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ABSTRACT

In response to the challenges of difficult separation and incomplete cleaning during the mechanized harvesting
of Cyperus esculentus L., a combined threshing and cleaning device consisting of a fruit-picking roller, a
cleaning belt, and an air-screening system was designed. The structure and working principle of this device
were explained, and the main components and operating parameters were determined through theoretical
analysis. Using fruit-picking roller speed, cleaning belt angle, and fan speed as evaluation indicators, a three-
factor three-level field experiment was conducted based on the Box-Behnken central composite design
principle. Regression models between loss rate, impurity rate, and significant factors were established, and
the optimal working parameters were determined using regression equations. The results showed that when
the fruit-picking roller speed was 543.7 r/min, the cleaning belt angle was 50.3°, and the fan speed was 532.4
r/min, the loss rate of sesame seed harvesting was 2.67%, and the impurity rate was 2.49%. The results of
field validation experiments indicated that the average loss rate of the combined threshing and cleaning device
under the optimal parameter combination was 2.88%, and the average impurity rate was 2.41%, which were
consistent with the optimization results of the regression model and fully met the requirements of mechanized
sesame seed harvesting production.
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INTRODUCTION

Cyperus esculentus L., also known as the tiger nut, bears fruit underground and is a metamorphic stem.
(Wang et al, 2019; Sander et al, 2023). Cyperus esculentus L. has strong adaptability to drought and
desertification, and its adventitious stem can produce high-quality oil, which is a new type of excellent oil crop
for comprehensive desertification control and economic benefits. Currently, there is a large gap in the demand
for edible vegetable oil production in China, with a high external dependence. Therefore, the development of
the Cyperus esculentus L. industry is of great significance to improving China's self-sufficiency in edible oil
and ensuring national food and oil security (Zhao et al, 2019; Akabassi et al, 2021; Zhang et al, 2023).

Due to the underground growth of Cyperus esculentus L., the small size of the beans makes it difficult

to separate from soil clumps, resulting in high mechanical harvesting loss rates and low cleanliness, severely
constraining the development of the Cyperus esculentus L. industry (Jeroen et al, 2023).
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Currently, existing Cyperus esculentus L. harvesters often complete the processes of soil removal,
threshing, and cleaning in a single step within the drum sieve, with only a few harvesters incorporating
secondary threshing and cleaning devices. However, due to suboptimal structural or operational parameter
configurations, there are issues with incomplete threshing and cleaning, leading to higher harvesting loss rates
and impurity content (Zhang et al, 2019).

Wei Chunnai et al. designed a threshing and cleaning device for high-input rice combine harvesters,
focusing on the axial flow threshing separation device and the centrifugal fan cleaning device with dual outlets,
which showed good threshing and cleaning effects (Wei et al, 2018). Mao Xin et al. studied oats and threshing
teeth, analyzing the effects of factors such as drum speed, feed rate, and concave screen clearance on the
threshing separation performance (Mao et al, 2022). Wang Dongwei et al. designed the 4HJL2 peanut combine
harvester, with a cleaning device consisting of a single duct axial flow fan and a single-layer perforated flat
screen, featuring simple structure and easy installation, and exhibiting good cleaning effects on peanut
seedlings and straw (Wang et al, 2013). Gao Lianxing et al. developed the 5XT-2Z peanut picker, with a
cleaning device comprising an air suction fan and a vibrating screen; the vibrating screen removes small
stones, soil clumps, and other impurities while uniformly conveying peanut pods, with the front suction port
near the picking device removing small peanut leaves, stems, and other impurities, and the rear suction port
removing floating peanut stems, empty pods, and other impurities (Gao et al, 2015).

This study addresses the issue of existing oilseed harvester machines, which often complete the
threshing and sorting process in a single step within the drum sieve during harvesting, leading to difficulties in
threshing and incomplete removal of impurities. A threshing and sorting device for oilseed harvesters is
proposed and the structural and operational parameters of key components are determined through theoretical
analysis. Based on field experiments, the optimal operating parameter combination for the threshing and
sorting device is we identified and the reliability of the results obtained from the field experiments is validated.

