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Abstract: The threshing gap of the thresher device for rice combine harvester has to be adjusted in real
time based on different feed rates to ensure the operation efficiency in the harvesting process. However,
adjusting the threshing gap by changing the position of concave grid may result in unevenness of
threshing gap of the thresher device and further impact on the fluidity of material in the thresher
device; in addition, it is also unavailable to adjust the threshing gap by changing the drum diameter
when the rice combine harvester is in operation. In view of the above and based on axial flow
threshing drum, the design of a variable-diameter threshing drum available for overall and rapid
drum diameter adjustment and the research on diameter adjustment device as well as electronic
control self-locking device were introduced in this study. Besides, stress analysis was implemented
to the diameter adjustment device to ensure the stability of the variable-diameter threshing drum.
Field experiment was implemented to identify the difference between the impacts brought to the
threshing performance (grain-entrainment loss rate, damage rate, threshing efficiency, and threshing
power consumption) by both methods for threshing gap adjustment. The experiment result shows
that the drum adjustment method with variable-diameter drum features higher grain-entrainment
loss rate, threshing efficiency, and threshing power consumption, yet stable in terms of consumption
fluctuation, but a lower damage rate than their counterparts with concave adjustment method.

Keywords: combine harvester; variable-diameter threshing drum; threshing gap; field experiment;
threshing performance

1. Introduction

Rice, one of the major grain crops in China, is mostly harvested in a mechanized manner with
combine harvester in the country [1]. The thresher device is classified into two types, i.e., tangential flow
type and longitudinal axial flow type based on the confugration of the threshing drum. The tangential
flow threshing device adopts the configuration with single or multiple drums arranged in the horizontal
direction, which features simple structure and compactness; however, limited by the space in the
horizontal direction, the threshing drum should not be too long and the threshing performance is far
from perfect; while the longitudinal axial flow threshing device adopts the configuration with single
or multiple drums arranged in the longitudinal direction, which lenghthens the drum (the area for
threshing and separation) to gain relatively good threshing performance without widening the machine
body; however, the grains suffer from repeated threshing processings, which leads to relatively high
damage rate and power consumption. Most of the existing large-scale combine harvesters adopt
the configuration with combination of the tangential flow drum and longitudinal axial flow drum,
which utilize the tangential flow drum to separate the grains easy for being threshed and then achieve
re-threshing separation of the material with the longitudinal axial flow drum, thus achieving relatively
good threshing performance [2].
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As a key component of the combine harvester, the performance of thresher device controls the
operation performance, efficiency, and adaptability of the entire machine. The threshing gap refers to
the clearance formed between the threshing element of the drum and the concave grid. As per the
research, threshing gap plays an important role in the operation performance of the thresher device.
The actual feed rate fluctuates greatly due to the different biomechanical characteristics and growth
densities based on different varieties of rice during field harvesting. As the outcome, the performance
of the combine harvester in terms of threshing and separation is decreased [3-7]. In that case, the
adjustment of threshing gap according to different operation conditions on a timely basis should be
implemented to make sure that the operation of the combine harvester is stable, thus improving the
adaptability of the combine harvester in terms of harvesting [8,9].

