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Abstract: Aiming at the current peanut pickup combine harvester seedling vines crushing mechanism
operation qualified seedling length rate is low, the impurity rate is high, and the seedling vines
crushing mechanism is optimized design. On the basis of the material characteristics of peanut
seedling vines, taking the crushing mechanism as the research carrier, the interaction mechanism of
the seedling vine mechanism was analyzed. Establish the mechanical model and motion trajectory
model in the crushing process, simulate the peanut seedling vines crushing process based on the
discrete element method, analyze the influence of the cutter shaft rotational speed, movement speed,
and bending angle on the crushing of peanut seedling vines, and establish the regression model, and
the results of the research show that the influence factors in the main order of priority are: knife
shaft speed > movement speed > bending angle The optimal parameter combination is knife shaft
speed 2171.94 r/min, movement speed 0.79 m/s, and bending angle 45°. According to the field test
conditions, it is determined that the knife shaft rotational speed of 2170 r/min, movement speed of
0.8 m/s, and bending angle of 45° can make the peanut seedling vines crushing mechanism of the
work performance to achieve a qualified seedling length rate of 97.292%, the rate of impurity content
of 2.746%, and the error with the predicted value is less than 2%, which indicates that this study can
provide a reference for the optimal design of the seedling vines crushing mechanism of the peanut
pickup combine harvester.

Keywords: peanut seedling vines; crushing; discrete element; simulation test

1. Introduction

Peanut is an important cash crop and oil crop in China [1,2]. In 2022, the peanut
planting area in China amounted to 70.26 million mu, accounting for 14% of the global
peanut planting area, ranking the second in the world, while the total output ranked the
first in the world [3]. The weight of peanut seedling vines as a by-product of peanut is also
increasing year by year [4,5]. Peanut seedling vines are a non-conventional feed resource.
After research and development, it is rich in nutrients and calories [6] and possesses
heat-removing and anti-inflammatory properties, which can be used as an alternative to
conventional feeds, thus improving feed remuneration and economic efficiency [7].

Improving the performance of peanut seedling vines crushing mechanisms can greatly
increase the income of peanut growers [8]. In order to improve the performance of straw
crushing, many scholars have conducted research on this issue. Manes et al. developed
a towed rice straw crusher with a flail knife to crush and cut the straw [9]. Singh et al.
developed a rice straw crusher with four rows of crushing flail knives and two rows of fixed
knives to improve the quality of crushing the straw [10]. Chad Allen Dow et al. designed a
tie rod mechanism that can adjust the overlap length of fixed knives and moving knives
to improve the quality of crushing and returning to the field in real time [11]. Martin
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Bueermann et al. designed a mechanism that can change the crushing length by changing
the feed amount of the straw [12]. Zhang Minghao et al. analyzed and concluded that
the degree of straw crushing is influenced by the rotor speed, mechanical properties of
the hammer knives, and mechanical properties of the toothed plate [13]. Guo Xi et al.
designed and optimized the main parameters, such as the shape of the cutting knife and
the installation method [14]. Deng Weihong et al. applied the principle of logarithmic
spiral equation to the straw crushing device to solve the problem of uneven force on the
hammer knife [15]. In summary, relevant studies and experiments have been conducted on
straw crushing, but less research has been conducted on the crushing mechanism of peanut
seedling vines.

This paper proposes a peanut pickup combine harvester seedling vines crushing
mechanism and analyzes the peanut seedling vines crushing mechanism. Peanut seedling
vines will be deformed and fractured during the crushing process, so it is necessary to
use software for visualization. EDEM 2022 software is a simulation and analysis software
based on the discrete element method, which can be used to visualize the study of the
material by simulating the behavioral characteristics of the particle system, and it is widely
used in the professional field of agricultural engineering [16]. Ma Zitao et al. obtained
an accurate simulation model of rice straw through EDEM software, which provided a
theoretical reference for the design of a chopping device [17]. Song Xuefeng et al. studied
the process of straw kneading and crushing with filamentous material discharge based on
the discrete element method [18]. In summary, the comminution mechanism and crushing
process of rice, corn, and other crop straws were studied and tested based on the discrete
element method.

At present, the peanut pickup combine harvester seedling vines crushing mechanism
of the relevant research is less, the existing peanut pickup combine harvester seedling
vines crushing qualified seedling length rate is low, and the problem of high impurity
rate is prominent [19-21]. In this paper, on the basis of peanut seedling vines material
characteristics, the peanut pickup combine harvester seedling vines crushing mechanism
as a research carrier, Y-type flail knife, crushing chamber, crushing knife shaft, flail knife
arrangement, and other key component parameter design, simulation through the EDEM
simulation test to determine the factors affecting the optimal combination of parameters
in the field test verification, to solve the peanut pickup combine harvester seedling vines
crushing mechanism of the qualified seedling length rate is low, The problem of high
impurity rate is solved.

2. Materials and Methods
2.1. Structure and Working Principle of the Whole Machine
2.1.1. Whole Structure

Peanut seedling vines crushing mechanism is an important part of the peanut pickup
combine harvester, which is mainly composed of flail knife, knife shaft, knife seat, crushing
chamber, negative pressure fan, lifting channel, etc., as shown in Figure 1.

y —

Figure 1. Schematic diagram of peanut seedling vines crushing mechanism: 1. peanut seedling vines
lifting channel; 2. crushing chamber; 3. flail knife; 4. knife seat; 5. crushing knife shaft; 6. negative
pressure fan.
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2.1.2. Principle of Operation

The crushing knife shaft rotates, driving the flail knife to crush the peanut seedling
vines, and throws the crushed peanut seedling vines to the lifting channel. Under the
negative pressure of the blower, the qualified sections are elevated and collected; the peanut
seedling vines that are too long fall back to the crushing chamber for secondary crushing to
improve the quality of crushing and increase the rate of qualified seedling length.