MATERIALS AND METHODS
Structure design

® Complete machine structure

The threshing and cleaning device is the main working component of mechanized harvesting for
Cyperus esculentus L., primarily responsible for separating excavated Cyperus esculentus L. from large
amounts of soil, clumps of grass, and other impurities (Li et al, 2022). Its structural schematic is illustrated in
Figure 1(a), comprising components such as the feeding conveyor belt, picking rollers, concave screens,
winnowing fan, impurity removal belt, vibrating screen, and others.
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Fig. 1 - The overall structure and working principle
1. Feeding conveyor belt; 2. Picking rollers; 3. Concave screen; 4. Drive shaft; 5. Winnowing fan; 6. Impurity removal belt; 7. Vibrating screen

The working principle of the device is illustrated in Figure 1(b). Firstly, the feeding conveyor belt feeds
the mixture of Cyperus esculentus L. plants and soil impurities, sieved preliminarily, into the threshing and
cleaning device. Inside the chamber formed by the picking rollers and the concave screen, the material
undergoes threshing and separation through the impact and rubbing actions of the threshing components.

After threshing, the material is separated into three parts: stems and leaves, soil, and beans. Stems and
leaves fall into the vibrating screen below, where, under the action of the winnowing fan, the stems and leaves
are blown onto the impurity removal belt and removed from the machine, while soil, short broken grass roots,
and other fine impurities pass through the screen holes and fall onto the ground.
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The design of key components
® Design of parameters for the picking rollers

The Cyperus esculentus L. plants have well-developed root systems and are prone to tillering. Several
Cyperus esculentus L. plants often intertwine with each other, resulting in materials entering the threshing
device being mostly in clumps. Therefore, it is advantageous to select threshing components with strong
striking and tearing capabilities to crush clumped materials and thresh the Cyperus esculentus L. beans (An
et al, 2022; Fu et al, 2020). In this study, a nail-shaped picking element was chosen to design the picking
rollers. The collision model between the nail-shaped element and Cyperus esculentus L. beans is shown in
Figure 2. The collision area between the spherical nail-shaped element and Cyperus esculentus L. beans is:

S =n[R? — (R — h)?] Q)
where:

S is the collision cross-sectional area, (mm?);

R is the radius of the spherical nail, (mm);

h is the collision compression amount, (mm).

Due to the strong striking and tearing capabilities of the nail-shaped element, considering the occurrence
of damaged or rotten beans during the threshing process, the nail tip is specifically analyzed. The collision
cross-sectional area of the spherical nail is significantly larger than that of a conventional nail. Under the same
collision compression amount, the impact intensity on the beans is lower. To reduce damage to the beans by
the nail, the tip of the nail is processed into a spherical shape, with a diameter of d = 18 mm and a length of |
=50 mm.

Fig. 2 - Representation of contact between nail and bean
1. Spherical nail; 2. Conventional nail; 3. Cyperus esculentus L. bean

The length of the threshing drum can be calculated using equation (2):

L=a(Z-1)+24l 2)
where: a is the tooth pitch, (mm); Z is the number of threshing elements; Al is the distance from the edge
tooth to the end of the picking roller, (mm).

From equation (2), it can be calculated that the length of the picking roller is 960 mm. Currently, the
commonly used diameter of picking rollers in combine harvesters is 450-650 mm (Ge et al, 2017), and to avoid
entanglement and blockage in the material fed into the Cyperus esculentus L. threshing and cleaning device,
the diameter of the picking roller in this study is selected as 450 mm, as shown in Figure 3.
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Fig. 3 - Picking roller structure
1.Picking roller drive shaft; 2. Main roller body; 3. Picking roller teeth
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The threshing speed of the axial flow nail-tooth drum threshing device, which is the circumferential speed
at the top of the picking roller teeth, can be initially selected as (Ji et al, 2023) 6-10 m/s due to the relatively
hard texture of Cyperus esculentus L. beans. The relationship between the picking speed and the drum speed
is given by the formula:

60v
ST
where: n is the picking roller speed, (r/min); D is the picking roller diameter, (mm).

®3)

The picking roller speed calculated from equation (3) is 347-579 r/min.

