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Abstract: Aiming at the problems of uneven distribution of dislodged material on the screen surface
of longitudinal axial flow grain combine harvester, a large difference in material clearing time, and
large clearing loss, a dislodged material homogenizing device that can realize dislodged material
return and homogenization at the rear of longitudinal axial flow was developed. (1) The structure
and motion parameters of the reflux plate were determined, and simulation tests were carried out to
verify them; (2) A test bench was set up, and the Box-Behnken test method was adopted to determine
the influence law of each factor on the operating effect and the optimal parameter combination, and
the results showed that the tilt angle of the return plate, motor speed, and amplitude had a significant
influence on the distribution uniformity of the material on the screen surface; it was determined that
the optimal combination of the angle of the return plate configuration was 28.7◦, the speed of the
motor was 247 r/min, the amplitude of the return plate was 18.3 mm, and the seed contamination
rate was 0.48%. The optimum combination was determined to be 28.7◦, 247 r/min, 18.3 mm, and
0.48% impurity rate; (3) under the conditions of the field test validation, the validation error is less
than 5%, proving that it can effectively improve the performance of the clearing and reduce the rate
of impurity content.

Keywords: longitudinal flow threshing; corn kernel cleaning; return homogenizer; seed impurity rate

1. Introduction

With the increased demand for large-feeding grain harvesting equipment, longitudinal
flow threshing has become the preferred threshing method for large-feeding grain har-
vesters due to its ability to reduce threshing intensity, prolong threshing time, and ensure
the quality of the operation [1,2], but due to the influence of its layout and structure, its
discharged material in the direction of the width of the screen surface of the scavenger sieve
has a serious unevenness, which seriously affects the operating effect of the scavenging
system; coupled with the fact that the longitudinal flow In addition, the threshing end of
the detritus, the distance from the light debris discharge outlet is very close, resulting in
an increase in the cleaning loss [1], so the study of the technology to improve the large
feed capacity cleaning screen screen load uniformity and improve the cleaning screen tail
entrainment loss has become the key to improve the quality of operation of longitudinal
axial flow grain harvester [3–7].

In order to solve the problem of uneven distribution of discharged material on the
surface of the sieve, scholars at home and abroad have carried out a lot of research, mainly
including Professor Wang Wanzhang [2] of Henan Agricultural University has used the
EDEM simulation method to explore the movement law of grains in the threshing chamber,
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and clarified the distribution model of the discharged material in the direction of the width
of the sieve in the longitudinal flow, which proves that there is indeed a problem of uneven
distribution of discharged material on the surface of sieve in the case of longitudinal flow
threshing and that there is a problem of uneven distribution of discharged material on the
surface of the sieve. Professor Xu Lizhang [3] of Jiangsu University developed a deflector-
type reflux device for the uneven distribution of discharged material in the sieve surface
of longitudinal flow threshing, which not only realizes the reflux of discharged material
from the back of the drum to the middle of the front of the sieve but also realizes the load
equalization of discharged material in the width of the sieve surface with the help of the
guide of the deflector plate; Jin Chengqian’s [4] team used the threshing drum with the
reverse rotating concave plate sieve technology to achieve a more even distribution of
discharged material in the width of the sieve. Rotating concave plate sieve technology,
based on realizing 360◦ degradation of oilseed rape, effectively improves the distribution
of discharged material in the direction of the width of the cleaning sieve, and makes useful
exploration for reducing the loss of cleaning; based on the above theoretical research,
Weichai LOVOL Intelligent Agricultural Science and Technology Co., Ltd. adopts the
structure of ejector plate added on the side wall of the cleaning chamber, and with the help
of interaction between discharged material and the ejector plate, it realizes the adjustment
of the discharged material to the middle of both sides and some extent, it improves the
quality of the sieve. Adjustment, to a certain extent, improved the uniformity of the load
distribution on the screen surface; to solve the problem of increased damage caused by
the direct discharge of the discharged material at the rear of the threshing drum, the way
of lengthening the tail sieve is adopted to extend the cleaning distance of the discharged
material at the rear of the threshing drum, which effectively reduces the entrainment loss
in the process of cleaning; and John Deer, Claas, and other foreign agricultural machinery
companies [8–14], more than the use of the concave plate and cleaning sieve between the
additional longitudinal vibration of the deflector plate type of return plate, not only to
achieve the threshing drum rear discharged to the cleaning sieve in front of the middle of
the return but also to complete the discharged in the separation of the sieve width of the
direction of the uniform regulation.

In summary, although the former has recognized the longitudinal flow threshing
there is the problem of uneven distribution of discharged material on the surface of the
cleaning sieve as well as large cleaning loss also carried out a variety of explorations on the
improvement of load equalization methods, but the improvement effect is still relatively
limited [15–22], so in the country, when we speed up the development and popularisation
of large-feeding cereal harvester centred on longitudinal flow threshing, it becomes the key
to break the bottleneck problem to enhance the research on load distribution technology on
the screen surface of the discharged material based on the longitudinal flow threshing. This
paper focuses on the uneven distribution of the threshing material on the sieve surface of
longitudinal flow grain combine harvester, the big difference in the material cleaning time,
and the big cleaning loss, etc., and develops a kind of threshing material homogenising
device that can realise the return and homogenisation of the threshing material at the rear of
the longitudinal flow, and the structural dimensions, the configuration angle and the power
parameter of the device are designed. The device differs from the traditional longitudinal
vibration of the reflux device by adopting transverse vibration to achieve the purpose of
increasing the efficiency of transverse homogenisation of the material and reducing the
load on the surface of the scavenger screen. The effectiveness of the device was proved by
simulation tests, bench tests and field tests.

2. Structure and Working Principle of Longitudinal Axial Flow Stripper Reflux
Homogenizing Device

In order to solve the problem of uneven distribution of discharged material screen
surface load brought about by longitudinal flow threshing and the large entrainment
damage caused by direct discharge of discharged material at the rear of the threshing drum,
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the team developed a discharged material screen surface load uniformity test bed based on
longitudinal flow threshing, as shown in Figure 1, which mainly consists of stepped reflux
plate, feeding device, blower, and clearing sieve, etc. The test bed was designed to be used
as a test bed to test the performance of the threshing cylinder.
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Figure 1. Schematic diagram of the structure of the test bench for uniformly distributed reflux
of extracted materials based on longitudinal flow threshing. (1). Feed box. (2). Return plate.
(3). Electronic control system. (4). Cleaning sieve. (5). Receiving box.