2.2. Design of Key Components and Determination of Parameters
2.2.1. Analysis of Knife Shape of Flail Knife

Knife type has a great influence on the quality of straw crushing. Straight knife
type has high crushing efficiency but small working width; hammer claw type has large
inertia, which generates large vibration and high energy consumption. Flail knife type
operation impacts and cuts peanut seedling vines, crushing efficiency is high, and it meets
the conditions of the peanut seedling vines crushing mechanism, so the flail knife type
crushing knife is selected [22]. Among the flail knives, Y-type and L-type knives have
better rigidity and wear resistance, which are suitable for crushing peanut seedling vines.
Now the L-type and Y-type flail knives in the peanut seedling vines play the role of force
analysis, the cutting part of the same position. As shown in Figure 2.

«e
a\ F
(a) L-type flail knife force (b) Y-type flail knife force

Figure 2. F1 is the combined force of the L-type flail knife on the seedling; a is the angle between
the combined force and the vertical direction; F2 is the combined force of the left knife of the Y-type
flail knife on the seedling; F3 is the combined force of the right knife of the Y-type flail knife on the
seedling; b is the angle between F2 and the vertical direction; and c is the angle between F3 and the
vertical direction.

Taking the overlapping peanut seedling vines as the x-axis and the perpendicular
direction as the y-axis, a right-angled coordinate system is established, and the force
equations of the L-type flail knife and the Y-type flail knife on the peanut seedling vines
can be expressed as follows:

Fy = F -sin(a)
{ Fy1 = F - cos(a) @
Fo=F- sin(b) + F- Sil’l(b) 2
Fy» = F - cos(c) + F3 - cos(c) @

where Fy is the squeezing force of the L-type flail knife in the x-axis direction; Fy; is the
shear force of the L-type flail knife in the y-axis direction; Fy; is the squeezing force of the
Y-type flail knife in the x-axis direction; and Fy; is the shear force of the Y-type flail knife in
the y-axis direction. The unit is N.
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There is because the cutting site is the same part of the Peanut seedling vines:
a=b=c
R ©
From Equations (1)—(3):
FyZ > Fyl (4)

After force analysis, the Y-type flail knife local shear force is greater than the L-type
flail knife shear force, so it is easier to crush the straw, in line with the practical requirements
of the seedling vines crushing mechanism. In order to reduce the impact of the impact
on the crushing knife shaft and knife seat, the choice of two improved L-type flail knife
back-to-back combinations of Y-type flail knife structure is not only to ensure that the
Y-type flail knife crushing peanut seedling vines ability, but also to avoid the L-type flail
knife being easy to elasticity and deformation of the defects.

2.2.2. Mechanical Analysis

In order to prevent the Y-type flail knife root stress from being too large and to reduce
the Y-type flail knife on the crushing knife shaft impact vibration, Y-type flail knife through
the pin and knife seat connection. In order to simplify the force analysis process, the force
part of the flail knife when crushing the vine is classified as a point, that is, the top of the
Y-shaped flail knife, and the size is F1. The flail part of the kinetic energy of the knife is used
to overcome the cutting of peanut seedling vines brought about by the energy consumption,
and thus flailing the knife will produce a deflection angle «, as shown in Figure 3.

Figure 3. Schematic diagram of Y-type flail knife force analysis.

In the figure, O is the center of the crushing knife shaft; O is the center of the pin bolt;
O; is the center of mass of the Y-type flail knife; Vm is the forward speed of the machine;
w is the angular speed of the Y-type flail knife; Ry is the radius of rotation of the center of
the pin bolt; R; is the rotary radius of the Y-type flail knife center of mass swing; R; is the
radius of the Y-type flail knife tip; F; is the centrifugal force; mg is the gravitational force of
the Y-type flail knife.

Excluding the friction between the Y-flail knife and the pin bolt, from Figure 3:

Ly, = Lycosa ()

L, is the vertical distance from the center of the pin bolt to the point of resistance Fy;
L3 is the distance from the center of the pin bolt to the top of the Y-type flail knife blade.

B = mw?Ry (6)
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This follows from the triangle similarity principle:

& _ Lysina
Ry Lo

(7)

where L; is the distance between OyO,. The equilibrium equation for the moment of the
Y-type flail knife relative to the center of the pin bolt is:

FiLzcosa = mgLy sina + mw*RyLy sina 8)
It can be obtained from Formulas (6)—(8):

FLs

tana = m(g+w2Ro)L1 (9)
As can be seen from the formula (9), increasing the mass of the Y-type flail knife, «
will become smaller, which is conducive to the cutting and crushing of peanut seedling
vines. With reference to the existing straw crusher and taking into account the relative
slenderness of the peanut seedling vines, the thickness of the Y-type flail knife is selected
to be 3 mm; when L1 /L3 is increased, « will be smaller, which indicates that the center of
mass of the Y-type flail knife is moved to the top, and the effect of the Y-type flail knife
working declination can be reduced. At the same time, to increase the angular velocity of
the crushing knife shaft w, the same can make the Y-type flail knife working deflection
angle reduction, but the energy consumption increases accordingly, and the dynamic
balance requirements are also higher, so we must choose the appropriate crushing knife

shaft rotation speed.

2.2.3. Trajectory Analysis

The forward speed of the whole machine is Vp,, also known as the implicating speed;
the circumferential linear speed of the end point of the Y-type flail knife is V,, i.e., the
relative speed. The synthesis of the two movements is the absolute speed of a Y-type flail
knife. The absolute speed of Y-type flail knife knife end point V, of the equation of motion:

With the movement time t being 0, when the center of the axle of the crushing knife
shaft is a fixed coordinate system origin, the forward direction of the machine for the x-axis
is positive, the vertical surface is downward for the y-axis is positive, and the crushing
knife shaft is for the positive rotation of the movement, as shown in Figure 4.

