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A Discrete Element Method Model of Corn Stalk and Its
Mechanical Characteristic Parameters
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In a simulation model of the process of corn straw crushing, its physical
parameters and the model itself influence the accuracy of the numerical
calculations of the discrete element method. This study attempts to
improve the simulation accuracy of the crushing process and to find the
optimal combination of parameters. Based on the Hertz-Mindlin with
Bonding contact model, multiple particle replacement and bonding
programs written using Visual Studio were imported through the
application programming interface (API) of a discrete element method
(DEM) model to establish three particle-bonding materials for a numerical
simulation of the crushing process. Using results of mechanical corn stalk
tests, DEM simulations of impact fracture, compression fracture, and
bending fracture were conducted to determine the optimal combination of
parameters. The resultant DEM-parameter combination led to simulation
errors of 3.83%, 5.95%, and 7.86% in numerical simulations of impact
fracture, bending fracture, and compression fracture of corn stalks,
respectively. The performance of the corn stalk DEM using the proposed
optimal parameter combination was validated using a 9RS-60 corn stalk
crusher, revealing that the numerical simulation error was 8.77%. This
study can improve the accuracy of the discrete element method in the
simulation of the corn straw breaking process.
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INTRODUCTION

Corn straw, a renewable biological resource left after the harvest of corn, has a wide
range of applications that have not been fully explored, and corn stalks have not been fully
utilized to date. Corn straw needs to be crushed before high-efficiency uses such as a
livestock feed or fuel or being returned to the field as fertilizer (Zhang et al. 2018, 2020).
Stalk crushers are typically used to convert the straw into livestock feed, but they have the
disadvantages of high power consumption and low efficiency. At present, the research on
the mechanism of corn stalk crushing is not thorough and has mostly focused on the
crushing mechanism of a single stalk section in the crushing chamber. It is difficult to test
the force on a corn stalk group and the corresponding movement pattern using experimental
methods (Ma et al. 2016).

With improvements in computing technology, complex behavior information, such
as the movement of particle groups, forces, and energy consumption during bulk material
crushing, can be directly obtained from computer-aided numerical simulations and analysis
with discrete element methods (DEMs) (Serna-Diaz et al. 2016). DEMs have been widely
used in the design and optimization of agricultural machinery. For example, Han et al.
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(2017) improved the work performance of an inside-filling air-blowing corn-seed-metering
device; they calibrated the contact parameters of corn seed particle models through a
simulation coupling the engineering discrete element method (EDEM) and computational
fluid dynamics (CFD). Zhang et al. (2016) and Liu et al. (2016) obtained the movement
pattern of corn seed groups in the seed chamber through DEM numerical simulation and
optimized the structure and operating parameters of air-suction seed-metering devices.
Many researchers have used DEM to simulate stalk movement.

Additionally, researchers have verified the accuracy of DEM and applied it in
numerical simulations of straw particle motion (Liu et al. 2018; Zhang et al. 2019). These
studies have revealed the interaction mechanism between straw and the machinery and
provide a theoretical basis for improving the mechanical structure and optimization of
operation parameters.

The DEM is used to simulate the crushing process of corn straw; it can easily obtain
movement, force, and energy consumption. However, the existing stalk DEM models
simulate the movement of objects formed by the bonding of single particles or single
materials, even though some types of straw are not made of single materials; corn straw is
composed of two or more types of materials. In this case, crushing simulations of objects
formed by the bonding of single particles or single materials can have a relatively large
error (Liu et al. 2015; Zeng et al. 2017, 2019a).

In this study, the physical parameters of corn stalks were first determined through
an analysis of a Hertz-Mindlin-with-bonding contact model and mechanical tests. Next, the
parameters were introduced into the EDEM for secondary development using Visual
Studio software. Finally, a DEM model with calibrated parameters and composed of three
types of materials was established to simulate the crushing process of natural air-dried corn
stalks. The objective of this study was to establish a DEM of corn straw that can be crushed
and to calibrate the parameters of the DEM to make the simulation more accurate and
provide a basis for future simulation analysis.