To ensure the consistency of all the discharges on the reflux plate, the reflux plate is
connected to the frame with four equal-length, same-phase, and parallel booms; to realize
the movement of the discharges on the reflux plate, the reflux plate is driven by crank
linkage mechanism, which realizes the downward and lateral movement of the discharges
in the vibration process of the reflux plate, the structure of the device is shown in Figure 2.
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Figure 2. Structure diagram of stepped reflux plate cleaning device. (1). Boom. (2). Stepped return
plate. (3). Crank rocker mechanism. (4). Motor.

The working principle of the reflux homogeneous test bench is as follows: the reflux
plate in front of the low back high in the crank linkage mechanism under the drive to
do the left and right reciprocating movement, the realization of the dislodged material
to do the longitudinal and transverse composite movement, that is, for the transverse,
is located in the reflux plate side of the dislodged material with the reflux plate of the
reciprocating movement, when the reflux plate to the left, dislodged material due to the
inertia effect of the right side of the reflux plate movement; when the reflux plate to the right
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movement, the dislodged material Due to inertia, although there is a tendency to move
to the left, but by the step structure of the reflux plate, can only be stagnant, so that after
many cycles of reciprocating movement, to realize the left side of the dislodged material
to the right, to achieve the effect of dislodged material in the screen surface of the sieve
uniform distribution; for the longitudinal direction, due to the reflux plate before the front
of the low after the high, so the dislodged material in the left and right at the same time,
with the help of gravity along the reflux plate forward motion, to achieve The discharged
material is returned from the end of the cleaning sieve to the middle and front part of the
cleaning sieve, so as to achieve the purpose of even distribution of reflux and avoiding
the discharged material at the back of the threshing drum to be discharged directly, which
leads to the increase of the cleaning loss.

3. Determination of the Main Parameters of the Reflux Load Homogenizing Device
3.1. Determination of Reflux Plate Inclination Angle

The reflux plate is the core component to ensure that the discharged material is
uniformly distributed on the screen surface of the cleaning sieve [23–30], not only to realize
the uniform distribution of the discharged material along the width direction of the screen
surface but also to realize the forward movement of the discharged material at the back of
the threshing drum, to avoid the increase of cleaning loss caused by the discharged material
at the back of the drum discharged directly, so the discharged material in the return plate is
subjected to stress analysis as shown in Figure 3.
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Figure 3. Schematic diagram of reflux board configuration angle. mg—Weight of ejected material.
N1—The support force of the reflux plate on the ejected material. F—The frictional force generated
by the forward sliding of the ejected object. β—Reflux plate inclination angle.

The smaller the inclination angle of the reflow plate, the smaller the downward
movement speed of the discharged material on the reflow plate, although it can prolong
the time of homogenization of the discharged material on the reflow plate and improve the
uniformity of the transverse distribution of the discharged material on the screen surface, it
may increase the risk of the accumulation of the discharged material on the reflow plate, or
even clogging; on the contrary, if the inclination angle of the reflow plate is too large, the
larger the speed of the discharged material in the downward movement of the reflow plate,
and the reduced time of the discharged material’s rightward movement on the reflow plate,
thus greatly affecting the uniformity of the lateral distribution of the discharged material
on the screen surface. On the contrary, if the inclination angle of the return plate is too
big, the speed of downward sliding movement of dislodged material on the return plate
will be bigger, and the time of rightward movement of dislodged material on the return
plate will also be reduced, which will have a great influence on the uniformity of transverse
distribution of dislodged material on the sieve surface [31,32].
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Assuming that the weight of the dislodged object is mg, the support force of the return
plate on the dislodged object is N1, the angle of inclination of the return plate is β, and the
friction force generated by the forward sliding of the dislodged object is F, we have:

The support force is:

N1 = mg cos β (1)

The friction force is:
F = tan φmg cos β (2)

Obviously, it is necessary to ensure that the dislodged material slides steadily along
the surface of the reflux plate:

mg sin β ≥ F = tan φmg cos β (3)

The simplification yields:

β > φ (4)

That is, the minimum inclination angle β of the return plate should be greater than
the friction angle φ of the dislodged material with the return plate, i.e., according to the
friction angle of the dislodged material with the return plate, the β take 26◦∼ 33◦.

3.2. Determination of Step Plate Spacing

In order to investigate the effect of the step plate spacing on the motion of the dislodged
material, the force analysis of the dislodged material on the reflux plate; to simplify
the analysis process, ignoring the effect of the angle of the step plate on the transverse
movement of the dislodged material, take the dislodged material is in the plane of the
reciprocating motion on the movement of the analysis of its motion, as shown in Figure 4.
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Assuming the gravity force of the dislodged object mg, the support force of the reflux
plate N2, and due to the inertia force F2 and the friction force fN2 of the dislodged object
moving back and forth on the reflux plate, the equation of motion of the reflux plate is
assumed to be x = A sin ωt, then the inertia force of the material moving with the return
plate is:

Fa = −mgAω2 sin ωt (5)

Friction is: Ff = f N2 = f mg.
Then the material is subjected to a combined force in the horizontal direction:

∑ F = Ff + Fa = f mg − mgAω2 sin ωt (6)
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The acceleration is:

a =
∑ F
mg

= f − Aω2 sin ωt (7)

Obviously, the acceleration is not only changing in magnitude but also in direction,
i.e., the dislodged material forms a reciprocating motion on the surface of the reflux plate.

Since the return plate is reciprocating under the action of the crank linkage mechanism,
its equation of motion is x = A sin ωt, so the period of its reciprocal motion is:

T =
2π

ω
(8)

Due to the sinusoidal motion of the material on the surface of the reflux plate, the
speed of the motion is x′ = Aω cos ωt, for the convenience of calculation, the point where
the material velocity is 0 is selected as the starting motion position, x′ = Aω cos ωt = 0.

Solve for t = 2kπ ± π
2ω (k = 1, 2, · · · , n).

So the motion displacement of the material in one vibration cycle is:

x =
∫ 3π

2ω

π
2ω

vtdt =
∫ 3π

2ω

π
2ω

(at + v0)dt (9)

In order to facilitate the calculation, combined with the dislodged object at the speed
of 0 when the inertia force is the largest, so take the inflection point of the reciprocating
motion of the dislodged object as the starting position, that is, v0 = 0.