-
T U

Figure 4. Y-shape flail knife motion analysis.
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Assuming that there is a point on the Y-type flail knife as point M(x, y), the coordinates
of point M(x, y), denoted as, can be derived when determining the forward speed Vp,, the
rotational angular velocity w, and the radius of gyration R, in time t:

x = Vit — Rcos wt
{ y = Rsinwt (1)

The Formula (11) shows the trajectory equation of P point:

Vin .Y /
R2 2 12
X = arcsin= + Yy (12)

Taking the forward direction of the whole machine as the positive direction of the
X-axis, vertically downward as the positive direction of the y-axis, and the point where the
peanut seedling vines are discharged from the fruit picking drum as the origin, the trajectory
equation of the peanut seedling vines is established, which is expressed as follows:

X = Vpt
(13)
{ y =38t

According to Formula (13), the trajectory equation of peanut seedling vines is
as follows:

2y
x= V|2 (14)
g

From the Formula (12) can be obtained, the machine forward speed and Y-type flail
knife linear speed change between the ratio, and the movement trajectory will show a
different shape; from the Formula (14) can be obtained, the peanut seedling vines of the
movement trajectory for the parabola will be the two trajectories in the same coordinate
system to show, as shown in Figure 5. When the forward speed of the machine is greater
than or equal to the linear speed of a certain point, the motion trajectory curve has no
overlapping part, and the contact point of the motion trajectory of the peanut seedling
vines is less, resulting in incomplete crushing of peanut seedling vines, or even the whole
peanut seedling vines wrapped around the crushing knife shaft, resulting in damage to the
machine, as shown in Figure 5a. When the forward speed of the machine is less than the
linear speed of a certain point, the motion trajectory curve has an overlapping area, and the
motion of the peanut seedling vines with the contact point increases, the number of peanut
seedling vines being crushed increases, and the quality of crushing is improved, as shown
in Figure 5b; the smaller the ratio between the forward speed of the machine and the linear
speed of the Y-type flail knife is, the greater the overlap of the motion trajectory area of the
point is, as shown in Figure 5c; when the forward speed of the machine is close to 0, the
motion trajectory of the point is close to the circle gradually, as shown in Figure 5d. In this
case, the peanut seedling vines can be crushed many times by the Y-type flail knife, and
the peanut seedling vines are crushed thoroughly with high crushing efficiency. Therefore,
reducing the ratio between the forward speed of the machine and the linear speed of the
Y-type flail knife helps to improve the crushing performance of the peanut seedling vines
crushing mechanism.
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(a) (b)
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Figure 5. The motion trajectories of Y-type flail knife and peanut seedling vines corresponding
to different velocity ratios. (a) when the forward speed of the tool is greater than or equal to the
linear speed of a certain point, the schematic diagram of the movement trajectory; (b) when the
forward speed of the tool is less than the linear speed of a certain point, the schematic diagram of the
movement trajectory; (c) schematic diagram of the trajectory when the ratio of forward velocity to
linear velocity is small; (d) schematic diagram of the trajectory when the forward speed is close to 0.

2.2.4. Parameter Design of Pulverizing Chamber and Knife Block

The crushing chamber is the area where peanut seedling vines are cut and crushed,
and its reasonable design has an important influence on the quality of seedling vines
crushing, the power consumption of the crushing mechanism, the uniformity of seedling
vines crushing, as well as the discharge of peanut seedling vines after crushing. In order to
enable the peanut seedling vines to be discharged from the crushing chamber in a timely
and effective manner after crushing, a circular enclosure is used as the lower cover of the
crushing chamber, which is characterized by the ability to enable the airflow generated by
the negative pressure fan to quickly pass through and bring the crushed peanut seedling
vines to the collecting box. As shown in Figure 6.

The collision between the peanut seedling vines and the crushing chamber enclosure
will promote the crushing of the vine. The reasonable distance between the Y-type flail
knife and the crushing chamber is the condition to ensure full collision. In order to increase
the stability and reliability of the overall structure and reduce the mechanical power
consumption, the space design of the crushing chamber should be compact. According
to the existing crushing chamber, the gap between the Y-type flail knife and the crushing
chamber is designed to be 20-35 mm, and the diameter of the circular enclosure is designed
to be 400 mm, which meets the requirements of peanut seedling vines crushing.
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Figure 6. Schematic diagram of the structure of the crushing chamber.

2.2.5. Parameter Design of Pulverizing Knife Shafts

The rationality of the crushing knife shaft is directly related to the stable state of the
work. You can determine the minimum diameter of the crushing knife shaft according to
Formula (15), that is:

d, > A3VP/n (15)

where dz is the minimum diameter of the crushing knife shaft, the unit is mm; A for the
material coefficient, the crushing knife shaft selected is 45 steel, then take A = 118; p for the
crushing knife shaft to transfer the rated power, the unit is KW; n for the crushing knife shaft
rotation speed, the general flail knife straw crusher requirements of the rotational speed of
the 20202452 r/min [23], taking into account the peanut seedling vines is relatively thin,
the rotational speed is set at 1600-2400 r/min, the required solution dz is the minimum
diameter, so take 1 = 2400 r/min. According to Formula (16), get dz > 23.8 mm; in order to
ensure enough working strength, take dz = 50 mm.

In order to ensure that the operating width, crushing knife shaft speed, and feeding
conditions are the same, the Y-type flail knife number is too small, axially adjacent to the
two groups of Y-type flail knife gap between the two groups, prone to peanut seedling
vines wrapped around the phenomenon of crushing the knife shaft, resulting in clogging,
and cannot achieve the requirements of the crushing of peanut seedling vines; on the other
hand, the Y-type flail knife number is too large, the mechanical consumption of power is too
large, the cost of manufacturing to increase and impede the discharge of the crushed straw
On the other hand, which causes blockage and affects the crushing quality. According to the
“Agricultural Machinery Design Manual”, the arrangement density of a Y-type flail knife is
generally 0.23-0.4 pieces/cm, and the operation width L of this machine is 900 mm. The
calculation of the arrangement density of a Y-type flail knife can be expressed as follows:

C= T (16)

From the Formula (16) can be obtained the number of Y-type flail knives for the
21-36 pieces. In order to ensure that the work of crushing the knife shaft at both ends of
the bearing load is uniform, the Y-type flail knife arrangement should be balanced. To
determine the number of Y-type flail knife knives N for 28 pieces, the staggered arrangement
has a radial angle of 90° or 180°.