Research in large quantities have been implemented by the researchers to investigate the method
to change the threshing gap. There are two major adjustment methods, one of which is by means of
changing the position of the concave grid. For example, hinging two ends of the concave grid with four
mounting seats, placing the middle part of the concave grid on the cross beam, adjusting the cross beam
by moving the connecting rod mechanism downwards or upwards, resulting in the consequent fall or
rise of the middle part of the concave grid and increase or decrease of threshing gap; or hinge one end
of the concave grid with the rack, and hinge the other end with the piston rod of the hydraulic cylinder,
and achieve the adjustment of the clearance of the concave grid by means of expansion of the piston
rod of the hydraulic cylinder. The adjustment mechanism for concave adjustment type is installed
at the bottom or outside of the thresher device. While the combine harvester is in operation, the
concave grid will be kept still and available for adjustment of the threshing gap by means of real-time
changing of the concave grid position; the operation is simple and convenient [10-12]. Alternatively,
the threshing drum adjustment type is available to adjust threshing gap by changing the diameter
of the drum. The existing threshing drum, in most cases, has its threshing racks welded to several
connecting bases which are then fixed onto the supporting wheel. Due to the fact that the drum keeps
rotating during the operation of the combine harvester, the drum diameter can only be adjusted by
stopping the combine harvester first. After that, open the threshing device from the side or the top
and change the relative position between the connecting base at the end of each threshing rack of
the drum and the supporting wheel one by one. In addition, the connecting bases at the end of each
threshing rack and the supporting wheel should be adjusted and fixed at the same time. Apparently,
this operation is not only complex but also time and labor consuming. Moreover, the drum diameter
can only be adjusted to several fixed values and no stepless adjustment is available, which make it
unsuitable for real-time adjustment during field operation [13,14]. Based on the comparison in terms
of operation performance, concave plate type adjustment is used by most combine harvesters for
changing threshing gap due to its simplicity for operation in the harvesting process [15].

The difference between the two adjustment methods lies not only in the way of operation but also
in the effect, which is more obvious, on changing threshing gap. The concave plate type adjustment
is only available to change the gap between the bottom of the concave grid and the drum instead of
the threshing gaps on both sides of the drum. In addition, the moved concave grid is not concentric
with the threshing drum, which may result in uneven threshing gaps within the thresher device.
On the other hand, the drum type adjustment will only change the diameter of the drum and leave
the positions of the drum and the concave grid unchanged; besides, the concave grid in the thresher
device is still concentric with the drum, which results in even threshing gaps. Dainius has studied
the impacts brought to the threshing performance for corn by Archimedes’ spiral type concave grid
and circular arc concave grid in the tangential flow threshing device, respectively. The research shows
that for relatively even threshing gap (Archimedes’ spiral type), the damage rate, and separation loss
rate for corn are relatively low [16], however, no research is implemented on axial flow threshing
drum. Sudajan et al. found that threshing drum adjustment type (even threshing gap) was available
to effectively protect the thresher device from being blocked at the time of fluctuation of feed rate.
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The comparison in terms of threshing performance shows that the threshing drum adjustment type
has a better prospect in application [17].

To solve the problem that the diameter of the threshing drum is difficult to adjust and real-time
adjustment is unavailable during the operation of combine harvester, the research on the development
of a variable-diameter threshing drum was described in this study. The variable-diameter threshing
drum was available for convenient and rapid drum diameter adjustment during the operation of
combine harvester by including diameter adjustment device and electronic control self-locking device
in the existing threshing drum of combine harvester. In addition, an experiment was implemented to
compare and analyze the differences in terms of impact brought to threshing performance by both
adjustment types. The optimal way to prevent the thresher device from being blocked and improve
the adaptability of harvesting by the combine harvester was explored.

2. Materials and Methods

2.1. Comparative Analysis of Both Adjustment Methods

Threshing drum adjustment type and concave adjustment type are shown in Figure 1la,b,
respectively, and the resulted threshing gap cross sections are shown in Figure 1c,d, respectively.
The initial gap between the threshing drum and the concave grid is 20 mm. For concave adjustment
type, moving the concave grid upwards and downwards to increase the threshing gap to 30 mm or
decrease it to 10 mm can only result in the change of the threshing gap between the bottom of the
concave grid and the drum. However, the threshing gaps on both sides of the concave grid and that
between the top cover and the drum will not change. As the result, the adjustment of threshing gap
within the thresher device is not complete and the threshing gap is not even. In the case that the
feed rate is too large, it is very difficult to ensure that no blockage will occur in the thresher device
by increasing the threshing gap at the bottom of the concave grid only. In the case that the threshing
gap has to be reduced due to the changes of the operation performance specifications of the threshing
device, such as entrainment loss rate and the damage rate, it is very difficult to ensure the operation
performance of the threshing device completely by decreasing the threshing gap at the bottom of the
concave grid only. With the threshing drum adjustment type, in the case of increasing the threshing
gap to 30 mm or decreasing it to 10 mm by changing the drum diameter, the threshing gap within
the thresher device will change at the same time and the threshing gap is even. Therefore, when the
feed rate is too large, increasing the threshing gap evenly may effectively prevent the thresher device
from being blocked, while decreasing the threshing gap evenly may effectively ensure the operation
performance of the thresher device as well.

