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ABSTRACT

Aiming at the problems of high grain entrainment loss rate and impurity rate of traditional horizontal axial-flow
combine harvesters, a horizontal axial-flow threshing-separating device with coaxial differential threshing drum,
conical cleaning fan, double-layer vibrating screen and spiral plate-tooth re-thresher is designed. Meanwhile,
a test-bed with a feeding rate of 2 kg/s is designed to improve the device performance. The test through
guadratic orthogonal rotation combination design method is used to inspect the effects of the differential drum
speed combination, conical fan blade taper, and length ratio of the high and low speed sections of the
differential drum on the loss rate, crushing rate, impurity rate and threshing power consumption. The regression
mathematical models of the loss rate, crushing rate, impurity content and threshing power consumption are
established, and the multi-objective optimization calculation of the regression mathematical model is carried
out by using MATLAB optimization toolbox. The results show that the order of the three factors affecting the
loss rate and impurity content of the horizontal axial-flow threshing-separating device is the differential drum
speed combination, the conical fan blade taper, and the length ratio of high and low speed sections of the
differential drum. The field test results show that the performance index of the horizontal axial-flow separation
device is better than the requirements of the national standard.
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INTRODUCTION

In the south, in order to adapt to the small field operation, the rod tooth transverse axial-flow single drum
combine harvester is widely used for rice harvesting. The quality of threshing, separating and cleaning directly
affects the performance of the whole machine. Scholars have carried out simulation and experimental
researches on the threshing, separating and cleaning of the combine harvester to improve the performance.
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In threshing, scholars have done a lot of research on the movement process and stress of materials in
the threshing device under different grain varieties' water content, maturity, harvest time and different feeding
rates (Li et al., 2014; Miu and Kutzbach, 2007; Miu and Kutzbach, 2008). The effects of the structure and
working parameters of the threshing device on the working performance of the threshing device (grain
threshing rate, damage rate and impurity content) were studied, and the correlation between the working
parameters of the threshing device and the working performance of the threshing device was obtained
(Morishita and Suzuki, 2017; Xu et al., 2000; Tang et al., 2019; Chen et al., 2020). At the same time, some
scholars have conducted bench tests on the threshing separation device composed of different types of
threshing elements and different types of threshing rollers, which provides an important basis for the design
and optimization of the threshing separation device, and obtains the optimized structural design scheme and
operation parameter combination (Meusel et al., 2018; Su et al., 2020; Hosoi et al., 2020; Lenaerts et al., 2014).

In terms of cleaning, scholars mainly optimize the structural and working parameters of the cleaning
device through performance tests, that is, for a certain type of cleaning device, study the influence laws of the
physical and mechanical characteristic parameters of materials, the structural and motion parameters of the
device and the air flow parameters formed by the fan on the cleaning performance and efficiency [12-14].
According to the distribution of the separated mixture, it is generally considered that the parts with a large
amount of separated mixture require larger wind velocity airflow, and the parts with less mixture require a
slightly lower wind velocity. In addition, the air flow generated by the fan needs to prevent the accumulation of
separated mixture, and it is necessary to optimize the cleaning device to solve the poor cleaning effect caused
by the accumulation of separated mixture (Chen et al., 2009; Chen et al., 2007).

The above-mentioned researches were conducted solely for the threshing or cleaning process, and
most of designed test benches were also carried out in sections for threshing and cleaning. There were few
studies on the comprehensive performance of the threshing-separating system under the interaction of the
threshing drum and cleaning fan. Moreover, the existing studies are carried out under single-speed drum and
cylindrical cleaning fan. It fails to fundamentally solve the problems of insufficient threshing capacity caused
by the limited drum length of the horizontal axial-flow threshing-separating system and the influence of effluent
accumulation at the inlet corner of the cleaning screen on the cleaning effect.