EXPERIMENTS

Experimental Mechanical Tests of Corn Stalks

Mechanical tests of corn stalks can provide data as a basis for the establishment of
a DEM model and calibration of the bonding parameters. To establish a corn straw DEM
model, the mechanical parameters need to be tested and calibrated to include the normal
stiffness, shear stiffness, critical normal stress, critical shear stress, bonding radius, and
interparticle contact radius. The critical normal stress and shear stress of the material can
be measured in tests. The normal stiffness, shear stiffness, bonding radius, and interparticle
contact radius of the material are determined through calibration of the DEM simulation.

Therefore, tensile and shear tests were conducted to measure the critical, normal,
and shear stress of the material. An impact fracture test, compression fracture test, and
bending fracture test of the whole corn straw were performed to calibrate four DEM input
parameters: normal stiffness, shear stiffness, bonding radius, and interparticle contact
radius of the material. The instruments used for testing were a stalk impact fracturing tester
(Droide, Beijing, China) and a microcomputer-controlled electronic universal testing
machine (Droide, Beijing, China). The corn stalk samples used in the tests were taken from
Hohhot (China) and were naturally air-dried and had a moisture content of 8.8%.
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Impact Fracture Test of Corn Straw

During processing in a stalk crusher, corn stalks in the crushing chamber are
impacted and fractured by a high-speed rotor. Therefore, reducing the DEM simulation
error of impact fracturing can greatly improve the simulation accuracy of the corn straw
crushing process. Energy consumption during impact fracturing was the basis for
determining the bonding-parameter inputs for DEM simulations. In this study, the test
measuring the energy consumption during impact fracturing of whole-length corn stalks
was conducted using a stalk impact fracturing tester (Fig. 1).

Fig. 1. Structure of straw impact fracture test machine: 1: Impact hammer; 2: Frame; 3: Data
display screen; 4: Data printer; 5: Fixture; 6: Baseplate

It was assumed that an ear of corn grows from the 5™ node, that the 1% to 4™ nodes
are on the root side below the 5" node, and that the 6" to 10" nodes are above the 5" node
(Fig. 2). (This assumption is based on the measurement of corn straw. The corn ear
basically grows on the 5" node.)

Fig. 2. The number of corn stalk internodes

To compare the mechanical properties of the internodes of a full-length corn stalk
during impact fracturing in DEM, an impact fracturing test was conducted based on the
cross-sectional area fractured on each internode. The energy consumption per unit cross-
sectional area was then calculated. The test results are shown in Fig. 3.

As shown in Fig. 3, the impact fracture energy consumption per unit cross-sectional
area of corn stalk decreased as the internode number increased. The energy consumption
per unit cross-sectional area was higher from the 1% to 5" internode and lower from the 6%
to 10" internode; the 6™ internode was remarkably lower than that of the 5 internode,
suggesting that the corn stalk section below the ear was mechanically stronger than the
section above the ear.
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Fig. 3. Energy consumption test results of impact fracture of the corn straw unit cross-sectional
area

According to the above analysis, the establishment of a corn stalk DEM simulation
model requires two types of materials with different mechanical properties for the two parts
of a corn stalk, i.e., the lower part from the 1 to 5" internode on the root side and the upper
part from the 6" to 10" internode.

Compared with the outer skin of the corn stalk, the inner pulp was mechanically
weaker. The tensile and shear mechanical properties of the inner pulp differ slightly
between the upper and lower parts, but those of the outer skin decreased as the internode
number increased. Therefore, the corn stalk DEM simulation model required three types of
materials to simulate the inner pulp, the upper outer skin, and the lower outer skin.

Tensile and Shear Tests of the Outer Skin and Inner Pulp of Corn Straw

Tensile and shear tests of the corn stalk inner pulp, the upper outer skin, and the
lower outer skin, as well as compression and bending tests of the whole-length corn stalk,
were conducted using a microcomputer-controlled electronic universal testing machine
(Droide, Beijing, China). The results of the tensile and shear tests revealed that the
mechanical properties of the outer skin were similar from the 15! to 5" internode and similar
among all internodes above the 5" internode.

