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Abstract: A variable speed anti-tangling reel mechanism was designed to address the problems of tangling,
hanging and rewinding of the tassel wheel and the high paddling loss in the current Chinese rape combine
harvester cutting table. The kinematic equations of the reel mechanism were developed, and the analysis showed
that the speed in the entry stage is low and the speed in the exit stage is high, and the attitude of the reel teeth
change with the rape plant movement during the whole paddling process. A single-factor test and a multi-factor
regression orthogonal combination test were carried out using the cutting table loss rate of rape harvesting as
the evaluation index. The main and secondary factors affecting the cutting table loss of the variable speed reel
were obtained as the reel speed, the machine travel speed and the ground angle of the frame. A mathematical
model of regression of cutter loss and the main influencing factors was established, with the coefficient of
determination R?=0.9918. The optimal combination of parameters for the variable speed reel was obtained with
the lowest cutting table loss rate in rape harvesting as the optimization target: reel speed 25r/min, frame parallel
to the ground and implement travel speed 0.7m/s. Field validation tests and comparative tests of cutting table
loss of the two reels were carried out. The test results show that the regression mathematical model of the cutting
table loss is more accurate, and the cutting table loss is reduced by 13.9% with the variable speed reel compared
to the cam-action reel, and there are no problems with the paddle teeth hanging and tangling during the
paddling process.

Keywords: agricultural machinery; oilseed rape; harvester; reel; parameter optimization

1. Introduction

Oilseed rape is the number one oilseed crop in China, providing more than 50% of the country's
edible vegetable oil. About 100 million acres are under permanent cultivation nationwide of oilseed
rape, 90% of which are in the Yangtze River basin[1-3]. However, the mechanized production level
of rape in China is low, with the national level of rape machine harvesting at only 50.97% in 2021,
and growing slowly. High rape machine harvesting losses are one of the main reasons limiting the
healthy and rapid development of China's rape industry[4,5]. According to statistics, the losses of the
cutting table during rape harvesting are relatively large and can reach 40% of the total harvesting
losses on average[6,7]. The reel is an important working part of the rape combine harvesting cutter[8—
11], its role is to guide the rape to be cut to the cutter or to support the fallen rape in the guidance
process, to support the stalks and push the cut stalks backwards during cutting, to prevent the cut
stalks from piling up on the cutter causing knife blockage and congestion[12-15].

At present, the cam-action reel of the rape combine harvester developed in China generally
adopts the reel, which is conducive to holding up the fallen crop[16-18]. But because the reel teeth
move downwards throughout the whole process and keep the angle unchanged, the rape branches
grow around the main branch and the height is uneven, and the plants fork and stagger between
different plants and pull each other, the reel tangles, hangs and brings back problems during the
paddle operation, which affects both the harvesting. This not only affects the efficiency of the
harvesting operation, but also causes the angle fruit of rape to be blown up when the teeth of the reel
act directly on it, resulting in a loss of grain [19].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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In order to reduce the problems of winding, picking and hanging of reels during harvesting,
some foreign rape harvesters use large-diameter flip-type wheels[20], which can significantly reduce
the winding and hanging of rape as the teeth of the wheel flip during the return journey and the teeth
have a large radius of rotation. It also has a complex structure and high cost, and is currently mainly
used on large rape harvesting equipment. Therefore, there is an urgent need to develop a new type
of reel with a simple structure, which can realize the turning of the reel teeth, a large turning radius
and can adapt to the tall and branched rape, and a low speed when paddling into the sheaves, in
order to improve the efficiency of rape harvesting operations and reduce paddling losses.

In this paper, the constraints on the trajectory and angle of the reel for weak strike, low winding
and fast paddling are constructed based on the analysis of the winding of the reel. Based on the
kinematics of the double crank plane five-bar mechanism, a variable speed anti-tangle reel
mechanism is designed, and its kinematics and parameters are optimized. This study can provide a
reference for the design of low loss and tangle reduction wheels for oilseed rape harvesting.