Substitution of Equation (7) into Equation (9), we get:

x =
∫ 3π

2ω

π
2ω

( f − Aω2sinωt)tdt=
1
2

f t2
∣∣∣ 3π

2ω

π
2ω

− A(ωTcosωt − sinωt)|
3π
2ω
π

2ω
(10)

That is, for each vibration, the displacement of the dislodged material on the return
plate along the width of the screen is:

x =
f π2

ω2 + f A (11)

Consider that the dislodged material is moving back and forth across the reflux plate
at t =

[
π

2ω , 3π
2ω

]
, the dislodgement moves in a negative direction along the x-axis; Then

t =
[ 3π

2ω , 5π
2ω

]
must be along the x-axis positively. Therefore, in order to realize the transverse

movement of the dislodged material from left to right, the surface of the reflux plate is
designed as the stepped plate structure shown in Figure 5, so as to ensure the smoothness
of the movement of the material to the right and the blockage of the movement to the left,
and to achieve the movement of the material to the right in the process of sliding down
along the reflux plate, i.e., to improve the homogeneity of the dislodged material in the
distribution on the surface of the reflux plate.
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Let the angle between the hypotenuse of the stepped plate and the base plate be α, the
spacing is W, the height is h, as shown in Figure 5.

Clearly, the theoretical spacing of the stepped plates is X = f π2

ω2 + f A.
In order to ensure the stability of the lateral movement of the dislodged material on the

reflux plate, it was determined that the W = kX, Here k is the lateral movement coefficient,
which is taken as k = 0.8–0.9, i.e., the displacement of the plate object to the right, X, is
slightly greater than the width, W, of the stepped plate.

Further, assuming that the radius of the concave plate of the longitudinal flow thresh-
ing device is R, the number of steps n required for the material to move from the leftmost
to the rightmost is:

n = int(
2R
X

) + 1 (12)

That is, the step spacing is:

W =
2R
n

=
2R

int( 2R
X ) + 1

=
2R

int( 2R
f π2

ω2 + f A
)

(13)

3.3. Determination of Step Plate Height

As shown in Figure 5, in order to stagnate the leftward movement of the dislodged
material with the reciprocating motion of the reflux plate, a stepped plate structure with a
blocking effect is used. Obviously, the smaller the height of the ladder plate, the smoother
the movement of the board to the right, but the poorer the ladder plate’s blocking effect; the
greater the height of the ladder plate, although it can improve the ladder plate’s blocking
effect on the board, but the smoothness of the board’s rightward movement of the board
is worse.

Considering that harvesters are designed according to the feeding quantity, i.e., as-
suming that the feeding quantity of the harvester is q, and the wheat-to-grain ratio of the
crop is k0, for longitudinal axial flow threshing harvesters, most of the grains are generally
threshed in the first 1/3 of the threshing drum, i.e., only 1/3 of the grains in the rear 2/3
of the length of the drum are threshed, so assuming that the time for the grains to pass
through the threshing drum is t, then the separation of the grain from the rear part of the
threshing drum at time t The amount of dislodged material is:

Qz =
1
3

k0qt (14)

Consider the longitudinal flow threshing device drum front 1/3 part, the lower part is
equipped with a vibration deflector, so do not consider the drum front 1/3 of the dislodged
material of the bias distribution problem, and the rear 2/3 part due to the direct fall in the
clearing sieve and the total amount of Qz, if all of them are uniformly distributed in the
reflux plate (the limit of the distribution of the amount of), according to the width of the
return plate is equal to the diameter of the cylinder 2R, the length of the L, the dislodged
material volumetric density is ρ, the thickness of the material layer δ is:

δ =
Qz

ρ2RL
=

k0qt
6ρRL

(15)

So the height h of the stepped plate is:

h = k1δ =
k0k1qt
6ρRL

(16)

Here k1 is the obstruction coefficient of the ejected object. To ensure that the stepped
plate effectively blocks the left movement of the object on the plate, k1 is taken as 1.1~1.3.
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3.4. Determination of Reflux Plate Length

Considering that the longer the length of the return plate, the greater the distance of
the dislodged material at the back of the drum can be returned forward, i.e., the longer
that part of the dislodged material is separated on the screen surface, which is conducive
to reducing the scavenging loss; however, excessive length not only leads to a complex
structure, but also forms a pile-up of the dislodged material in the longitudinal direction
of distribution, therefore, in order to determine the reasonable length of the return plate,
the dislodged material distribution law test of longitudinal flow threshing was carried
out, and a longitudinal flow threshing drum was The longitudinal flow threshing drum
was set up below the receiving box as shown in Figure 6, and the receiving box was
divided into 6 areas in the transverse and longitudinal directions, the longitudinal areas
were numbered 1–6, i.e., counting the number of discharged material in columns 1–6 of
the receiving box, and transverse areas were numbered a-f, i.e., counting the number of
discharged material in rows 1–6 of the receiving box, and the curves of the test results were
shown in Figure 6a,b.
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Figure 6. Schematic diagram of axial and longitudinal distribution of drum dislodged material.

From the experimental results, it is clear that the distribution of dislodged material
in the longitudinal and transverse directions of the sieve surface for longitudinal axial
flow threshing is indeed uneven. For the longitudinal direction, although the discharged
material is concentrated in the first 1/3 of the sieve surface, which is consistent with the
research result that the airflow action area is concentrated in the first 1/3 of the upper sieve
surface, and although the content of the rear part becomes less, the direct discharge will
increase the loss of clearing; and also consider that if the discharged material of 2/3 of the
back of the threshing drum is directed to the first 1/3 of the upper sieve surface (which
is approximated to be equal to the longitudinal direction of the drum 1/3), then it may
result in the accumulation of discharged material in the middle of the back. Therefore, it is
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initially determined that the length of the return plate is the middle position of 2/3 of the
length of the back of the drum, that is:

l = 1/3L (17)

Considering also the law of transverse distribution of dislodged material in the pres-
ence of longitudinal flow threshing, combined with the distribution of dislodged material
over the length of the return plate, it is obvious that it is sufficient to realize that the dis-
tribution area of dislodged material on the left side can be moved to the right side where
there is no dislodged material, as shown in Figure 7.
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Figure 7. Analysis of the trajectory of the material on the reflux plate.