(a) (b)

Figure 1. Cont.
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(d)

Figure 1. Two threshing gap adjustment types: (a) Concave adjustment type; (b) Threshing drum

adjustment type; (c) Cross section of concave adjustment type; (d) Cross section of threshing drum
adjustment type.

To express the difference between the impacts brought to the threshing gap by both adjustment
types accurately, the equations for the threshing gap cross section area with concave adjustment type
and threshing drum adjustment type are as follows when the threshing gap is increased:

S; = nR? + 2R x AL — 7ur? 1)

S, = nR? — mt(r— AL)? )

The difference between the two cross-sectional areas AS is therefore:
AS = Sy — S; = m® —=2ALR — 7i(r — AL)? )

where S is the threshing gap cross-section area for the concave adjustment type and S; is that for the
threshing drum adjustment type (mm?), R is the concave grid radius (mm), r is the threshing drum
radius (mm), and AL is the threshing gap variance (mm).

The equations for the threshing gap cross section area with concave adjustment type S; and drum
adjustment type S, are as follows when the threshing gap is to be decreased:

S = mR? — 2R x AL — mr? (4)

S, = nR? — mi(r + AL)? (5)

The difference between the two cross-section areas is therefore:
AS =Sy — Sy = mr® + 2R X AL — 7i(r + AL)? (6)

For this combine harvester threshing experiment, the initial concave grid radius R = 320 mm,
the initial threshing drum radius r = 300 mm, and the threshing gap variance AL = 10 mm, When the
threshing gap was increased, the threshing gap cross-section area of the concave adjustment type S; and
threshing drum adjustment type S, are 45,336 mm? and 57,462 mm?, respectively, AS = 12,126 mm?,
the threshing gap cross-section area of the threshing drum adjustment type was 26.7% larger than that
of the concave adjustment type. When the threshing gap was decreased, the threshing gap cross-section
area of the concave adjustment type S; and threshing drum adjustment type S, are 32,536 mm? and
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19,782 mm?, respectively, AS =12,754 mm?, the threshing gap cross-section area of the threshing drum
adjustment type was 39.2% smaller than that of the concave adjustment type [18].

2.2. Design of Variable-Diameter Drum

2.2.1. Overall Structure of Variable-Diameter Drum

It can be concluded from the above analysis that the threshing drum adjustment type performs
better than the concave adjustment type in terms of changing the threshing gap. However, the threshing
drum adjustment type is more tedious in operation than the concave adjustment type, which makes it
unavailable for real-time adjustment during the operation of combine harvester. Variable-diameter
threshing drum is therefore designed to solve the problem that the threshing drum adjustment type is
more tedious in operation and unavailable for real-time adjustment during the operation of combine
harvester, thus to give full play to the advantages of threshing drum adjustment type. The design
thought in which both the structural parameters and operating parameters are adjustable is adopted
for the variable-diameter threshing drum [19]. In another word, the design includes the diameter
adjustment device and the electronic control self-locking device into the traditional threshing drum.
A pair of diameter adjustment devices connected with a sleeve in between is installed inside the front
and rear supporting wheels of the drum and the electronic control self-locking device is installed at the
rear part of the drum. For the overall structure, please refer to Figure 2.

1

Figure 2. 3D diagram of variable-diameter threshing drum, 1. Feed wheel, 2. Diameter adjustment
device, 3. Electronic control self-locking device, 4. Threshing rack, 5. Drum main shaft, 6. Sleeve.