2. Materials and Methods
2.1. Variable speed reel structure and working principle

According to the biological characteristics of rape and the law of rape plant transport in the
process of tilting the tines, the tines should be inserted diagonally into the branch gap from above the
plant at an angle that fits the rape branches to reduce the number of collisions with the angular fruits
of the rape, and the tines should rise quickly along the tilted angle of the rape at an angle close to the
vertical and break away from the plant to avoid tangling and hanging of the tines, and finally
gradually accelerate to complete the forward turning of the tines.

In order to realize the requirements for the trajectory and attitude of the paddle teeth in the rape
paddling process, a variable speed reel mechanism is designed in this paper, the structure of which
is shown in Fig. 1.

Figure 1. Structure diagram of variable speed reel.(1)Side plate, (2) Paddle teeth,(3) Paddle plate,(4)
Spindle connecting rod, (5) Crank connecting rod, (6) Cutting table support rod,(7) Eccentric disc
welding rod,(8) Eccentric disc connecting rod.(9) Pentagonal plate,(10) Reel spindle,(11) Eccentric disc.

The main components are the paddle teeth, the paddle plate, the reel spindle, the spindle
connecting rod, the crank connecting rod, the eccentric disc connecting rod, the pentagonal plate and
the eccentric disc. In particular, the spindle connecting rod 4 is fixedly connected to the reel spindle
10, the eccentric disc welding rod 7 is fixedly connected to the eccentric disc 11 and the remaining
four eccentric disc connecting rods 8 are hinged to the eccentric disc 11. The belt pulley rotates to
deliver power to the spindle linkage 4, which drives the crank linkage 5 and the eccentric disc welding
rod 7. The power is transferred to the eccentric disc 11, which starts to rotate, and the eccentric disc
starts to drive the four eccentric disc linkages 8, which are hinged to it.

2.2. Kinematic analysis of the variable speed reel mechanism

The variable speed reel mechanism is composed of a plane four-bar mechanism and four double
crank plane five-bar mechanisms. [21-23] Taking one of the paddle teeth as the object of study, the
motion model of the reel mechanism is shown in Figure 2.
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Figure 2. Model of the variable speed reel mechanism.

Note: i-la2 I35 las Il are the lengths of the frame, spindle connecting rod, crank connecting rod, eccentric
disc welding rod/eccentric disc connecting rod, short crank and toggle teeth in mm, respectively; 01,0,,05.0, are
the angle of each rod with the x-axis, (°), respectively, and the angle of positive counterclockwise rotation along
the x-axis; ?s-# are the angle of the paddle teeth with the crank connecting rod and the paddle teeth with the
y-axis in the negative direction, respectively.

According to Figure 2, the closed-loop vector equation for the teeth of the variable speed reel

mechanism is established as
AE + ED = AB + BC + CD @)

Decomposition of the closed-loop vector equation of equation (1) along the x- and y-axes

l,cos80, +1,cos0, =l cos, +1,cosb, +1 )
l,sin@, + /1, sin@, =I;sinf, +1,sin 6, @
tip F of the double crank plane five-bar mechanism is related to the law of motion of the AE rod,
the DE rod or the BC and CD rods. The AE and BC rods are the two cranks of the mechanism, doing
the same direction of equal velocity rotary motion, the angle 05 between the paddle teeth DE and
the rod DF is a constant value, so only need to get the angle under the ?:, ?:, at that moment, the
equation of the trajectory of the paddle tooth tip F can be found. As the five rods form a closed vector
ring ABCDEA, the following conditions must be satisfied at any moment 0., 0.
—l,cos80, +1,cos6, =1 —1,cosb, +1;cosb, 3
—l,sin@, +1,sinf, =—,sin G, +/;sin G, )
Then the equation of the static trajectory of the point F of the paddle teeth tip can be solved
according to the law of motion of the AE and DE rods as
X, =1,cos6, +1,cos6, +1 cos(d, — 6,) .
Ve =1,sin6 +1,sin6, + [, sin(g, - 6,) @