Assuming that G1 is the leftmost point of the back end of the reflux plate, G1G2G3G4 is
the left side of the dislodged material accumulation area. Therefore, in order to ensure that
the dislodged material on the reflux plate can be maximized in the shortest possible time to
the right side of the uniform distribution, it is only necessary that the material at the point
of G1 can be moved to the rightmost side of the reflux plate, i.e., the material walks through
the longest trajectory G1G5, the trajectory and the left side of the boundary of the angle of
G1G3 is θ, then:

tan θ =
nW

L
(18)

Based on the fact that the time for the dislodgement to move from the uppermost to
the lowermost part of the return plate is equal to the time for the dislodgement to move
from the leftmost to the rightmost part of the return plate, due to its sliding force:

F = mg sin β − tan φmg cos β (19)

So the acceleration is:

a =
F
m

= g sin β − g tan φ cos β (20)

Assuming that the initial velocity of the ejected object at that position is 0, the time tz
for the ejected object to move from the top to the bottom is:

tz =

√
2L
a

=

√
2L

g sin β − g tan φ cos β
(21)

For the transverse direction, the transverse movement of the dislodged material is
realized because the dislodged material can only rely on the reciprocating motion of the
return plate. It is known from the previous section that the time taken for one reciprocation
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of the reflux plate is
[

π
2ω , 3π

2ω

]
= π

ω , there are n + 1 stepped plates on the reflux plate, so the
time of lateral movement of the dislodged material is th, and:

th =
π

ω
(n + 1) (22)

According to tz = th: √
2L

g sin β − g tan φ cos β
= (n + 1)

π

ω
(23)

To wit:

L =
(n + 1)2π2

2
(g sin β − g tan φ cos β) (24)

Calculated by substituting the relevant parameters, L = 510~600 mm.

3.5. Determination of Return Plate Motor Speed

As before, in order to ensure that the dislodged material in the reflux plate maintains
the same movement, the reflux plate is hooked up to four equal-length, same-phase, and
parallel booms so that it makes a fixed-plane motion; furthermore, in order to simplify
the small reflux plate in the vertical direction of the movement of the connecting rod is
used in the connecting rod length is much longer than the length of the crank so that the
reflux plate in the crank linkage mechanism driven by the crank linkage mechanism can be
approximated to think of the reflux plate in the crank linkage mechanism under the action
of the OM line for the direction of reciprocating motion, 2 r (r for the crank radius, shown
in Figure 8) for the stroke of the linear reciprocating motion.
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Figure 8. Reflow plate motion analysis.

For the convenience of analysis, take the crank rotation center O as the coordinate
origin, take the OM direction as the positive direction of the x-axis, take the perpendicular to
the OM line upward as the y-axis direction, and take the negative direction of the crank and
x-axis coincidence position as the crank starting position, then the motion of the dislodged
object on the return plate is:

Displacement:

x = −r cos ωt (25)

Speed:

x′ = dx/dt = r sin ωt (26)

Acceleration:

x′′ = rω2 cos ωt (27)
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where r is the crank radius; ω is the crank slewing speed; and t is the time.
From the above acceleration equation, in t = [0, π

2 ] ∪ [ 3π
2 , 2π] time, the acceleration

x′′ is negative, the direction to the left; in t = [0, π
2 ] ∪ [ 3

2 π, 2π] time, the acceleration x′′ is
positive, the direction to the right, the inertia force S and the direction of the acceleration
is opposite.

In order to analyze the motion law of the dislodged object on the reflux plate, take the
acceleration of the dislodged object as positive, i.e., when t = [0, π

2 ] ∪ [ 3
2 π, 2π], and analyze

the force on the dislodged object at any position of the reflux plate, as shown in Figure 8, at
this time the dislodged object is subjected to the force of gravity mg, the supporting force
of the reflux plate N, the force of inertia S, and the friction between the dislodged object
and the reflux plate F, where:

Inertial forces:

S = mrω2 cos ωt (28)

Friction:
F = N tan φ (29)

For calculation purposes, the effect of the inclination of the return plate on its positive
pressure is not considered

From
{

∑ x = 0
∑ y = 0

to
{

S cos(ε − α) + mg sin α = F
N = S sin(ε − α) + mg cos α

(30)

When the crank OA is located in quadrants I and IV, the acceleration x′′ is positive
and the direction is to the right, at this time the dislodged object is subjected to the
force of gravity mg, the surface of the reflux plate on its support N, the inertia force
is S = mrω2 cos ωt, friction is F = N tan φ, of which:

N = mg cos α + S sin(α + ε) (31)

Let the acceleration of the material extending the surface of CD be d2ξCD
dt2 , then:

m
d2ξCD

dt2 = S cos(α + ε)− mg sin α − F (32)

Simplified and obtained:

cos φ

cos(α + ε + φ)

d2ξCD
dt2 = rω2 cos ωt − g

sin(α + φ)

cos(α + ε + φ)
(33)

Let cos φ
cos(α+ε+φ)

= σ, then the formula m d2ξCD
dt2 = S cos(α + ε) − mg sin α − F can be

written as:

1
σ

d2ξCD
dt2 = rω2 cos ωt − g

sin(α + φ)

cos(α + ε + φ)
(34)

When rω2 cos ωt > g sin(α−φ)
cos(α+ε−φ)

, since d2ξCD
dt2 > 0, the material slides to the left of the

extended plate surface, when cos ωt = 1, the limiting angular velocity of the material sliding
to the left can be obtained, namely:

ω2r
g

>
sin(α + φ)

cos(α + ε + φ)
(35)

Let ω2r
g = K, sin(α+φ)

cos(α+ε+φ)
= K1, K > K1 is the condition for the material to slip to

the left.
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This in turn leads to the crank limit speed at which the material slips to the right, i.e.,:

n1 =
30
π

√
g sin(α + φ)

cos(α + ε + φ)
(36)

Similarly, it can be obtained that when the crank is in quadrants II and III, the index
K2 of the return plate motion for the material sliding to the right is:

K2 =
sin(φ − α)

cos(α + ε − φ)
(37)

That is, the material can slide to the right only when K > K2.
When N ≤ 0, it means that the material is thrown up, and the condition that the

material is thrown up can be found from N = mg cos α − S sin(α + ε):

ω2r
g

>
cos α

cos(α + ε)
(38)

Let cos α
cos(α+ε)

= K0, then there is K > K0 for the material to be thrown up.
Therefore, the movement state of the material on the reflux plate depends on the

relationship between the movement index K of the reflux plate and K1 and K2. The purpose
of setting up the reflux plate is to equalize the material piled up on the left side of the plate
surface to the right, and the surface of the reflux plate is equipped with a stepped plate
to prevent the material moving to the right from moving to the left again, K > K1 > K2
is used.