In this study, the average critical normal stress values of the lower outer skin, upper
outer skin, and inner pulp of corn stalk were 1.418 x 108, 1.122 x 108, and 1.4 x 10° Pa,
respectively, derived from 20 sets of testing results. The elastic modulus values (Young's
modulus) of the lower outer skin, upper outer skin, and inner pulp, which were calculated
based on the elastic deformation stages during the tensile tests of corn stalks, were 8.288 x
10°, 6.356 x 10°, and 1.664 x 108 Pa, respectively.

The maximum force during shear fracturing was obtained from a shear test using
the shear test fixtures of the universal testing machine. Based on the maximum force and
the cross-sectional area, the critical shear stress of the lower outer skin, the upper outer
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skin, and the inner pulp of corn stalks were calculated as 1.243 x 10 Pa, 7.94 x 10° Pa,
and 3.9 x 10° Pa, respectively.

Compression and Bending Test of the Whole Length of Corn Stalk

The cross-sections of corn stalks were approximately elliptical. Using the lengths
of the long axis and short axis as size parameters of the cross-section, the mechanical
properties during compression were measured using 10 lower corn stalk sections and 10
upper sections with moderate diameters. The corn stalk samples were all 40 mm in length;
the average size of an elliptical cross-section of a corn straw lower sample was 23.06 mm
(long diameter of ellipse) and 19.46 mm (short diameter), and that of an upper sample was
13.52 mm (long diameter) and 11.44 mm (short diameter). During testing, the speed of the
pressing fixture was set at 10 mm/min; the simulation parameter setting was the same as
the testing parameter setting. The average compression forces required for fracturing the
lower and upper corn stalk sections were 2130 N and 960 N, respectively.

The mechanical properties under bending were tested using 10 lower and 10 upper
corn stalk sections with moderate diameters. The samples were all 150 mm in length, the
span of the bending fixture was 60 mm, and the pressing fixture was placed in the middle
of the base fixture. The average lengths of the long and short axes of the cross-sections
were 21.20 mm and 17.66 mm, respectively. The average size of the elliptical cross-section
of a corn straw lower sample was 21.20 mm (long diameter of ellipse) and 17.66 mm (short
diameter of ellipse), and that an upper sample was 13.46 mm (long diameter) and 11.38
mm (short diameter). During testing, the speed of the pressing fixture was set to 5 mm/min;
the simulation parameter settings were the same as the testing parameter settings. The
average bending forces required for fracturing the lower and upper corn stalk sections were
240 N and 110 N, respectively.

The compression force and bending force required for fracturing the corn stalks
were compared with the DEM simulation results, laying a foundation for the calibration of
corn stalk DEM parameters.

Establishment of a Corn Stalk DEM Model

The relationship between stress and strain of the inner pulp and outer skin of corn
straw conforms to the generalized Hooke's law, and the fracture process is the same as that
of a linear elastic-material model (Chen et al. 2012; Yu et al. 2012). Therefore, assuming
that the material parameters of corn straw are linearly elastic, the Hertz-Mindlin with
Bonding contact model was used to simulate the crushing of corn straw.

The Hertz-Mindlin with Bonding contact model is used to simulate problems such
as breakage and fracture. Small particles are used to bond to bulk materials; the cohesive
force between particles will be overcome under external force, to simulate the crushing
process of materials. The energy consumption is calculated according to the force and
displacement of the particle interaction in the process of bond fracture (Gao et al. 2020).

According to the above tests, a DEM simulation model of corn stalks must use three
types of materials (lower outer skin, upper outer skin, and inner pulp of stalk). Therefore,
three different materials were created by bonding particles in the same radius of 2 mm to
establish a DEM model. The corn stalk DEM model was generated through a particle
replacement and bonding process. A number of large particles were generated by a particle
factory. Next, at the time of DEM simulation, an APl program written in Visual Studio
software (Microsoft Corporation, v. 2013, Redmond, WA, USA) started to run and use its
plug-in program to read the coordinate positions of three types of particles, after the large

Zhang et al. (2020). “DEM model of corn stalk,” BioResources 15(4), 9337-9350. 9341



PEER-REVIEWED ARTICLE b | oresources.com

particles wrapping the entire stalk were replaced by the three types of small particles, the
large particles were removed, the small particles were bonded at a preset time to form the
corn stalk DEM model. The DEM model with three types of particles is shown in Fig. 4.