Derivation of equation (4) gives the equation for the static trajectory velocity at the point of the

paddle tooth tip F as
vy =1, ing 1, 9% sino, —1 9% =% Gino, - 0,
dt dt dt 5)
v =1 %cos«?1 +1 ddgtz cosb, +1 MCOS(QZ -0,)
t

Assuming that the harvester travels ata speed "» , the dynamic trajectory equation for the point
F of the paddle tooth tip is
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x, =1,c086, +1,cosO, +1 cos(d, —0,)+v,t ]
v, =1,sin6, +1,sin6, +1 sin(6, — 6;) ©)
Derivation of equation (6) gives the velocity equation for the dynamic condition at the point F of
the paddle tooth tip, as
, do, . do, . d, o) .
v =—l,—+tsin —I,—=sin 6, — 1 Msm(ﬁz -6,)+v,
dt dt dt 7

va' = lz%cosﬂ1 +1, a%zcos o, +lﬁ@005(02 -6;)

2.3. Variable speed reel construction parameters

The variable speed reel designed in this paper is mounted on a Ward 4LZ-6.0 full-feed tracked
self-propelled rape combine harvester with a 2.2m wide cutting deck. According to preliminary field
research, the average angle between the rape branches and the main inflorescence is 25°~40°, so the
angle between the reel teeth and the crank connecting rod is set at 40°. Based on the kinematic analysis
and the rod length constraint of the double crank plane five-rod mechanism[24,25], the structural
parameters of the variable speed reel mechanism were determined as shown in Table 1.

Table 1. Structural parameters of variable speed flexible reel.

Variable Meaning Value/mm
I Length of frame 55
I2 Spindle connecting rod length 120
IE Crank connecting rod length 253
la Eccentric disc connecting rod length 80
I5 Length of crank 2 396

2.4. Test material

The oilseed rape harvest trial was conducted from June 6 to June 8, 2022 in Daitou Town, Liyang
City, Changzhou City, Jiangsu Province. The oilseed rape was planted by mechanical direct seeding,
and the variety was Ningxia 1818. The average height of the plants in the field was 1.40m, and the
row spacing was 0.32m. The diameter of the angular fruit layer was 0.71m. The thickness of the
angular fruit layer was 0.56m. The average diameter of the main stalk was 7.6mm, and the height of
the low pod was 0.73m. The oilseed rape plant had an average of 5 branches, a branch height of
0.33m, a single plant weight of 120.67g, a rapeseed moisture content of 21.47% at harvest test and a
thousand grain weight of 3.96g.

The designed variable speed reel was mounted on a Ward 4LZ-6.0 full-feed tracked self-
propelled rape combine harvester cutting table, and the test platform and test site are shown in Figure

Figure 3. Variable speed reel mechanism and test site. (a) Variable speed reel cutting table,(b) Oilseed
rape test fields.
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2.5. Evaluation indicators and measurement methods for reels

According to GB/T 8097-2008 "Harvesting Machinery Combine Harvester Test Methods", a
planting area with even growth of rape, flat terrain and no pests and diseases was selected as the test
field, and rape harvesting operations were carried out under wind speed not greater than 3m/s. Each
group was operated with a stroke of 30m and a preparation area of 5m in length, and samples were
taken after the rape combine harvester had run steadily. Sampling zones were set up at 8m intervals,
making a total of 3 sampling zones. Rapeseed from the sampling zones was collected separately for
each group of tests, taken 3 times and averaged.