Through the above analysis, it can be seen that when the rotational speed is 225~275 r/min,
the material can cross the step plate in the reciprocating movement of the return plate to realize
the movement of the material in the shaking plate, which can effectively solve the problem of
accumulating the drum dislodged material.

4. EDEM-Based Simulation of Optimised Tests

Due to the unique structure of the stepped plate in the stepped reflux plate, which
needs to be fixed by welding, the fabrication cycle is long and the production cost is high,
resulting in the difficulty of the test in the bench; and the bench test is affected by the
feeding device, which makes it difficult to simulate the distribution law of the dislodged
material in the longitudinal flow. In order to speed up the research progress and shorten
the test cycle, we choose to use EDEM simulation to explore the influence of the reflux plate
on the distribution law of the dislodged material, in order to verify the previous design.

4.1. Model and Material Properties

It is known that the components of the exudate are mainly kernels, cob and bracts, in
the simulation analysis to simplify the processing, and only the kernels and cob simulation
analysis, the establishment of the corresponding particles model, the BulkMaterial module
is applied in the modelling, the results of the resulting model are shown in Figures 9 and 10
below, the maize kernel is 12 mm long, 8 mm wide, 5 mm thick, the length of the cob is
50 mm, and the radius is 10 mm. The contact parameters between the corn kernel and
the stepped plate are shown in Table 1 below and the mechanical properties of different
materials are shown in Table 2.

Unless otherwise stated, the parameters related to model and material properties set
during simulation are consistent with Tables 1 and 2.
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Table 1. Contact Parameters of Different Materials.

Contact Parameter Coefficient of Restitution Coefficient of
Static Friction

Coefficient of
Rolling Friction

Corn kernels/
corn kernels 0.3 0.5 0.01

Corn kernels/
step plates 0.3 0.38 0.01

Corn kernels/
step plates 0.29 0.38 0.01

Maize kernel/
cob 0.2 0.6 0.01

Corn kernels/
corn kernels 0.3 0.7 0.01

Table 2. Mechanical Properties of Different Materials.

Materials Sorghum Step Plates

Poisson’s ratio 0.3 0.24
Shear modulus/Pa 1.0 × 107 7.9 × 107

Densities/kg·m−3 900 7850

4.2. Reflux Plate Simulation Model

In the study in order to analyse the changes in the distribution of dislodged material
after the change of the angle α of the step plate in the reflux plate, the simulation study
was carried out for the reflux homogeneous device, and the model established is shown in
Figure 11, and the inclination angle α of the step plate set in the single-factor analysis was
26◦, 28◦, 30◦, 32◦, and was marked by the ordinal number as 1, 2, 3, and 4 for the sake of
convenience in describing.
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Figure 11. Schematic diagram of the inclination angle of the stepped board.

Through the UG12.0 software modeling, this device is simplified to form the length
and width of 600 mm × 540 mm of the return plate plate, above the return plate, set up
6 columns of 480 mm long, 80 mm wide particle plant, particle plant from the return plate
100 mm, 6 columns of particle plant corresponds to the longitudinal axis of the flow of
the roller transverse 1–6 columns of field test data; in the corresponding position of the
clearing sieve set up long 600 mm long and 600 mm wide receiving box is set at the position
corresponding to the clearing screen, and the distance from the return plate is 180 mm. The
simplified homogeneous device model is converted into STL format and imported into
EDEM 2020 software, and the simulation model of the return plate is shown in Figure 12.
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Figure 12. Ladder board simulation model. (1). Pellet plant. (2). Step plate. (3). Calculation area.
(4). Catch box. (5). Simulated particles.

Set the motion of the reflux plate as “Sinusoidal Translation”, the frequency is 4.2 Hz,
the vertical amplitude is 13 mm, the target time step is 0.01 s, the vibration start time is 1 s,
the total time is 10 s, the total mass of the material is 2000 g, the flow rate is 200 g/s. The
total mass of the seeds was 2000 g and the flow rate was 200 g/s.

The seed mass as well as the generation rate of the seed pellet plant is shown in Table 3.

Table 3. Grain Particle Factory.

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6

Seed quality (g) 506.8 352.4 204 167.2 183.2 203.2
Rate of seed production (g/s) 101.36 70.48 40.24 33.44 36.64 40.64

The tramp mass and generation rate of the tramp particle plant are shown in Table 4.

Table 4. Miscellaneous Particle Factory.

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6

Trash mass (g) 54.8 65.6 55.6 52.8 21.6 35.2
Rate of generation of impurities (g/s) 10.66 13.12 13.04 10.56 4.32 6.74



Agriculture 2024, 14, 731 15 of 26

4.3. Effect of Stepped Plate Angle on the Distribution of Exudates

The transverse region was divided in the EDEM 2020 software, as shown in Figure 13
below, and the region was averaged into six zones in the transverse direction during the
simulation analysis, and the coordinates of the measured region in the X-direction were
[500, 150], in the Y-direction were [1100, 700], and in the Z-direction were [300, 610], all
in mm.
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In order to compare the effects of the programmes, statistical analysis was performed
to determine the mass of the exudate within the six zones in the lateral direction, denoted
as Ai, corresponding to the following expression:

Bi =
Ai
A

× 100% (39)

A is the quantity of all the exudates in the six regions, Bi is the ratio of the quantity of
exudates in each region, and the relevant data were input into origin for visualisation to
plot the Bi curve as shown below.

