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ABSTRACT

Straw found in the field can be conveniently stored and transported through mechanical packaging, and it
undergoes crushing during its utilization. The effectiveness of the crushing process directly impacts the
efficiency of material utilization. However, current crushing devices available in the market lack specialized
mechanisms suitable for the unique characteristics of round corn stalks. To address this issue, the necessary
simulation parameters were determined, and an experiment was conducted using the ternary quadratic
combination test method. The test factors considered were the center height difference of the knife roller, lower
roller speed, and cutter thickness. The response value of the experiment was the material crushing rate. By
analyzing the results, the optimal structural parameters were identified. These included a center height
difference of 390 mm for the knife roller, a lower roller speed of 14 r/min, and a cutter thickness of 110 mm.
With these parameters, the crushing rate of the round straw crushing device reached 93.77%, and the particle
passing ratio was 98.52%. To validate the research findings, a test device was constructed and used to confirm
the reliability of the obtained results.
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INTRODUCTION

The utilization of straw bale breaking devices has experienced significant growth, garnering global
interest in recent decades. This can be attributed to several factors, including the technique's minimal impact
on device structure and the excellent heat production capabilities of straw. The combustion of corn stalks yields
a high calorific value, generating heat energy equivalent to 0.5 kg to 0.7 kg of standard coal per 1 kg of dry
corn stalk. As a result, straw bale breaking serves as an environmentally friendly, clean, and renewable energy
source.

Numerous studies have addressed the mechanical behavior of straw bales at various scales, as
documented in the literature (Bou Ali, 1993; Carrick et al., 1998; King, 2003; Rakowski, 2010; Walker et al.,
2004). Presently, there are several types of breaking devices in China. However, many of them draw reference
from foreign machines, resulting in a considerable disparity between domestic and international situations.
Foreign machines are not suitable for our country's circumstances and are costly (Wen et al., 2020; Yu et al.,
2014; Choi et al., 2016; Karayel, D., 2023; Porteus, Sc., 1988; Kornecki, TS., 2022). Discrete element
simulation technology has been widely employed by scholars both domestically and internationally in the field
of agricultural machinery (Wang et al., 2022; Zhang et al., 2022; Yan et al., 2022; Yu et al., 2020; Liu et al.,
2022; Zhou et al., 2022; Feng et al., 2016), effectively reducing research and development costs.

This study aims to investigate the mechanical properties and breaking characteristics of round-packed
corn stalks using physical experiments and numerical simulations. The structure of the breaking and tearing
roller is analyzed to explore the breaking and tearing mechanism of round-packed corn stalks. The findings
offer a numerical and theoretical foundation for optimizing the design of mechanical structure parameters,
supporting the practical production and processing of round-packed corn stalks.
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MATERIALS AND METHODS
Determination of simulation parameters

The focus of this research is the round corn stalks that are collected and packed using the 404Pro
type Wittmann round straw baler. Based on the formation principle of round-baled corn stalks, the components
of these round-baled stalks consist of intact corn stalks, a significant amount of soil, short stalks, leaves, stalk
nodes, and a mixture of soil and silk stalks. The average density of the round corn stalks was measured at
196.08 kg/m?, with an average moisture content of 16% using the drying method. Due to the irregular nature
of conventional physical property measuring equipment and the characteristics of round baled straw materials,
it is necessary to conduct scale model tests. The preparation of model materials is one of the main aspects of
these tests. Samples were extracted from the original bales of corn stalks and compressed to obtain samples
with the same density for testing using the WDW-200 microcomputer-controlled electronic universal testing
machine. The test device is mainly PL2-C40C high-speed camera, test plane and lens spacing of 880 mm, the
use of high-speed camera on the specimen free fall and rebound process for filming, with a marker pen to
mark the bottom edge of the specimen center, to facilitate high-speed camera trajectory to capture and data
statistics. In order to ensure the performance effect of recording the falling process, the optimal falling height
of the specimen is 370 mm and the distance between the horizontal reference points is 180 mm after several
tests.

