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Abstract: In order to solve the problem of high straw content in recovered residual film and the low
rate of qualified straw crushing in combination with a front-mounted cotton-straw-crushing device,
the cutting and crushing mechanisms of cotton stalks were studied based on ANSYS/LS-DYNA.
The height 1 and dip angle « of the fixed blade were determined to be 30 mm and 75° through a
finite element analysis. On the basis of the device design, explicit dynamic models of the cutting and
crushing of a single cotton stalk were established based on ANSYS/LS-DYNA. The results of the
dynamic analysis revealed the cutting mechanism of the cotton stalk, and the influences of the cutting
edge angle 7y and front baffle height /; on cotton stalk cutting were studied by using single-factor
simulation tests. An edge angle of v = 45° and a height of /1; = 265 mm were determined. Meanwhile,
the mechanism of cotton straw crushing was revealed, and the motion states of the straw were
studied at different times. The results of the simulation experiments on the influence of the cutter
shaft’s rotational speed showed that with an increase in the cutter shaft’s speed, the rate of qualified
crushing and the removal rate were both increased. At the design speed of n = 1800 RPM, the rate
of qualified crushing was 84.6%, and the removal rate was 95.1%. Then, field experiments were
carried out. The test results were as follows: the stubble height was 8.0 cm, the rate of qualified straw
crushing was 91.8%, the clearance rate of film-surface impurities was 92.3%, and the film content was
3.6%, which met the working quality requirements (not less than 85%) of NYT 500-2015: “Operating
quality for straw-smashing machines”.

Keywords: front-mounted cotton-straw-crushing device; simulation research; ANSYS/LS-DYNA,;
cutting mechanism; crushing mechanism; field experiment

1. Introduction

Plastic-film-mulching technology can significantly increase crop yield and water use
efficiency, especially in dryland agriculture [1]. As an important cash crop in Xinjiang,
cotton has a long history of the application of mulch-planting technology. However, the
use of a vast amount of plastic film in agriculture has resulted in serious plastic-residue
pollution [2]. In recent years, China has attached great importance to plastic-residue
pollution; as such, residual-film-recycling machines have continued to develop and mature.
The problem of residual-film recovery has gradually evolved into the problem of the
secondary utilization of recovered residual film [3]. It is not conducive to the reuse of
residual film if its impurity rate is too high. So, impurity removal is the key issue that must
be solved in the mechanized recovery of residual film. In this study, impurities mainly refer
to cotton straw, cotton leaves, cotton (scattered), and so on.

In order to address the problem of the high impurity content in residual film, many
scholars have performed exploratory research. Xie et al. researched a screen-hole-blockage-
clearing device for a residual-film—impurity wind separator, and the main structure and
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working parameters affecting the screen-hole-clogging situation were determined through a
theoretical analysis and computational fluid-dynamics simulations [4]. Peng et al. designed
a stripping and impurity-removal device that was mainly composed of film-stripping tooth
plates, two wind-collecting hoods, and two centrifugal fans [5]. Cao et al. designed a device
for picking up residual film with a hook-and-tooth chain rail to solve the current problems of
high impurity content and the poor reliability of chain-harrow-type residual-film-recovery
machines when picking up residual film [6]. Shi et al. realized residual-film-impurity
separation by utilizing the difference in the suspending velocities and settlement laws of
different materials in an air medium, and a drum-sieve-type air-separation device was
designed [7]. Li et al. proposed a washing, separation, and cleaning method based on an
impeller drive and jet impact, and they designed and developed a washing and separation
device [8]. To sum up, the removal of impurities has usually been studied in experiments.
Cotton straw is an important part of the impurities in film residue, but few studies have
focused on the mechanism of removing cotton straw. Our team proposed a front-mounted
cotton-straw-crushing device, and residual-film—impurity separation was realized before
the recovery of the residual film. The mechanism of removing light impurities on a film’s
surface was analyzed [3]. As a composite material with a complex structure, cotton stalks
have a large deformation and material fracture in the process of cutting and crushing,
so it was necessary to use simulation software to conduct visualization research. The
ANSYS/LS-DYNA solution software can be used to study high-speed collisions, impact
loads, and nonlinear material problems in nonlinear structures, and it has been widely
used in agricultural mechanization engineering. For example, it was used to solve the
problems of low net harvesting rates, high loss rates, and uneven stubble heights during
the harvest of laver. A rigid—flexible coupling model related to the interaction between
the cutting mechanism and the laver was constructed based on ANSYS/LS-DYNA [9].
By using ANSYS/LS-DYNA to simulate the rock-breaking process, Duan et al. analyzed
the influence of the geometric configuration, including the blade width and blade fillet,
on rock-breaking behavior [10]. The process of picking safflower was simulated with
the ANSYS/LS-DYNA software, and the structure and motion parameters of the picking
device were continuously adjusted until the safflower ball and branch reached the ideal
picking position [11]. Taking the branch of the “shixia” variety of longan as the test object,
ANSYS/LS-DYNA was used to perform a finite element simulation of the branch-cutting
process [12]. In order to analyze the influence of changes in the working parameters of a
serrated rotary cutter on the cutting resistance of soybean and to optimize the combinations
of parameters of the cutter, the soybean-cutting process of the serrated rotary cutter was
simulated with ANSYS/LS-DYNA, and the changes in the cutting resistance throughout
the whole cutting process were analyzed [13]. A rigid—flexible coupling model related to
the interaction between the cutting mechanism and the laver was constructed based on
ANSYS/LS-DYNA in order to solve the problems of low net harvesting rates, high loss
rates, and uneven stubble heights during the harvest of laver [9]. Therefore, it is feasible
to simulate the cutting and crushing process for cotton stalks based on finite element
simulations with ANSYS/LS-DYNA.

In this study, the cutting and crushing mechanisms of cotton stalks are analyzed based
on ANSYS/LS-DYNA, which is conducive to understanding the process of removing cotton
straw. Finally, field experiments were carried out to verify the effects of straw removal
under different working conditions.

2. Materials and Methods
2.1. Structure of the Front-Mounted Cotton-Straw-Crushing Device

As an important part of the “4JMLE-210 agricultural residual film recycling ma-
chine” [3], the front-mounted cotton-straw-crushing device was mainly composed of a
drive shaft, belt transmission system, tensioning mechanism, straight pipe section, cutter
blade, fixed blade, crushing chamber, etc., as shown in Figure 1. Before the recovery of
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residual film, the cotton straw should be crushed and thrown out to create good conditions
for the subsequent recovery of residual film.
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(a) Side view (b) Front view

Figure 1. Diagram of the structure of the front-mounted cotton-straw-crushing device: 1. Drive shaft;
2. Belt transmission system; 3. Tensioning mechanism; 4. Straight pipe section; 5. Cutter blade; 6.
Fixed blade; 7. Crushing chamber.