Y \e \a

Fig. 4. Model of discrete element method simulation of corn stalk: a: model of whole corn stalk;
b: roots of corn straw model

Figure 4 illustrates that the established DEM corn stalk simulation model includes,
from inside to outside, the inner pulp, the contact between the inner pulp and the outer skin,
and the outer skin. If the contact between the inner pulp and the outer skin has bonding
mechanical parameters similar to the inner pulp, the established DEM model resembles a
real corn stalk (Schramm et al. 2019; Zeng and Chen 2019b).

Calibration of the Bonding Mechanical Parameters for Corn Stalk
Simulations

The contact parameters of the inner pulp and outer skin of the corn stalk were input
into the established parameter combination. According to the analysis of the Hertz-Mindlin
with Bonding contact model, the interparticle mechanical parameters that needed to be
calibrated in a corn stalk DEM model include the normal stiffness, shear stiffness, critical
normal stress, critical shear stress, bonding radius, and interparticle contact radius.

The measured results in the preceding tests were directly used as inputs of the
critical normal stress and critical shear stress for the three types of materials simulating the
upper outer skin, lower outer skin, and inner pulp of corn stalks. The DEM software was
used to simulate the compression, bending, and impact fracturing of the corn stalks. The
geometric size and speed of the main contact body in the simulation were the same as those
in the test. The input parameters for the DEM simulation of the upper and lower corn stalk
sections were calibrated. Multiple computer simulation calculations were performed with
varying input parameters. After the simulation results of energy consumption of impact
fracturing, bending force for fracturing, and compression force for fracturing were obtained
through the postprocessing module of the DEM software, the values with a minimum
average error were taken as input parameters in the simulation model.

The computer simulation of parameter calibration was conducted 91 times. The
simulation error can be calculated by comparing the simulation results with the testing
results. Through adjusting the input parameter combination multiple times, the
combination that led to a minimum deviation between the simulation results and the testing
results was considered the final calibrated result.

Among all the input parameters, the bonded-disk radius, the particle contact radius,
and normal stiffness have a great influence on the simulation results. When the bonded-
disk radius increases, the impact fracture energy consumption, bending fracture force, and
compression fracture force increase; with the increase in the contact radius between
particles, the corn straw toughness increases.
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Numerical Simulation of Impact Fracturing of Corn Stalks

The proposed corn stalk DEM model simulates the crushing process of corn stalks.
The crusher (9RS-600; Muchang Machinery, Zhengzhou, China) fractures and crushes the
corn stalks through the rotation of a hammer plate. For the DEM simulation model to
calculate the energy consumptions of fracturing the lower and upper stalk sections, the
energy consumption of impact fracturing of the corn stalk model needs to be calibrated.
The lengths of the long and short axes of the corn stalk samples used in the simulation
model were the same as those in the impact test, as were the geometrical dimensions of the
impact hammer, the corn stalk height protruding from the base fixture, the impact site of
the corn stalk sample, and the position of the rotation axis of the impact hammer.

The impact fracturing process of the DEM simulation was the same as that in the
test, as shown in Fig. 5. The API program was used for particle replacement and bonding.
After particle replacement, interparticle bonds were generated to simulate corn stalks,
which were then subjected to impact fracturing caused by an impact hammer rotating
around a fixed axis. Figures 5a and 5b illustrate the corn stalk model before and after the
impact fracturing, respectively.