Determining the collision recovery coefficient between the plate and the device is essential. This
coefficient represents an object's ability to deform and return to its original state after a collision. Its value is
defined as the ratio of the normal velocity of the object after collision to the normal velocity before collision. It
serves as a crucial contact parameter for the simulation test of stacking angles using discrete element
simulation software. The test setup, as depicted in Fig. 1, primarily includes the PL2-C40C high-speed camera
positioned at a distance of 880 mm from the test plane. The high-speed camera captures the free fall and
rebound process of the sample, with a marker pen used to mark the center of the sample's bottom edge. This
marking facilitates trajectory capture and data analysis by the high-speed camera. After conducting multiple
tests, an optimal falling height of 370 mm and a distance of 180 mm between horizontal reference points were
determined to ensure effective recording of the falling process.

Reference plane - ‘ ‘LY_‘_ Drop plane

| Blanking hole

|
Support plane ‘ D/L)

Fig. 1 - Test principle for determination of collision recovery coefficient
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Assuming that the sample is only affected by gravity during the falling process, the normal velocity vi
before the collision and the normal velocity v2 after the collision are obtained according to the kinetic energy

theorem.
v, =/2gh (1)

v, =,/2gH (2)
The coefficient of collision recovery
_ vl _ R
€T o T \H ®)

where:

v1 is the normal velocity before collision, mm-s-1; v, is the normal velocity after collision separation,
mm-s-1; h is the falling height before collision, mm; H is the maximum height of bounce after collision
separation, mm.

The displacement-time curve of the sample's falling and collision rebound process was obtained by
utilizing the tracking function of the PLEXLOGplusll high-speed camera analysis software and the drawing
function of Origin software. This curve, depicted in Fig. 2, was then applied to equation (3) to determine the
collision recovery coefficient between round bundles of corn stalks and between round bundles of straws and
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steel plates, based on the selected material of the contact bottom plate. The test process was conducted 10
times to ensure accuracy, resulting in the determination of the collision recovery coefficient between round
bundle straw samples and between round bundle straw samples and steel plates. The collision recovery
coefficient between round bundle straw samples ranged from 0.3 to 0.4, while that between round bundle straw
samples and steel plates ranged from 0.2 to 0.35.
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Fig. 2 - Motion displacement-time curve of a corn stalk in round bales colliding with a measured object.

Establishment of discrete element simulation model of corn stalk round bale

The initial step involves establishing the geometric model of the corn stalk round bale. This is
accomplished by using Solid-Works to model the bale, which is then saved in x_t format and imported into
EDEM. EDEM, developed by DEM-Solutions, Edinburgh, UK, is a CAE software based on the discrete cell
method, which is widely used to simulate and study the mechanical properties of particles and the action on
particles. (Luo Shuai et al., 2018). The Poisson's ratio, shear modulus, and density of the corn stalk round bale
are specified, taking into consideration relevant literature, and the static friction coefficient, rolling friction
coefficient, and collision recovery coefficient between the geometry and particles are also set. To conduct the
discrete element simulation of the breaking process, it is necessary to create models for the particles
constituting the round bale. Fig. 3 illustrates the sequence of the physical map of the round bale, the 3D
diagram, and the particle bonding diagram, presented from left to right.

N —

Fig. 3 - Corn stalk round bale

Table 1
Simulation parameters

Material parameters Numerical value Geometric parameters Numerical value
Density [kg/m3] 189.7 Density [kg/m?] 8864
Poisson's ratio 0.35 Poisson's ratio 0.35
Shear modulus 2.01 Shear modulus 7.9x104
Recovery coefficient Material and geometry

; 0.37 . 0.275
between materials recovery coefficient
Static friction coefficient Static friction coefficient between

. 1.22 . 0.465
between materials material and geometry
Rolling friction coefficient Rolling friction coefficient between

. 0.54 ; 0.25
between materials material and geometry

Analysis of influencing factors

By altering the structural and operating parameters of the machine, the working performance of the
round straw shredder can be enhanced. Hence, the test variables selected include the center height difference
of the counter roller, cutter thickness, number of teeth on a single cutter, rotation speed of the upper roller, and
rotation speed of the lower roller. A single-factor simulation test is conducted, with the material crushing rate
serving as the evaluation index.
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Through the analysis of variance, it becomes possible to explore the contribution of variations from
different sources to the overall variation and further determine the influence of experimental factors on the
evaluation index.