2.2. Working Principle

Because of the high stiffness of cotton straw, the rotary cutting method without support
was selected in this study. There were two options for this rotary cutting method: first,
the rotation direction of the cutter shaft could be the same as that of the tractor’s driving
wheel (positive rotation); and second, the rotation direction of the cutter shaft could be
opposite to the direction of the tractor’s driving wheel (reverse rotation) [14]. If positive
rotation was selected, the crushed straw would be directly scattered on the surface of the
residual film, which would not be conducive to the removal of cotton straw. Therefore, the
reverse-rotation cutting method was selected.

When working, the tractor would output power through the drive shaft, gearbox
transmission system, and belt drive system to drive the cutter shaft. With the advance of
the machine, cotton stalks would be instantly cut off at the bottom, and the broken straw
would enter into the crushing chamber under the action of the cutter blade, where it would
be crushed into small segments or fibers under the comprehensive action of cutting, tearing,
and rubbing with the combination of the cutter blade and fixed blade. Finally, the crushed
straw would be evenly spread at the rear of the machine under the joint action of airflow
and centrifugal force.

3. Design of the Key Components and Parameter Determination
3.1. Cutter Blade

A tool apron was welded to the cutter shaft. The cutter blade was connected to the
connector with a bolt and nut, and the connector was linked to the tool apron with a pin
shaft, as shown in Figure 2a. The type of cutter blade directly affected the reliability and
operation of the whole machine [15]. In addition, it was necessary for the high-speed
rotating cutter blade to crush and pick up the cotton stalks.

As shown in Figure 2b, if the cutter blade’s height was too great, the structure would
be expanded, and the stability of the device would deteriorate. If it was too small, it would
be necessary to increase the rotational speed of the cutter shaft to crush the cotton straw,
which would increase power consumption. The height of the cutter blade Ly was designed
to be 120 mm in this study. Under the condition that the strength was guaranteed, it was
necessary for the thickness of the cutter blade dj to be between 5 mm and 10 mm [16]. In
order to increase the moment of inertia of the blade, prevent the blade from deformation,
and ensure a high safety factor, dy was designed to be 8 mm [17]. If the cutter blade’s width
Dy was too large, this would result in the overlapping of adjacent blades, increased wind
resistance, and increased power consumption. However, if the width of the cutter blade
Dy was too small, this would result in a gap between adjacent blades during operation,
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and the air speed on the film surface would not be able to reach the purpose of removing
light impurities. Because the axial distance of the adjacent tool apron was 70 mm, Dy was
designed to be 70 mm. The blade was bent with a bending radius of 40 mm. So, the length
of the cutter blade by was 40 mm. 7y was the cutting edge angle of the cutter blade, which
had a significant influence on the contact force when cutting cotton stalks in the following
simulation study.

(a) Assembly (b) Cutter blade

Figure 2. Structural design of the cutter blade: 1. Cutter blade; 2. Connector; 3. Pin shaft; 4. Tool
apron; 5. Cutter shaft; 6. Round washer; 7. Cotter pin. Dy, by, dg, and Ly are the width, length,
thickness, and height of the blade, respectively, and v is the edge angle of the blade.

The cutter blades and the cutter shaft formed a multi-rigidity rotor. Theoretically,
its moment of inertia was not a constant, but the cutter shaft quickly returned to the
equilibrium position when rotating at a high speed due to its reasonable arrangement [18].
According to experience [19], 28 groups of cutter blades were arranged, the axial distance
between each two adjacent groups was equal, and the radial angle was 90°, as shown in
Figure 3. This arrangement had 7 blades working at the same time, which could reduce
the vibration and force on both ends of the cutter shaft and improve the service life of
the machine.
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Figure 3. Schematic diagram of the array of cutter blades: 1. Cutter blade; 2. Cutter shaft;
3. Fixed blade.

3.2. Fixed Blades

A row of fixed blades was installed in the crushing chamber to assist in straw crushing,
as shown in Figure 4a. The fixed blades were welded to the steel plate, which was fixed
to the upper inner wall of the crushing chamber with bolts. In order to prevent excessive
deformation of the fixed blade during the working process and interference with the high-
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speed cutter blade, the thickness of the fixed blade t was determined to be 4 mm, the length
of the two adjacent fixed blades d was determined to be 70 mm, and the width of the steel
plate b was determined to be 40 mm. The fixed blades were quenched to ensure that they
had enough wear resistance and stiffness. In addition, the dip angle « and height & of the
fixed blade were determined by using finite element analysis.

. .«((((k(t((((((((k((
(@ (((L(((&L(((((
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(a) Steel plate and fixed blade (b) Mechanical analysis of cotton straw

Figure 4. Design of the fixed blade for crushing: 1. Steel plate; 2. Fixed blade; 3. Positive fillet weld;
4. Upper inner wall of the crushing chamber. b is the width of the steel plate, d represents the two
adjacent fixed blades, t represents the fixed blade, « is the dip angle, / is the height of the fixed blade,
F is the inertial force, F is the normal cutting force of the cotton straw, f is the friction force, v is the
velocity of the cotton straw before the collision, j is the throwing angle of the crushing chamber, and
m is the mass of the cotton straw.

The cotton straw collided with the fixed blade at a high speed, and a force analysis is
shown in Figure 4b. At the moment of contact between the straw and the fixed blade, the
inertial force F was generated, the collision time was At, the change in the velocity of the
cotton straw before and after the collision was Av, and the cotton straw was subjected to the
normal cutting force Fy of the fixed blade. According to the conservation of momentum,
the following relationship existed:

[~ m-Av
~ A (1)
Fy = Fsina

The normal force Fy was the main force involved in straw crushing; then, the dip
angle « was as large as possible (not more than 90°). When the high-speed collision time
At approached 0, the inertial force F approached infinity; it was considered that F was
much larger than mg, and the gravitational effect could be ignored at this time. There was a
critical state:

f=Fcosa =

u-Fy =Fcosa = (2)
tana = %
where p was the static friction factor between the cotton straw and fixed blade, and y = 0.64
(experimentally measured). By using Formula (2), « = 57.3° could be calculated. This is
because a larger value of « was more conducive to cutting, so the value of « was selected
within the range of 57.3° to 90° for the finite element simulation.