According to the working width of the designed crushing and collecting device,
combined with the characteristics of peanut seedling vines to determine the Y-type flail
knife installation layout with the size of the Y-type flail knife layout as shown in Figure 7.
Among them, the distance between the two ends of the Y-type flail knife and the end
surface of the crushing knife shaft A is 47 mm, the same row of Y-type flail knife distance
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A7 is 124 mm, and the first row of Y-type flail knife and the second row of Y-type flail knife
horizontal distance A; is 62 mm.

900

Y Y Y XY Y
Y Y YY K‘Y Y 270°

5 “‘ 180°
B (V) (V) LV (V) [V} (V) .
¥  § | | ‘ Y 90
Sl \ \ o
1 2 3 4
(a) (b)

Figure 7. (a) Schematic diagram of Y-type flail knife arrangement; (b) Schematic diagram of overall
installation of Y-type flail knife. Red marking: the position of the Y-type flail knife on the crushing
knife shaft; 1 First row of Y-type flail knife; 2 s row Y-type flail knife; 3 third row Y-type flail knife;
4 Fourth row Y-type flail knife.

2.2.6. Parameter Design of Y-Type Flail Knife

Peanut seedling vines crushing mechanism in the work, Y-type flail knife to do high-
speed rotary movement, the cutting edge on the knife to form a circular and rounded side
of the platform, as shown in the shaded part of Figure 8. In order to improve the utilization
rate of the Y-type flail knife in the peanut seedling vines crushing process, the Y-type flail
knife cuts the edge to form an area as large as possible.

I AN N

Figure 8. h; is the upper straight segment cutting edge; h; is the lower straight segment cutting edge;
« is the angle between the lower straight segment cutting edge and the vertical line of the upper
straight segment cutting edge.

The area formed by the cutting edge of the upper straight section is:
Sy = thy? (17)
The area formed by the cutting edge of the lower straight section is:
Sy = m(2hy + sinahy)hy (18)
The area formed by the cutting edge of the Y-type flail knife is:
s=s51+5 (19)

The above has given the diameter of the crushing chamber for 400 mm. The diameter
of the crushing knife shaft dz = 50 mm; at this time, the overall length of the Y-type flail
knife has been a fixed value of L. There are the following relations:

h; +hysina =L (20)
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Organizing the above equations gives:
S= n[hzz (sin2 o — sinvc) +2Lhy(1 —sina) + LZ} (21)
Derivation of Formula (21):
§' = 7t|2hy (sin?« — sina) +2L(1 — sina) | (22)
In the Y-type flail knife, the following relationship exists for h2:
0<hy <L<_— (23)

It can be seen that when the value of h; is closer to L, the larger the value of S is, that
is, the larger the cutting area of the Y-type flail knife insert is, and the larger the utilization
rate is.

In the existing Y-type flail knife, the value of o is generally between 30° and 60°, which
can meet the working load of the Y-type flail knife in crushing peanut seedling vines. The
above has been given to the first row of Y-type flail knife and the second row of Y-type
flail knife. The horizontal distance L; is 62 mm. In order to avoid the adjacent Y-type flail
knives having a wide operating gap but also to avoid the generation of too much work
overlap area, hy should meet the following conditions:

hy cos 30" < 31mm (24)

And in order to improve the cutting area of the Y-type flail knife, that is, the value of
h2 should be large, so take hy = 35 mm.

In order to ensure that the gap between the Y-type flail knife and the crushing chamber
enclosure is between 20 and 35 mm, and to obtain the maximum working area of the cutting
edge, the length of the upper straight section h; is 45 mm, the length of the lower straight
section hy is 35 mm, the length of the non-cutting edge part is 35 mm, the bending angle 0
is between 30 and 60°, the thickness of the flail knife is d; is 3 mm, and the width of the
knife is dj is 50 mm. In order to strengthen the firmness of the flail knife, the radius of the
threaded pin hole R; is 5 mm. The installation structure sketch is shown in Figure 9a, and
the structure parameters of the flail knife are shown in Figure 9b.

Tﬁ/%p_ -

L

h

N,

(a) (b)

Figure 9. (a) Sketch of flail knife mounting structure; (b) Schematic of structural parameters. 1. Crush-
ing knife shaft; 2 bolts; 3 gaskets; 4 sawtooth; 5 tool holders; 6 nuts; 7 Y-type flail knife.
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3. Simulation Modeling and Analysis
3.1. Peanut Seedling Vines Modeling

Firstly, according to the results of pre-processing parameter measurements, the 3D
design drawing of the peanut seedling vines was simplified by SolidWorks 2023 software,
and the peanut seedling vines model was created. Secondly, the created peanut seedling
vines model was saved in iges. format and imported into the preprocessing software
HyperMesh 2021 for meshing, as shown in Figure 10. The structure of peanut seedling
vines is complex, including the root system, stalks, and leaves, so in HyperMesh software,
it is also divided into three parts: the root system, stalks, and leaves, which are meshed
separately. The root system and stalks are meshed using quadrilateral type meshing, and
the leaves are meshed using mixed cell types (quadrilateral and triangular), with a total
number of nodes of 7862 and a total number of mesh cells of 2998.

Figure 10. HyperMesh model of peanut seedling vines.