The test levels are determined based on theoretical calculations and a thorough review of relevant
literature, as presented in Table 2.

Table 2
Factors and levels of single factor test
Experimental factors Levels
Counter roller height difference[mm] 0 195 390 585 780 975 1170
Single tool tooth number 5 6 7 8 9
Tool thickness [mm] 70 80 90 100 110
Top roller speed [rpm] 10 12 14 16 18
Lower roller speed [rpm] 10 12 14 16 18

Based on the relevant literature and the actual characteristics of broken round corn stalks, the
unnecessary materials for composite crushing were carefully weighed. As a result, the average crushing rate
achieved by the round corn stalk crusher was found to be 85%, aligning with the findings of previous research
conducted by the enterprise.

Fig. 4 - Simulation process of round corn stalk crushing

Influence of the number of cutter teeth on the broken rate of straw

The optimal conclusions drawn from the one-way test in Table 2 are described below. The upper roller
operates at a rotation speed of 16 r/min, while the lower roller rotates at 14 r/min. The center height difference
is set to 585 mm, the cutter thickness is 80 mm, and the number of teeth varies between 5, 6, 7, 8, and 9. A
total of five groups of simulation tests are conducted, and the results are depicted in Fig. 5. The experimental
findings indicate that the number of cutter teeth has a significant influence on the straw crushing rate (P >
0.05). However, it does not have a significant impact on the material crushing rate. Notably, when the
experimental factors consist of eight teeth, the material crushing rate of the material block is higher, and the
trend of the crushing rate remains relatively consistent throughout the simulation time. On the other hand,
when the number of teeth is five, the crushing rate is the lowest, resulting in the poorest crushing effect.
Furthermore, the change in material crushing rate is similar between 2 to 3 s when the number of teeth is six.
However, there is a significant reduction in material crushing rate during the intervals of 0 to 2 s and 3 to 4.2
s. Although the number of cutter teeth exhibits an increasing trend in material breakage rate, the rate of
increase is not substantial. Consequently, the number of cutter teeth is not considered as an investigated factor
in the subsequent multi-factor test.

The verification test was conducted following the test method outlined in relevant references (Yang Tao
et al., 2017), using the material crushing rate as the test index. Crushing rate refers to the percentage of the
mass of the material required for composite crushing to the total mass of the original material after crushing
treatment, and the ratio of bond breaking is used as the evaluation index of the crushing rate in the simulation
test, which is determined by Formula 4.

P, = % x 100% (4)
where:
P, is material crushing rate, %; n is number of bond breaks; N is total number of bonding keys.

The productivity was calculated using Formula 5.

E, =T.lp1><60 (5)

where:
Eo is productivity, kg/(kW-h); P1 is the total mass of materials, kg; T is Time, min; m is quality, kg.
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Fig. 5 - Variation curve of particle crushing rate with different cutter teeth

The influence of cut thickness on straw crushing rate

The parameters for the round straw shredder are determined as follows: the rotation speed of the upper
roller is 16 r/min, the lower roller is 14 r/min, the center height difference is 585 mm, the number of teeth is 7,
and the thickness ranges from 70 to 110 mm with intervals of 10 mm. Five sets of simulation tests are
conducted, and the results are presented in Fig. 6. The experimental findings reveal that the thickness of the
cutter has a significant impact on the straw crushing rate (P < 0.05) as well as the material crushing rate. With
the rotation speeds of the upper and lower cutter rolls and the center height difference of the cutter roll kept
constant, it is observed that variations in the inner blade thickness between 70 and 80 mm do not significantly
affect the test results. However, when the thickness reaches 90 mm, the crushing rate is lower within the 1 to
3-s range compared to other thickness ranges. As the simulation time increases to 3 to 4.2 s, the crushing rate
tends to peak at different tool thicknesses. Consequently, the tool thickness can be considered as an
investigated factor in the subsequent multi-factor test.
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Fig. 6 - Variation curve of particle crushing rate with varying tool thicknesses.