Then, 65Mn was selected as the fixed blade’s material; according to GB/T 699-1999 on
“high-quality carbon structural steel”, the following mechanical properties of 65Mn were
used: the tensile strength [07,] was 735 MPa, the yield strength [os] was 430 MPa, the density
p was 7.9 x 103 kg/ m3, Poisson’s ratio v was 0.3, the elastic modulus E was 206 GPa, and
the shear modulus G was 79.38 GPa. The failure load at the bottom of the cotton stalk
was 3.35 kN [20], and the same force value was applied to the contact surface of the
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fixed blade. The maximum stress and maximum deformation were used as experimental
response indexes to reflect the strength of the fixed blade; thus, they were used as the target
parameters [21]. Because the thickness of the fixed blade  was determined to be 4 mm, the
other structural parameters were the key factors that affected its strength. So, according to
the actual situation, the strength of the fixed blade and practical premises were ensured,
and the height i between 0.5b and 1.50 and a dip angle « between 60° and 90° were used as
independent variables for the finite element analysis, as shown in Figure 5.
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Figure 5. Single-factor finite element analysis of the fixed blade.

When the height & was greater than 30 mm, the maximum stress tended to be stable,
and the maximum deformation obviously increased with the gradual increase in the height.
Meanwhile, when the angle « was greater than 75°, the maximum deformation tended to
be stable, and the maximum stress slowly increased with the gradual increase in the angle.
The finite element analysis results for the fixed blade when / = 30 mm and « = 75° are
shown in Figure 6. The stress concentration and maximum deformation of the blade were
mainly distributed in the root and top of the blade. The maximum stress was 137.23 MPa,
and the maximum deformation was 0.008 mm. Compared with the tensile strength of the
selected material ([0},] > 735 MPa) and the minimum tensile strength of the weld metal
([oB] > 43 kgt/ mm? = 420 MPa [22]), it could be seen that the fixed blade that was designed
was safe.

A: 65Mn30-75 Z
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1

2023/2/11 17:35
0.0075723 Max
0.0067309
0.0058896
0.0050482
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0.0033655
0.0025241
0.0016827
0.00084137
0 Min

0.00

1250

(a) Equivalent stress

25.00 50.00 (mm) 0.00 25.00

50.00 (mmj

3750 1250 37.50

(b) Total deformation

Figure 6. Results of finite element analysis of the fixed blade.
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In addition, processing technology could also be used to improve the mechanical
properties of the parts [23]. In fact, the fixed blade that we designed was also heat-treated
before assembly.

3.3. Crushing Chamber

The main design parameters of the crushing chamber included h; (or hy), which was
the height of the front (or rear) baffles from the ground, as well as L; (or L), which was
the clearance between the front baffles (or rear baffles) and the edge of the cutter blade, as
shown in Figure 7. If L; was too large, the straw-crushing effect was not good; otherwise, if
L1 was too small, this would easily result in blockage. The clearance between the upper
wall of the crushing chamber and the edge of the cutter blade was designed to be equal to
L;. So, we calculated L; according to Formula (3).

Li=h+t+D @)

where F is the height of the fixed blade, and / = 30 mm; ¢ is the thickness of the steel plate,
and t =4 mm; and D is the safety gap, the purpose of which is to avoid collisions between
the moving cutter blade and the fixed blade (the diameter of a cotton stalk was taken as the

safety gap).

7

Figure 7. Structural design of the crushing chamber: 1y (or hy) is height of the front (or rear) baffles
from the ground, and L; (and L;) is the clearance between the front baffles (or rear baffles) and the
edge of the cutter blade. f is the throwing angle of the crushing chamber, vy is the forward speed
of the device, w is the angular speed of the cutter shaft, R is the radius of the motion of the cutter
blade’s edge, xOy is a rectangular coordinate system with the center of the cutter shaft as the origin,
and P(xp, yp) is a point on the motion path of the cutter blade’s edge.

According to the literature [20], the bottom diameter of a cotton stalk ranges from
9.25 mm to 13.58 mm, and the average diameter is 11.54 mm. So, L; = 30 mm + 4 mm +
11.54 mm = 45.54 mm, and this calculation was integrated into the design as L1 = 45 mm.
In addition, if L, was too large, a broken cotton stalk would be brought back to the film'’s
surface, which was not conducive to residual-film recovery. In the preliminary design of
this device, L, was slightly less than L, so L, = 40 mm was used.

When a cotton stalk was effectively cut with the cutter blade at point A, the cut stalk
obtained an instantaneous velocity V4 at point A, and its direction was inclined upwards
along the direction of the stalk and perpendicular to /p4. The partial velocities of V4 along
the x and y axes were V4, and Vy,, as shown in Figure 8. The conditions for the stalk to
enter the crushing chamber smoothly were

VAy > VAx (4)
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Ly

7

Figure 8. Instantaneous velocity analysis: h; (or hy) is the height of the front (or rear) baffles from the
ground, and L (or Lp) is the clearance between the front baffles (or rear baffles) and the edge of the
cutter blade. hy is the height of the edge of the cutter blade from the ground, vy is the forward speed
of the device, w is the angular speed of the cutter shaft, R is the radius of the motion of the cutter
blade’s edge, xOy is a rectangular coordinate system with the center of the cutter shaft as the origin,
V4 is the velocity of the cut stalk, V4, and V4, are the partial velocities of V4 along the x and y axes,
and ¢ is the angle between the cotton stalk and the ground.

At the critical state when V4, = Vay, o = 45°; then, the following existed:

Ip = lcp
loc =lcp +Ipo = V2loa = V2R
Ipo =Li+R ©®)

Ipp+ L1 = (\@—1)1{

Because the minimum speed was vy, = 48 m/s for the unsupported cutting of
cotton stalks [24], the rotary radius of the cutter blade was determined to be R = 265 mm.
Substituting L; = 45 mm and R = 265 mm into Formula (5), [pp = 65 mm was obtained. iy
was the distance between the cutter blade’s edge and the ground, as shown in Figure 8.
The height iy could be changed with a depth-limiting adjustment mechanism (60 mm
< hp <100 mm), and y = 80 mm was used in the preliminary design. Then, the height
of i1 = 280 mm was also determined for the preliminary design in a subsequent explicit
dynamic simulation. Specific requirements for the height of &, are rarely reported. Here,
hy = 180 mm, so both side plates would be the same distance from the ground.