Finally, the grid cell center coordinates of each part of the peanut seedling vines
in HyperMesh software were exported into the form of a data table and imported into
the Bulk Material module of EDEM software, and the root system was filled with the
particle size spheres of 1 mm, 1.5 mm, and 2 mm in diameter, the stalks were filled with
the particle size spheres of 1.5 mm, 2 mm, and 2.5 mm in diameter, and the leaves were
filled with the particle size spheres of 1.2 mm in diameter, and all the filled particle size
spheres were bonded together with the Bonding V2 key to obtain the particle model of
the peanut seedling vines as shown in Figure 11. According to the literature [24], the
material properties and collision characteristic parameters of the peanut vines particles in
the simulation process were obtained, as shown in Table 1.

Table 1. Physical properties and collision characteristics of materials.

Makings Parameters Numerical Value
Poisson’s ratio 0.35
Peanut seedling vines Shear modulus/(pa) 1 x 106
Density /(kg/m3) 230
Roots—stalks coefficient of restitution 0.4
Roots—Leaves coefficient of static friction 0.4

Stalks—Leaf knifes coefficient of rolling friction 0.01
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Figure 11. Peanut seedling vines particle model.

3.2. Modeling of Pulverizing Mechanism

SolidWorks software was used to establish the three-dimensional model of the crushing
mechanism in the previous stage, and the structure that did not affect the simulation results
was simplified, saved in stp format, and imported into EDEM software for peanut seedling
vines trailing positioning, and the simplified structure is shown in Figure 12. According
to the calculation method of characteristic parameters in the literature [25], the material
properties and collision characteristic parameters of crushing during the simulation are
obtained, as shown in Table 2.

F\ﬂ-zfj

034243434 48

Figure 12. Simplified diagram of crushing mechanism.

Table 2. Physical characteristics and collision characteristics of the crushing mechanism.

Makings Parameters Numerical Value
Poisson’s ratio 0.3
crushing mechanism Shear modulus/(pa) 7.992 x 1010
Density / (kg/m?3) 7800
crushing mechanism—peanut coefﬁ.cient of res.titu.tio.n 03
seedling vines coefficient of static friction 0.62
coefficient of rolling friction 0.01

3.3. Simulation Parameter Setting and Process

According to the basis of previous work, the relevant parameters of Tables 1 and 2 are
set in EDEM, the relevant parts of the crushing mechanism are set as a whole, the rotary
motion around the axis is added to the crushing knife shaft, the rotational speed is set to
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2000 r/min, the EDEM iteration time step is set to 0.05 in the simulation, and the total
length of the simulation is set to 2 s, and the crushing process is shown in Figure 13.
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Figure 13. EDEM peanut seedling vines grinding process.

3.4. Simulation Analysis of Peanut Seedling Vines Crushing

Peanut seedling vines in the crushing process, the force is an important index to
determine the stability of the crushing mechanism; the change in the number of bonding
keys can determine the crushing of peanut seedling vines, respectively, with the time
corresponding to the relationship between the form of a line chart shown in Figure 14.

As can be seen from Figure 14, 0-0.1 s, the Peanut seedling vines particle model was
not generated, and the number of bonding bonds remained 0; 0.1-0.3 s, the Peanut seedling
vines particle model was generated without contacting the crushing mechanism, and at this
time, the number of bonding bonds increased rapidly; 0.3-0.4 s, there was no generation
of the Peanut seedling vines particle model, but at this time the peanut seedling vines are
subjected to the external crushing effect of the Y-type flail knife, resulting in a decrease
in the overall number of bonding bonds; 0.4-0.8 s, the peanut seedling vines particle
model continues to be generated, but is subjected to the Y-type flail knife’s crushing effect,
therefore, the growth of the overall number of bonding bonds is small; 0.8-0.9 s, there is
no peanut seedling vines particle model generation, the overall The number of bonding
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keys decreases; 0.9-2 s, the number of bonding keys continues to increase steadily, and the
overall force is stable, so the pulverizing mechanism maintains stable operation.
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Figure 14. (a) Plot of force on peanut seedling vines versus time; (b) Plot of number of bonding bonds
versus time.

3.5. One-Way Test Analysis

The size of the rotational speed of the crushing knife shaft directly affects the size of
the kinetic energy of the Y-type flail knife when crushing peanut seedling vines. When
the knife shaft speed is too small, it will lead to insufficient crushing, resulting in peanut
seedling vines wrapped around the crushing knife shaft; when the speed is too large, it
will increase the energy consumption and accelerate mechanical wear. Feeding too small,
contrary to actual operations and not in accordance with design requirements; feeding
too large, peanut seedling vines are not discharged in a timely manner, the subsequent
peanut seedling vines into the crushing chamber, thus resulting in the phenomenon of
clogging. A folding angle that is too large or too small will change the cutting angle of
the Y-type flail knife, thus affecting the crushing capacity. After analysis, it is considered
that the knife shaft speed, feeding volume, and folding angle have a significant effect on
the crushing capacity; the interaction between the factors is not taken into account for the
time being, and a one-factor simulation test is conducted. It has been given in the previous
paper that the knife shaft speed is set between 1600 and 2400 r/min; the existing Y-type
flail knife folding angle is generally between 30 and 60°, and this test is set between 15
and 75°; reference to the relevant literature [26], and combined with the weight ratio of
peanut seedling fruits of 1, the feeding volume is set to be 0.8-7.2 kg/s, and the levels of
the single-factor variables are shown in Table 3. In order to obtain the trend of the influence
of each influence factor on the crushing degree of peanut seedling vines respectively, a
one-factor test of the control variables was carried out, and the feeding amount was set
to 4 kg/s, the angle of folding angle was 45°, and three simulation simulation tests were
carried out for different knife shaft speeds, and the average value was taken, and then
the knife shaft speed was set to 2000 r/min, the angle of folding angle was 45°, and the
one-factor simulation tests with different feeding amounts were carried out in turn. Setting
the knife shaft speed as 2000 r/min and the feeding amount as 4 kg/s, the one-factor
simulation test with different folding angles was carried out, and the results are shown in
Figure 15.