° Design of parameters for the concave screen

The concave screen and picking roller together form the threshing component. The concave screen
mesh can comb the Cyperus esculentus L. beans, allowing the threshed Cyperus esculentus L. beans to pass
through the screen under the force of gravity, while impurities such as Cyperus esculentus L. grass continue
to move along the concave screen under the driving force of the picking roller, achieving threshing separation.
Referring to existing designs and experimental results (Dong et al, 2024), square aperture grid concave
screens are selected, with the concave screen aperture set at 50 mm x 50 mm and the threshing gap at 20
mm.
° Design of parameters for the winnowing fan

The fan is installed below the picking roller, with the outlet facing the material chute. During operation,
it is powered by belt drive. Due to the force of the fan, Cyperus esculentus L. grass, roots, soil, and other
impurities are blown onto the impurity removal belt, while the threshed Cyperus esculentus L. beans fall into
the vibrating screen (Guo et al, 2021). The formula for calculating air volume is:

_%
Q—#p (4)

where: p is the air density, (kg/m?3); gois the amount of impurities that the fan can clean in a unit of time,
(3.6kg/s); u is the mixture ratio of impurity-carrying airflow, take 0.3. Substitute 0.3 into equation (4) and solve
Q =9.28 m3/s.
The formula for calculating blade parameters is:
_ 60u,

D, — (%)

where: u, is the peripheral speed of the impeller, (m/s); D, is the impeller outer diameter, (mm); n is the fan
speed, (r/min). Based on experience, it is determined 450-550 r/min.

Obtain D,=450 mm. Typically, the number of blades is chosen to be between 3 and 6 based on the
layout and design of the whole machine. In this case, 6 blades are selected, as shown in Figure 4.

Fig. 4 - Fan impeller structure
1. Fan housing; 2. Fan blades; 3. Fan shaft

[ ) Design of the impurity removal belt

The main function of the impurity removal belt is to eject a large number of clumps of grass from the
machine, while the Cyperus esculentus L. beans carried in the clumps of grass are blocked by the impurity
removal belt and fall back into the vibrating screen. To improve the efficiency of removing large impurities by
the impurity removal belt and explore the main factors affecting the performance of the cleaning components,
it is necessary to analyze the motion of the material on the impurity removal belt and conduct a dynamic
analysis of the cleaning and impurity removal process. The force acting on the material on the impurity removal
conveyor belt determines its motion stat, as shown in Figure 5.
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The force acting on the material along the axial direction is:

ZszFf+F,,—Gsina (6)
where:

2

Fr=uGsina, F, = pl; = (7)

where:
o is the angle between the impurity removal conveyor belt and the horizontal plane, (°);
Fr is the friction force between the material and the impurity removal conveyor belt, (N);
F, is the aerodynamic thrust exerted by the airflow on the material, (N);
G is the material's own gravity, (N);
S is the frontal area of the material, (mm3);
u is the coefficient of friction.

ZFyzN—Gcosa (8)

where:

N is the support force of the impurity removal belt on the material, (N).

From the analysis above, it is clear that the impurity removal capacity and blocking capacity of the
impurity removal belt are contradictory. Referring to existing design experience (Li et al, 2024), the inclination
angle of the impurity removal belt is selected 50 — 60°, and its material is chosen to be PVC grass pattern belt.

()

Fig. 5 - Dynamic analysis of the impurity removal process

° Design of the vibrating screen
The vibrating screen, together with the winnowing fan and impurity removal belt, constitutes the cleaning
component. Common vibrating screens for agricultural materials include the fish scale screen, perforated
screen, woven screen, and combination screen (Han et al, 2017). Cyperus esculentus L. beans have irregular
shapes and uneven surfaces, approximately spherical, and the material entering the vibrating screen contains
only a small amount of soil impurities. Therefore, it is advisable to choose a screen with good screening and
separating capabilities. In this study, a flat perforated screen is selected. The width of the screen surface is
related to the diameter of the picking roller, while the length of the screen surface is determined by the following
formula:
L= Qs _ Q1-8K)
bqs bqs

©)

where:
Q is the feed rate of the machine per unit time, (kg/s);
Qs is the mass of material cleaned by the vibrating screen per unit time, (kg/s);
gs is the feed capacity that the vibrating screen can handle, (kg/m?3);
6 is the percentage of Cyperus esculentus L. grass and soil in the total weight of the material,
k is the performance coefficient of the threshing and cleaning unit, typically ranging from 0.6-0.9;
b is the width of the screen surface, (m).
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According to Equation (9), there is L=80 cm. Considering the layout and design of the whole machine
(Yu et al, 2020; Wang et al, 2022; Hou et al, 2019), the length of the swinging rod is taken as 150 mm, the
diameter of the eccentric wheel is 160 mm, and the eccentric radius of the eccentric wheel is 20 mm. When
the crank swinging rod is in the horizontal position, the maximum amplitude of the vibrating screen is 30 mm,
and the crank speed is 250 r/min. Square sieve holes are used, with a diameter of 9 mm x 9 mm.