4. Analysis and Establishment of an Explicit Dynamic Model
4.1. Geometric Model of a Cotton Stalk

The structural characteristics of cotton stalks were abstracted into a mechanical model
that could be studied and analyzed. Then, relevant assumptions were made about cotton
stalks—they have a straight, cylindrical, linear elastic structure with transverse anisotropy,
and microscopic discontinuities and microscopic defects were ignored [25]. According to
the literature [20], the average height of cotton is 634.16 mm, and the average diameter
is 11.54 mm, as mentioned above. In this section, the cotton stalk model is considered a
cylinder with a length of 650 mm and a diameter of 12 mm, as shown in Figure 9.
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Figure 9. Geometric model of a cotton stalk: z is the axial direction of the cotton stalk model, and x
and y represent the two directions of the cross-section of the cotton stalk model, respectively.

4.2. Cutting Model and Meshing Grid

Only one cutter blade was selected for the simulation analysis, and the front baffle
was simplified to the form of a rigid beam body. The cutter blade and the connector formed
a new assembly, and the tool apron was merged with the cutter shaft. A corresponding
constraint was applied between the connector and the tool apron to replace the pin shaft,
while the chamfer and filleted corner were ignored. It was assumed that the cutter shaft
was always at the same height during the cutting process, as shown in Figure 10.

N: 1824
E: 5287

(a) Crushing model (b) Meshing grid

Figure 10. Cutting model and meshing grid: 1. Cotton stalk; 2. Cutter shaft; 3. Tool apron; 4. Cutter
blade; 5. Connector; 6. Front baffle. N is the number of nodes, and E is the number of grid elements.

The overall meshing quality was good, the average element quality was 0.82, and the
general requirement for the element quality was for it to be greater than 0.7. In addition, the
average value of the aspect ratio was 1.93, and the aspect ratio was required to be between
1 and 5. The mean value of skewness was 0.26, and the meshing quality was better when
the skewness was within the range of 0.25 to 0.5.

4.3. Crushing Model and Meshing Grid

A broken cotton stalk entered the crushing chamber with the rotation of the cutter
blade, and it inevitably collided with and was torn by the cutter blades, fixed blades,
front/back baffles, etc., resulting in the crushing of the cotton stalk. In order to reduce the
amount of calculation required, only 12 cutter blades were used, and they were arranged
on the cutter shaft (1000 mm in length) in a staggered way. Only the bent state of the cotton
stalk was kept before cutting, as shown in Figure 11. The overall meshing quality was also
good, the average element quality was 0.79, the average value of the aspect ratio was 1.93,
and the mean value of the skewness was 0.26.
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= 1595

E: 5741
N: 2744
E: 1296 N: 2666
E: 1260
N: 1428

E: 1010

N: 16579
E: 52378

N: 1120
E: 513

(a) Crushing model (b) Meshing grid

Figure 11. Crushing model and meshing grid; 1. Cotton stalk; 2. Front baffle; 3. Fixed blade; 4. cutter
blade; 5. Back baffle; 6. Cutter shaft; 7. Ground. N is the number of nodes, and E is the number of
grid elements.

4.4. Material Properties

According to the above analysis, a cotton stalk is a typical anisotropic material with
a complex organizational structure [25]. It was only necessary to obtain the radial elastic
modulus Ey (or Ey), axial elastic modulus Ez, axial shear modulus Gyy, radial shear modulus
Gy (or Gyz), Poisson’s ratio Uyy, and Poisson’s ratio uy, (or uyz). Then, the complete
flexibility matrix could be determined, and the constitutive equation of a cotton stalk could
be obtained. With reference to [26], nine independent elastic parameters of cotton stalk
materials are shown in Table 1. In addition, the volume of a cotton stalk sample (ideal
cylindrical shape) was measured with electronic vernier calipers, the mass was measured
with an electronic balance, and the cotton stalk’s density was calculated as 489.11 kg/m?.
Since cotton stalks have an elastic structure, the plastic-strain-failure mode was selected
to simulate their failure. The evaluation index was expressed as the maximum equivalent
plastic strain (EPS). Generally, the EPS of materials is no more than 20%.

Table 1. Elastic parameters of a cotton stalk.

Ex Ey E, Gy Gz Gyz
MPa
91.04 91.04 3181.79 28.45 180.88 180.88 0.6 0.025 0.025

E, is the radial (x) elasticity modulus, Ey, is the radial (y) elasticity modulus, E; is the axial elasticity modulus, Gyy
is the axial torsional shear modulus, Gy; is the radial (y) bending shear modulus, G is the radial (y) bending shear
modulus, jiyy is Poisson’s ratio (plane xy), ji; is Poisson’s ratio (plane xz), and p, is Poisson’s ratio (plane yz).

Uxy Uyxz Uyz

All cutting and crushing components were rigid bodies (the cotton stalk was a flexible
body) that would not be deformed in the process of movement. In order to reduce the
amount of calculation that was required, structural steel was adopted for the cutting
and crushing components, and the material properties of this structural steel were as
follows: the modulus (density) was 7.85 x 103 kg/m3, Young’s modulus was 2 x 10° MPa,
Poisson’s ratio was 0.3, the bulk modulus was 1.67 x 10° MPa, and the shear modulus was
7.69 x 10° MPa.

4.5. Contact and Constraints

The contact between the cotton stalks and cutting blades was set as a body interaction,
and the contact type was frictional. A self-made panel inclinometer with a universal
angle ruler was used to measure the panel tilt angle. When the cotton stalk samples
began to slide and roll, the tilt angles of the panels were 32.61° and 12.57°, respectively;
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Time = 0

Contours of Effective Stress (v-m)
min=0, at elem# 8530

max=0, at elem# 8530

L

Time = 0.17

Contours of Effective Stress (v-m)
min=0, at elem# 8530
max=144.543, at elem# 1920

418

then, the kinetic and static friction coefficients were 0.22 and 0.64, respectively. After the
experiment was completed, a drying treatment was carried out until the mass was no
longer reduced, and the moisture content was calculated according to the mass before
drying. The moisture content of the cotton stem samples was between 3.5% and 12.0%.
The cotton stalks” contact properties were set to “eroding”, and the contact equation was
“ERODING_SINGLE_SURFACE”. The cotton stalks’ roots were fully restrained to simulate
their growth. The connector and tool apron were connected in the “fixed-body-to-body”
mode, and the pin shaft was omitted. Finally, the simulation results showed that the ratio of
the hourglass energy to the total internal energy of the model was less than 5%, indicating
that the parameters were reasonably set, the simulation model was effective, and it could
reflect the cutting and crushing processes of cotton stalks to a certain extent.