In order to solve the above problems, based on the researches of coaxial differential threshing and
conical fan cleaning (Lachuga et al., 2020; Sahu and Raheman, 2020), a horizontal axial-flow threshing-
separating device is designed in this paper. In order to explore the effects of working and structural parameters,
such as differential drum speed combination, length ratio of high-low speed sections of differential drum, and
the conical fan blade taper on the performance (loss rate, crushing rate, impurity content) and threshing power
consumption of cross axial-flow separation device, the test-bed is designed based on the actual structure and
size of the horizontal differential threshing-separating system. The performance test of the horizontal axial-flow
threshing-separating device is carried out by using the quadratic rotation orthogonal combination design
method. The influence degree of each factor on the performance index is analyzed, and the optimal
combination of structural parameters and working parameters is obtained to provide a theoretical basis for
optimizing the horizontal differential threshing-separating system.

MATERIALS AND METHODS

The horizontal axial-flow threshing-separating device is mainly composed of coaxial differential
threshing-separating parts, air screen cleaning parts and spiral plate tooth residual re-thresher, as shown in
Fig. 1. Its working principle is: (1) the tangentially fed materials are threshed by the axial-flow drum, and the
effluents, mainly grains, are separated radially through the grid concave plate to the vibrating screen under the
centrifugal force; (2) After falling down to the vibrating screen, the effluents are cleaned under the combination
of the wind power of the conical centrifugal cleaning fan and double-layer vibrating screen; (3) Broken stems,
leaves and glumes are blown out of the machine; (4) the clean grains are collected by the horizontal screw
conveyor and sent to the grain collecting tank through the vertical screw conveyor; (5) Part of the residues falls
on the tail of the vibrating screen and are collected by the residue horizontal screw conveyor, then sent to the
re-thresher by the residue vertical screw conveyor and the materials after re-threshing return to the vibrating
screen for secondary cleaning; (6) the threshed straws are discharged radially from the machine at one end
of the high-speed drum.
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Fig.1 - Structure of differential axial-flow threshing-separating device
1. Transmission shaft; 2. Conical fan; 3. Conveyor; 4. Grid concave plate; 5. Rod tooth differential threshing drum; 6. Guide plate;
7. Re-thresher; 8. Residual vertical auger; 9. Stripper slide; 10. Upper sieve; 11. Tail sieve; 12. Lower sieve; 13. Residual recovery
slide;
14. Grain collection slide; 15. Residual recycling auger; 16. Grain horizontal auger;

The coaxial differential threshing-separating part is composed of rod tooth differential threshing drum,
grid concave sieve and cover with guide plate. The rod tooth differential threshing drum is shown in Fig. 2. The
low speed section of the coaxial differential axial-flow drum is mainly used for the threshing-separating of most
of easy-to-thrown grains. The high-speed drum is mainly used for the threshing-separating of a small amount
of hard-to-thrown grains and the separation of unseparated seeds from the low-speed drum. Low-speed
threshing is used to reduce the crushing of grains and stems, and high-speed threshing is used to reduce the
net loss of threshing and improve the separating rate. The threshing-separating capacity of horizontal axial-
flow threshing-separating system is improved without increasing the drum length.

Fig. 2 - Three-dimensional model of rod tooth differential-speed threshing drum
1. Low-speed drum; 2. Anti-interference retaining ring; 3. High-speed drum;

The cleaning part is composed of conical centrifugal cleaning fan and double-layer vibrating screen. The
structure of conical cleaning fan is shown in Fig. 3. The conical centrifugal cleaning fan uses the diameter
difference between the large and small ends of fan blades to generate a wind pressure difference. It generates
transverse wind in front of the vibrating screen to blow the falling leached material along the width of the screen,
to avoid the leached material from accumulating at the corner of the vibrating screen surface entrance and
improve the cleaning performance of the horizontal axial-flow threshing-separating system.