The influence of rotation speed of lower roll on straw crushing rate

A series of simulation tests are conducted with different parameters: the rotation speed of the upper
roller is set at 16 r/min, the number of cutter teeth is 7, the center height difference is 585 mm, the cutter
thickness is 80 mm, and the rotation speed of the lower roller varies between 10, 12, 14, 16, and 18 r/min. The
results of these tests are depicted in Fig. 7. The experimental findings demonstrate that the lower roller speed
has a significant influence on the straw crushing rate (P < 0.05) and also affects the material crushing rate.
When the rotation speed of the lower roller is set at 12, 14, and 16 r/min, the material crushing rate remains
relatively stable, outperforming the rates obtained at other rotation speeds. Notably, the highest material
crushing rate is achieved at 14 r/min, reaching 82.85%. In contrast, when the rotation speed is 10 r/min, the
material crushing rate is significantly lower at 66.86% compared to the rates obtained at other rotation speeds,
indicating a relatively poor crushing effect. It is evident that the rotation speed of the lower roller exerts a
substantial influence on the material crushing rate, and the rate notably increases within the 1 to 3-s interval
as the rotation speed of the lower roller increases. Therefore, the rotation speed of the lower roller will be
investigated further as a factor in subsequent multi-factor tests.
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Fig. 7 - Variation curve of particle crushing rate with varying lower roller speeds.

The influence of rotation speed of the top roller on straw crushing rate

It has been established that the rotation speed of the lower roller is 14 r/min, the number of teeth is 7,
the center height difference is 585 mm, the tool thickness is 80 mm, and the rotation speed of the upper roller
varies between 10, 12, 14, 16, and 18 r/min. Five sets of simulation tests are conducted, and the results are
displayed in Fig. 8. The experimental findings indicate that the top roller speed has a significant influence on
the straw crushing rate (P > 0.05) but does not significantly affect the material crushing rate. Higher rotation
speeds of the upper roller, such as 16 and 18 r/min, result in higher material crushing rates, with a trend that
aligns with the simulation time. Conversely, a rotation speed of 10 r/min yields the lowest material crushing
rate, indicating poor material crushing effectiveness. The change in material crushing rate between 2 and 3 s
is comparable to that at 14 r/min; however, the crushing effect is worse than other rotation speeds during the
intervals of 0-2 s and 3-4.2 s. Consequently, it is observed that the material crushing rate increases with an
increase in the speed of the upper roller, but the impact is not significant. As a result, the rotation speed of the
upper roller is not considered an investigated factor in the subsequent multi-factor test.
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Fig. 8 - Variation curve of particle crushing rate with different rotating speeds of the upper roller

The influence of height difference of knife roll center on straw crushing rate

It is established that the rotation speed of the upper roller is 16 r/min, the lower roller is 14 r/min, the
number of teeth is 7, the cutter thickness is 80 mm, and the height difference between the centers of the two
cutter shafts varies between 0, 195, 390, 585, and 780 mm. Five sets of simulation tests are conducted, and
the results are illustrated in Fig. 9. The experimental findings reveal that the difference in center height of the
knife roller has a significant impact on the straw crushing rate (P < 0.05) and also influences the material
crushing rate. When the height difference between the centers of the two rollers is 390 mm, the material
crushing rate reaches its highest value at 82.0%. When the height difference is 195 mm and 585 mm, the
change in crushing rate shows no significant variation, and the rates are recorded as 73.4% and 76.3%,
respectively. When the center height difference is 0 mm, the material crushing rate is notably lower compared
to the rate at 390 mm, and the lowest peak value of the material crushing rate is observed at 780 mm, with a
rate of only 66.9%.
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Furthermore, when the center height difference is 0, 195, 390, 585, and 780 mm, the material crushing
rate exhibits a trend of initially increasing and then decreasing, with the best effect observed when the center
height difference ranges from 195 to 585 mm. Consequently, the center height difference of the knife roller is
considered an investigated factor in the subsequent multi-factor test.
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Fig. 9 - Variation curve of particle crushing rate with different center height.