5. Simulation Results and Analysis
5.1. Simulation Results for Cutting

Boundary conditions: The velocity of the front baffle and cutter shaft along the negative
direction of the x axis was set to 1500 mm/s, and the cutter shaft’s rotation speed was set to
1800 RPM. The cutting process was as follows: with the advance of the machine, cotton
stalks first made contact with the front baffle; the stalks started in an upright state (a) and
gradually underwent a bending deformation (b) until they made contact with the cutter
blade, and the stalks were instantly cut off (c). Then, the cotton stalks’ root ends (breakpoint

#3699) entered the crushing chamber first (d) for the next stage of the crushing operation,
as shown in Figure 12.
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(a) Beginning of simulation (b) Before cutting
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N

(c) After cutting (d) End of simulation

Figure 12. Cutting process for cotton stalks.
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5.1.1. Equivalent Stress and Velocity Variations

Before the cotton stalks were cut, with the advance of the machine, they were gradually
bent from their upright state. The tops of the cotton stalks were deformed the most. Changes
in the cotton stalks’ potential energy were ignored. The front baffle performed work on the
cotton stalks, which was converted into the internal energy E; and kinetic energy Ej of the
cotton stalk. There were no significant changes in the stalks’ kinetic energy until they made
contact with the cutter blade.

With the advance of the machine, the stress on the cotton stalks’ root ends gradually
increased. Due to the extension of the outside (the side that made contact with the cutter
blade) and the compression of the inside of the cotton stalks” root ends, the deformation of
the tops of the cotton stalks was the greatest, and the internal energy gradually increased.
At 0.17 s, the cutter blade collided with the cotton stalk at a high speed, and the average
equivalent stress on the stalk reached a maximum value of 17.68 MPa; the stalk was
instantly cut, and it was broken with a high initial velocity. The average velocity of the
broken stalk reached a maximum value of 49.3 m/s, as shown in Figure 13.

50 70
—&— Equivalent stress - 60
40 —M— Average velocity
< >
o 4931 -50 2
2 g
z 2z
£ g
- g
s %
2 5
=] >
g <

0.00 0.05 0.10 0.15 0.20
Time(s)

Figure 13. Equivalent stress and velocity variations of the cotton stalks.

5.1.2. Contact Force and Energy Variations

During the cutting process, the contact force in the x direction played a dominant role.
At the moment of cutting, the maximum value of the contact force was 666.21 N. The kinetic
energy and internal energy instantaneously increased, and the kinetic energy reached a
maximum value of 46.935 J. Then, the impact force between the cutter blade and the stalks
ended, the contact force instantly dropped to 0 N, and the speed and kinetic energy of the
broken stalks were both decreased, as shown in Figure 14.

5.1.3. Effect of the Cutting Edge Angle (y) on Stalk Cutting

When 7 > 55°, the cotton stalks could not be effectively cut, which was not conducive
to the subsequent straw-crushing operation. Therefore, 55°, 50°, 45°, and 40° were selected
for a single-factor simulation test. As 7y increased, the contact force gradually increased,
as shown in Figure 15. However, v could not be too small; otherwise, the thickness of the
cutting edge was not sufficient, resulting in a low-strength and reduced service life. The
broken stalks gained a high instantaneous velocity after being cut, and the kinetic energy
increased. The greater the kinetic energy obtained, the more favorable it was for the broken
stalks to enter the crushing chamber. The instantaneous kinetic energy obtained by the
broken stalks decreased with the increase in <. After comprehensive consideration, the
angle was finally determined to be y = 45°.
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Figure 14. Contact force and energy variations of the cotton stalks.
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Figure 15. Effect on the cutting of cotton stalks due to the cutting edge angle.

Kinetic energy (J)

5.1.4. Effect of the Front Baffle Height (1) on Stalk Cutting

In the simulation tests, if 1} was greater than 280 mm, the cotton stalks could not
be effectively cut, and the broken stalks flew forward, which was not conducive to the
subsequent straw-crushing operation. In addition, /1; should not be too small; otherwise,
the high-speed air that would be generated might adsorb the residual film, thus aggravating
the damage to the film’s surface, which would not be conducive to the subsequent recovery
of the residual film. In this section, /; = 280 mm, 265 mm, and 250 mm were selected for a
single-factor simulation test. The height #; had little influence on the contact force, which

first increased and then decreased, as shown in Figure 16.

0.20

With the increase in k1, the instantaneous kinetic energy obtained by the cotton stalks
first increased and then decreased. The maximum kinetic energy of the cotton stalks
was obtained when h; = 265 mm, which was more conducive for the stalks to enter the
crushing chamber, and the contact force was also at its maximum. After comprehensive

consideration, the front baffle height was finally determined to be /; = 265 mm.
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Figure 16. Effect on the cutting of cotton stalks due to the front baffle height.

5.1.5. Effect of the Cutter’s Rotational Speed n on Stalk Cutting

With the other conditions (y = 45°, by = 265 mm, vy =1500 mm/s) remaining un-
changed, only the cutter’s rotational speed n was varied. When the rotational speed
n was lower than 1600 RPM, the cotton stalks could not be effectively cut, which was
not conducive to the subsequent crushing operation. Moreover, a rotational speed of
n = 1800 RPM was chosen, and a simulation test was carried out under the conditions of
n = 1600 RPM, 1800 RPM, and 2000 RPM. The effect of the cutter’s rotational speed on stalk
cutting was studied.