Fig. 5. Discrete element method simulation of corn stalk impact fracture: a: Before fracture;
b: After fracture

The mechanical properties of the interparticle bonds were determined based on the
normal stiffness, shear stiffness, critical normal stress, critical shear stress, bonding radius,
and interparticle contact radius. The energy loss of the impact hammer under various
parameter combinations was calculated using the postprocessing module of the DEM
software according to the impact force on the corn stalk sample, the impact time, the
displacement of the impact hammer, and the overlapping area between the impact hammer
and the particles. The simulation error was obtained by comparing the energy loss of the
impact hammer calculated by the DEM with that in the actual test. The formula used to
calculate the error is proposed as Eq. 1,

01 =|M1—Ni| /M1 % 100 1)

where &1 is the calibration error of impact fracture in the DEM simulation (%), Mz is the
test value of energy consumption of the corn stalk impact fracture hammer, and Nz is the
simulation value of energy consumption of the hammer.

DEM Simulation of Corn Stalk Bending Fracture

The parameters related to bending fracture were input for calibration of the DEM
model. The input geometrical model was the same as the bending fixture of the electronic
universal testing machine used in the bending test. The DEM simulation of the bending
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fracture is shown in Fig. 6. The simulated corn stalk was placed between the pressing and
base rods prior to the bending test (Fig. 6a) and was bent and fractured as the pressing rod
above the stalk moved downward at a constant speed (Fig. 6b).
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Fig. 6. Discrete element method simulation of corn stalk bend fracture: a: Before bending
fracture; b: After bending fracture

After simulation, the force-displacement curve of the pressing rod was generated
by the postprocessing module of the DEM software, and the calibration error of the DEM
bending simulation was calculated according to the bending force during fracturing. The
method of calculating the error of the bend fracture force was the same as above.

DEM Simulation of Corn Straw Compression Fracture

The parameters related to compression fracture were input for the DEM calibration.
The input geometry model was the same as the compression fixture of the electronic
universal testing machine used in the compression test. Figure 7 diagrams the DEM
simulation of compression fracturing. The “corn stalk” was placed between the pressing
plate and the base plate prior to the compression test (Fig. 7a); it was compressed and
fractured as the upper pressing plate moved downward at a constant speed (Fig. 7b).

a Bt b

Fig. 7. Discrete element method simulation of corn stalk compression fracture: a: before
compression fracture; b: after compression fracture

After simulation, the force-displacement of the pressing plate was generated by the
postprocessing module of the DEM software. The calibration error between the DEM
simulation and the testing results was analyzed based on the compression force that resulted
in a fracture. The calculation of the error value of the bend compression fracture force was
the same as above.

RESULTS AND DISCUSSION

Calibration of Bonding Parameters for the Corn Stalk DEM Simulation

The six bonding parameters in the DEM calibration include the normal stiffness,
shear stiffness, critical normal stress, critical shear stress, bonding radius, and interparticle
contact radius. Calibration of the corn stalk DEM models included the parameters related
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to the following bonding: 1) between the lower outer skin particles, 2) between the lower
outer skin and the inner pulp particles, 3) between the inner pulp particles, 4) between the
lower and upper outer skin particles, and 5) between the upper outer skin particles.

The particle contact radius at the time of bonding determines the number of bonds
that can be formed, which affects the overall mechanical properties of the DEM model.
The normal stiffness and shear stiffness determine the mechanical properties of the model
before fracturing of the bonds. The particle contact radius, critical normal stress, and
critical shear stress after the formation of the bonds determine if the bonds are fractured.

According to the measured data from the mechanical-property tests of the lower
outer skin, upper outer skin, and inner pulp, the critical normal stresses were 1.418 x 108,
1.122 x 108, and 1.4 x 106 Pa, respectively, and the critical shear stresses were 1.243 x 107,
7.94 x 10° and 3.9 x 10° Pa, respectively. In the DEM calibration, the measured parameters
were input as fixed values without any adjustments. The particle radius, particle contact
radius before bond formation, and particle contact radius after bond formation calculated
with the simulation model were fixed.

The calibration process was as follows: First, a set of input parameters with
relatively small errors were identified through impact fracture DEM calibration. This
combination was then subjected to the DEM calibration of bending fracture and
compression fracture. After adjustment, impact fracture DEM calibration was performed
again until the simulations of impact fracture, bending fracture, and compression fracture
had small errors.