The aforementioned test results demonstrate the significant influence of the center height difference,
cutter thickness, and lower roller speed on the material crushing rate (P < 0.05). These factors can be
considered as important variables for subsequent multi-factor tests.

Scheme design and result analysis of combined test

Test Purpose

(1) To assess the rationality of the structure of the double-roller differential round-baled corn stalk
shredder used in this research, and evaluate if the key components meet the specified requirements.

(2) To verify if the crushing efficiency of the shredding device meets the design criteria and desired
efficiency.

(3) To determine the optimal structural parameters for the shredding device of the double-roller
differential round-baled corn stalk shredder.

Test method and evaluation index

(1) Material crushing rate: This term pertains to the proportion of the required material mass for
composite crushing within a single workflow in relation to the total material mass.

(2) Particle passing ratio: This concept indicates the percentage of particles passing through the
discharge port within a single workflow relative to the total number of particles in the entire model. Its calculation
formula is represented by Formula 6.

D = g x 100% (6)
where:

P.is particle passing ratio; s refers to the number of particles passing through a single operation, one; S
is total number of particles.

Particle Passing Ratio: is the percentage of the number of particles passing through the outlet in a single
workflow compared to the number of particles in the entire model.

Test model

The traditional shredding device exhibits inadequate crushing effectiveness on round straw, with issues
such as uneven distribution of cutter utilization benefits and significant loss of certain cutters. To address these
concerns, a differential crushing method utilizing two rollers is proposed. This method involves crushing round
straw through the relative rotation of the crushing cutter roller, while simultaneously enabling automatic
transportation due to the substantial mass of the straw itself, thereby enhancing work efficiency. The
differential-roller-type bale breaking device is employed to break and preliminarily crush round-packed corn
stalks, facilitating subsequent processing. Optimizing the design of the round-packed straw shredding device
is instrumental in improving the effective utilization rate of round-packed corn stalks. To achieve this, the
following design requirements are presented for the shredding device:
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(1) The straw material should be effectively and preliminarily broken, ensuring a successful bag-breaking
outcome.

(2) The bag-breaking device should be equipped with a motor capable of meeting production
requirements through the designed rotation speed.

(3) The occurrence of blockages should be avoided.

(4) The preliminarily crushed material should meet the processing and application requirements, such
as achieving a crushing rate of 60% for incineration power generation.

(5) The cutter chamber of the device should possess a simple structure, exhibit high working efficiency
and reliability, and maintain optimal working conditions continuously.

The frame is connected to the bottom of the motor and the bottom of the reducer through connecting
plates on both sides, while the top of the steel structure in the middle of the frame is fixedly connected to the
bottom of the cutter chamber main body using connecting plates. One end of the motor's output shaft is firmly
connected to one end of the reducer's input shaft through a coupling, and the other end of the reducer's output
shaft is fixedly connected to the cutter shaft via a coupling. The cutter shaft extends from the reducer through
the machine body and is rotatably connected to one side of the inner wall of the cutter chamber body using a
bearing. The outlet is axially secured with an end cover. On the inner surface of the cutter shaft within the main
body of the chassis, the cutter and spacer are firmly attached. A second cutter shaft, positioned symmetrically
with the first cutter shaft along the centerline, is mounted between the two sides of the inner wall of the chassis
and on one side of the cutter shaft. The two shafts extend through the machine body to one side of the chassis.
There is no noticeable difference between the top and bottom of the chassis body. Typically, the top surface
is used as the inlet, and the bottom as the outlet. The distance between the center lines of the cutter shafts
measures 420 mm, as depicted in Fig. 10, when compared to the actual equipment.