As shown in Figure 17, with the increase in the rotational speed 1, the maximum
contact force on the stalks gradually increased, and this was positively correlated with the
rotational speed. The corresponding maximum contact forces under different rotational
speeds were 442.65 N, 666.21 N, and 788.93 N, respectively. In other words, the greater
the rotational speed 1, the stronger the destructive power on the cotton stalks and the
more favorable the cutting of the cotton stalks. Meanwhile, with the increase in the
rotational speed 71, the maximum kinetic energy of the stalks gradually increased, and
the corresponding maximum kinetic energies at different rotational speeds were 26.919 J,
46.935 ], and 55.127 ], respectively. In other words, the higher the rotational speed n was,
the more conducive it was for the cut stalks to enter the crushing chamber.
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Figure 17. Effects on the cutting of cotton stalks due to the cutter’s rotational speed.
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5.1.6. Effects of the Machine’s Forward Speed v; on Stalk Cutting

With the other conditions (v = 45°, h; = 265 mm, n = 1800 RPM) remaining unchanged,
only the machine’s forward speed vy was varied. Simulation tests were carried out under
the conditions of vy = 1000 mm/s, 1500 mm/s, and 2000 mm/s to study the effects of the
machine’s forward speed on stalk cutting.

As shown in Figure 18, the forward speed had little effect on the maximum contact
force at the moment of stalk cutting, and the corresponding maximum contact forces at
different forward speeds were 659.05 N, 666.21 N, and 660.75 N, respectively. However,
the maximum kinetic energy received at the moment of stalk cutting increased with the
increase in the forward speed, and the increasing trend was obviously weaker than the
influence of the rotational speed. The corresponding maximum kinetic energies at different
forward speeds were 37.129 ], 46.935 ], and 51.915 ], respectively, indicating that the increase
in forward speed was also conducive to the smooth entry of the cut stalks into the crushing
chamber. Next, we proceed to the subsequent stage of the crushing operation.
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400 0

1000 1200 1400 1600 1800 2000

Forward speed (mm/s)
Figure 18. Effects on the cutting of cotton stalks due to the forward speed.

5.2. Simulation Results for Crushing

The starting point of the crushing process was the moment of contact between the
cutter blade and the cotton stalks. Because the linear velocity of the cutter blade’s edge
(wR) was much larger than the forward speed (vy), the forward speed of the machine was
ignored, that is, the forward speed of the machine was vy = 0 m/s. The crushing process
for cotton stalks was illustrated by taking the cutter shaft’s rotation speed of n = 2000 RPM
as an example, as shown in Figure 19.

At0.0325 s, the rotating cutter blade collided with the cotton stalk at a high speed, and
the initial cutting was completed at the bottom node #1339. The stubble height was about
93.2796 mm.

Subsequently, at 0.045 s, the whole broken stalk was rapidly deflected; node #1195 at
the bottom of the broken stalk had a certain initial velocity, and it was the first to enter the
crushing chamber with the cutter blade. The cutter blade collided with the cotton stalk
at the bottom node #1145, thus completing the preliminary crushing. The length of the
crushed straw was about 62.5878 mm.

At 0.0525 s, the crushed straw was thrown out of the crushing chamber at a certain
speed, the broken stalk continued to move upward, and the topmost node #817 was
deflected toward the lower part of the crushing chamber.



Agriculture 2023, 13, 1268 16 of 24

(a) time =0.0325 s (b) time =0.045 s (c) time =0.0525 s

1145

v&ﬁ"

1339
52) 7779)
324 324

(d) time =0.07 s (e) time =0.0775 s (f) time = 0.08 s

5085) Q)
827)
952

1074

T
P i

1411
=

1339
.9684)
1324

1339
19696)
324

(g) time = 0.0825 s (h) time = 0.0875 s (i) time = 0.0925 s

Figure 19. Crushing process for a cotton stalk.

At 0.07 s, collision and cutting occurred between the cutter blade and the cotton stalk
at the topmost node #883, and further crushing was completed. The length of the crushed
straw was about 81.1233 mm. The broken straw and the crushed straw continued to move
upward into the crushing chamber.

At 0.0775 s, the broken straw moved to the fixed blade, which hindered the continued
movement of the broken straw and played a supporting role.

At 0.08 s, the cutter blade collided with the cotton stalk at node #1400 to further
complete the crushing. The length of the crushed straw was about 69.2696 mm. The broken
and crushed straw continued to move upward.
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At 0.0875 s, the cutter blade collided with the cotton stalk at node #1072, and the straw
was further crushed into two parts; the lengths of the two parts of the crushed straw were
150.398 mm and 63.3354 mm, respectively.

At 0.0925 s, most of the crushed straw left the crushing chamber at a certain initial
speed and was thrown out. Some straw (node #1400 and node #1411) was not sent out
in time.

5.2.1. Equivalent Stress and Velocity Variations

The trends of the variations in the equivalent stress and average velocity of the cotton
stalk during the process of crushing were basically consistent. The greater the equivalent
stress that occurred at the moment of contact with the cutter blade, the greater the velocity
obtained at the moment after the collision. The higher the equivalent stress was, the more
favorable the stalk crushing would be, and the higher the average velocity was, the more
favorable it would be for the stalk to be thrown out. At 0.0925 s, the maximum equivalent
stress on the stalk was 7.758 MPa. At 0.1 s, the maximum average velocity of the stalks was
53.429 m/s, as shown in Figure 20.
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Figure 20. Equivalent stress and velocity variations of the cotton stalk.

5.2.2. Contact Force and Energy Variations

Figure 21 shows the contact force, kinetic energy, and internal energy obtained during
the crushing process for the cotton stalk. During the crushing process, the internal energy of
the stalk gradually increased and reached a maximum of 113.51 J. The variations in kinetic
energy were closely related to the impact of the cutter blade on the stalk. The kinetic energy
immediately increased at the moment of stalk cutting and reached a maximum of 31.73 J.
The greater the kinetic energy was, the better the stalk would be crushed and thrown out.
It was found that, due to the complex posture of the stalk in the crushing chamber, the
angle between the stalk and the x-axis was larger than that between the stalk and the z-axis,
and the contact force in the x-direction was dominant. Conversely, the contact force in the
z-direction was dominant. The maximum contact forces were 739.01 N, 678.68 N, 1292 N,
and 1098.5 N before the stalk was cut.

Therefore, within 0.1 s, the cotton stalk was cut, entered the crushing chamber, and
thrown out. According to the requirements for working quality from NYT 500-2015: “Oper-
ating quality for straw-smashing machines”, the qualified length of a crushed cotton stalk
should not exceed 200 mm. The simulation results showed that the lengths of the crushed
cotton stalks were 62.5878 mm, 81.1233 mm, 69.2696 mm, 150.398 mm, and 63.3354 mm.
The maximum length of a cotton straw was 150.398 mm (the distance between node #1072
and node #1124), which was not more than 200 mm, that is, the qualified crushing rate
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was 100%. According to the simulation results, the straw did not fall on the ground after
crushing, and the straw removal effect reached 100%.
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Figure 21. Contact force and energy variations of the cotton stalk.