Table 3. Single factor variables and levels.

Knife Shaft Speed (r/min) Feeding Volume (kg/s) Bending Angle (°)
1600 0.8 15
1800 24 30
2000 4 45
2200 5.6 60

2400 7.2 75
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Figure 15. (a) Relationship between the degree of crushing peanut seedling vines and the speed of
crushing knife shaft; (b) Relationship between the degree of crushing peanut seedling vines and the
amount of feeding; (c) Relationship between the degree of crushing peanut seedling vines and the
bending angle of Y-type flail knives.

From Figure 15a, it can be seen that the degree of peanut seedling vines crushing tends
to increase with the increase in knife shaft rotational speed during 1600-2000 r/min, and the
degree of crushing tends to decrease when the rotational speed reaches 2000-2400 r/min, so
the optimal knife shaft rotational speed is between 1800 and 2200 r/min; from Figure 15b, it
can be seen that the degree of peanut seedling vines crushing decreases with the increase in
the feeding amount, combining with the realistic operating speed and economic operation,
the feeding amount cannot be too low, and referring to the literature [27,28], the optimal
feeding amount is selected to be between 2.4 and 5.6 kg/s in order to ensure that the
crushing rate of the seedling vines crushing mechanism of the peanut pickup combine
harvester is above 97%; from Figure 15¢c, the bending angle is between 15 and 45°, the
angle increases, the crushing degree increases, the angle continues to increase, the crushing
degree decreases, so the optimal bending angle is between 30 and 60°.

The analysis of simulation results shows that the design can realize the peanut seedling
vines crushing operation and can be used in peanut pickup combine harvesters, and the
solution is feasible.

4. Field Experiment
4.1. Test Equipment

The experiment was carried out in the test base of the Yellow Triangle Agricultural
Hi-Tech Zone in Guangrao County, Dongying City, Shandong Province. The experimental
peanut variety was “Yuhua 18’, which was planted in monoculture and double rows with a
spacing of 800 mm between rows and 280 mm between plants and was harvested by an
excavator before the experiment and spread in the field. The test machinery and the place
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of origin are shown in Figure 16. After drying for 3d, the water content of the seedlings
and vines was 19.27%, the average length of the fruit-bearing seedling vines was 40 mm,
the mean value of the vines and fruits ratio was 1, and the average was 4 kg/m?, and
the width of the picking width of the peanut pickup combine harvester was 2000 mm,
so the simulation test factors mentioned in the previous section of the feeding amount of
2.4-5.6 kg /s corresponded to the forward speed of 0.6-1.4 m/s.

(b)

Figure 16. (a) 4HZJ-2500 Peanut pickup combine harvester; (b) unorganized spread of peanuts.

Before the test, peanut seedling spreading in the field was checked, and the test method
was carried out according to the national standard GB/T5262-2008 [29]. The test refers
to the national standard GB/T 5667-2008 [30] “Agricultural Machinery Production Test
Methods’, the agricultural industry standard NY/T502-2016 ‘Peanut Harvester Operation
Quality” and NY/T2204-2012 [31]. ‘Peanut Harvesting Machinery Quality Evaluation
Technical Specification” in the methods and specifications. The test content mainly includes
qualified seedling length rate and impurity rate. The test area was divided into several
test areas, each of which was 10 m in length, and the test was repeated several times. The
tester drove a peanut pickup combine harvester to conduct the test in the field. The testing
instruments included a tachometer, meter ruler, and electronic scale.

4.2. Test Parameters

In this test, the qualified seedling length rate Y; and impurity rate Y, were used as the
evaluation indexes of crushing performance. The length of peanut seedling vines greater
than 5 cm is regarded as unqualified for pulverization; membrane, soil block, and peanut
root system with adhesive tape membrane are regarded as impurities.

The formula for calculating the evaluation indicator pass rate Y1 is shown below:

M; o
H= SV 100% (25)
In Equation (25), H is the crushed qualified seedling length rate, %; M is the total
weight of peanut seedling vines with a length of less than 5 cm, kg; M is the total weight of
peanut seedling vines in the seedling collection box, kg.
The peanut seedling vines in the collection box after 10 m of peanut pickup combine
harvester operation were taken and weighed for impurities, and the formula for calculating
the impurity content Y; is shown below:

T = % x100% (26)

In Equation (26), T is peanut seedling vines crushed qualified impurity rate, %; M;
is the total weight of impurities, kg; M is the total weight of peanut seedling vines in the
collection box, kg.
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4.3. Test Scheme

In the simulation test in the third chapter section, the influencing factors and the best
interval were analyzed and found, the feeding amount in the simulation test corresponded
to the traveling speed of the machine in the field test, the speed of the crushing knife
shaft and the traveling speed were changed by varying the different output power of
the peanut pickup combine harvester, the bending angle was changed by replacing the
different Y-type flail knives, and the passing rate Y; and the impurity rate Y, were used
as the evaluation indexes of the crushing performance of the crushing mechanism was
subjected to a three-factor, three-level orthogonal test, and the test coding table is shown in
Table 4. The experimental design and response values are shown in Table 5.

Table 4. Table of coding of test factors.

Cutter shaft Speed A Movement Speed B

Coding Level Bending Angle C (°)

(r/min) (m/s)
-1 1800 0.6 30
0 2000 1 45
1 2200 1.4 60

Table 5. Experimental design scheme and response values.