Fig. 3 - Three-dimensional model of conical centrifugal cleaning fan
1. Fan housing; 2. Fan blade

The horizontal differential threshing-separating system adopts innovative components, such as rod tooth
differential threshing drum and conical centrifugal cleaning fan, to improve the threshing-separating
comprehensive performance. However, the influence of working and structural parameters, such as the
differential drum speed combination, the length ratio of high-low speed sections of the differential drum, and
the conical fan blade taper, on the performance and threshing power consumption of the device is not clear.
Thus, it needs to optimize the structure through experiments and master the influence degree of various factors
on performance indicators.
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Based on the actual structure and size of the horizontal differential threshing-separating system, the test
bench developed is composed of a frame, a material conveying device, a feeding device, a threshing device,
a cleaning device, and a measurement and control device, as shown in Fig.4.
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Fig.4 - Schematic diagram of the test bench
1. Material conveyor; 2. Feed auger; 3. Conveyor components; 4. Conical cleaning fan; 5. Differential threshing drum;
6. Double layer vibrating screen; 7. Impurity outlet; 8. High-speed drum; 9. Low-speed drum; 10. Power input shaft of high-speed drum;
11. Power input shaft of low-speed drum; 12. Torque sensor of high-speed drum; 13. Universal coupling of high-speed drum;
14. Universal coupling of low-speed drum; 15. Torque sensor of low-speed drum; 16. Drive motor of high-speed drum;
17. Universal coupling of cleaning fan; 18. Drive motor of cleaning fan; 19. Drum motor of low-speed drum

There are 4 sets of material conveying devices in total, and each size is: 5000(length) x900(Width) mm
with adjustable height and can be used in series or parallel. The speed of parallel conveying belt can be
adjusted according to the requirements of different feeding, and the conveying speed is 0-2 m/s. The tension
of the parallel conveyor belt can be adjusted by adjusting the position of the tension wheel.

The power of low-speed drum drive motor is 20 kW and the speed is 500-1000 r/min, and that of high-
speed drum drive motor is 10 kW and the speed is 600-1200 R/min. A Beijing WorldCom T-660 torque sensor
is equipped at both ends of the high and low speed threshing drums, with measuring ranges of 0£100 Nm and
0+300 Nm respectively to measure the torque, speed and power of high and low-speed drums. According to
the test scheme, there are 5 sets of differential threshing rollers. The diameter of each set of high and low
speed drums is 550 cm; the wrap angle of the grid concave plate is 230°; the helix angle of the cover guide
plate is 32°, and the total working length of the threshing drum (including the high and low speed sections) is
1000 mm, which shall be replaced as a whole. According to the requirements of the test scheme, 5 sets of fan
blades with different tapers are configured, and the fan blades are replaced as required during the test.

The measurement and control device is mainly composed of electrical control system and data
acquisition system. The power supply of the electrical control system is a standard three-phase four-wire
system, three-phase AC power 380 VAV and 50 HZ. The electrical control cabinet is equipped with frequency
converter, control transformer, automatic air switch, AC contactor, bridge rectifier, small intermediate relay,
multi-functional socket, and wiring block. The door of the control cabinet is equipped with main start button,
emergency stop button, inverter digital operator (including inverter parameter setting and adjustment of
attached potentiometer, ON/OFF switch) and indicator lights. The data acquisition system consists of a torque
sensor, a data acquisition card, a USB connection and a computer. The speed, torque and power at both ends
of the high and low speed drums are automatically saved on the computer and displayed graphically in real time.

Before the test, the crop conveying speed is set according to the feeding amount; the time from the start
of the conveying table to the set speed is measured, and the reserved space at the front end of the conveying
table without crops is calculated. According to the set feeding amount (2 kg/s), in each group of experiments,
rice of equal quality is evenly spread within the specified range of the conveyor belt. The length of stalks is
consistent with the conveying direction, and the ears are facing forward to ensure feed evenly and quantitatively.
According to the test plan, five differential drums with different length ratios and five fan blades with different
tapers are installed. The speed of high-low speed drums and conveyor table are adjusted through the
frequency converter.

