1 31.7 29.4 31.4 33.6

Three-dimensional size of blight grains, mm 1.06 × 2.40 × 7.12 1.20 × 3.35 × 7.18 3.21 × 1.04 × 7.87

Moisture content of short straws, % 69.2 65.4 62.5 65.8 64.2 61.5 67.8 64.0 62.1

Length of the long branches with grains, mm 74–83 (with 10–16 grains) 78–83 (with 10–13 grains) 65–77 (with 8–15 grains)

Length of small branches with grains, mm 14–21 (with 3–5 grains) 12–15 (with 3–5 grains) 12–15 (with 3–5 grains)

Length of grains with small handles, mm 11–13 10–12 10–13

Length of short straws, mm 10, 20, 30

Length of leaves, mm 15, 25, 30
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2.3. Analyzing the Motion Law of the Threshing Output in the Existing Cleaning Shoe Based on
EDEM-CFD Simulation
2.3.1. EDEM-CFD Coupling Theory

EDEM-FLUENT simulation was used to explore the motion law of the threshing output
in the cleaning shoe. There are two models for coupling the particulate flow with fluid flow
in the EDEM-CFD coupling interface: Lagrangian and Eulerian. The Lagrangian model
allows a momentum exchange between the fluid and the solid phases only. Lagrangian
coupling may be considered the equivalent of FLUENT’s discrete phase model (DPM).
The Eulerian model allows a momentum exchange between the fluid and solid phases,
but also considers the effect of the particle solid fraction on the fluid phase. Lagrangian
coupling is less compute-intensive than Eulerian coupling: it should be used in cases
where the local solid volume fraction (the solid fraction within a localized area of the
simulation domain) remains below 10%. For Lagrangian coupling, the CFD simulation
is performed as a single-phase transient calculation. The CFD simulation is iterated until
it converges to a time step. A drag force is then calculated on the DEM particles based
on the fluid conditions of the mesh cell within which the particle is contained. The DEM
solver then takes control of the simulation and performs one (or several) iterations. After
the DEM iteration finishes, control is passed back to the CFD solver. A momentum sink
is added to each of the mesh cells to represent the effect of energy transfer on the DEM
particles. The CFD portion of the coupling model uses the existing Eulerian-Eulerian model
in FLUENT [29,30]. In the Eulerian model, an additional volume fraction term ε is added to
the conservation equations to take into account the solid phase. In the coupling, although
two phases are created in FLUENT, the conservation equations for the solid phase in the
original Eulerian-Eulerian model are not solved.

2.3.2. Governing Equations of the Fluid System

The continuous fluid domain is discredited into cells in the CFD method. The CFD
solves the following governing equations at each cell for locally averaged state variables
such as fluid velocity, pressure, and density [31,32]. The continuity equation for the fluid
phase is:

∂(ε fρ f u f )

∂t
+∇ · (ε fρ f u f ) = 0 (2)

A similar equation exists for the conservation of momentum:

∂(ε fρ f u f )

∂t
+∇ · (ε fρ f u f ) = −∇p +∇ · (µ f ε f∇u f )− ε fρ f g− S (3)

where ρf is the fluid density, t is time, uf is the fluid velocity, p is the air pressure, µf denotes
the viscosity, g is the gravity force vector, and S is the momentum sink.

The coupling between the two phases is then achieved through the calculation of the
momentum sink of the drag force that arises due to the relative velocity between the phases.
Therefore, the momentum sink S is calculated by:

S =
1

∆V

n

∑
i=1

FD,i (4)

where, ∆V = ∆x∆y∆z, in which ∆x, ∆y, and ∆z are the control volume lengths, and FD,i
is the fluid viscous resistance. The Di Felice drag model adds a porosity correction term
to the free-stream drag model to take into account the effects of neighboring particles on
the drag. In this paper, we adopt the Di Felice drag model to calculate FD,i, which can be
expressed as:

FD,i = 0.5CDρ f Ap(u f − up)
∣∣∣u f − up

∣∣∣ε f
−(χ+1) (5)