Serial Knife Shaft Travel Bending Percent of Impurity
Number Speed A Speed B Angle C Pass Y1 Rate Y2
1 -1 1 0 96.84 423
2 0 1 -1 96.89 417
3 1 0 1 97.17 3.72
4 1 0 -1 98.17 2.95
5 0 0 0 97.84 3.21
6 -1 0 1 96.18 448
7 1 -1 0 98.52 2.74
8 -1 -1 0 97.18 3.79
9 0 -1 -1 97.84 3.24
10 0 -1 1 97.17 3.78
11 0 0 0 97.84 3.23
12 0 0 0 98.17 2.93
13 0 0 0 98.17 2.94
14 0 1 1 96.50 4.34
15 0 0 0 98.18 291
16 1 1 0 97.84 3.22
17 -1 0 -1 96.65 421

4.4. Analysis of Test Results

Using the Box-Behnken module in Design-Expert 13 software, the analysis found that
the interaction between the test factors was not significant, and the regression model was
established to establish the qualification rate Y; and the impurity rate Y, as the test indexes,
and the cutter shaft rotational speed A, the traveling speed B, and the bending angle C as
the test factors, respectively, as shown in Equation (27).

Y; = 98.04 + 0.607A — 0.3281B — 0.3156C — 0.2528 A2 — 0.7466C> o7
{ Y, = 3.04 — 0.51A + 0.3013B + 0.2188C + 0.2043A2 + 0.2467B? + 0.8917C> @7

It can be seen from Table 6 of variance analysis that the p-value of the quadratic fitting
models of the qualification rate Y1 and the impurity rate Y, is less than 0.01, indicating
that the regression models are highly significant; the Lack of fit value is greater than 0.05,
indicating that the two regression equations have a high degree of fit. In the regression
model of qualification rate Y, the highly significant influencing factors include A, B, C,
and Cy, and the order of factors is A > B > C; in the regression model of impurity rate Y5,
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the highly significant influencing factors include A, B, C, and C;, and the order of factors is
A>B>C.

Table 6. Regression equation analysis of variance table.

Percent of Pass Y1 Impurity Rate Y2
Source Sum of df Mean F-Value p-Value Sum of df Mean F-Value p-Value
Squares Square Squares Square
Model 7.70 9 0.8551 29.50 <0.0001 5.35 9 0.5949 26.30 0.0001
A 2.95 1 2.95 101.68 <0.0001 2.08 1 2.08 91.99 <0.0001
B 0.8613 1 0.8613 29.71 0.0010 0.7260 1 0.7260 32.10 0.0008
C 0.7970 1 0.7970 27.49 0.0012 0.3828 1 0.3828 16.92 0.0045
AB 0.0281 1 0.0281 0.9678 0.3580 0.0004 1 0.0004 0.0177 0.8980
AC 0.0700 1 0.0700 241 0.1643 0.0625 1 0.0625 2.76 0.1404
BC 0.0193 1 0.0193 0.6665 0.4412 0.0342 1 0.0342 1.51 0.2584
A2 0.2691 1 0.2691 9.28 0.0187 0.1757 1 0.1757 7.77 0.0270
B2 0.1602 1 0.1602 5.53 0.0510 0.2564 1 0.2564 11.33 0.0120
2 2.35 1 2.35 80.95 <0.0001 1.47 1 1.47 65.18 <0.0001
Residual 0.2029 7 0.0290 0.1583 7 0.0226
La;i of 0.0728 3 0.0243 0.7455 0.5786 0.0544 3 0.0181 0.6983 0.6001
Pure 0.1302 4 0.0325 0.1039 4 0.0260
Error
Cor
Total 7.90 16 5.51 16

Table 7 shows that the coefficients of variation are less than 5%, indicating that the
data of the results of this test are within the normal range; adjusted R? is all greater than 0.8,
once again indicating that the regression equations are better fit, respectively, 97.43% and
97.13%; this regression model can be used to optimize the working parameters of peanut
seedling vines crushing mechanism.

Table 7. Regression model reliability analysis table.

Model C.V. % R2 Adjusted R?
Y1 0.1747 0.9743 0.9413
Y2 4.26 0.9713 0.9343

4.5. Optimization Model Construction

Since the three influencing factors of this test have different effects on the two eval-
uation indexes, in order to find the optimal working parameters of the peanut seedling
trailing crushing mechanism, a multi-objective optimization analysis is carried out for
each influencing factor. The regression model is optimized and solved using the numerical
module. According to the design requirements and actual working conditions of the peanut
seedling vines crushing mechanism, as well as the results of the simulation analysis, the
optimization constraints are set, as shown in Equation (28).

1800 < A <2200

06<B<14

C = 30°,45°,60°

90% < Y; < 100% (28)
0% < Yr < 5%

maxYi(A,B,C)

minY, (A, B,C)

After the optimization solution, a variety of parameter optimization combinations are
obtained, and the results given by Design-Expert 13 software are as follows: The rotational
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speed of the cutter shaft is 2171.94 r/min, the movement speed is 0.79 m/s, the bending
angle is 45°, and the predicted crushing qualification rate at this time is 98.57%, and the
impurity content rate is 2.623%. As shown in Figure 17. Considering the peanut pickup
combine harvester’s current field operating conditions, processing technology, and work
performance design requirements, determine the optimal combination of work parameters
for the knife shaft speed of 2170 r/min, movement speed of 0.8 m/s, and bending angle
of 45°.

Ty )

1800 2200 0.6 14 30 60
A:Spindle speed=2171.94 B:Travel speed=0.79 C:Chamfer angle=45
(@)
2.74 448 96.18 98.52
Impurities=2.63 Rate=98.57
(b)

Figure 17. (a) Design-Expert 13 software impact factor levels; (b) Design-Expert 13 software evaluation
metrics expectations. Red dots: the optimal value of the test factor; Blue dots: The best value for the
experiment metric.

4.6. Impact of Interaction Factors on Performance

Effect of interaction factors on performance According to the test results in Table 6, the
effect of the interaction of cutter shaft speed A, forward speed B, and folding angle C on
each performance index can be obtained, and the response surface plots are drawn using
Design-Expert 13 software.