During the test, start the motor switches of high-speed drums, low-speed drums and cleaning device in
sequence. After the preset working parameters of the rotating parts are reached and stabilized, start the
measurement and control system software, and finally turn on the motor switch of the material conveyor.

The test was carried out indoors. The experimental rice used "Yongyou No. 15" widely planted in
Zhejiang Province, and the test was carried out on the same day after manual harvesting (cutting height 150
mm). Some characteristics of rice are shown in Table 1.

500



Vol. 67, No. 2 / 2022 INMATEH - Agricultural Engineering

Table 1
Basic properties of the test rice
Item Parameters
Material plant height /cm 100-115
Ear length/cm 17.5-26.4
Grain moisture content /% 23.3-24.5
Stem moisture content /% 45.4-48.6
Grass Valley ratio(Stubble cutting 15cm) 3:1
1000 grain weight of rice /g 30.6
Unit yield / kg/hm? 10020

On the self-developed test bench, the horizontal axial-flow threshing-separating device was tested for
rice threshing-separating. Investigate the three main factors: differential drum speed combination (speed
combination x1), the length ratio of high and low speed sections of the differential drum (high-speed section
ratio x2), and the conical fan blade taper (blade taper x3) on the performance of threshing and cleaning device
(Loss rate y1, crushing rate y», impurity rateys, threshing power consumption y.). The test is repeated twice,
and the site is shown in Fig. 5.

Fig. 5 — Experimental site

The test plan is designed by the quadratic orthogonal rotation combination design method, and the value
range of each test factor is determined according to the theoretical analysis and actual production. A more
ideal factor level is initially selected, and the factor level coding is shown in Table 2.

Table 2
Coding of factor level
Coding value x;j Factor level
! Speed combination xi(r/min) High-speed section ratio x2(%) Blade taper xs(°)

Upper asterisk arm (+y) 918/1018 46.8 3.8

Upper level (+1) 850/950 40 35

Zero level (0) 750/850 30 3

Lower level (-1) 650/750 20 25

Lower asterisk arm (-y) 582/682 13.2 2.2

After the test, collect and clean up the discharge from the grass and the cleaning room outlet, and
calculate the loss rate (including uncleaned kernels, entrainment loss and cleaning loss), and take samples
from the grain outlet to determine the crushing rate and impurity content. The material collection area in the
test is shown in Fig. 6.

Grain
receiving port

Grass

% Outlet of the discharge
cleaning room eSS mouth

Fig. 6 - Material collecting area after experiment

RESULTS
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According to the feeding amount and the grass to grain ratio, the total grain mass obtained in each
experiment was obtained, and recorded as W. A sample from the receiving grain was taken and the total mass
was recorded as W1. The broken grains and impurities were manually selected and weighed separately, and
recorded as Wioken 1 @nd Winpurides 1, respectively. All the effluents were collected from the cleaning room and
the grass discharge outlet. The grains and the ears with grains were selected manually, and weighed, and then
they were recorded as the cleaning loss Weicanine and the entrainment l0ss Weusrainmenss respectively.

The loss rate Y1, crushing rate y, and impurity rate ys are obtained through the following formulas:

(W leani +Wentrainment)

y, = cleaning — (1)
W .

y, = cn;s/}lnngl (2)
W. .

Y3 = $1ntyl ®3)

According to the ternary quadratic orthogonal rotation combination design, the experiment was arranged
and 23 experiments were carried out. The experiment scheme and results are shown in Table 3.