Specifically analysing the data in Figure 14, it can be found that when the angle of
the stepper plate is 28◦, the lateral uniformity effect is better than that of 26◦; when this
parameter is in the interval of 30◦ and 32◦, the uniformity of transverse dislodgement is
close to the situation; in addition, according to the analysis of the previous section, it can
be seen that the angle of 32◦ will have a negative impact on the conveying efficiency and
the corresponding uniformity effect is basically similar to the angle of the stepper plate of
30◦, so 28◦ is relatively suitable for the stepped plate angle. Therefore, 28◦ is a relatively
suitable angle for the ladder plate.
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In the study, in order to compare the homogeneity effect of each programme, the
standard deviation of the ratio of the number of dislodged material in each area of the
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transverse direction was set as an evaluation index, and the smaller the standard deviation,
the better the homogeneity was considered. The expression for the standard deviation of
discharged material is:

σ = sqrt[
6

∑
i=1

(Bi − B)
2

/6] (40)

In the formula
σ—Standard deviation of the percentage of the number of dislodged material in the

transverse region;
Bi—Percentage of number of horizontal regions;
B—Mean number of volume shares;
The simulation results were exported to the simulation data, and the distribution of

the exudates is shown in Figure 15.
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The standard deviation of the rejects for each scenario is shown in Figure 16.
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Figure 16. Comparative standard deviation test for exudates.

The standard deviation of the distribution of the dislodged material in the design
scheme is calculated, and the optimal scheme is the standard deviation of 1.62 for a stepped
plate at 28◦, i.e., the best homogeneous distribution of the dislodged material is achieved
when the angle of the stepped plate is 28◦, which is an improvement of 40% in comparison
with the other schemes.
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5. Bench Test
5.1. Test Conditions

The test was carried out in the team’s self-developed longitudinal flow threshing based
screen load homogenisation test bed for discharged material, as shown in Figure 17. The
main testing equipment used to test the homogenisation effect of maize kernels included:
receiving box (100 mm × 100 mm × 100 mm), electronic stopwatch of type J9-2, electronic
crane scale of type HCS-50 and electronic balance of type JJ3000.
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Figure 17. Test rig for screen load homogenization of discharged material for threshing in longitudinal
axial flow. (1). Feed box. (2). Return plate. (3). Electronic control system. (4). Cleaning sieve.
(5). Receiving box.

Its main technical parameters are shown in Table 5 below.

Table 5. Main technical parameters of corn cleaning and uniform distribution test bench.

Sports Event Work Unit
(One’s Workplace) Parameters

L × W × H mm 1540 × 640 × 1000
Motor power of cleaning sieve KW 2.2

Motor power of reflux plate KW 3
Cleaning sieve size mm 540 × 1200

Reflux plate size mm 480 × 560
Fan speed r/min 900~1500

Dimensions of collection unit (L × W) mm 600 × 400

The mass ratio of the test material composition is shown in Figure 18.
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5.2. Test Factors and Indicators

The previous theoretical analysis shows that the tilt angle, vibration amplitude, and
motor speed of the stepped reflux plate in the process of reflux homogenization are the key
factors determining the effect of homogenized reflux, so through theoretical analysis, the
tilt angle of the stepped reflux plate, vibration amplitude, and motor speed are selected
as the test factors. The levels of orthogonal test factors are as follows: 26◦~32◦ reflux
plate inclination angle, 15 mm~21 mm vibration amplitude, and 225 r/min~275 r/min
motor speed.

Due to the increase of the stepped return plate, in the longitudinal direction of the
drum, located in the back section of the drum of the dislodged material cleaning time
is relatively longer, in the radial direction of the drum, due to the stepped return plate
extended drum radial reciprocating movement, so that the return flow of the dislodged
material is relatively uniformly back to the screen surface of the cleaning sieve so that the
cleaning sieve screen surface pressure is relatively reduced to increase the efficiency of the
cleaning. Therefore, the seed impurity rate was selected as the test index, a certain quality
of sample seeds was taken out from the receiving box, from which the impurities (spindle,
bracts, and leaves, etc.) were selected, and the total mass of sample seeds and the mass
of impurities were weighed respectively, and the seed impurity rate was calculated by
the formula:

Z =
mz

mh
× 100% (41)

In the formula
Z—seed impurity rate, expressed as a percentage, %;
mz—mass of impurities, measured in grams, g.
mh—mixed seed mass, measured in grams, g.

5.3. Test Methods

Before each group of tests, the use of electronic scales will be weighed out of the
material in proportion to the reflux device feed box, the use of the device to simulate the
back section of the drum out of the material falling, out of the material first fell to the reflux
plate, after the reflux plate after the uniform distribution of the out of the material fell to
the surface of the sieve for cleaning, after the cleaning scattered to the arrangement of the
sieve below the receiving box.

The Box-Behnken response surface method [33–35] was applied in this experimental
study while referring to the results obtained in the previous article, three factors were
selected as the independent variables, including the tilt angle of the return plate, the motor
speed and the vibration amplitude of the return plate, and the dependent variable was the
impurity rate of the grain, and then a three-factor, three-level orthogonal test was carried
out by the research objectives, and the factors were coded for ease of processing, and the
obtained results were as shown in Table 6, with all the factors coded at three levels of
−1 (low), 0 (medium) and 1 (high). All the test factors were coded as −1 (low), 0 (medium),
and 1 (high) levels, and the coded values indicated the level of each factor, and the factors
were adjusted in the process of the test, and the mean value was taken in three repetitions,
and the evaluation index was set as the standard deviation of the quality ratio of the
extracted material.

Table 6. Factors and coding of experiment.

Encodings
Factors

Tilt Angle X1/◦ Motor Speed X2/r/min Amplification X3/mm

−1 26 225 15
0 29 250 18
1 32 275 21
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5.4. Analysis of Test Results

The design of the experimental program and data analysis in this subsection were
completed with the help of tools provided by Design-Expert 8.0 software. In this experiment,
the main focus was on the seed impurity rate as the test assessment index. A total of 17 tests
were carried out, of which 12 groups were analyzing factorization points and the rest were
zero points. In order to minimize the deviation of the test results from the actual values,
the zero-point test was repeated several times. The finalized test program and results are
shown in Table 7 (X1, X2, and X3 are the coded values of return plate tilt angle, motor speed
and return plate vibration amplitude, respectively).

Table 7. Test design scheme and results.

Serial Number Tilt Angle X1 Motor Speed X2 Amplification X3
Seed Impurity

Rate Y/%

1 −1 −1 0 2.41
2 1 −1 0 3.27
3 −1 1 0 3.01
4 1 1 0 4.21
5 −1 0 −1 2.63
6 1 0 −1 3.05
7 −1 0 1 2.44
8 1 0 1 4.03
9 0 −1 −1 3.58
10 0 1 −1 2.54
11 0 −1 1 2.78
12 0 1 1 4.07
13 0 0 0 1.56
14 0 0 0 1.55
15 0 0 0 1.57
16 0 0 0 1.58
17 0 0 0 1.62

The data related to the tests were entered into Design-Expert for processing, and the
results of the calculations are summarized in Table 8 below.

