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ABSTRACT

Aiming at the problems of low threshing efficiency and high damage rate of current threshing devices. In this
study, the operational form of the threshing drum and the structure of the threshing element were innovated,
and a new threshing drum with low damage and high efficiency was designed. Using EDEM software, flexible
body modeling of corn kernels, cobs and whole ears was carried out. The dynamic analysis of the corn
threshing process was completed and the simulation parameters were further optimized. The optimum
operating parameters were analyzed by orthogonal rotational tests and response surface method with a speed
of 800 r/min for the threshing drum, a clearance of 10 mm for the concave plate and 30 mm for the threshing
drum. The radius of the round head of the threshing element was 5 mm. The height of the threshing element
was 60 mm. The final threshing efficiency was 98.78% and the damage rate of threshing was 0.62%. The
results show that the new threshing device can meet the requirements of low-loss threshing devices for corn
combine harvesters and can provide a theoretical basis for the development of the theory and technical system
of corn plot combine harvesters in the future.
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INTRODUCTION

As one of the most important food and feed crops in the world, maize has high production potential and
economic benefits with edible, forage, and multiple industrial uses (Yang et al., 2022). However, there are
many deficiencies in China's corn threshing technology, which seriously affect the development of China's corn
industry (Zhou et al., 2022). Corn threshing is a key link in the corn harvesting process and the core technology
of the corn combine. The structural design and threshing effect of the corn threshing device directly determine
the operational performance of the corn combine (Chen, 2022). In recent years, in order to improve the effect
quality of corn threshing equipment, domestic and foreign scholars have carried out systematic research from
many aspects. Srison et al. used EDM to simulate the interaction characteristics of corn seeds, properly
guantified the qualitative and directional information of particle flow (Srison et al., 2016). PuZauskas et al.
created a mathematical model using finite element analysis to study the theory of the maize threshing process,
and the relationship between the structural form of the threshing device and the rate of particle fragmentation
was analyzed (PuZauskas et al., 2016). Zhao Wuyun et al. designed and manufactured a spiral plate tooth-
type corn thresher, and established a mathematical model through tests to study and analyze the influence of
factors on grain crushing rate during the threshing process and their interactions (Zhao et al., 2012).
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Li Xinping et al. proposed the theory of "circumferential force circle" and designed a corn bionic machine
based on the process of discrete corn kernels by chicken beaks (Li et al., 2007). There is a lack of low-damage
threshing devices for small-plot corn harvesting with different moisture content corn varieties, and most of the
current simulation studies are based on a rigid model of corn, and establishing a flexible body model of corn
is rarely applied in simulation analysis (Zhou et al., 2021). In order to analyze the damage of maize kernels
during threshing, this paper uses the Hertz collision contact theory (Wang et al., 2022) as the basis for maize
threshing simulation using the flexible body model, designs the structure of the new threshing element and the
threshing device, screens the best working parameters using orthogonal tests, and optimizes the parameters
by EDEM simulation, and finally determines the best parameters and verifies the validity of this study by
comparing the test results before and after optimization (Tang et al., 2022). In this way, a more widely
adaptable, high self-cleaning and low-damage plot corn harvester threshing device was designed.

MATERIALS AND METHODS
Determination of physical and mechanical properties related to the corn at maturity

In view of the easy damage of maize in the process of threshing, the mechanical characteristics of maize
cob are studied, and several varieties are selected as research objects to establish EDEM flexible body
simulation models with the mechanical characteristics of maize cob and maize kernel as indicators (Li et al.,
2021). A further consideration is given to establish a model of the whole corn cob to simulate the threshing
damage when the corn kernels are combined with the corn cob, so as to gain a more comprehensive and in-
depth understanding of the threshing damage mechanism. In this experiment, corn kernel crushing rate and
corn ear threshing rate were selected as test indexes, and the related physical and mechanical characteristics
of corn ear and corn kernel were measured (Zheng et al., 2020). A simulation analysis model was created
using the EDEM software to serve as a parameter basis for the investigation of the mechanical and physical
characteristics of the corn cob. Further design of relevant threshing devices for corn varieties with 25%-35%
(Zhang et al., 2021) moisture content, depending on the moisture content (Gao et al., 2022), and the average
physical (Zhang et al., 2015) and mechanical characteristics, is shown in Table 1.