Agriculture 2022, 12, 1457 6 of 19

where:

χ = 3.7− 0.65 exp[
−(1.5− lgRe)2

2
] (6)

CD = (0.63 + 4.8/Re0.5)
2

(7)

Re =
ε fρ f dp

∣∣∣u f − up

∣∣∣
µ f

(8)

where dp is the diameter of the considered particle. CD is the particle–fluid drag coefficient
that depends on the Reynolds number Re of the particle, and ε−χ denotes a corrective
function accounting for the presence of other particles in the system on the drag force of
the particle under consideration. A standard k−ε turbulence model and wall function are
applied to calculate the airflow.

2.3.3. Governing Equations of DEM Simulation

The DEM as introduced by Cundall and Strack has evolved into an important method
for modeling and understanding the behavior of granular materials [33]. EDEM is the
leading DE (discrete element) simulation software platform designed for the simulation
and analysis of bulk particle handling and processing equipment in a wide variety of
industries. In EDEM, the motion of the particle as a rigid body described in the framework
of classical mechanics naturally consists of translational and rotational motions. As the
particles move, they impact each other and undergo deformations. Contact forces are
computed as a function of the particle deformations. A commercial three-dimensional DEM
code (EDEM® 2.7, DEM Solutions, Troy, MI, USA) was used in this work. The process is a
cycle with a repeated calculation of the equation of motion for all the particles individually
using the forces evaluated by using contact models to obtain the acceleration, velocity,
and displacement.

The DEM is employed to solve the following equations governing the motion of a
particle i in the particle system:

m
dUi

p

dt
=

ni
c

∑
j=1

Fij
c+Fi

f+mg (9)

Ii
dωi
dt

=
ni

c

∑
j=1

Mij (10)

where either the Hooke or Hertzian contact law is employed in conjunction with Coulomb’s
friction law to describe the inter particle contact behavior.

The Hertz–Mindlin no-slip contact model uses the spring–dashpot model of interacting
particles [33,34]. This model has been successfully applied to the dynamic analysis of
agricultural materials. The material and interaction parameters have their effect on the
normal and tangential forces, and the moment acting between the interacting particles in
the form of the following equations.

The normal force Fn is:

Fn =
4
3

E∗R∗1/2δ3/2
n −2

√
5
6

lne√
ln2 e + π2

√
2E∗
√

m∗ 4
√

R∗δnvnrel (11)

where E* is the equivalent Young’s modulus of the two interacting particles, δn is the
normal overlap, R* is the equivalent radius, m* is the equivalent mass, e is the coefficient of
restitution, and vn

rel is the normal relative velocity.
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The tangential force Ft is:

Ft = −8G∗
√

R∗δnδτ − 4

√
5
6

ln e√
ln2 e + π2

√
2G∗ 4

√
R∗δn

√
m∗vτ

rel (12)

where G* is the equivalent shear modulus of the two interacting particles, δτ is the tangential
overlap, and vτ

rel is the tangential relative velocity. E*, R*, and m* are given by:

1
E∗

=
1− υ1

2

E1
+

1− υ2
2

E2

R∗ =
R1R2

R1 + R2
, m∗ = m1m2

m1 + m2
, G∗ =

2− υ1
2

G1
+

2− υ2
2

G2

The moment from the rolling friction:

Ti = −µrFnRiωi (13)

where µr is the coefficient of the rolling friction, Ri is the distance of the contact point
from the center of the particle i, andωi is the unit angular velocity of the particle i at the
contact point.

2.3.4. Simulation Settings in the EDEM-FLUENT Simulation

As the actual cleaning shoe is too large and complex, the grid mesh and calculation
were limited by computer resources; therefore, the cleaning device structure was simplified
in this work. The cleaning device width was reduced from 940 mm to 100 mm, whereas the
length and height were consistent with the real dimensions, 1900 mm in length and 100 mm
in width. The lower sieve mesh was considered to be a square aperture 25 mm × 25 mm
formed from steel wires with a diagram of 2 mm. The simulation structure is shown in
Figure 3.