Table 8. Analysis of variance results of grain impurity content.

Source of Variation The Sum of the Squared
Deviations from the Mean

(Number of) Degrees
of Freedom Mean Square F p

model 13.63 9 1.51 49.3 <0.0001 **
X1 2.07 1 2.07 67.4 <0.0001 **
X2 0.4 1 0.4 13.04 0.0086 **
X3 0.29 1 0.29 9.4 0.0182 *

X1X2 3 × 10−2 1 3 × 10−2 0.94 0.3644
X1X3 0.34 1 0.34 11.14 0.0125 *
X2X3 1 × 10−3 1 1.36 44.18 0.0003 **

X2
1 2.22 1 2.22 72.24 <0.0001 **

X2
2 3.65 1 3.65 18.79 <0.0001 **

X2
3 2.33 1 2.33 75.76 <0.0001 **

residual 0.22 7 3 × 10−2

lost proposal 0.21 3 0.07 44.33 0.0016
pure error 6 × 10−3 4 1.5 × 10−3

inaccuracies 13.85 16

Note: ** means that the test factor is significant at the 0.01 level of significance; * means that the test factor is
significant at the 0.05 level of significance.
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These data were analysed by quadratic multiple regression to obtain the final quadratic
multiple correlation equation with the following expression:

Y = 1.57 − 0.51X1 + 0.22X2 − 0.19X3 + 0.085X1X2 − 0.29X1X3
+0.58X2X3 + 0.73X2

1 + 0.93X2
2 + 0.74X2

3
(42)

where X1 is the tilt angle; X2 is the motor speed; and X3 is the amplitude.
Based on the results obtained above, it can be found that factors X1, X2, and X3

significantly affect the rate of seed impurity content, and the level of significance of these
three factors is ranked, and the descending order results are vibration frequency X2, tilt
angle X1, and amplitude X3.

Further, the effect of the interaction of these factors on this indicator is analyzed
through the response surface method, in which one of the factors is set fixed and then the
effect of the remaining two factors is analyzed.

1. When the tilt angle of the return plate was 29◦, the effects of motor speed and
vibration amplitude on the seed impurity rate were obtained, as shown in Figure 19. With
the increment of motor speed, the seed impurity rate showed a trend of decreasing and
then increasing. This is because the motor speed has a significant effect on the uniformity
of reflux reject distribution. In the case of low motor speed, the acceleration of the material
is small, resulting in increased difficulty of the material to cross the stepped plate, which
causes the material to pile up on one side, resulting in poor uniformity of the rejects of
the reflux plate, which leads to an increase in the load on the sieve surface of the cleaning
sieve, and the excessive sieve surface load leads to the difficulty of cleaning the rejects
of the reflux plate, which results in a high rate of impurity content. As the motor speed
increases, the acceleration of the material increases, the movement speed of the material
on the surface of the reflux plate increases, and the uniformity of the reflux discharged
material becomes better, which leads to a smaller load on the screen surface of the cleaning
sieve, and the efficiency of the cleaning is improved, and the impurity rate of the grains is
reduced. However, as the motor speed is further increased, too high a speed will cause the
material to cross two or even three-step plates at a time, so that the movement stroke of
the material in the reflux plate is too long, resulting in a concentrated accumulation of the
material on one side of the reflux plate, or even causing a blockage, resulting in a further
increase in the impurity rate of the seeds.
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With the increase of the amplitude of the reflux plate, the impurity rate of the seeds
appeared obvious changes, specifically manifested as the first decline and then increase.
The reason for this phenomenon is that the larger the amplitude, the higher the efficiency
of the material crossing the stepped plate, so that the material piled up on one side can
quickly move to the other side, greatly reducing the thickness of the material piled up on
the left side, thus improving the uniformity of the discharged material. However, too high
an amplitude will lead to an increase in the amplitude of the movement of the material,
resulting in a poor homogenization effect of the refluxed discharged material, increasing
the screen surface load, reducing the cleaning efficiency, and leading to an increase in the
impurity rate. In serious cases, the material may even be vibrated out of the reflux plate,
resulting in seed loss.

2. When the speed of the return plate motor is 250 r/min, the effects of the tilt
angle of the reflux plate and the vibration amplitude on the homogenization effect of the
refluxed rejects were obtained, as shown in Figure 20. With the increase of the inclination
angle of the reflux plate, the impurity rate of the seeds showed a trend of decreasing
first and then increasing. This is because the inclination angle of the reflux plate has
a significant effect on the homogeneity of material distribution. When the inclination
angle increases, the smoothness of the reflux dislodged material sliding down from the
reflux plate increases, thus reducing the residence time of the material on the reflux plate,
making the homogeneous distribution time of the material on the reflux plate shorter, and
avoiding the accumulation of the material. However, when the inclination angle of the
reflux plate continues to increase, the movement distance of the material on the reflux plate
is further shortened, resulting in the material sliding down from the reflux plate without
being sufficiently homogenized, thereby causing the homogenization time of the refluxed
dislodged material to be reduced, the homogeneity of the refluxed dislodged material to
deteriorate, and the load on the screen surface to be increased, resulting in the increase in
the rate of impurity content of the seed grains.
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The size of the reflux plate amplitude does have a significant effect on the homogeneity
of the material, and within a certain range, as the amplitude of the reflux plate increases, the
efficiency of the material crossing the stepped plate increases, which enables the material
piled up on one side to move quickly to the other side, and this rapid movement greatly
reduces the thickness of the material piled up on the left side, thereby improving the
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homogeneity of the refluxed dislodgement material. However, when the amplitude is too
large, the material may accumulate on the other side of the reflux plate and the reflux rejects
are not evenly distributed. In this case, the clearing effect of the reflux rejects is not good,
and with too large an amplitude, the seeds may even be vibrated out of the reflux plate,
increasing the impurity content of the seeds.