The calibrated bonding parameters of the corn stalk DEM model are shown in Table
1. The bonded-disk radii were all set to 1.1 mm, the particle contact radius at the time of
bonding was 4 mm, and the particle contact radii after bonding were all set to 6 mm.

Table 1. Calibration Results of the Discrete Element Method Simulation of Corn
Straw Stalk Bonding Mechanical Parameters

Calibration Results
Parameter Ng;nrqijlnsittfp:zfs Shear Stiffness Per | Critical Normal| Critical Shear
3 Unit Area (N/m3) Stress (Pa) Stress (Pa)
(N/m3)

ol i'ﬁ!ﬂ'mwer 5.5 x 10° 5.5 x 108 1.4182 x 108 | 1.243 x 107
Lower;tlfllg-lnner 5.05 x 108 5 % 107 1.4 x 108 3.9x10°
Inner gt‘j:g"””er 5.05 x 10° 5 x 107 1.4 x 10° 3.9 x 10°
epet zm-Upper 4.98 x 10° 5 x 108 1.1218x 108 |  7.94 x 108
Upper;Llj(llg nner 5.05 x 108 5 x 107 1.4 x 106 3.9 x 10°
Lower 2I|§:2-Upper 4.98 x 10° 5 x 108 1.121 8 x 108 7.94 x 10°

Error Analysis of the DEM Calibration Results

Table 2 presents the DEM simulation results when using the input parameter
combination described above, the test results, and the errors regarding the impact fracture,
bending fracture, and compression fracture of corn stalks.
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Table 2. Comparison of Error Amounts between Simulation and Test Results

Fig. 8. Force-displacement curve of bending process for discrete element simulation and

Displacement (mm)

Impact Fracture Bending Fracture Compression Fracture
Node |[Energy Consumption (J) Force (N) Force (N)
Number Test [Simulation E((r)/rcgr Test |Simulation E((r)/rO(;r Test | Simulation E((rj;sr
2 3.92 4.1 459 | 242 238 1.65 2 366 2 468 4.31
2 3.61 3.75 3.88 | 255 241 5.49 2293 2 408 5.02
2 3.75 3.7 1.33 | 259 249 3.86 2 256 2116 6.21
4 2.95 2.85 3.39 |221 230 4.07 1821 1916 5.22
4 3.12 3.22 3.21 | 215 222 3.26 1788 1658 7.27
4 2.81 2.99 6.41 | 206 215 4.37 1755 1911 8.89
6 1.32 1.31 0.76 140 130 7.14 1100 1254 14.00
6 1.41 1.46 3.55 | 143 128 10.49 1058 975 7.84
6 1.48 1.53 3.38 | 138 129 6.52 1043 1152 10.45
8 0.7 0.65 7.14 | 109 118 8.26 850 781 8.12
8 0.75 0.79 5.33 | 115 126 9.57 832 763 8.29
8 0.68 0.7 294 | 105 112 6.67 835 762 8.74
A"E‘?E?e 3.83 5.95 7.86
Root
mean 4.22% 6.47% 8.26%
square
error
250
240 F A B
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200
= 190 Simulation
78’ 180 [
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experiment. Point A is the maximum force of bend fracture (242 N); Point B is the maximum force
of bend fracture during the discrete element simulation (238 N)
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The average DEM simulation errors in energy consumption during impact
fracturing, bending force for fracture, and compression force for fracture were 3.83%,
5.95%, and 7.86%, respectively. The force-displacement curves during the bending
processes in the DEM simulation and test are shown in Fig. 8, and the force-displacement
curves of the compression processes in the DEM simulation and test are shown in Fig. 9.
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0 | 3 3 4 5 6 7
Displacement (mm)

Fig. 9. Force-displacement curve of compression process for discrete element simulation and
experiment; Point A is the maximum force of compression fracture during the test (2366 N); Point
B is the maximum force of compression fracture during the discrete element simulation (2468 N)

Simulation

Force (N)

As Figs. 8 and 9 show, the DEM simulation and the test yielded force-displacement
curves with similar trends during the bending and compression processes. In particular, the
maximum forces required for fracturing a corn stalk were close in the two scenarios,
indicating a small simulation error. However, the displacement of the pressing mechanism
at the time of compression-caused fracture and bending-caused fracture was greater in the
DEM simulation than in the test, which was caused by the larger contact radius in the DEM
simulation. The higher setting of the contact radius in the simulation was to ensure that the
breaking of the interparticle bonds was caused by a force on the bonds exceeding the set
critical normal and shear stresses, rather than exceeding the contact radius during the
bending and compression processes.