2.2.2. Diameter Adjustment Device

It can be seen from Figure la that in the traditional drum diameter adjustment, the position
of the connecting base at the end of each threshing rack should be changed one by one. Therefore,
the operation is time and labor consuming. Several hole locations are provided at the end of each
connecting base and adjustment in steps is available for drum diameter only. Overall and rapid
changes of the relative positions between each threshing rack and the supporting wheel by diameter
adjustment device is available, thus achieving the stepless adjustment of diameter. As the core parts
of the diameter adjustment device, constant speed screw disc, and matching claws were designed
according to Archimedes spiral principle. As shown in Figure 3a, the inner end face of the constant
speed spiral plate is equipped with plane threads, the driving thread pitch of the threads is T = 8 mm,
the spiral diameter is D = 150 mm. The thread teeth are embedded in one end plane of the six claws.
The overall structure of the device is shown in Figure 3b, which consists of constant speed spiral plate,
limit disc, claws, connecting rod, sun wheel, planet wheel, and spline sleeve. The constant speed spiral
disc and sun wheel are jointly installed on the spline sleeve, the spline hub is installed on the drum
shaft, and the limit disc is fixed on the support plates, where six claws are connected through each of
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the six I-shaped grooves, respectively. One end connected with the claw engages with the plane thread
in the constant speed spiral disc, the other end is welded with the connecting rod, and the connecting
rod is welded with the threshing tooth rod.

()

Figure 3. Structure diagram of device for diameter adjustment, 1. Constant speed spiral disc, 2. Claw,
3. Limit disc, 4. Connecting rod, 5. Sun wheel, 6. Spline sleeve, 7. Planet wheel, 8. Threshing tooth rod:
(a) Constant speed spiral disc and claws; (b) device for diameter adjustment.

Due to the complexity of the working conditions of threshing device in the combine harvester, in
order to ensure the operation stability of variable-diameter threshing drum and prevent the radial
displacement of claw caused by the force of threshing tooth rod and avoid the consequent rotation of
constant speed spiral disc, force analysis was carried out for the constant speed spiral disc and claw in
the device for diameter regulation.

The plane threads on the constant speed spiral disc are simplified to single-tooth plane threads
for force analysis. The claw is taken as the research object. As shown in Figure 4a, it is assumed that
the centrifugal force F acting on the claw is concentrated on the meshing points on the spiral, the
counter force N is perpendicular to the tangent of the meshing points, and the inclination angle of
the tangent line A is the helix one. For further force analysis of meshing point, as shown in Figure 4b,
when the claw moves downwards under centrifugal force, the friction Fy goes upwards. In the figure,
R is the resultant force of normal reaction N and friction force Fs, Fris the horizontal force component
of R, friction angle p is the angle between R and N, and the angle between R and centrifugal force F is
(A=p).

Fy = Ftan(A - p) (7)

In the formula, F; is the circumferential force driving the rotation of the constant speed spiral disc; F is
the radial force driving the movement of the connecting claw; Thread lead angle A = arctan(%), T:
screw pitch of thread transmission, D: thread diameter; p is the friction angle of thread transmission,
p = arctan f, and f is the friction coefficient.

Formula (7) shows that if A < p, then F; is negative. As long as the condition A < p is met,
regardless of magnitude of the centrifugal force F, the claw will not move radially under its action,
and self-locking can be formed. The lowest friction coefficient of steel is f = 0.05, and the lowest friction
angle p is 3°. Additionally

A= arctan(n%) < p = arctanf 8)

(n%) < f=005 )
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g < 0.05mt =0.16 (10)

The plane threads of constant speed spiral disc adopt pitch T = 8, diameter D = 150, T/D = §/150 =
0.053, in full compliance with the self-locking condition of T/D < 0.16.

Constant speed
spiral disk

Plane
thread

Fr

(a) (b)

Figure 4. Force analysis of plane threads and claws: (a) Force analysis of plane threads; (b) Force
analysis of plane claws.

2.2.3. Electronic Control Self-Locking Device

Real-time adjustment of drum diameter during the operation of combine harvester is not available
with the traditional method for drum diameter adjustment; in addition, timely adjustment based on
different feed rate fluctuations and the changes of threshing performance specifications is not available
as well. The electronic control self-locking device is installed at the rear part of the variable-diameter
threshing drum, thus functioning for power input to diameter adjustment device and the stability of
the diameter adjustment device. In addition, real-time adjustment of drum diameter based on different
operation conditions is available.