Figure 3. Three-dimensional model of the existing cleaning shoe: 1. shake plate, 2. airflow inlet,
3. vibrating and cleaning upper sieve, 4. vibrating and cleaning lower sieve, 5. outlet, 6. lower
grain pan.

The longitudinal velocity under the longitude threshing cylinder played an important
role in the separation of materials; however, this study just focuses on studying the motion
of the materials in the cleaning region. Ellipsoid grain particles and short straw particles
were created by using composite particles made up of several overlapping spheres to
make them feasible to simulate within a reasonable time. The developed grain and short
straw particle models are shown in Figure 4. A cross-section of the established short straw
model is shown in Figure 4b. Since straw has a hollow structure, 12 sphere particles with a
diameter of 1 mm were used to make a circle ring in each layer, where 1 sphere particle
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was tangential with the other. The distance between the sphere centers in the two layers
along the long axis was 0.8 mm.

Figure 4. Developed grain particle model and short straw particle model. (a) Grain model, (b) Cross-
section of a short straw model.

The materials were fed onto the front-top section of the vibrating screen by gravity
via a particle factory. Materials were loaded from the particle factory at different rates in
different regions according to the material actual distribution. Grains were determined
to have an initial vertical velocity of 1 m/s and short straws had a velocity of 1.5 m/s at
the entering point, according to the material falling velocity in the sieve shoe obtained
by a high-speed camera system [32]. The generated time of the materials was 0.5 s; these
data are from the pre-test results, which were the mean value of the repeated test results
and results from the related literature [19]. The inlet airflow velocity was set to 6 m/s,
7 m/s, and 9 m/s from the upper inlet to lower inlet. The other simulation conditions are
summarized in Table 2.

Table 2. Summary of DEM simulation parameters.

Material Properties Grain Short Straw Plate

Density (kg/m3) 1350 160 7850
Poisson’s ratio 0.25 0.45 0.29

Shear modulus (Pa) 2.0 × 108 4.4 × 106 8.0 × 1010

Collision properties Grain–grain Grain–plate Short straw
–plate

Short straw
–grain

Coefficient of restitution 0.43 0.5 0.26 0.2
Coefficient of static friction 0.75 0.56 0.8 0.8

Coefficient of rolling friction 0.01 0.01 0.01 0.01
Vibrating sieve Motion form Amplitude Frequency vibrating direction angle

Sinusoidal
translation 20 mm 6 Hz 20◦

2.3.5. Measurement of Airflow Distribution Inside the Newly Designed Cleaning Shoe

Under the instruction of the EDEM-FLUENT results, a multi-duct cleaning device was
developed. To check whether an ideal airflow velocity distribution inside the cleaning shoe
can be formed, airflow velocities at certain points inside the cleaning shoe were measured
with hot-wire anemometers that had a measurement range of 0.5–50 m/s and a resolution
of 0.01 m/s. Each airflow velocity measurement result was obtained by taking the average
value for the series of continuous data when the cleaning process with threshing outputs
was between 5–20 s. To ensure the accuracy of the measurement results and eliminate the
occurrence of accidental errors, a given set of tests was repeated three times. The final
measurement results were the average value of them; the location of the airflow measuring
sensor is shown in Figure 5.
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Figure 5. Distribution diagram of measuring points in the newly designed cleaning shoe. No. 1–7 are
the airflow velocity measuring points.

Field experiments were carried out with the combine harvesters. The tested rice
had an average height of 85.2 mm and an average spike length of 16.9 mm. The average
1000-kernel weight was 26 g and the average grain output was 10,275 kg ha−1. The average
grain to MOG (material other than grain) ratio was 2.9:1 and the average moisture content
of the straw and the grains was 66% and 24%, respectively. The header width of the
combine harvester was 2.2 m and the forward velocity was 1–1.2 m/s. A tarpaulin was
utilized to collect all of the sieve outputs, and then the full grains were filtered out from
the material other than grain (MOG) using a stationary re-cleaner (Agriculex ASC-3 Seed
Cleaner, Guelph, ON, Canada), weighed, and the grain sieve losses were calculated. Each
test length was 50 m.