5.2.3. Effect of the Cutter’s Rotational Speed on Straw Smashing

When the cotton stalk was cut and entered the crushing chamber, the stalk and the
machine were relatively stationary in the direction of advance, so the rotation speed of
the cutter was the key working parameter affecting the smashing and throwing of the
straw. The designed rotation speed of the machine was 1800 RPM, and single-factor
simulation tests were carried out. Five tests were conducted with the three rotational
speeds (n =1600 RPM, 1800 RPM, and 2000 RPM) to study the influences of different
rotational speeds on the rate of qualified cotton stalk crushing and the effects on straw
removal. The qualified crushing rate 779 and the removal rate gy were calculated with the

following formula:
= 80 Le—Lu » 100%
{ "o 650—Lc (6)

_ 650—Lc—Lg o
80 - W X ].OO /0

where L is the stubble height (mm), L;; is the unqualified length of crushed stalks (mm),
LR is the length of stalks that fall on the ground (mm), and 650 is the length of the cotton
stalk model (mm).

At the end of the 15 simulation tests, the number of stalks produced and the lengths of
the crushed stalks were different at different cutter-shaft rotation speeds. At low rotational
speeds, the number of crushed stalks (21) was significantly lower than that at high rotational
speeds (27), as shown in Figure 22. Moreover, the number of stalks with lengths greater
than 200 mm was significantly increased at low rotational speeds, which directly resulted in
a decrease in the rate of qualified stalk crushing. The main reason was that with the increase
in the cutter shaft’s rotational speed, the probability of collision between the cutter blade
and cotton stalks increased, and the number of stalks produced via crushing increased.
With the increase in the rotational speed of the cutter shaft, the average speed of the
straw obtained after crushing increased. The average straw speeds obtained at 1600 RPM,
1800 RPM, and 2000 RPM were 30.82 m/s, 35.47 m/s, and 37.27 m/s, respectively. Therefore,
the kinetic energy of the stalk increased accordingly, and this was more conducive to the
throwing of the stalk after crushing to achieve the purpose of stalk removal. According to
the data in Figure 22 and Formula (6), the rate of qualified crushing and the removal rate
under different rotational speeds were calculated. With the increase in the cutter shaft’s
speed, the rate of qualified crushing and the removal rate were both increased. The effect
of the cutter shaft’s speed on the rate of qualified cotton stalk crushing was significant.
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Figure 22. Effects of the cutter shaft’s speed on cotton stalk crushing.

6. Field Experiment
6.1. Test Conditions

Hansen Machinery Co., Ltd., Changzhou city, Jiangsu province, China. That completed
the manufacturing and installation of the device according to the design scheme, as shown
in Figure 23. The prototype was safe in its operation, the design of the mechanical structure
was reasonable, the components did not interfere with each other, and there was no obvious
vibration or noise.

Figure 23. Trial production of the prototype.

In order to test the field performance of the device and the reliability of its working
process, a field experiment was carried out in the 10th Regiment of the First Division
of the Xinjiang Corps. The test field was an area for demonstrating the application of
plastic-film-recovery technology and equipment. After cotton was harvested, the irrigation
belts were manually removed, and the test field’s area was about 20 ha. The cotton variety
was “Zhongmian 70”, and the soil type was sandy. The thickness of the plastic film used
was 0.01 mm, and its width was 2050 mm. The supporting power was a Revo M 904-D
tractor with a power of 66.2 kW.

6.2. Test Indexes and Method

According to the agronomic design requirements for the test methods and performance
indexes for crushing and returning cotton straw to a field in NY /T 500-2015: “Operation
quality for straw-smashing machines”, the stubble height should not be higher than 80 mm,
and the rate of qualified cotton straw crushing should not be less than 85% (the qualified
length of cotton straw should not exceed 200 mm). In addition, the effect of the removal of
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(a) Stubble height measurement (b

impurities from the film surface was the focus of this study; these impurities were mainly
composed of light impurities and cotton straw, and the film’s content of thrown straw
needed to be considered at the same time. Therefore, the stubble height, rate of qualified
straw crushing, film-surface-impurity clearance rate, and film content were selected as
experimental indexes for this field experiment.

6.2.1. Stubble Height Y

Under the test conditions, after the straw-crushing operation, five points were mea-
sured in the direction of the length of the test area (greater than 100 m), and the stubble
heights of three stalks were measured within the range of 1 m x 1 m at each point by using
steel measuring tape with an accuracy of 1 mm, the average of which was the stubble height
at the test point. The average stubble height of the five measuring points was taken as the
stubble height under these test conditions. So, the stubble height could be expressed as

1
Y, = mzyij @)

In the formula, Y7 is the stubble height (mm); y;; is the stubble height of each straw
measured at each measuring point (i=1,2...,5;j=1,2,3). The collection of the stubble
height data is shown in Figure 24a.

AL o : & |
) Collecting straw (c) Collecting the impurities  (d) Collecting the residual film
Figure 24. Acquisition of test data.

6.2.2. Rate of Qualified Straw Crushing Y»

Under the test conditions, after the straw-crushing operation, five points were mea-
sured in the direction of the length of the test area (greater than 100 m), and the mass
of all of the straw in the 1 m X 1 m range at each point was measured. The straw with
an unqualified length was picked out and weighed by using an electronic scale with an
accuracy of 1 g. The straw data collected from the measuring points are shown in Figure 24b.
Under each working condition, the rate of qualified straw crushing Y, could be expressed
as(i=12...,5)

Y, = %2 ’"Zlm—mmb’ %100% ®)
where Y, is the rate of qualified straw crushing (%); m,; is the mass of all straw in the range
of 1 m x 1 m (g); and my; is the mass of the straw with an unqualified length in the range of

1m x 1m(g).

6.2.3. Film-Surface-Impurity Clearance Rate Y3

Through many field experiments, it was found that most of the impurities were thrown
out by the crushing chamber, some of the impurities were with the recovered residual film,
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and some of the impurities fell off in the field during the process of picking up the residual
film. Then, the film-surface-impurity clearance rate of the device could be expressed as

vy = M 100% = —Mr 100 )
5 MZ T L x oz ’

where M), is the mass of impurities that were thrown out (kg); M; is the total impurity
mass on the film’s surface (kg); and pz is the film-surface-impurity quality per unit length
(kg/m). Here, the value of pz = 2.532 kg/m was measured during the test. Due to the need
to collect and measure the quality of the impurities that were thrown out, the length L of
the test area should not have been too large every time. In this study, L = 30 m. The data
collected on the impurities are shown in Figure 24c.