® Field experiments

Prototype construction of the threshing and cleaning unit for the Cyperus esculentus L. bean combined
harvester will be conducted. Based on the previous determinations of parameters such as the rotation speed
of the picking roller, fan speed, and inclination angle of the cleaning belt, field experiments will be carried out.
Through orthogonal regression analysis, the optimal combination of working parameters will be determined.

® Experimental Materials

The experimental prototype used in the experiment is a 4YQL-1500 trailed oil Cyperus esculentus L.
combined harvester, whose overall structure is shown in Figure 6. The oil Cyperus esculentus L. combined
harvester prototype consists of several key components, including the chassis, digging device, lifting and soil
removal device, cylinder screen, walking device, and threshing and cleaning device. The prototype is powered
by a tractor. The digging device adopts an adjustable dual oil cylinder structure, facilitating the adjustment of
digging depth. The lifting and soil removal device is designed as a flat screen structure, directly connected to
the digging device, capable of preliminarily removing large chunks of soil from the oil Cyperus esculentus L.
plants and soil and conveying them into the cylinder screen. The cylinder screen is of a single-layer design,
separating most of the soil through rotation, and then conveying the soil-removed oil Cyperus esculentus L.
plants to the threshing and cleaning device via a conveyor belt.
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Fig. 6 - 4YQL-1500 Cyperus esculentus L. Joint Harvester

1. Chassis; 2. Digging device; 3. Lifting and soil removal device; 4. Cylinder screen; 5. Walking device; 6. Threshing and cleaning device

The experiment was conducted from October 7, 2023, to November 13, 2023, using a homemade 4YQL-
1500 Cyperus esculentus L. Joint Harvester prototype at the Oil Sorghum Planting Demonstration Base in
Mingquan County, Henan Province. The oil sorghum used in the experiment was obtained from the Oil Sorghum
Planting Demonstration Base in Minquan County, Henan Province, and the variety was "Yu Oil Sorghum No.5".
Experimental instruments included the JM-B1003 electronic counting balance, TSC electronic scale, CASIO
calculator, vernier caliper, protractor, etc.

[ ) Experimental Method

The experiment was conducted following the methods specified in GBT 5262-2008 "General Rules for
Determination Methods of Test Conditions for Agricultural Machinery", GB/T 5667 "Test Methods for
Agricultural Machinery Production”, and GBT25235-2010 "Combined Cleaning Sieve for Grain and Oil
Machinery". Loss rate determination: Upon completion of the operation of the Cyperus esculentus L. harvester,
impurities were collected after cleaning, and Cyperus esculentus L. grains were manually sorted out and
weighed. Measurement of harvested Cyperus esculentus L. mass: After completion of the operation of the
sample machine, the total weight of the Cyperus esculentus L. in the collection box was measured. Impurity
content determination: After the sample machine completed harvesting, the collection box was overturned,
and the Cyperus esculentus L. grains were poured out. Impurities were manually picked out and weighed.
Loss rate and impurity content calculation are illustrated in Figures 7 and 8, respectively, and are calculated
using formulas (10) and (11) as shown below.

803



Vol. 72, No. 1/ 2024 INMATEH - Agricultural Engineering

LY,
Fig. 7 - Loss rate measurement Fig. 8 - Impurity rate weighing
Ly=—%  x100% (10)
Q1+0Q3+Q4
Q1
L, = x100% 11
2 Q1+Q3 0 (11)

where:
L: is the loss rate, (%); L2 is the Impurity rate, (%); Q1 is the mass of impurities carried with beans, (kg);
Qsis the harvested bean mass, (kg); Qsis the impurity mass, (kg).