3. Results and Discussion
3.1. Basic Physical Characteristics of the Test Samples

From Table 1, it can be seen that there were significant differences in moisture content,
three-dimensional size, and 1000-grain weight for different rice varieties, as different rice
varieties have different biological mechanical properties and threshing output compositions.
With the increase in the moisture content of the full rice grains and blight grains, the corre-
sponding 1000-grain weights were increased accordingly. These differences lead to different
requirements for cleaning airflow velocity in the cleaning shoe of rice combine harvesters.

3.2. Terminal Velocity for Each Component’s Analysis

To more intuitively compare the variation in the terminal velocity of full rice grains
with different varieties and moisture content, the terminal velocity distribution of the full
rice grains was drawn, as shown in Figure 6a–c. It can be seen from Figure 6a–c that the
terminal velocity increased with the increasing moisture content, as the 1000-grain weight
was increased accordingly. The terminal velocity of the full rice grains and rice grains with
short handles is roughly in the range of 6–8 m/s. Therefore, when designing the cleaning
device, we should try to avoid having the airflow velocity in the cleaning room be higher
than 8 m/s to prevent large grain loss. Short branches with grains have a larger terminal
velocity than full grains, as their weight is much larger than single grains. The distribution
of the terminal velocity of blight rice grains under different varieties and different moisture
content is shown in Figure 6d. The terminal velocity of the blight grains increased with the
increase in moisture content accordingly; when the moisture content of the blight grains is
the same as full grains, the middle value of the terminal velocity of blight grains is much
lower than full grains. The average terminal velocity of the blight rice grains fluctuates in
the range of 2.98–4.81 m/s.
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Figure 6. Terminal velocity distribution for full rice grains, blight grains, grains with short handles,
short branches with grains, and long branches with grains, (a) full rice grains, (b) grains with short
handles, (c) short branches with grains, (d) blight grains, (e) long branches with grains. No. 1–3: rice
variety 1: 24.3%, 25.4%, 26.1%; No. 4–6: rice variety 2: 23.6%, 24.8%, 25.9%; No. 7–9: rice variety
3: 23.2%, 25.3%, 25.9%.
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The posture of large branches with grains can be divided into a horizontal state and
vertical state. The flight state of the branch in the airflow affects the gravity center and
projection area. Due to the non-uniformity of airflow and the influence of the shape of large
branches, the large branches with grains move up and down in the conical tube. When the
larger branch is in the horizontal state, the gravity center is much lower, the projection area
is large, and the terminal velocity is small. When the larger branch is in the vertical state,
the gravity center is relatively high, the projection area is small, and the terminal velocity is
large. It can be seen from Figure 6e that when the larger branch is in the horizontal position,
its terminal velocity was distributed within the range of 6.86–8.52 m s−1, and its terminal
velocity was distributed within the range of 9.05–12.15 m/s when the big branch is in the
vertical position. The influence of the moisture content on the terminal velocity should be
fully considered when designing a cleaning device.

During the threshing process, with the beating of the threshing element, some long
stems break and generate more short straws, which are one of the major components
in the threshing output mixture. Some short straws pass though the concave grid and
enter the cleaning system, and the short straw amount affects the cleaning performance
greatly. Straws are neither symmetrical in shape nor uniform in density, and this lack of
symmetry causes aerodynamic instability. Therefore, understanding the effect of moisture
content variation and short straw length on the terminal velocity of short straws gives
more insight into designing a cleaning system. From Figure 7 it can be seen that with the
increase in moisture content of the short straws, the maximum terminal velocity increased
accordingly, and with the increase in the short straw length, the maximum terminal velocity
also increased. The short straws from the bottom of the stem have the largest terminal
velocity compared with straws from other parts; this is because straw density from the
bottom is larger, and as the mass of the straw with the same length also increased, it needs
more energy to lift. The terminal velocity was distributed within the range of 3.12–5.21 m/s.