Table 3
Experiment program and results for quadratic regression orthogonal rotation
No. Speed High- Blade Loss Crushing Impurity High-speed Low-speed Total power
combination speed taper rate rate rate drum power drum power consumption
X1 section X3 y1 Y2 Y3 consumption consumption of threshing
(r/min) ratio x2 ) (%) (%) (%) (kW) (kW) (kW)
(%)

1 850/950 40 3.5 2.69 0.82 0.64 5.96 10.79 16.75
2 850/950 40 2.5 1.95 0.86 0.85 6.17 10.32 16.49
3 850/950 20 3.5 1.98 0.77 0.78 5.32 10.19 15.51
4 850/950 20 2.5 2.33 0.84 0.98 5.22 10.23 15.45
5 650/750 40 3.5 1.78 0.49 0.32 478 9.16 13.94
6 650/750 40 2.5 1.56 0.51 0.49 4.86 8.39 13.25
7 650/750 20 35 1.44 0.44 0.31 4.55 8.12 12.67
8 650/750 20 25 1.68 0.34 0.96 4.58 7.44 12.02
9 582/682 30 3 0.88 0.35 0.39 4.14 7.17 11.31
10 918/1018 30 3 2.78 0.98 0.78 6.12 13.7 19.82
11 750/850 13.2 3 1.35 0.78 0.79 5.02 9.12 14.14
12 750/850 46.8 3 1.45 0.57 0.88 4.99 11.23 16.22
13 750/850 30 2.2 1.38 0.41 0.78 5.11 8.40 13.51
14 750/850 30 3.8 1.57 0.71 0.38 5.43 7.90 13.33
15 750/850 30 3 1.43 0.54 0.47 5.78 8.23 14.01
16 750/850 30 3 1.24 0.58 0.43 5.55 9.24 14.79
17 750/850 30 3 1.33 0.64 0.53 4,98 9.17 14.15
18 750/850 30 3 1.21 0.44 0.47 5.23 9.68 14.91
19 750/850 30 3 1.48 0.53 0.48 5.41 9.22 14.63
20 750/850 30 3 1.11 0.58 0.39 4.76 9.27 14.03
21 750/850 30 3 1.09 0.61 0.51 4,78 9.7 14.48
22 750/850 30 3 1.47 0.57 0.45 5.13 9.89 15.02
23 750/850 30 3 1.23 0.49 0.48 5.23 9.38 14.61

According to the results of 23 experiments, using the "experimental statistics"-"quadratic orthogonal
rotation combination design" in the DPS data processing system, the ternary quadratic regression equation of
the loss rate can be obtained as:

y; = 1.28 + 0.42x; + 0.05x, + 0.05x5 + 0.26x% + 0.11x2 + 0.14x% + 0.11x;x, + 0.05x;x3 + 0.19x,%x;  (4)

where, y; - loss rate, %; y - crushing rate, %; ys - impurity rate, %; ya - threshing power consumption, kW; x; -
speed combination, r/min; x, - high-speed drum ratio, and xs - blade taper, °.
The results of the variance analysis of the regression equation are shown in Table 4.

Table 4
Results of variance analysis of loss rate regression equation

Source Sum of square Freedom F ratio

Regression 4.33 9 F2=7.68
Surplus 0.81 13
Lack-of-fit 0.33 5

Error 0.17 8 F1=1.94
Total 5.14 22
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F1=1.94<Fo.05 (5,8) =3.69 shows the lack of fit is not obvious. This indicates that, in the sum-lack-of-fit
squares, other non-negligible factors have little impact on the test results. The statistical quantity F2 can be
used to test the significance of regression equation. F2=7.68>F0.01(9,13) =4.17, the result of F test shows that
the regression equation obtained by the regression orthogonal rotation design fits the actual situation well, and
the equation has practical significance. After t-test, the insignificant items are eliminated, and the regression
equation can be obtained as:

y, = 1.28 + 0.42x; + 0.26x2 + 0.11x2 + 0.14x2 + 0.19x,x5 (5)

Using the same method, the regression equations of crushing rate, loss rate and threshing power
consumption are respectively:

y, = 0.55 + 0.19x; + 0.03x3 + 0.04x? + 0.04x% — 0.02x;x, — 0.03x; x5 (6)
y; = 047 + 0.13%; — 0.04x, — 0.14x; + 0.04x? + 0.13x2 + 0.06x,%5 @)
v, = 1452 + 1.95x; + 0.61x, + 0.33x2 — 0.43x2 — 0.13x,%3 (8)