Table 1
Determination of the physical and mechanical properties of the components of maize
Parameters Numerical value
Corn Poisson's ratio 0.40
Corn shear modulus 5.357x107
Corn density 1197 kg/m?
Corn-corn recovery coefficient 0.70
Corn-corn static friction coefficient 0.30
Corn-corn rolling friction coefficient 0.04
Poisson's ratio of threshing drum 0.28
Threshing drum density 8000 kg/m?
Shear modulus of threshing drum 2.93e+10
Corn-threshing drum recovery factor 0.70
Coefficient of static friction of corn-threshing drum 0.30
Coefficient of rolling friction of corn-threshing drum 0.04

Threshing drum element

Studies have shown that the adaptability of the plate teeth or finger plate teeth to the unevenly fed crop
layer as well as the strong kneading effect of the grid concave plate with the cob and the obvious tapping and
loosening effect on the grain-grass mixture facilitate the separation of the corn threshing material (Hu et al.,
2018). The structural design of the threshing element with trapezoidal round-headed spike teeth in this study
is a combination of the plate threshing drum and spike-tooth threshing drum concepts (Di et al., 2018), with
the height of the trapezoidal spike teeth ensuring threshing efficiency and the rounded corners of the
trapezoidal spike teeth reducing the damage rate of threshing, the general structure of which is shown in Fig.1
(Yan et al., 2020).
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Fig. 1 — Trapezoidal round head nail teeth structure diagram
H: Thresher tooth height; R: The rounded corners of the thresher teeth

Overall structure design

The corn thresher is a longitudinal full-feed device connected with the feed port of the corn combine

harvester. The main working parts are lower cover, upper cover plate, combined concave plate, threshing
drum, motor and the overall structure is shown in Fig. 2.

Fig. 2 — Corn threshing device
1. lower cover; 2. upper cover plate; 3. combined concave plate; 4. threshing drum; 5. motor

Compression test

In order to establish a flexible body model for corn, the critical crushing force of corn kernel is firstly
determined by mechanical compression test, and then the possible damages during corn kernel threshing are
theoretically analyzed based on the collision theory (China Agricultural Science and Technology Press, 2007).
Since the corn kernel itself is a viscoelastic body, due to the existence of elastic deformation (Xiao et al., 2021),
the contact centers of the two during the collision will produce displacements close to each other 8 _z. The
contact between the corn kernel and the threshing element can be regarded as a contact between a sphere
and a plane (Wang et al., 2018), which leads to the radius of the contact, the distance of the displacement,
and the amount of pressure on the contact area between the corn kernel and the threshing element. The
results of the corn kernel compression test are shown in Fig. 3.

Water content (26%-30%) compression test curve Water content (32%-36%) compression test curve
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Fig. 3 — The results of the corn kernel compression test

When the contact pressure F, between the corn kernels and the threshing element in contact with
each other reaches the yield stress limit K of the corn kernels under one-way compression, a point under the

surface of the contact area between the two reaches the limit of the elastic state, thus causing the corn kernels
to crack or break.
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Critical state of corn kernels without plastic deformation is:

F=K )
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The maximum contact force between the corn kernels and the threshing element is:
- 3F°
F = 4
* 3
2n| 3F Re
4E

The maximum critical force of this variety of high moisture content corn kernels is 22.12 N, the
maximum displacement is 10.72 mm, that is, when the contact force between the corn kernels and the
threshing element reaches the critical force of the broken corn kernels, the relative speed of the two can be
found as:

- 5
60E™“m )

Based on the measured data of the corn compression force, the force and stiffness are calculated by
the formula :

1
’ _{27;5K522.12 R, }2

K 5 (6)
Where: K is the stiffness; P is the force, (N); § is the deformation, (N/m).
The magnitude of the force is taken as 22.12 N and the deformation is taken as 0.0076 N/m to obtain
the parameters of the contact between the corn cob and the seed. The normal stiffness per unit area and the
shear stiffness per unit area, so as to set the parameters of the Bond model in EDEM.