Figure 7. Terminal velocity of rice straws with different lengths from different parts of the stem.
T-MC1—short straw from the top stem with a moisture content of 62.5%; M-MC1—short straw from
the middle stem with a moisture content of 62.5%; B-MC1—short straw from the bottom stem with a
moisture content of 62.5%; T-MC2—short straw from the top stem with a moisture content of 65.4%;
M-MC2—short straw from the middle stem with a moisture content of 65.4%; B-MC2—short straw
from the bottom stem with a moisture content of 65.4%; T-MC3—short straw from the top stem with
a moisture content of 69.2%; M-MC3—short straw from the middle stem with a moisture content of
69.2%; B-MC3—short straw from the bottom stem with a moisture content of 69.2%.

As can be seen from Figure 8, the terminal velocity of the leaves from different rice
varieties was distributed from 2.72 to 3.38 m/s. The effect of the moisture content on the
terminal velocity of these leaves is relatively weak and can be ignored. Under the same
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stem moisture content, the effect of residual length on the terminal velocity can be ignored.
When designing the cleaning device, the various physical properties of the residue have
little influence on the cleaning quality as the terminal velocity of leaves is lower than that
of full grains.

Figure 8. Terminal velocity of leaves with different varieties and lengths. No. 1–9 are the leave
lengths of 15, 25, and 30 mm with a moisture content of 62.5%, 65.4%, and 69.2%, respectively.

As can be seen from Figure 9, there is a clear boundary between grains and the MOG
in the terminal velocity. The terminal velocity of full grains and grains with small handles
are much higher than that of blight grains, as the grain mass and weight distribution has
a great influence on the terminal velocity. The terminal velocity of the big branch in the
horizontal state is much lower than that in the vertical state, the reason for which is that the
branch projection area in the horizontal state is larger than the branch in the vertical state,
and the branches are subjected to a more unstable force in the horizontal state. Therefore,
the posture of the large branch is an important factor effecting the cleaning performance.
The terminal velocity of branches with grains is similar to that of full grains. There is no
significant terminal velocity difference for straws from the top and middle parts of the stem,
but the bottom part of the stem has the largest terminal velocity. This is because the straw
from the stem bottom always has the highest density, and the weight of the stem from the
bottom is higher with the same length; thus, the terminal velocity is also higher. Based
on these results it can be concluded that an airflow velocity around 6 m/s would provide
good separation in the cleaning shoe, as grains and the MOG can be easily separated; that
is to say, large branches (vertical posture) will fall into the tailing auger for re-threshing
and re-cleaning, whereas most of the leaves will be blown out of the cleaning shoe instantly.
This provides fundamental parameters for further optimizing the cleaning device.

3.3. Analyzing Velocity Variation of Grains and Short Straws in Longitudinal Direction

Figure 10 shows an overview of the vibration screening at various time instances from
0 to 1.351 s with a time step of 10−6 s. Different colors represent different materials. It can
be concluded from Figure 11 that the materials generated by the particle factory reach the
upper sieve surface when t = 0.172 s. At t = 0.27 s, the materials reach the lower screen
surface, and some grains penetrate the sieve directly. At t = 0.313 s, owing to the suspension
speed of the short straws distributed from 3.12 to 5.21 m/s, some short straws are blown
out of the calculation domain directly. At t = 1.351 s, the total number of grains penetrating
the screen has increased. At the same time, some grains are blown out because of the
interaction between short straws and grains. The variation in the grain and short straw
longitude velocity with time in different regions is shown in Figure 11.
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Figure 9. Terminal velocity contrast between different components. No. 1: full grains, No. 2: blighted
grains, No. 3: grains with short handles, No. 4: large branches (horizontal posture), No. 5: large
branches (vertical posture), No. 6: small branches with grains, No. 7–9: short straws from the bottom
stems, No. 10–12: short straws from the middle stems, No. 13–15: short straws from upper stems, No.
16–18: leaves.