It is difficult to evaluate the rape paddle loss separately. In this paper, the cutting table loss rate
is used as an index to evaluate the quality of variable speed reel operation, and the rape cutting table
loss rate is the evaluation index, and the determination method refers to NY/T1231-2006 Technical
Specification for Quality Evaluation of Rapeseed Combine Harvesters. The total mass of rapeseed per
square meter was obtained according to the mass of kernels harvested at the pick-up point and the
corresponding harvested area. The cutting table loss rate is calculated using the following formula:

oW,
W, ®)

Where: Y is the cutting table loss rate, %; Wi is the actual loss per unit area in each group of

tests, g/m?; . is the harvested mass of rapeseed per square metre, g/m?.

3. Test results and discussion
3.1. One-factor tests and analysis

After several pre-tests, key parameters such as the speed of the reel, the forward speed of the
implement and the angle between the reel frame and the ground were selected as the test factors for
the single-factor test.

For the single-factor test, the speed of the variable-speed reel was divided into three levels:
25r/min, 30r/min and 35r/min. The speed of the combine harvester was controlled to be 0.9m/s and
the reel frame was parallel to the ground, i.e. the angle was zero. In the single-factor test, the forward
speed was divided into three levels: 0.7m/s, 0.9m/s and 1.1m/s, at which time the reel paddle speed
ratios were 2.07, 1.61 and 1.32 respectively, and the angle between the reel frame and the ground was
zero. In this paper, the angle between the frame of the variable speed reel and the ground ranges from
-20° to 20°, which is positive if the frame rotates counterclockwise around the rotation axis and
negative otherwise, and is divided into -20°, 0° and 20° levels for the paddle test, in which the speed
of the reel is 30r/min and the forward speed of the implement is 0.9m/s. Each set of tests is repeated
three times and the average value is taken, and the effects of the three factors obtained, namely the
speed of the reel, the forward speed of the implement and the angle between the reel frame and the
ground, on the loss of the cutting table are shown in Figure 4.
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Figure 4. Relationship between the main operating parameters of the variable speed reel and
cutting table losses. (a) Influence of the forward speed of the harvester on the rate of cutting table
losses, (b) Influence of the speed of the reel on the rate of cutting table losses, (c) Influence of the angle
between the reel frame and the ground on the rate of cutting table losses.

As can be seen from Figure 4(a), the loss rate of the cutting table increases significantly with the
increase of the speed of the variable speed reel, mainly due to the increase of the speed of the reel,
the impact force of the paddle teeth on the rape kernels increases, the number of impacts per unit
time becomes more, the rate of kernels blowing up increases, and the loss of seeds increases. From
Figure 4(b), it can be seen that the loss rate of the cutting table gradually increases with the increase
of the forward speed of the harvester, which is mainly due to the fact that when the forward speed of
the machine increases, the speed ratio of the reel decreases, the feeding volume of the cutting table
becomes more per unit time, and the paddle teeth collide with more angular fruits in the process of
paddling, and the loss of seeds also increases. As can be seen from Figure 4(c), as the angle between
the frame of the reel and the ground increases, the loss of the cutting table is the first to decrease and
then to increase, and when the frame is parallel to the ground, the rate of paddle loss is the smallest,
and its value is 1.46%. When the frame of the variable speed reel is parallel to the ground, the attitude
angle of the paddle teeth is more in line with the trajectory and attitude of the paddle stage, and the
rate of cutting table loss is lowest at this time.

3.2. Box-Behnken centre combination test and analysis

The single-factor test showed that the variable-speed flexible reel speed, the travel speed of the
implement and the angle between the frame and the ground all had a significant effect on cutting
table losses. According to the Box-Behnken central combination test protocol[26], the variable speed
reel cutting table loss test was carried out using the cutting table loss rate as the response index and
the reel speed A, frame and ground angle B and combine harvester forward speed C as the
influencing factors. The coding table for the test factor levels is shown in Table 2.

Table 2. Coding table of test factor levels.

Code value Reel spfeed A Frame to ground angle B Forward speed C
(r/min) (°) (m/s)
-1 25 -20 0.7
30 0 0.9
1 35 20 1.1

The test method for the loss of the cutting table of the variable speed reel was the same as the
single factor test method, each group of tests was tested three times and the average value was
taken.The cutting table losses measured by the different test factors are shown in Table 3.
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Table 3. Test programme and test results.