Bond modeling

Through mechanical compression test and formula calculation, the final Bond model parameters are
determined, and the model is established by EDEM. T The model establishment of corn cob, corn kernel and
corn ear is shown in Fig. 4, and the modeling parameters are shown in Table 2.

(a) (b) ()

Fig. 4 — Bond model:
(a) Corn cob model; (b) Corn kernel model; (c) Corn ear model

Table 2
Parallel Bond Configuration
Parameters Numerical value
Normal Stiffness per unit area 2.9e+11 N/m?3
Shear Stiffness per unit area 2.9e+11 N/m?3
Critical Normal Stress 3e+10 Pa
Critical Shear Stress 3e+10 Pa
Bonded Disk Radius 1.5 mm
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PARAMETER OPTIMIZATION AND EDEM SIMULATION
Parameter optimization

The optimization of the threshing element includes the optimization of the radius of the round head of
the threshing element and the height of the threshing element. As shown in Fig. 5 and Fig. 6, the threshing
element parameters were imported into EDEM and the results were obtained as shown in Fig. 7, Fig. 8, and
Fig. 9.

(a) (b) (c)
Fig. 5 — Comparison of round head radius design of threshing element:
(a)R=3 mm; (b)R=5 mm; (c)R=8 mm

(a) (b) (c)
Fig. 6 — Comparison of height design of threshing elements
(a)h, =50 mm; (b)h, =60 mm; (c)h, =70 mm
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Fig. 7 — Contrast results of different heights with rounded corners of 3 mm
(a) R=3 mm, h, =50 mm; (b) R=3 mm, h, =60 mm; (c) R=83 mm, h, =70 mm
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Fig. 8 — Contrast results of different heights with rounded corners of 5 mm
(@ R=5mm, h, =50 mm; (b) R=56 mm, h, =60 mm; (c) R=56 mm, h, =70 mm
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Fig. 9 — Contrast results of different heights with rounded corners of 6 mm
(a) R=6 mm, h, =50 mm;(b) R=6 mm, h, =60 mm;(c) R=6 mm, h, =70 mm

The above threshing element is applied to EDEM, and the optimal parameters are finally determined as
threshing element height is 60 mm and the radius of the threshing element head is 5 mm.
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EDEM simulation

The following data were obtained from the simulation of the threshing drum by EDEM: the threshing rate
of 98.78% was calculated using the number of bond breaks and the number of initial bond generation (Yu et
al., 2021). The loss rate was obtained from the number of bond breaks of corn kernels and the total number
of corn kernels (Li et al., 2022) to be about 0.32%. In summary, the overall threshing effect was good, but the
threshing damage rate was still high, and the threshing rate increased from 96.27% to 98.78% and the
threshing damage rate decreased from 2.65% to 0.62% compared with the conventional threshing device (Qu
et al., 2018), while the designed segmented combined cylindrical threshing concave plate solved the problem
of conventional gridded concave plate being blocked by corn cobs, reducing the seed harvesting. The design
of the segmented cylindrical threshing concave solved the problem of conventional gridded concaves being
clogged by corn bracts and reduced the plugging rate and entrainment losses during harvesting. Threshing
simulation is shown in Fig. 10.

(@) (b) (c)
Fig. 10 — Threshing simulation
(a) Initial: (b) Middle; (c) End

TEST
Corn threshing bench test

The optimized device was machined out of pieces, and a test bed for corn threshing device was
constructed for bench testing. The structure of the optimized test bench was shown in Fig. 11. This device
adopts the back angle adjustment device and the replaceable threshing nail teeth on the threshing drum, which
can carry out different kinds of test verification according to the new threshing nail teeth in the simulation, so
that the test process is more convenient and efficient, and the test results can achieve the best effect. The final
test result can completely take off the corn kernels and keep the integrity of the corn kernels, the optimal
threshing effect of simulation is achieved and the test results are better.