From Figure 11a we can see that at the front of the sieve, the grains’ longitudinal
velocity was increased with a smaller growth acceleration rate. When the grains entered the
middle section of the sieve, the grains’ longitudinal velocity increased dramatically, from
0.18 m/s to 0.3 m/s in about 20 ms, then changed to 0.8 m/s owing to the airflow velocity
becoming gradually larger in this region. For the grains which collected at the middle of the
sieve, the grains’ longitudinal velocity increased with a relative high growth acceleration
rate, and when they entered the end section of the sieve, the grains’ longitudinal velocity
jumped from 0.2 m/s to about 0.5 m/s. Then, the grains’ longitudinal velocity continued
growing, owing to the airflow velocity recovering. For the grains which collected at the
end section of the sieve, the grains’ longitudinal velocity increased quickly, from 0 to 0.5
m/s in about 100 ms, and then they were blown out of the calculation domain directly. The
longitudinal velocity of short straws was increased with a different growth acceleration
rate in a different region of the sieve. Owing to the impediment of the lower grain pan,
a mandatory change in airflow direction occurred, leading to a smaller value of airflow
velocity in the front of sieve, and resulted in the smallest growth acceleration rate in this
area. In the following backward moving process, their longitudinal velocity increased
gradually, whereas at the end section of the sieve, some short straws were blown out swiftly.

In summary, the airflow direction changed due to the impediment of the lower grain
pan, and the airflow velocity decreased dramatically in this area. Moreover, the threshing
outputs which had fallen from the upper grain pan accumulated in the front of the sieve,
and the threshing outputs were also difficult to pass through the sieve in this area, making
the grain impurity rate increase. There are also some eddy currents at the front part of
the sieve, which hinder the material’s backward movement. At the middle section of
the upper sieve, the airflow velocity became larger along with the increase in the sieve
length; the backward velocity of grains and short straws also increased accordingly. The
moving velocity of the short straws was larger than that of the grains, and the total grains
penetrating the sieve increased. At the end section of the upper sieve, the airflow velocity
was recovering to some extent, and some short straws and grains were blown out swiftly.
When the grains reached the lower sieve front, most of the grains penetrated the sieve.
However, for the short straws, the chance of penetrating was smaller due to their large
volume; therefore, most of them moved with the sieve and had an increasingly backward
velocity under the joint action of the sieve vibration and airflow. Finally, the short straws
reached the tailings auger for secondary threshing and cleaning.
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The above EDEM-CFD simulation indicates that the airflow velocity was smaller at
the front of the upper sieve, which was not beneficial for grain stratification and penetration.
Since there was an accumulation of a large amount of threshing mixture, most of the short
straws cannot be effectively separated. Most of them pass through the sieve with the
grains, which leads to a larger grain impurity ratio. On the other hand, at the end of the
upper sieve, the airflow velocity was relatively high in places closer to the wall, and some
full grains also were blown out and caused a grain loss. To solve this problem, a kind
of efficient cleaning device with the major structural improvements as follows was put
forward: (1) The length of the lower grain pan was shortened to make it into a streamline
arc plate, as the experiment results indicated that there was a slightly mandatory change in
the air flow direction, which can help to develop an upward airflow at the end of streamline
arc plate and also can prevent vortex generation. (2) A centrifugal fan with double outlets
was designed to increase airflow velocity at the front of the sieve. (3) A return conveying
plate was adhered under the longitudinal axial flow threshing cylinder to upgrade the
processing capacity of the cleaning device. A diagram of the newly developed cleaning
device is shown in Figure 12.
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Figure 12. Diagram of the multi-cleaning system and its main working parts. 1—tangential threshing
rotor, 2—longitudinal threshing rotor, 3—tails return duct, 4—return conveying plate, 5—vibrating
sieve, 6—tailings auger, 7—grain auger, 8—centrifugal fan.