There are three variables in the regression equation. In order to find out the influence of each factor on
each index intuitively, the dimensionality reduction method is used to transform the multivariate complex
problem into a one-dimensional problem, i.e., two of the three factors are taken to a fixed level, and the
influence of the remaining factors on each index is observed. For example, when investigating the influence
of speed combination, high-speed section ratio, and blade taper on the loss rate, let the regression equation
(5) X2=x3=0; X1=X3=0; X1=X2=0 respectively, the following equations are obtained:

y; = 1.28 + 0.42x; + 0.26x2 (9)
y, = 1.28 + 0.11x2 (10)
y; = 1.28 + 0.14x2 (11)

Equations (9)-(11) respectively represent the relationship between speed combination, high-speed drum
ratio, blade taper and loss rate, and draw the influence curve of each factor on the loss rate, as shown in Fig.
7.

3
== Speed combination
2.5 =& High-speed section ratio
X 2 Blade taper
~
3
£ 15 4
L
0.5
0 -+ ‘ ‘ ‘ ‘ T ‘ ‘ ]
-1.682 -1 05 0 05 1 1.682

Level

Fig. 7 - Impact of each factor on loss rate

From Fig. 7, when the drum speed is low, the loss is greater, because the threshing is incomplete, and
the non-threshing loss is large. When the drum speed is greater than -1, the loss rate becomes larger as the
rotational speed increases. When the drum speed exceeds 1, the trend is more obvious. This is because that,
when the speed of threshing drum exceeds a certain range, the loss of grain crushing increases. When the
speed-length ratio of the drum is constant, the loss first decreases and then increases with the fan blade taper.
At 0 level, the loss rate is the smallest, indicating that the transverse wind energy produced by the conical fan
effectively reduces the loss rate. However, with the increase of the fan blade taper, the distribution of cleaning
screen becomes worse due to excessive transverse air. Some grains are blown out of the machine, resulting
in greater cleaning loss. The order of the factors affecting the loss rate is: speed combination, blade taper and
high-speed drum ratio.

According to the above method, the single factor influence curves of speed combination, high-speed
drum ratio and blade taper with crushing rate, impurity content and threshing power consumption can be
obtained, as shown in Fig. 8, Fig. 9, Fig.10.
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Fig. 10 - Influence of each factor on threshing power consumption

From Fig.8, the combination of drum speed and crushing rate is obviously positively correlated, i.e., the
higher the drum speed, the greater the crushing rate. When the high-speed drum section ratio is small, the
crushing rate is larger. This is because the low drum speed affects the separation of seeds. As the high-speed
section ratio increases, the crushing rate becomes smaller, and the crushing rate is the smallest at 0.
Subsequently, as the high-speed section ratio increases, the crushing rate increases. This indicates that the
length ratio of high-low speed drums has a significant impact on the crushing rate, and the high speed section
ratio should not be too small or too large, and 0 is more appropriate. The influence curve of fan blade taper on
the crushing rate tends to a straight line, indicating that the fan blade taper has little effect on the crushing rate.
The order of the factors that affect the crushing rate is speed combination, high-speed section ratio and blade
taper.

From Fig. 9, the higher the drum speed, the higher the impurity content. The trend of speed combination
above 0 level is more obvious, indicating that with the increase of the drum speed, the broken stems and
leaves in the threshing space increase. This increases the impurity content of grains. The high-speed section
has a small proportion and a large impurity rate. As the high-speed section ration increases, the impurity rate
becomes smaller, and the impurity rate is the smallest at 0 level. Subsequently, as the high-speed section ratio
increases, the impurity rate increases, indicating that the high-speed section ratio should not be too small or
too large, and 0 is more appropriate. The influence of fan blade taper on impurity content is significant. With
the increase of blade taper, the impurity content decreases, indicating that the transverse air of conical cleaning
fan plays an important role in cleaning quality. The order of the factors affecting the impurity content is speed
combination, blade taper and high-speed section ratio.