6.2.4. Film Content Yy

Under the test conditions, after the straw-crushing operation, five points were mea-
sured in the direction of the length of the test area (greater than 100 m). The length of
each measuring point was 5 m, and the width was one working width. Then, under each
working condition, the film content Y, could be expressed as (i=1,2...,5)

Y, = gz%xloo% (10)
where m,; is the mass of the residual film thrown out at each measuring point (g); m.
is the residual film mass within the measuring-point length of 5 m (g). According to
previous measurements, the residual-film mass per unit length of the film was about 64 g,
so m. =5 x 64 =320 g. The smaller Y, was, the better, as this indicated a greater residual-
film recovery. Otherwise, it indicated that in the process of crushing and returning straw
to the field, the film surface was sucked into the crushing chamber and thrown out. The
residual film was collected and weighed, as shown in Figure 24d.

7. Results and Discussion
7.1. Experimental Results

The field experiments showed that the cutting of some cotton stalks was not good
when the forward speed vy was too high. When the speed vy exceeded 7 km/h, the
stubble height was too great. However, the speed vy could not be slower than 4.5 km/h,
as this would seriously affect the working efficiency and would not allow the agronomic
requirements to be met. When the cutter’s rotational speed n exceeded 2000 RPM, too
much broken film was thrown out, which indirectly resulted in a low rate of residual-film
recovery. However, the rotational speed n should not be too low. When the rotational speed
n was lower than 1600 RPM, the effect of the removal of impurities on the film’s surface
was not good, resulting in more impurities in the recovered residual film.

Considering the feasibility of the test operation, the forward speed of the machine
was controlled at 5.5-6 km/h, and the rotational speed of the cutter shaft was controlled
at 1850-1900 RPM during the test. Three repeated tests were carried out, and the average
values were taken as the test values. The test results were as follows: the stubble height
was 8.0 cm, the rate of qualified straw crushing was 91.8%, the clearance rate of film-
surface impurities was 92.3%, and the film content was 3.6%, which met the working
quality requirements (the stubble height should not be higher than 80 mm, and the rate of
qualified cotton straw crushing should not be less than 85%) of NYT 500-2015: “Operating
quality for straw-smashing machines”. To some extent, the device met the requirements of
agronomic design.

7.2. Discussion

It was not difficult to find that the results for the rate of qualified straw crushing
and the film-surface-impurity clearance rate were in agreement with the results of the
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simulations. The larger the rotational speed of the cutter shaft, the better the effects of straw
crushing and impurity removal. This is because the higher rotational speed increased the
probability of contact between the straw and the cutter blades (or fixed blades). Meanwhile,
a higher rotational speed increased the linear velocity of the cutter blade’s edge, and its
cutting capacity and throwing capacity became stronger, making it more conducive to
straw crushing and removal. This is why the results of straw crushing and removal in the
above field tests were all satisfactory, and light impurities, such as cotton and cotton leaves,
could not be seen in the recovered residual film.

In addition, it was found in the tests that there were few other impurities outside the
crushed straw in the recovered residual film. Because the rotational speed was higher, the
airflow velocity below the crushing chamber on the film’s surface was greater, the ability
to absorb impurities was stronger, and the effect on the removal of other impurities was
better. Meanwhile, the residual film could easily be sucked up too. Once the residual film
collided with the cutter blades, it was torn, broken, and thrown out with the impurities,
which indirectly led to a lower rate of film recovery.

The height hy (of the cutter blade’s edge from the ground) had an important influence
on the velocity and pressure distribution in the crushing chamber, which affected the effect
of the removal of impurities on the film’s surface. The lower the height g, the greater
the flow rate of the wind field on the film’s surface, which could promote the removal
of impurities on the film’s surface but aggravated the risk of damaging it, resulting in a
substantial increase in the film content. The greater the height kg, the greater the stubble
height if the height iy was more than 70 mm. However, the stubble height was greater than
80 mm. To reduce the film content and stubble height as much as possible, the height h
was adjusted to 7.0 cm.

8. Conclusions

The working principle and structure of a front-mounted cotton-straw-crushing device
are described in detail in this study. The structural parameters of the key components, such
as the cutter blade, fixed blade, and crushing chamber used to cut and crush cotton stalks,
were designed.

The height I and dip angle « of the fixed blade were determined to be 30 mm and 75°
through a finite element analysis. The maximum stress was 137.23 MPa, and the maximum
deformation was 0.008 mm. Considering the tensile strength of the selected material and
the minimum tensile strength of the weld metal, the design of the fixed blade was feasible.
A cotton stalk is a typical anisotropic material with a complex organizational structure. A
geometric model of a cotton stalk was established. On the basis of the device design, explicit
dynamic models of the cutting and crushing of a single cotton stalk were established based
on ANSYS/LS-DYNA. The results of the dynamic analysis revealed the cutting mechanism
of the cotton stalk: the cutter blade collided with the cotton stalk at a high speed, the stalk
was instantly cut, and the cotton stalk’s root ends entered the crushing chamber first. The
influence of the cutting edge angle v and the front baffle height /1 on cotton stalk cutting
was studied with single-factor simulation tests. An edge angle of ¥ = 45° and a height
of h; = 265 mm were determined, and the influences of the cutter’s rotational speed and
forward speed on cutting were also studied. Meanwhile, the mechanism of cotton straw
crushing was revealed, and the motion states of the straw were studied at different times.
By studying the influence of the cutter shaft’s rotation speed on the rate of qualified straw
crushing 779 and removal rate ¢, it was concluded that with an increase in the cutter shaft’s
speed, the rate of qualified crushing and the removal rate were both increased. At the
design speed of n = 1800 RPM, the rate of qualified crushing was 7y = 84.6%, and the
removal rate was gy = 95.1%.

Finally, under working conditions, the forward speed of the machine was controlled at
5.5-6 km/h, and the rotational speed of the cutter shaft was controlled at 1850-1900 RPM
during the test. The test results were as follows: the stubble height was 8.0 cm, the rate of
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qualified straw crushing was 91.8%, the clearance rate of film-surface impurities was 92.3%,
and the film content was 3.6%.
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