In working condition, the return conveying plate and sieve perform an intertwined
movement with the same amplitude and frequency, the threshing output of the two cylin-
ders falls into the shaking plate and the return conveying plate, respectively, the threshing
outputs are mixed evenly in the process of the upper grain pan and sieve moving, and
then they are dropped onto the sieve surface like a waterfall. The fallen materials are,
firstly, pre-cleaned by the airflow, which is released by the upper outlet of the fan, and light
impurities are blown out of the cleaning shoe directly; the total amount of the materials to
be cleaned is reduced in this stage. In the continuing role of the vibration sieve, the material
continues to jump from the front to the back of the sieve, as the component and thickness
of the output materials is changed. The cleaning process is completed after three outlet
duct airflows repeatedly act on the outputs. At last, the cleaned grains fall into the grain
auger, and then are transported into the grain tank. MOGs fall into the tailing auger, and
then are conveyed to the return conveying plate for the secondary cleaning.

The average airflow velocity at different measuring points in the cleaning shoe is
shown in Figure 13. From Figure 13 it can be seen that the ideal airflow velocity in
different sections is: about 9 m/s in the upper outlet, 4–6 m/s in the middle section, and
3–4 m/s in the tail section. Combined with the terminal velocity of the threshing outputs,
it can be understood that there is a good airflow velocity distribution inside the newly
designed cleaning shoe, which can be expected to have a better cleaning performance when
harvesting rice.
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The field experiment results are shown in Table 3. The data analysis results indicated
that the fan speed has a paramount effect on cleaning performance; with the increase in
the fan speed, the corresponding grain sieve loss is increased, and the grain impurity ratio
declines. From Table 3 it can be seen that the grain sieve loss rate and grain impurity
rate declined dramatically compared with the field experiment results reported by the
reference [4], which proved that structure optimization of the cleaning device was feasible.

Table 3. Experimental cleaning performance under different settings.

Test
No.

Fan
Speed
/rpm

Guide
Plate I
Angle

/◦

Guide
Plate II
Angle

/◦

Sieve
Opening

/mm

Grain
Sieve Loss

/%

Grain
Impurity

Ratio
/%

1 1100 8 13 20 0.26 1.03
2 1100 27 29 25 0.42 1.22
3 1100 45 45 30 0.16 2.01
4 1300 8 29 30 0.39 0.76
5 1300 27 45 20 0.69 0.63
6 1300 45 13 25 0.53 1.22
7 1500 8 45 25 1.28 0.94
8 1500 27 13 30 1.80 0.75
9 1500 45 29 20 0.78 0.46

4. Conclusions

(1) Moisture content has a larger effect on terminal velocity. With the increase in
the moisture content, the mass of each component of the threshing outputs increased
accordingly, and the terminal velocity increased accordingly. The terminal velocity of
grains with stripes and branches with grains was close to that of the full grains, as it is
difficult to separate out those with airflow, resulting in a higher grain impurity ratio. The
distribution range of the terminal velocity for leaves and short straws has no overlap with
that of the full grains; thus, it is convenient to separate them by selecting an appropriate
airflow velocity. There is a terminal velocity overlap of short straws from the bottom of the
stem, and for a branch in the horizontal state and with full grains, it is difficult to separate
the short stems from the bottom of the stem and branch in the horizontal state by airflow. It
can be concluded that an airflow velocity around 6 m s−1 would provide good separation
of the grains and MOG. Under this condition, a large branch (vertical posture) falls into the
tailing auger for re-threshing and re-cleaning, and most of the leaves are blown out of the
cleaning shoe instantly.

(2) A new cleaning device including a fan with two outlets, a return pan, and a
vibration sieve was developed under the instruction of analyzing the motion law of the
threshing output in the cleaning shoe in the single-duct cleaning system, and the cleaning
performance improved greatly. However, there is still room for further improvement
through optimization of the design of the multi-duct fan with respect to its impact on the
airflow distribution in the cleaning section.
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