Fig. 11 - Corn thresil;ing device test bench

Based on the experimental experience, the preliminary design of threshing device-related parameters
was taken in the range of 9-11 mm for the concave clearance, 25-35 mm for the threshing clearance and 700-
900 r/min for the threshing drum speed (Chen et al., 2022). The analysis of the orthogonal test was carried out
using Design-expert software, and Box-Behnken Design was used for the calculation in order to reduce the
number of tests. The factors and levels for orthogonal tests of threshing device parameters are shown in Table
3. The results of the orthogonal test for the parameters of the threshing device are shown in Table 4.
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Table 3
Factors and levels for orthogonal tests of threshing device parameters
Concave clearance A Threshing clearance B Threshing drum speed C
Level .
(mm) (mm) (r/min)

-1 9 25 700

0 10 30 800

1 11 35 900

Table 4
Results of orthogonal tests on threshing device parameters
Test Concave Threshing Threshing drum speed Th!'e.shing Threshing
clearance A clearance B . efficiency damage rate

number (mm) (mm) C (r/min} (%) (%)
1 9 25 800 98.35 0.77
2 11 25 800 98.26 0.84
3 9 35 800 98.21 0.89
4 11 35 800 98.54 0.72
5 9 30 700 97.32 0.88
6 11 30 700 97.23 0.95
7 9 30 900 98.63 0.72
8 11 30 900 98.58 0.84
9 10 25 700 98.38 0.97
10 10 35 700 97.12 0.76
1" 10 25 900 98.61 0.93
12 10 35 900 98.57 0.88
13 10 30 800 98.67 0.84
14 10 30 800 97.61 0.95
15 10 30 800 98.57 0.73
16 10 30 800 98.76 0.81
17 10 30 800 98.78 0.62

By comparing the results with the experiments conducted by other researchers, the final results of the
threshing device in this paper were obtained to be better than the experimental results of other researchers
(Bi et al., 2015). According to the results of the orthogonal test, the residuals of the test indexes were drawn
(Li et al., 2015), and the reliability of the orthogonal test was analyzed. ANOVA was performed on threshing
efficiency and threshing damage rate respectively to compare the significance of influencing factors, and the
optimal combination of parameters was judged according to the significance effect, and the optimal parameters
were finally determined. The ANOVA for threshing efficiency is shown in Table 5. The ANOVA of threshing
damage rate is shown in Table 6.

Table 5
ANOVA of threshing efficiency
Source of variance Mean square Degrees of freedom Sum of square P value
Model 0.6213 9 0.0690 0.0277 <0.05
A 0.0013 1 0.0013 0.0480 < 0.05
B 0.0032 1 0.0032 0.0457 <0.05
C 0.2244 1 0.2244 0.0060 < 0.05
AB 0.0441 1 0.0441 0.1289
AC 0.0004 1 0.0004 0.8744
BC 0.0121 1 0.0121 0.3972
A2 0.1203 1 0.1203 0.0250
B2 0.1504 1 0.1504 0.0155
Cc2 0.0334 1 0.0334 0.1781
Residual 0.1042 7 0.0149
Lack of fit 0.0423 3 0.0141 0.5108 > 0.1
Pure error 0.0619 4 0.0155
Sum 0.7255 16

Note:(P < 0.05 means the item is significant, P > 0.1 means the item is not significant)
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Table 6
ANOVA of threshing damage rate
Source of variance Mean square Degrees of Sum of square P value
freedom
Model 0.1206 9 0.0134 0.0005
A 0.0010 1 0.0010 0.0284 <0.05
B 0.0084 1 0.0084 0.0123<0.05
Cc 0.0465 1 0.0465 0.0001 < 0.001
AB 0.0009 1 0.0009 0.3106
AC 0.0006 1 0.0006 0.3927
BC 0.0049 1 0.0049 0.0381
A2 0.0133 1 0.0133 0.0040
B2 0.0081 1 0.0081 0.0137
C2 0.0313 1 0.0313 0.0004
Residual 0.0053 7 0.0008
Lack of fit 0.0043 3 0.0014 0.6300>0.1
Pure error 0.0010 4 0.0002 -
Sum 0.1259 16 -

Note: (P < 0.05 means the item is significant, P < 0.001 means the item is highly significant, P > 0.1 means the item is not significant)

After analyzing the above two tables, it can be concluded that the effects of concave plate gap and
threshing gap of threshing drum on threshing efficiency as well as threshing damage rate are significant (Li et
al., 2015), especially the effect of threshing drum rotational speed on threshing efficiency and threshing
damage rate is extremely significant.