From Fig. 10, the threshing power consumption increases with the increase of the drum speed and the
high-speed section ratio. However, the drum speed has a greater impact on the threshing power consumption
than the two, and the fan blade taper has little effect on threshing power consumption. When the blade taper
is 0, it is slightly greater than other levels. The order of the factors affecting threshing power consumption is
speed combination, high-speed section ratio and blade taper.

In the ternary quadratic regression equation, fix one of the factors to get the regression sub-model of
the other two factors and indicators. In formula (5), let x3=0, x,=0 and x,;=0, then the two factor equations of
loss rate are:

504



Vol. 67, No. 2 / 2022 INMATEH - Agricultural Engineering

y1(x1, %) = 1.28 + 0.42x; + 0.26x7 + 0.11x2 (12)
y1(x1,x3) = 1.28 + 0.42x; + 0.26x% + 0.14x2 (13)
y1 (x5, %3) = 1.28 + 0.11x2 + 0.14x2 + 0.19x,x5 (14)

The surface diagram method is used to describe the influence of two factors on the test index. The two-
factor influence surface diagram of the test index is drawn in Matlab, as shown in Fig. 11. Fig. 11(a) is the two-
factor influence surface diagram of the speed combination and high-speed section ratio on the loss rate. Fig.
11(b) is a curved surface diagram of the two-factor influence of the speed combination and the blade taper on
the loss rate. Fig.11(c) is a curved surface diagram of the two-factor effect of the high-speed section ratio and
blade taper on the loss rate.
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Fig. 11 - Impact of two factors on loss rate

From Fig. 11(a), in the interaction of the drum speed combination and high-speed section ratio, the
speed combination has a greater impact on the loss rate. When the speed combination is -1 level and the high-
speed section ratio is 0 level, the loss rate is the smallest. From Fig. 11 (b), in the interaction between the
combination of drum speed and fan blade taper, the speed combination has a greater impact on the loss rate.
When the speed combination is - 1 level and the fan blade taper is O level, the loss rate is the smallest. From
Fig. 11 (c), in the interaction between the high-speed section ratio and fan blade taper, when they are both at
0 level, the loss rate is the smallest.

Using the same method above, the two factor influence surface diagram of crushing rate, impurity
content and total threshing power consumption can be obtained, as shown in Fig. 12, Fig. 13 and Fig. 14.
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Fig.14 - Two factor influence surface diagram of threshing power consumption

From Fig. 12 (a), in the interaction between the drum speed combination and the drum high-speed
section ratio, when the high-speed section ratio is 0 level, the crushing rate increases with the increase of
speed. From Fig. 12 (b), the drum speed combination has a great impact on the crushing rate. When the speed
is low, the crushing rate increases slightly with the increase of the blade taper; while when the speed is high,
the crushing rate decreases slightly with the increase of the blade taper. From Fig. 12 (c), when the high-
speed section ratio is 0 and the fan blade taper is -1.682, the crushing rate is the smallest, and the crushing
rate increases with the increase of the fan blade taper.

According to Fig. 13 (a), in the interaction between the drum speed combination and the drum high-
speed section ratio, when the proportion of the high-speed section is 0, the impurity content increases with the
increase of the speed. When the high-speed section ratio and speed combination are at the maximum level,
the impurity content is the largest. From Fig. 13 (b), the crushing rate increases with the increase of speed and
decreases with the increase of fan blade taper. From Fig. 13 (c), when the fan blade taper and the high-speed
section ratio are at the minimum level, the impurity content is the maximum. When the high-speed section ratio
is at O level and the blade taper is at the maximum level, the impurity content is the minimum.

From Fig. 14(a), in the interaction of the speed combination and high-speed section ratio of the drum,
the threshing power consumption is obviously positively correlated with the speed combination and the high-
speed section ratio. From Fig. 14(b), in the interaction between drum speed combination and fan blade taper,
speed combination is the main factor. From Fig. 14 (c), the threshing power consumption increases with the
increase of the high-speed section ratio when the fan blade taper is 0 level.