VFig. 10 - Shredding device comparison diagram

After analyzing the results of the single-factor tests and reviewing relevant literature, three significant
factors were identified for further investigation: the height difference of the cutter roller center, the cutter
thickness, and the rotating speed of the lower roller. The evaluation indexes used were the crushing rate of
the round-packed corn straw material model and the particle passing ratio in a single operation. Taking into
account the device design and the results of the single-factor tests, and considering real-world working
conditions, the levels of the various factors were determined as outlined in Table 3.

Table 3
Test factor level table
parameter
level
Center height difference[mm] Tool thickness[mm] Lower roller speed[rpm]
-1 195 90 12
0 390 100 14
1 585 110 16
RESULTS

Test scheme and results

Based on the findings from previous single-factor simulation tests and relevant research on differential
roller equipment both domestically and internationally, and considering the practical production requirements,
the following parameters have been determined: the rotational speed of the upper cutter roller is set at 16 r/min,
while the lower cutter roller's speed ranges from 10 to 16 r/min.
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The cutter thickness is set between 70 mm and 110 mm to align with operational needs, and the number
of cutter teeth is fixed at 7. Additionally, considering the material's structural characteristics and test results,
the optimal range for the height difference between the centers of the two rollers is established as 70 mm to
90 mm.

By assessing the significance of each index and establishing the relationships among the factors, the
optimal parameter combination for the roller differential speed package breaking equipment has been
determined. The test factors are represented by the codes shown in Table 4, and the corresponding test results
are presented in Table 5. X1, Xz, and Xs denote the coded values of the factors.

Table 4
Test scheme and results
No. Center height difference |Tool thickness|Lower roller speed|Material crushing rate|Particle passing ratio
/[mm] /[mm] /[ [rpm] / [%] / [%]
1 -1 -1 0 86.24 96.07
2 -1 1 1 88.99 95.44
3 1 0 1 89.46 97.3
4 -1 0 -1 90.77 95.73
5 0 1 -1 89.34 97.52
6 1 0 -1 87.84 95.14
7 0 0 0 88.99 96.47
8 1 0 -1 84.54 95.46
9 0 0 0 91.1 96.74
10 0 0 0 90.24 97.46
11 0 0 0 93.31 98.02
12 0 -1 1 92.17 97.1
13 0 0 0 92.21 96.67
14 -1 1 0 88.01 94.76
15 1 -1 0 90.31 96.64
16 0 0 0 90.12 98.01
17 0 1 1 93.48 98.62
Table 5
Significance test results of regression relationship of material crushing rate
Source of variation|Sum of square|Degree of freedom|Mean square|F value| P value|Significance
Model 66.31 9 7.37 5.63 | 0.0164 *
X1 8.29 1 8.29 6.34 | 0.0399 *
X2 1.35 1 1.35 1.03 | 0.3429
X3 4.82 1 4.82 3.69 | 0.0963
X1X2 4.49 1 4.49 3.44 | 0.1062
X1X3 11.22 1 11.22 8.58 | 0.0220 *
X2X3 271 1 271 2.07 | 0.1935
X2 24.81 1 24.81 18.97 | 0.0033 o
X2? 3.66 1 3.66 2.08 | 0.1382
X1X22 11.66 1 11.66 8.92 | 0.0203 *
Residual 9.15 7 131
Lack of Fit 1.76 3 0.59 0.32 | 0.8113
Pure Error 7.38 4 1.84
Sum 75.46 16

Establishment of Regression Model and Analysis of Variance

As shown in Tables 5 and 6, the regression coefficient test results reveal significant effects of the primary
term X1 and the quadratic terms X1X3 and X1X2? on crushing rate X (P < 0.05). Additionally, the quadratic term
X12 exhibits an extremely significant effect on crushing rate X (P < 0.01). Furthermore, the quadratic term X12Xz
has a significant effect on the particle passing ratio Y (P < 0.05), and the quadratic term X1? significantly affects
the particle passing ratio Y (P < 0.01). From Tables 4-4 and 4-5, it can be observed that the model's p-value
for crushing rate X is 0.0164, and the p-value for the particle passing ratio Y is 0.0174. Both values are less
than 0.05, indicating the significance of the model. On the other hand, the missing items have p-values of
0.8113 and 0.9201, respectively, which exceed 0.05, suggesting their lack of significance.
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The difference between the determination coefficient R? and the adjusted R-squared (Rad?) is less than
0.2, confirming the reliability of the model. Consequently, the regression model can effectively analyze and
predict the data related to the test target.