This experiment utilized Design-Expert 8.0.6 software for experimental design. The Box-Behnken
response surface methodology with a 3-factor, 3-level design was employed. The factors chosen were the
rotational speed of the fruit-picking roller (A), the inclination angle of the debris-removing belt (B), and the
rotational speed of the fan (C). Loss rate (Y1) and impurity rate (Yz) were selected as evaluation indices.

The ranges of the selected factor levels were as follows: fruit-picking roller speed ranging from 350 to
550 rpm, debris-removing belt inclination angle ranging from 50 to 60 degrees, and fan speed ranging from
450 to 550 rpm. The factors were coded as 1, 0, and -1, respectively, and the experimental codes are detailed
in Table 1.

Table 1
Factor level coding table
Factors
Levels Harvester roller speed Angle of the debris belt Blower speed
(r/min) ) (r/min)

1 350 50 450

0 450 55 500

-1 550 60 550

Table 2
Test scheme and results
Experiment Factors Experiment Results
Number A B C Y1 (%) Y2 (%)

1 350 50 500 4.66 2.50
2 550 50 500 5.60 2.56
3 350 60 500 3.46 1.64
4 550 60 500 3.98 2.97
5 350 55 450 5.10 1.09
6 550 55 450 4.22 2.83
7 350 55 550 1.90 2.03
8 550 55 550 5.10 1.74
9 450 50 450 3.28 2.82
10 450 60 450 5.16 1.07
11 450 50 550 5.10 1.05
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Table 2
(continuation)
Test scheme and results

Experiment Factors Experiment Results
Number A B C Y1 (%) Y2 (%)
12 450 60 550 1.54 2.43
13 450 55 500 2.22 2.31
14 450 55 500 2.32 1.92
15 450 55 500 3.10 1.83
16 450 55 500 2.26 1.98
17 450 55 500 2.22 2.06

[ ) Establishment of the regression equation and variance analysis

For the regression model of loss rate, factors A, B, C, BC, B2, and AC have extremely significant effects
on the loss rate (P < 0.01), while the interaction term C2 has a significant effect on the loss rate (P < 0.05).
Judging by the F-values, the primary and secondary order of significance of the first-order terms on the loss
rate are B, C, and A, respectively.

For the regression model of impurity rate, factors A, AB, AC, BC, and C2 have extremely significant
effects on the impurity rate (P < 0.01), and factor A2 has a significant effect on the impurity rate (P < 0.05).
Based on the F-values, the primary and secondary order of significance of the first-order terms on the impurity
rate are A, B, and C, respectively.

Table 3
ANOVA for loss rate and impurity rate
Sources of Loss rate Impurity rate
Variance
F P F P
Model 345.43 <0.0001 102.48 <0.0001
A 14.43 0.0067 49.32 0.0002
B 20.45 0.0027 411 0.0822
C 17.14 0.0043 192 0.2087
AB 0.36 0.5694 19.72 0.0030
AC 33.61 0.0007 50.40 0.0002
BC 59.76 <0.0001 119.81 <0.0001
A2 4541 0.0003 11.74 0.0110
B2 2431 0.0017 5.19 0.0568
c2 8.52 0.0224 23.29 0.0019
Lack of fit term 0.67 0. 3237 0.097 0.9577

Using Design-Expert software, multiple regression fitting analysis was conducted. After eliminating the
non-significant factors, regression equations were established separately for loss rate and impurity rate with
significant factors.

Y, =242+ 0.474 - 0.56B — 0.52C — 0.114B + 1.02AC — 1.36BC + 1.16A% + 0.85B8%0.50C* (12)

Y, = 2.02 + 0.36A — 0.10B — 0.07C + 0.324B — 0.51AC + 0.78BC + 0.24A% + 0.16B% — 0.34 (13)
From Table 3, it can be observed that the regression models for separation rate and impurity rate are
both highly significant (P < 0.01), while the lack of fit terms are not significant (P > 0.05). This indicates that

the fitted regression equations are highly reliable. Therefore, optimal parameter combinations for the three
factors can be determined based on the aforementioned regression models.
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® Analysis of the impact of interaction effects on experimental indicators

Loss |
rate(%)