RESULTS
Response surface analysis

The response surface analysis of threshing efficiency is shown in Fig. 12. The response surface of
threshing clearance and concave clearance on threshing efficiency is shown in Fig. 12a. During the reduction
of threshing clearance from 35 mm to 25 mm, the larger the concave clearance, the lower the threshing
efficiency; when the concave clearance increased from 9 mm to 11 mm, the threshing efficiency increased
with the increase of threshing clearance (Zhang et al., 2022). The response surface of threshing drum speed
and concave clearance on threshing efficiency is shown in Fig. 12-b. The larger the concave clearance, the
lower the threshing efficiency during the decrease of threshing drum speed from 900 r/min to 700 r/min; when
the concave clearance increased from 9 mm to 11 mm, the threshing efficiency increased with the increase of
threshing drum speed. The response surface of threshing drum speed and threshing clearance on threshing
efficiency is shown in Fig.12-c. The larger the threshing clearance, the lower the threshing efficiency when the
threshing drum speed decreases from 900 r/min to 700 r/min; when the threshing clearance increases from
25 mm to 35 mm, the threshing efficiency increases with the increase of threshing drum speed.

Threshing efficiency(3)
Threshing officiency(%)

#AM ¢ Threshing drum speed C (fmin)

(a) (b) (c)
Fig. 12 - Response surface analysis of threshing efficiency

The response surface analysis of threshing damage rate is shown in Fig. 13 .The response surface of
threshing clearance and concave clearance on threshing damage rate is shown in Fig. 13-a. When the
threshing clearance decreases from 13 mm to 11 mm, the larger the concave clearance, the lower the
threshing damage rate; when the concave clearance increases from 9 mm to 11 mm, the threshing damage
rate decreases with the increase of threshing clearance.
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The response surface of threshing drum speed and concave clearance on threshing damage rate is
shown in Fig. 13-b. When the threshing drum speed decreased from 900 r/min to 700 r/min, the larger the
concave clearance, the lower the threshing damage rate; when the concave clearance increased from 9 mm
to 11 mm, the threshing damage rate increased with the increase of threshing drum speed. The response
surface of threshing drum speed and threshing clearance on threshing efficiency is shown in Fig. 13-c. When
the threshing drum speed decreased from 900 r/min to 700 r/min, the larger the threshing clearance, the lower
the threshing damage rate; when the threshing clearance increased from 11 mm to 13 mm, the threshing
damage rate increased with the increase of threshing drum speed.
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Fig. 13 - Response surface analysis of threshing damage rate

The optimal parameters of the threshing drum were determined as follows: speed 800 r/min, concave
clearance 10 mm, and threshing clearance 30 mm. After the optimization, the threshing efficiency of the
threshing device increased to 98.78% and the damage rate of threshing decreased to 0.62%, which improved
the overall performance of the threshing device compared with that before the optimization. It can also be
concluded that the parameters affecting the threshing performance in the threshing device include not only the
common threshing drum speed (Wang et al., 2021), concave clearance, and threshing clearance, but also the
size and shape of the threshing elements have a great influence on the detachment effect.

CONCLUSION

(1) The optimized threshing device test bench has the characteristics of high efficiency and low loss. To
some extent, it solves the problem of high damage rate of existing threshing devices.

(2) The critical force of grain crushing was determined by mechanical compression test and Herzen
contact theorem, and the optimal working parameters were determined by EDEM simulation and optimization:
threshing drum speed 800 r/min, concave clearance 10 mm, threshing clearance 30 mm.

(3) The bench test proved that when the rotating speed of the threshing drum was 800 r/min, the gap of
the concave plate was 10 mm, the gap of the threshing was 30 mm, and the tilt angle of the test bench was
15 degrees, the corn threshing operation effect was the best. At this time, the threshing efficiency was 98.78%,
and the threshing damage rate was 0.62%, which met the requirements of corn threshing operation.
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