As shown in Fig. 9, during the compression test of corn straw, the phenomenon of
straw-skin splitting makes the force/displacement curve fluctuate; the force/displacement
curve in the simulation process is relatively smooth. There are some differences between
simulation and experiment. In this study, the DEM was used to simulate the crushing
process of corn stalks by high-speed rotors in crushers. The maximum fracturing force can
directly affect the simulation accuracy, while the geometric displacement of the pressing
mechanism had little influence on the results. After the compression fracture of corn straw,
the relationship between force and displacement has little influence on the accuracy of
energy consumption simulation results. Therefore, the calibrated parameter combination
can be applied in DEM simulations and analysis of the corn stalk crushing process.
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Experimental Validation

The DEM model established in this paper was used to simulate the crushing process
(Fig. 10). The crushing performance test of corn stalks was conducted on the 9RS-600 stalk
crusher (Muchang Machinery, Zhengzhou, China) (Fig. 11). Six 1700 mm corn stalks were
used in the experiment and simulation; the spindle speed was 1600 rpm as per GB/T 20788
(2006).

Fig. 10. Numerical simulation of crushing Fig. 11. Crushing performance test of corn
process of corn straw straw

The crushing process was video-recorded; the timing from the beginning of
material feeding to the beginning of material discharge from the outlet was obtained by
analyzing the video. The average time derived from three tests was 1.14 s.

The proposed DEM model in this study was used to numerically simulate the
crushing process of corn stalks. The spindle speed was set to be the same as that in the test.
The visualized and postprocessed data showed that the time from material feeding to
discharging was 1.04 s. This result indicated that the validation experiment yielded a
numerical simulation error of 8.77% in terms of the crushing time, confirming that the
proposed DEM model can meet the requirements of numerical simulation.

CONCLUSIONS

1. In this study, the physical properties of natural air-dried corn straw were tested. The
test results showed that the critical tensile stress values of the lower outer skin, upper
outer skin, and inner pulp of corn stalk were 1.418 x 108, 1.122 x 108, and 1.4 x 10° Pa,
respectively, and the critical shear stresses were 1.243 x 107, 7.94 x 106, and 3.9 x 10°
Pa, respectively. The compression forces required for fracturing the lower and upper
corn stalk sections were 2130 N and 960 N, respectively, and the bending fracture
forces were 240 N and 110 N, respectively.

2. A DEM model for numerical simulation of the corn straw was established, and the
parameters of normal stiffness, shear stiffness, critical normal stress, and critical shear
stress were calibrated. It was found that the bonded-disk radius, particle contact radius,
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and normal stiffness greatly influence the simulation results of energy consumption.
The calibration results were as follows: the input parameters of the lower outer skin
were 5.5 x 10° N/m?, 5.5 x 108 N/m?3, 1.4182 x 108 Pa, and 1.243 x 107 Pa, respectively,
the input parameters of the upper outer skin were 4.98 x 10° N/m3, 5 x 108 N/m?, 1.1218
x 108 Pa, and 7.94 x 10° Pa, respectively, and the input parameters of the inner pulp
were 5.05 x 10® N/m?, 5 x 107 N/m?, 1.4 x 10° Pa, and 3.9 x 10° Pa, respectively. The
errors of impact fracture, bending fracture, and compression fracture of corn straw were
3.83%, 5.95%, and 7.86%, respectively.

3. The crushing performance test of corn stalks was conducted on a 9RS-60 stalk crusher.
The experimental results showed that the error of numerical simulation was 8.77%.
Therefore, the established DEM and calibrated parameters can simulate the crushing
process of corn straw.
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