3. When the vibration amplitude of the reflux plate is 18 mm, the influence of the tilt
angle of the reflux plate and the vibration frequency on the impurity rate of the seeds is
obtained, as shown in Figure 21. With the increase of the inclination angle of the reflux
plate, the impurity rate of the seeds decreased and then increased. This is because the tilt
angle of the reflux plate has a significant effect on the uniformity of material distribution.
When the inclination angle increases, the smoothness of the seeds sliding down from the
reflux plate increases, which reduces the residence time of the material on the reflux plate,
making the movement distance of the material on the reflux plate shorter, and avoiding
the accumulation of the material. However, when the inclination angle of the reflux plate
continues to increase, the movement distance of the material on the reflux plate is further
shortened, resulting in the reflux dislodged material sliding down from the reflux plate
without being sufficiently homogenized, thereby reducing the homogeneity of the refluxed
dislodged material, and the load on the screen surface increases, resulting in the impurity
rate of the seed grains increasing again.
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Figure 21. Analysis of the effect of the interaction between the tilt angle of the reflux plate and the
motor speed.

With the increase in motor speed, the seed impurity rate showed a tendency to decrease
and then increase. This is because the motor speed has a significant effect on the uniformity
of the distribution of the stripped material. When the motor speed is low, the acceleration
of the material is small, resulting in increased difficulty for the material to cross the step
plate, which causes the material to pile up on one side. This will cause the uniformity of the
dislodged material from the return plate to deteriorate, forming a distribution law of high
on the left side and low on the right side, which will increase the load on the screen surface
of the left side of the cleaning sieve, and reduce the cleaning efficiency. On the contrary, too
high rotational speed will make the material cross two or even three stepped plates at a
time, resulting in the accumulation of material on the reflux plate, and serious cases, it may
even lead to a clogging phenomenon. In this case, the distribution pattern of the reflux
dislodged material will show the pattern of high on the left side, low in the middle, and
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high on the right side, which will also increase the load of the cleaning screen and lead to
an increase in the impurity rate of the seeds.

5.5. Optimization of Parameters

After the above study, in order to determine the optimal combination of factors and
parameters, the regression equations were analyzed to obtain a nonlinear planning model
as shown below. 

minY(X1, X2, X3)

s.t


26◦ ≤ X1 ≤ 32◦

225 r/min ≤ X2 ≤ 275 r/min
15 mm ≤ X3 ≤ 21 mm

(43)

According to the obtained rounding optimization results, it was concluded that when
the tilt angle of the return plate was 28.7◦, the motor speed was 247 r/min, and the
vibration amplitude was 18.3 mm, the homogenization effect was optimal, and the rate of
seed impurity content was 0.48%.

In order to verify whether the optimization analysis results are correct or not, the
impurity rate was examined under the optimal parameter combination and repeated
six times under the same conditions to reduce the interference of error factors, and the
results obtained were sorted out as shown in Table 9, according to which it can be found that
the impurity rate of the seeds was 0.48%, and the results of the round-robin optimization
were credible.

Table 9. Validation test results.

Serial Number Seed Impurity (%)

1 0.48
2 0.51
3 0.49
4 0.52
5 0.47
6 0.48

6. Field Trial Validation

In order to further verify the adaptability of the design of the reflux homogenizing
device and to determine the optimal parameter combination of the designed stepped reflux
plate in the field operation process, the field test of the reflux homogenizing device was
carried out based on the completion of the theoretical design of the reflux homogenizing
device, the trial production of the test bed and the bench test.

The terrain of the test site is flat, the crop growth is uniform, no falling phenomenon,
the planting row spacing of corn plants is 560~600 mm, with an average value of 590 mm,
and the average plant height is 2097.5 mm, the corn cob is full, with no obvious sagging,
the water content of corn kernels is 25.8~26.5%, and the soil is dominated by subclass tidal
soil, and the test specimen is shown in Figure 22.
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According to GBT21962-2020 [36] corn harvester test method, the test corn field area is
taken as 20 m × 20 m, and the forward speed of the harvester is kept at 0.48 m/s during the
test. With other factors remaining unchanged, the parameters of the reflux homogenizing
device are adjusted, and the pre-optimization data are divided into two groups with
the optimized data, the original scheme (reflux plate tilt angle of 29◦, motor speed of
250 r/min, reflux plate amplitude 18 mm), optimization scheme (reflux plate tilt angle
28.3◦, motor speed 247 r/min, reflux plate amplitude 18.3 mm), the two schemes were
repeated three times to verify the test, and after the end of the test, a certain amount of
maize kernels were taken out of the granary in the test bag, and the kernels and impurities
(bracts, stalks, broken cores) were selected from the sample, weighed with electronic scales,
and weighed separately. The kernels, and impurities (bracts, stalks, broken cores) in the
samples were selected and weighed with electronic scales to calculate the impurity content
rate, and the test results are shown in Table 10.

Table 10. Field test results.

Test Number Original Program Impurity Rate
(%) Optimization Plan Impurity Rate (%)

1 1.58 0.48
2 1.57 0.45
3 1.62 0.52

average value 1.59 0.48

Through the field test verification, the test results are basically consistent with the
pre-test results, and the error between the optimization test results and the test verification
results is less than 5%, indicating that the optimal parameter combinations obtained from
the optimization model are more accurate.

7. Conclusions

1. Aiming at the problems of uneven distribution of dislodged material on the screen
surface of longitudinal flow grain combine harvester, a large difference in material
clearing time, and large clearing loss, a dislodged material homogenizing device that
can realize reflux and homogenization of dislodged material at the rear of longitudinal
flow has been developed. The structure and motion parameters of the reflux plate were
determined, and simulation tests were carried out to verify the optimal parameters of
the angle of the stepped plate.

2. The relevant test bench was set up, and the Box-Behnken test method was adopted
to determine the influence law of each factor on the operating effect and the optimal
parameter combination, and the results showed that the tilting angle of the reflux plate,
the motor speed and the amplitude had a significant influence on the distribution
uniformity of the material on the screen surface; the optimal parameter combination
was determined to be the angle of the reflux plate configuration at 28.7◦, the motor
speed at 247 r/min, and the seed inclusion rate of 0.48% at an amplitude of 18.3 mm.
The optimum combination of parameters was determined to be 28.7◦, 247 r/min,
18.3 mm, and 0.48% of impurity rate.

3. Under this condition, field tests were carried out to verify the results, which were
basically consistent with the results of the previous tests, and the error between the
optimized test results and the verification results was less than 5%, which proved that
it could effectively improve the performance of scavenging and reduce the rate of
impurity content.
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