Impurity

rate(%) | 5 + Impurky

rate(%) 15 T

14

60 3 g 550 L 550
s 530 38 N 500
2, E 450
B:Angle of the debris belt(")” >~ 400 AHarvester roller speed(r/min)

50 350

60 . 550
58 < 530 ' 2 4 56

56 . - 510
B:Angle of the debris belt(*)%* > 0 490 c. Blower speed(r/min)
T 507450

56 - . 510

54 - 49
8:Angle of the debris belt(")" 5 70 2 C: Blower speed(rimin)

50 450

(a) (b) (c)

Fig. 9 - Response surfaces for effect of factors interaction on test indicators

The response surface of the impact of the interaction effects on the loss rate and impurity content rate
was obtained through Design-Expert software, as shown in Figure 9. In Figure 10a, the contour curvature is
larger compared to Figure 10b, indicating that the interaction between the inclination angle of the impurity
removal belt and the fan speed has a more significant effect on the impurity content rate compared to the
interaction between the inclination angle of the impurity removal belt and the roller speed. From Figure 10c, it
can be observed that the loss rate is positively correlated with the fan speed and negatively correlated with the
inclination angle of the impurity removal belt. The inclination angle of the impurity removal belt has a more
significant impact on the response surface because as the inclination angle of the impurity removal belt
increases, it can create a blocking effect on the separated Cyperus esculentus L. during the falling process
under the action of the blowing fan airflow, leading to a rapid decrease in the loss rate.

® Solving for the optimal combination of experimental factors
Based on the above experimental results and regression equations, with the optimization objectives
being to minimize loss rate and impurity rate, and with the optimization variables being fruit picking roller speed,
inclination angle of the impurity removal belt, and fan speed, the regression model is optimized. The objective
function and constraints are as follows:
minY; (4, B, ()
minY,(4,B,C)
350 < A < 550 (14)
s.t.y 50<B <60
450 < € £ 550
The optimal operating parameters for the threshing and cleaning device are determined to be: fruit
picking roller speed of 543.7 r/min, inclination angle of the impurity removal belt of 50.3°, and fan speed of
532.4 r/min. With these settings, the operational performance is optimized. Theoretical performance indicators for the
optimized threshing and cleaning device are as follows: loss rate (Y1) is 2.67%, and impurity rate (Y2) is 2.49%.

[ ) Validation experiment

Based on Table 4, the average loss rate of the traction-type oil Cyperus esculentus L. combined
harvester's threshing and cleaning device under the optimal parameter combination obtained from the field
validation experiment is 2.88%, and the average impurity rate is 2.41%, which is consistent with the results of
the regression model optimization.

The machine operates smoothly during the entire operation, with outstanding threshing and cleaning
effects, fully meeting the requirements for oil sunflower harvesting work. The validation experiment is depicted
in Figure 10.

Table 4
Validation test results
Trial number Loss rate Impurity rate
1 3.03% 2.32%
2 2.57% 2.47%
3 2.65% 2.09%
4 3.28% 2.74%
Mean value 2.88% 2.41%
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Fig. 10 - Verification test
CONCLUSIONS

(1) A threshing and cleaning device for a Cyperus esculentus L. combine harvester was designed aiming
to address the challenges of completing the threshing and cleaning process within the drum sieve, leading to
difficulties in threshing separation and inadequate cleaning of impurities. Through theoretical analysis, the
structural and operational parameters of key components were determined.

(2) Based on the Box-Behnken experimental design principle, a field experiment with three factors and
three levels was conducted using the fruit picking roller speed, the angle of the debris removal belt, and the
fan speed as influencing factors, while the loss rate and impurity rate were used as evaluation indicators. The
results indicate that when the fruit picking roller speed is 543.7 r/min, the angle of the debris removal belt is
50.3°, and the fan speed is 532.4 r/min, the loss rate of harvested Cyperus esculentus L. is 2.67%, and the
impurity rate is 2.49%.

(3) Field validation experiment results show that the average loss rate of the combined fruit picking roller
and wind sieve type separation and cleaning device under the optimal parameter combination is 2.88%, and
the average impurity rate is 2.41%. These results are consistent with the optimization results of the regression
model, fully meeting the requirements of mechanized harvesting production for Cyperus esculentus L.
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