Table 6
Results of significance test of regression relationship of particle passing ratio

Source of variation|Sum of square|Degree of freedom|Mean square|F value|P value|Significance
Model 13.66 9 1.52 5.51 [0.0174 *

X1 0.99 1 0.99 3.61 |0.0994

X2 0.44 1 0.44 1.58 |0.2490

X3 0.38 1 0.38 1.39 |0.2771

X1Xz2 0.01 1 0.01 0.03 |0.8615

X1Xs 0.86 1 0.86 3.10 |0.1215

X2X3 0.15 1 0.15 0.55 |0.4818

X2 8.17 1 8.17 29.66 |0.0010 *

X2? 0.46 1 0.46 1.66 |0.2389

X12X2 2.13 1 2.13 7.73 |0.0273 *
Residual 1.93 7 0.28
Lack of Fit 0.20 3 0.068 0.16 |0.9201
Pure Error 1.73 4 0.43
Sum 15.61 16

Influence of interaction of test factors on response index

To provide a more visual representation of the interaction among the test factors, response surface
analysis of the regression model was conducted using Design Expert software. The resulting response surface
charts, shown in Fig. 11 and 12, illustrate the impact of the interaction between the center height difference of
the cutter roller, the cutter thickness, and the rotation speed of the lower roller on both crushing rate and the
particle passing ratio. By setting one of the factors to zero and analyzing the influence of the other two factors
on crushing rate and particle passing ratio, the response surface analysis reveals the trend and effect of each
factor on the test results.

The influence of various factors on crushing rate is shown in Fig. 11.
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Fig. 11 - Effect of interaction of factors on bond fracture rate

Fig. 11 illustrates the impact of the interaction between the center height difference of the cutter roller
and the cutter thickness on the bonding fracture rate, with the rotation speed of the lower roller set at the
central value. As the center height difference increases and the cutter thickness decreases, the bonding
fracture rate initially increases and then decreases. Similarly, the interaction between the center height
difference of the cutter roller and the rotation speed of the lower roller influences the bonding fracture rate,
with an increasing trend observed as the difference in center height and rotation speed increases. Likewise,
when considering the interaction between the cutter thickness and the rotation speed of the lower roller, a
higher bonding fracture rate is observed as the cutter thickness and rotation speed decrease.

The response surface depicting the influence of each factor on the particle passing ratio is displayed in
Fig. 12.
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Fig. 12 - Effect of interaction between factors on particle passing ratio.

Fig. 12 illustrates the impact of the interaction between the center height difference of the knife roller
and the knife thickness on the particle passing ratio when rotation speed of the lower roller is at the center
position. As the height difference between the center of the cutter roller increases and the cutter thickness
decreases, the particle passing ratio initially increases and then decreases. Similarly, the interaction between
the height difference of the cutter roller center and the rotation speed of the lower roller influences the particle
passing ratio, showing an increasing trend as the height difference and rotation speed increase. Furthermore,
the interaction between the cutter thickness and the rotation speed of the lower roller affects the particle

passing ratio, with a decreasing cutter thickness and an increasing rotation speed leading to an upward trend
in the particle passing ratio.

Parameter optimization and verification

By considering the height difference between the center of the cutter roller (X1), the thickness of the
cutter head (Xz2), and the rotation speed of the lower roller (X3) as constraints, and the number of bond breaks
(X) and the particle passing ratio (Y) as objectives, a structural optimization parameter model for the round
corn stalk breaking device is established. The calculation method for the model is presented in Formula?.

( maxX
maxY
195 < X; <585 @)
70 < X, <110
12<X; <16

After optimizing the regression equation, the optimal combination of parameters for the round corn stalk
breaking device is determined as follows: a height difference of 390 mm between the center of the cutter roller,
a cutter head thickness of 110 mm, and a rotation speed of the lower roller at 14 r/min.