Loss rate, crushing rate, impurity content and threshing power consumption are the main indexes to
evaluate the performance of the threshing-separating device, which should reach the minimum value under
their respective constraints. According to the established mathematical models of loss rate yi, crushing rate
Yo, impurity rate y,, and threshing power consumption ya, let:

v; = f(xq,x5,x3) > min (i=1234) (15)

Multi-objective optimization method is used to analyze the best parameter combination of the

comprehensive performance of threshing-separating, and the optimization toolbox fgoalattain function in
MATLAB is used to solve the multi-objective achievement problem. The constraint conditions are:

>0
{ Vi =1,234;j = 1,2,3)

~1.682 < x; < 1.682

The optimal combination parameter scheme of the horizontal axial-flow threshing-separating device is
as follows: the level value of speed combination xi is 0.0307, and the actual value is 773/876 r/min; the level
value of high-speed section ratio x» is -0.0167, and the actual value is 29.5%; the level value of fan blade tape
X3 is 1.6791 and the actual value is 3.75°. According to the level change range of each factor in the
experimental design, the three-factor optimal parameter combination scheme is finally selected as: 750/850
r/min of the speed combination, 30% of the high-speed section ratio and 3.8° of the blade taper. It can be seen
that the 14™ set of the 23 experimental programs is the best. Under this condition, the horizontal axial-flow
threshing-separating device is optimal, with 1.57% of loss rate, 0.71% of crushing rate, 0.38% of impurity rate,
and 13.33 kW of total threshing power consumption. The average power consumption of low-speed drum
accounts for 59.3% of the total threshing-separating power consumption, and that of high-speed drum
accounts for 40.7%.
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In order to verify the performance of the horizontal axial-flow threshing-separating device, in October
2015, under the auspices of a third-party professional testing organization, a field test was carried out in Zhiying
Town, Yongkang City, Zhejiang Province, as shown in Fig. 15. The test was carried out on a full-feed combine
harvester equipped with a horizontal axial-flow threshing-separating device. The structural parameters and
working parameters take the best combination of parameters obtained by multi-objective optimization. The
tested rice varieties and feed rates were consistent with the bench test, and they were "Yongyou 15" and 2
kg/s, respectively. The field test results are shown in Table 5. The results show that the loss rate, impurity
content rate and crushing rate of the horizontal axis-flow threshing-separating device are better than the
national standards.

Table 5
Results of field trials
Test items Total loss rate /% Impurity rate /% Crushing rate /%
Standard requirements test <3.0 <2.0 <1.0
results 1.78 0.44 0.65
CONCLUSIONS

(1) The horizontal axial-flow threshing-separating device test bench can carry out multi-scheme coaxial
differential threshing and separating, and air-screen cleaning performance tests. The coaxial differential
threshing technology solves the contradiction between the loss rate (dirty removal and entrainment) and
crushing rate by rationally using the threshing drum speed. The transverse wind generated by the conical
cleaning fan can effectively evenly distribute the leached material on the vibrating screen.

(2) The order of the three factors that affect the loss rate and impurity rate of the horizontal axial-flow
threshing-separating device is the combination of differential drum speed, conical fan blade taper, and the
length ratio of high and low speed sections of the differential drum. The order of the three factors affecting the
crushing rate and threshing power consumption of the horizontal axial-flow threshing-separating device is the
differential drum speed combination, the length ratio of high and low speed sections of the differential drum,
and the conical fan blade taper.

(3) The optimal parameter combination is: 750/950 r/min of the differential drum speed, 3.8° of fan blade
taper, and 30% of high-speed section ratio. The corresponding work performance indicators are 1.57% of loss
rate, 0.71% of crushing rate, 0.38% of impurity rate and 6.67 kW/kg of threshing power consumption.
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