As shown in Figure 5a, the electronic control self-locking device consists of two parts, i.e., the drive
mechanism and the electronic control mechanism. The drive mechanism includes the first planetary
gear set installed inside the rear supporting wheel and the second planetary gear set installed outside
the supporting wheel. The sun wheel of the first planetary gear set is connected with the constant speed
spiral disc in the diameter adjustment device through splined hub. While the sun wheel of the second
planetary gear set is connected with the central gear in the electronic control mechanism through
splined hub. Besides, three short shafts across the supporting wheel are used to connect the planetary
gears in the two groups of planetary gear sets for linkage. As shown in Figure 5b, the electronic control
mechanism consists of servo motor (DMKE, Guangzhou, China), motor gear, central gear, driver
(DMKE, Guangzhou, China) and displacement sensor (MIRAN, Shenzhen, China). As the power
output unit of the electronic control self-locking device, the motor gear is engaged with the central
gear which is installed on the splined hub together with the sun wheel of the second planetary gear set.
The function of self-locking is realized by the electronic control mechanism with the motor.
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(a) (b)

Figure 5. Electronic control self-locking device, 1. The first planetary gear set, 2. Constant speed spiral
disc, 3. Claw, 4. Motor, 5. Motor gear, 6. Central gear, 7. Main shaft, 8. The second planetary gear set, 9.
Connecting shaft, 10. Driver, 11. Displacement sensor: (a) Side view of electronic control self-locking
device; (b) Front view of electronic control self-locking device.

2.3. Comparative Experiment in Terms of Threshing Performance

To compare the threshing performance of both adjustment methods, the comparative experiment
was implemented based on the feed rate and the threshing gap as the influence factors, and
grain-entrainment loss rate, damage rate, threshing efficiency, and threshing power consumption as
the performance specifications. In the field experiment, the forward speed of the combine harvester
was used to control the feed rate based on the fixed cutting width and cutting table height [20].
The experiment, with its plan shown in Table 1, was implemented in two groups and five different
forward speeds with the initial threshing gap set at 20 mm. In one group of the experiment,
two adjustment methods were used to increase the threshing gap by 5 mm. The threshing gap with
threshing drum adjustment type is 30 mm, while that with concave adjustment type is 20-30 mm.
In the other group of the experiment, two adjustment methods were used to decrease the threshing
gap. The threshing gap with threshing drum adjustment type is 10 mm, while that with concave
adjustment type is 10-20 mm. Due to the fact that the threshing drum adjustment type and the concave
adjustment type share the same threshing gap when the initial threshing gap is 20 mm. Only one
group of experiment was implemented at the threshing gap of 20 mm. For all experiments, each group
of experiment was repeated for three times and the average value was taken as the experiment result.

Table 1. Experiment plan.

Forward Initial Threshing Gap with Threshing  Threshing Gap with Concave
Speed/(m/s) Gap/mm Drum Adjustment Type/mm Adjustment Type/mm
30 20-30
06 20 10 10-20
30 20-30
08 20 10 10-20
30 20-30
10 20 10 10-20
30 20-30
12 20 10 10-20
14 20 30 20-30

10 10-20
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The experiment, as a field experiment, was implemented in Wujiang District, Suzhou City, Jiangsu
Province with the combine harvester developed independently; the rice used in the experiment is
“Jiahua” whose characteristics are partially shown in Table 2. As the basic model, YANMAR-AW82G
(YANMAR, Osaka, Japan) was used as the combine harvester for the experiment with multiple devices
and instruments installed, including in-line monitoring devices for grain impurity rate, damage rate
and loss rate as well as the sensors for drum rotation speed and torque. The modified vehicle is also
available for multiple control functions including the adjustment of cutting table height, position of
the concave grid, the rotation speed of drum, the opening of lip sieve, forward speed, etc. Besides,
real-time monitoring of operation parameters and performance parameters of the combine harvester is
available as well [21-24].

Table 2. Material characteristics of rice.