Test No. Speed of reel (r/min)  Ground angle of frame (°) Forward speed (m/s) Loss rate%
1 30 0 0.9 1.46
2 35 -20 0.9 2.14
3 30 20 1.1 1.82
4 30 -20 0.7 1.7
5 25 -20 0.9 1.59
6 30 0 0.9 1.43
7 35 0 1.1 1.75
8 30 20 0.7 1.69
9 25 0 1.1 1.31

10 25 0 0.7 1.12
11 35 20 0.9 2.09
12 30 -20 1.1 1.88
13 25 20 0.9 1.52
14 30 0 0.9 1.47
15 35 0 0.7 1.67

Analysis of variance (ANOVA) was performed on the test results in Table 3 and the results are
shown in Table 4.

Table 4. Analysis of variance for cutting table loss rate.

Source of error Sum of squares df Mean square sum F-value P-value
Model 1.08 9 0.1197 188.98 <0.0001
A 0.5618 1 0.5618 887.05 <0.0001
B 0.0061 1 0.0061 9.55 0.0271
C 0.0481 1 0.0481 75.87 0.0003
AB 0.0001 1 0.0001 0.1579 0.7075
AC 0.0025 1 0.0025 3.95 0.1037
BC 0.0016 1 0.0016 2.53 0.1728
A? 0.0041 1 0.0041 6.48 0.0516
B2 0.4480 1 0.4480 707.38 <0.0001
C 0.0017 1 0.0017 2.74 0.1590
Residuals 0.0032 5 0.0006
Misfit term 0.0023 3 0.0008 1.77 0.3810
Error 0.0009 2 0.0004
R2 0.9918

From the ANOVA results in Table 4, the cutting table loss rate model P < 0.01 indicates that the
regression model generated was extremely significant with a coefficient of determination R?=0.9918.
The regression model misfit term P value of 0.3810 is greater than 0.05, indicating that the error is
small and the regression model can be used to predict the cutting table loss rate. The P-values for A,
B, C and B2 are less than 0.05, indicating a significant effect on the model within the 95% confidence
interval, while the P-values for AB, AC, BC, A? and C? are greater than 0.05, indicating a non-
significant effect on the model. Based on the P-values, it can be seen that the influence of each
influence factor on the loss of the cutting table is in the order of A>C>B, i.e. reel speed, forward speed
and angle between the frame and the ground, from largest to smallest. The ternary quadratic
regression equation of the loss rate of the cutting table with the speed of the reel, the forward speed
and the angle between the frame and the ground was obtained by excluding the non-significant term:

Y =-0.0335-0.01054-0.00148 +1.4875C + 0.0009 B> 9
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The response surface curves were generated by Design-Expert software as shown in Fig. 5. The
effect of any two of the three factors, namely, reel speed, frame to ground angle and implement
forward speed, on the loss rate of the cutting table was obtained by placing one of the test factors A,
B and C at the 0 level. From Figure 5(a), when the rotation speed of the reel is fixed at a certain level,
the loss rate of the cutting table decreases firstly and then increases with the increase of the angle
between the frame and the ground, and the optimal range of the angle between the frame and the
ground is -10°~10°; when the angle between the frame and the ground is fixed at a certain level, the
loss rate of the cutting table shows an increasing trend with the increase of the rotation speed of the
reel. From Figure 5(b), when the speed of the reel is fixed at a certain level, the loss rate of the cutting
table increases with the increase of the forward speed of the implement, but the increase is more
gentle, and the optimal range of the forward speed of the implement is 0.8m/s~1m/s; when the
forward speed of the implement is fixed at a certain level, the loss rate of the cutting table shows a
fast increasing trend with the increase of the speed of the reel, so the optimal range of the speed of
the reel is 25 r /min~31r/min. From Figure 5(c), when the angle between the frame and the ground is
fixed at a certain level, the loss rate of the cutting table increases with the increase of the forward
speed of the implement, but the rise is more gentle, and the optimal range of the forward speed of
the implement is 0.7m/s~1m/s. When the forward speed of the machine is fixed at a certain level, the
loss rate of the cutting table tends to fall first and then rise when the angle between the rack and the

ground increases, and the rate of fall and rise is faster, so the optimal range of the rack level angle is
-10°~10°.
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Figure 5. Influence of interaction on the loss rate of the cutting table of variable speed reels.