4.6.1. The Effect of Interaction Factors on the Qualified Seedling Length Rate

The response surface of the effect of interaction factors on the qualified seedling length
rate Y1 is shown in Figure 18. From Figure 18a, it can be seen that increasing the rotational
speed of the knife shaft A and decreasing the forward speed B helps to increase the qualified
seedling length rate; from Figure 18b, it can be seen that increasing the rotational speed
of the knife shaft A, the closer the fold angle C is to 45°, helps to increase the qualified
seedling length rate; from Figure 18¢, it can be seen that decreasing the forward speed B,
the closer the fold angle C is to 45°, helps to increase the qualified seedling length rate.
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Figure 18. Response surface of the interaction factors affecting the qualified seedling length rate.

(a) response surface of the effect of knife shaft speed and forward speed on the qualified seedling
length rate; (b) response surface of the effect of knife shaft speed and on the qualified seedling length
rate; (c) response surface of the effect of forward speed and folding angle on the qualified seedling
length rate.

4.6.2. Effect of Interaction Factors on Impurity Rate

The response surface of the effect of interaction factors on the impurity rate Y2 is
shown in Figure 19. From Figure 19a, it can be seen that increasing the rotational speed of
the cutter shaft A and decreasing the forward speed B helps to reduce the impurity rate;
from Figure 19b, it can be seen that increasing the rotational speed of the cutter shaft A, the
closer the angle of folding C is to 45°, helps to reduce the impurity rate; from Figure 19c¢, it
can be seen that decreasing the forward speed B, the closer the angle of folding C is to 45°,
helps to reduce the impurity rate.

4.7. Optimal Combination Test Validation

The above optimal working parameters were adopted to carry out field tests in the
high agricultural area of Dongying City, Shandong Province, and the replicated tests
were five times, so as to measure the qualified seedling length rate and the impurity rate
and take the average value, and the results of the tests are shown in Table 8. By the
operating site conditions, wind speed, and other uncertainties, the field test values and
simulation test values are not consistent, but the relative error is less than 2%, as shown in
Table 9, in line with the design requirements. Therefore, the peanut seedling vines crushing
mechanism can be used in the operation of the knife shaft speed of 2170 r/min, movement
speed of 0.8 m/s, and bending angle of 45° of the combination of operating parameters to
achieve the qualified seedling length rate of 97.292% and impurity rate of 2.746% of the
design requirements.
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Figure 19. Response surfaces for interaction factors affecting impurity content. (a) response surface
for the effect of cutter shaft speed and forward speed on inclusion rate; (b) response surface for the
effect of cutter shaft speed and on inclusion rate; (c) response surface for the effect of forward speed
and folding angle on inclusion rate.

Table 8. Test results.

Exp. No. Rate (%) Impurities (%)
1 98.25 2.83
2 97.23 3.04
3 97.31 3.21
4 97.19 2.02
5 96.48 2.63
Mean 97.292 2.746

Table 9. Test analysis.

Item Rate (%) Impurities (%)
Test mean 97.292 2.746
Calculate estimate 98.57 2.623
Relative error 1.278 0.123

5. Conclusions

Aiming at the current peanut pickup combine harvester seedling vines crushing
mechanism operation qualified seedling length rate is low, high rate of impurity, on the
basis of peanut seedling vines material characteristics, through mechanical analysis, discrete
element analysis and other methods, simulation and field test combination, the seedling
vines crushing mechanism to optimize the design. It is summarized as follows:
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In this paper, the structural parameters of key components such as the Y-type flail
knife, cutter shaft, and crushing chamber are introduced in detail. The upper straight
section of the Y-type flail knife is 45 mm, the lower straight section is 35 mm, the
non-cutting-edge part is 35 mm, the thickness is 3 mm, and the width is 50 mm. The
diameter of the crushing cutter shaft is 50 mm; the diameter of the crushing chamber
circular enclosure plate is 400 mm; and the width is 900 mm. The Y-type flail knives
are staggered, the radial angle is 90° or 180°, and the distance between the two Y-type
flail knives is 62 mm.

Simulation and simulation analysis based on EDEM was carried out to determine the
knife shaft speed, feeding volume, and folding angle as test factors, and a one-factor
simulation test was conducted to obtain the optimal interval of influencing factors,
i.e., the knife shaft speed was between 1800 and 2200 r/min, the feeding volume
was between 2.4 and 5.6 kg/s, and the folding angle was between 30 and 60°, which
provides a basis of 570-575 for the subsequent field trials.

The three-factor, three-level orthogonal test method is used to establish a quadratic
regression model, and through the optimization process and the verification of the
field test, the optimal working parameter combination is obtained as follows: The
rotational speed of the knife shaft is 2170 r/min, the movement speed is 0.8 m/s, and
the bending angle is 45°. The peanut seedling vines crushing mechanism achieves the
crushing qualification rate of 97.292%, and the rate of impurity is 2.746%. The optimal
working parameters obtained in this paper can improve the operational performance
of the peanut pickup combine harvester seedling vines crushing mechanism and the
quality of seedling vines crushing, improve the qualified seedling length rate, reduce
the rate of impurity, reduce the cost of labor, increase the utilization rate of peanut
seedling vines, and provide a reference for the design and optimization of the seedling
vines crushing mechanism of the peanut pickup combine harvester.

This study applies to different peanut varieties, but only to peanut fields not covered
with mulch, and only to operations using a two-stage peanut harvesting method. The
peanut pickup combine harvester seedling vines crushing mechanism has a low cost,
and the easily damaged parts are easy to be replaced, and the maintenance difficulty
is relatively small. In the future, it is necessary to solve the problem of crushing
peanut seedling vines and recycling treatment in the mulching planting mode, as well
as crushing seedling vines in wet and dry peanut combine harvesters, improve the
applicability of the seedling vines crushing device, and improve the durability of the
crushing mechanism from the aspect of materials.
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