Based on the optimized parameter combination, a crushing test is conducted on the straw round bale.
Through analysis of the test results, the Design-Expert software is utilized to further optimize the three test
factors within their respective ranges. The optimal process parameters are determined as follows: a center
height difference of 390 mm, a cutter thickness of 110 mm, and a lower roller speed of 14 r/min.

Under these optimal conditions, the shredder achieves the best crushing effect, with a bond crushing
rate of 93.48% and a particle passing rate of 98.62%. The details of the test scheme can be found in Table 7.

Table 7
Results of significance test of regression relationship of particle passing ratio
Name value
Center height difference of knife roller [mm] 390
Cutter head thickness [mm)] 110
Lower roller speed [rpm] 14

The experiment was conducted three times using the optimal parameter combination, and the crushing
rate and working efficiency rate of the material were measured. The average values were calculated, resulting
in a crushing rate of 93.77% and a working efficiency of 98.52%. The prediction deviation between the
experiment and the model described above is within 5%, indicating the reliability of the regression model.

Then with crushing five round-packed corn stalks, the following conclusions were drawn:

Five rounds of bench tests were conducted to crush round-packed corn stalks, and the figure illustrates
the comparison between the crushed materials and the simulation results.
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The material crushing rates were 94.63%, 93.95%, 95.12%, 92.16%, and 94.01%, respectively, with an
average of 93.97%. Using the simulation test results as a benchmark, the results were subjected to a T-test in
Origin software, yielding a P-value of 0.705 (>0.05), confirming the reliability of the test results. The productivity
values were 5125.7 kg/h, 5336.2 kg/h, 5203.1 kg/h, 5107.4 kg/h, and 5259.6 kg/h, respectively, with an
average of 5206.4 kg/h. Compared to the traditional double-roller structure, the double-roller differential corn
stalk round bale breaking device proposed in this study demonstrates improvements in material crushing rate
and productivity.

CONCLUSIONS

In this study, a breaking device based on double-roller structure was designed considering the unique
external surface profiles and interior tissue of straw bale, combined with knowledge of agricultural mechanics,
agricultural engineering, materials science, and other fields.

Straw bale was broken during the bale-breaking period, and the bale breaking model was established
in stages. The accuracy and scientific nature of the model were verified by comparing the breaking rate
collected from conventional breaking with experimental data.

(1) Compared with the existing breaking device, the breaking device with double-roller studied in this
paper has the following advantages. A ternary quadratic combination experiment was conducted to determine
the best structural parameters of the shredding device for the roller differential round corn stalk shredder. The
regression equation was derived, along with an assessment of its impact on the results. The optimal
parameters, including a center height difference of 390 mm, tool thickness of 110 mm, and lower roller speed
of 14 r/min, were determined and validated through bench testing. Simultaneously, various control groups were
established and applied in the subsequent simulation tests to verify the superiority of this structure.

(2) The model parameters of the straw bundle were determined by the factor test. The optimal
parameters, including a center height difference of 390 mm, tool thickness of 110 mm, and lower roller speed
of 14 r/min, were determined and validated through bench testing. The more the deviation from the above
data, the less accurate the results will be. Therefore, a ternary secondary combination experiment was
conducted. By defining a reasonable calculation domain in the EDEM calculation could reduce the calculation
time without affecting the whole.

(3) This design method can be applied to the design of other breaking parts of agricultural machinery.
This approach is not limited to straw bales and has strong generality to solve the problem of efficient utilization
of straw. In order to make better use of agricultural mechanics to solve the problem of straw utilization, a
database matching a variety of straw organisms with the actual production conditions of more agricultural
machinery will be established in the future, so as to provide more inspirations for the design of agricultural
machinery from the perspective of agricultural mechanization. This method ignores the anisotropy of
components in straw bale because only breaking rate of straw bale was analyzed in this study. Therefore, to
make our model closer to the actual soil environment, the next steps will be to add the characteristic
parameters of the straw breaking force caused by interior components and to perform further exploration by
coupling the ANSYS and EDEM methods.
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