3.3. Parameter optimisation

In order to find the best combination of operating parameters for the variable speed reel, the
Optimization module of the Design-Expert software was used to optimize the experimental results
of the variable speed reel cutting table. With the lowest cutting table loss as the optimization objective,
the constraints of equation (10) were established.

min Y(4,B,C)
257 /min < A <31r/ min

-10°< B<10°
0.7m/s<C<lm/s

The software analysis resulted in the optimum combination of operating parameters for the
variable speed reel: 25r/min reel speed, zero angle between the frame and the ground and a forward
speed of 0.7m/s for a loss rate of 1.12% on the cutting table.

3.4. Field tests and discussion

The test was conducted three times with the optimum working parameters, and the average
value was taken. The variable speed reel did not show any hanging or winding of the paddle teeth
during the whole test. The mean value of cutting table loss rate measured in the field was 1.18%, and

doi:10.20944/preprints202306.1850.v1

(10)
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the relative error between the test value and the optimised value of the regression equation was 5.36%,
which is in good agreement with the results, indicating that the ternary quadratic regression equation
established for the cutting table loss rate and the speed of the reel, the forward speed and the angle
between the frame and the ground is accurate and reliable.

In order to further verify the advantages of the variable speed reel mechanism over the
traditional cam-action reel in terms of tangle reduction and loss reduction, the rape combine harvester
with an cam-action reel was subjected to a cutting table loss test in the same test field, with the
harvester operating at 30m, and the test was repeated three times and averaged. The 2 types of reel
cutting tables are shown in Figure 6.

1 i

(a) (b

Figure 6. Comparative test of two types of reel cutting tables. (a) Variable speed reel, (b) Cam-action reel.

Both the variable speed and cam-action reels had a width of 2.2m and a stubble height of 30cm.
A comparative test was carried out at the same machine speed and with both wheels having a paddle
speed ratio of 1.61. In the field test, the average loss rate was 1.37% at 25r/min of the cam-action reel,
which was 13.9% higher than the loss rate of the variable speed reel. During the field tests the cam-
action reel became entangled, and the plants and branches were thrown out by the reels.

4. Conclusions

(1) By analyzing the biological characteristics of oilseed rape plants and the transport pattern of
oilseed rape plants in the process of paddling, a variable speed anti-tangle reel mechanism was
designed based on the kinematic principle of double crank plane five-bar mechanism, and a single-
factor test and a multi-factor regression orthogonal combination test were conducted to evaluate the
loss rate of rape harvesting cutting table. The main and secondary factors affecting the loss of the
cutting table of the variable speed reel were found to be the reel speed, the machine travel speed and
the ground angle of the frame.

(2) The optimal combination of parameters for the variable speed reel is 25r/min, the frame is
parallel to the ground and the machine travel speed is 0.7m/s. The regression model calculates the
loss rate of 1.12%. The mean value of cutting table loss rate measured in the field was 1.18%, and the
relative error between the experimental value and the theoretically optimized value was 5.36%, which
is a high accuracy of the model.

(3) Comparative tests of variable speed and cam-action reels for cutting table loss rate and reel
winding were carried out. The test results showed that the average loss rate of the cam-action reel
was 1.37%, which was 13.9% higher than the loss rate of the variable speed reel. During the field tests,
the cam-action reels were tangled, the plants and branches were thrown out by the reels, while the
variable speed reels did not show winding and tangling.
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