Parameter Value
Crop height/cm 78.5
Spike head height/cm 17.2
Grain moisture content /% 20.8
Straw moisture content /% 70.4
MOG(material other than grain)/Grain ratio 2.65
Number of grains per spike seed 129
Weight of 1000 grains /g 31.9

As shown in Figure 6, before the test, several fields with uniform rice growth were selected and
tested. The harvesting length was 15 m in length for each test. The forward speed of the combine
harvester was maintained within 0.6-1.6 m/s, to ensure the feeding rate. In the field test, the average
cutting width is 2.58 m, the stubble height is 15 cm. After the material is separated by the threshing
drum, the stalk is discharged from the grass discharge port and falls on the tarpaulin behind the
combine harvester. After the test, the quality of stalks on the tarpaulin, the grain contained in the straw
and the unpurified grain were collected by manual treatment to obtain the quantity of stalk, the rate of
separation loss and the grain damage rate. The data obtained artificially were compared with those
collected by the combine harvester by means of on-line monitoring to get the final degranulation
performance data.

(a) (b)

Figure 6. Field experiment of combine harvester: (a) Mixture of the threshed output from the combine

harvester fell off on the oil cloth to catch the material; (b) Monitoring system for threshing performance
and threshing gap.
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3. Results and Discussion

3.1. Overall Assembly and Operating Principle of Variable-Diameter Drum

The variable-diameter drum consists of three parts: feeding section, threshing and separation
section, as well as electronic control self-locking section. One group of diameter adjustment devices
were installed on the supporting wheel behind the feeding wheel and the other group of diameter
adjustment devices were installed on the rear supporting wheel, as shown in Figure 7. The electric
conduction link (MOFLON, Shenzhen, China) was installed at the end of the drum shaft, which
was used to transfer current for the motor and transmit the signal generated by the displacement
sensor to the processor outside the thresher device. The feeding wheel and the electronic control
self-locking part were installed on both ends of the threshing and separation section, thus to form the
complete variable-diameter drum in which the feeding wheel was connected with the electronic control
self-locking device through the main shaft and six threshing rack. In addition, a pair of diameter
adjustment devices were connected through the sleeve. Static balance test and dynamic balance test as
well as counterbalance should be applied to the assembled variable-diameter drum, thus to ensure the
dynamic balance stability of the variable-diameter drum.

o e (g P

— e g e e Ry T
i T —p— btk M
# - . ] 4 . b

T TR - s .

Figure 7. Real product photo for the assembled variable-diameter threshing drum, 1. Feeding
wheel and adjustment device 2. Adjustment device for rear supporting wheel 3. Electronic control
self-locking device.

If the drum diameter has to be adjusted during the operation of the combine harvester, the gear
of the controller driving motor will rotate and drive the central gear which further rotates the sun
wheel and the planetary gear of the second planetary gear set through the splined hub. The second
planetary gear set rotates the first planetary gear set of which the sun wheel rotates the constant speed
spiral disc of the diameter adjustment device. The plane thread inside the constant speed spiral disc
will rotate and initiate the radial reciprocating motion of the claw along the I shaped notch, thus to
change the relative position of the threshing rack on the top of the claw. The two groups of diameter
adjustment devices are connected with a sleeve for linkage, in this manner to realize the overall and
rapid adjustment of the threshing drum diameter.

3.2. Grain-Entrainment Loss Rate

The grain entrainment loss refers to the free grain discharged together with the entrained stalks
coming out of the straw outlet, which is one of the key specifications of the operation performance
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of the thresher device [25]. The comparison in terms of grain-entrainment loss rate under different
forward speeds (feed rate) and threshing gaps with both adjustment methods is shown in Figure 8.
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Figure 8. Diagram for the variation of entrainment loss rate at different forward speeds under various
threshing gaps, the black Z and -m- are initial gap of 20 mm, the red & and -e- are threshing drum
adjustment type of 10 mm, the blue Z and -A- are concave adjustment type of 30 mm, the pink Z and
-V- are concave adjustment type of 10 mm, the green N and -4- are threshing drum adjustment type of
30 mm.

The forward speed of 0.6-0.8 m/s was defined as low speed and the corresponding feed rate was
relatively low; the forward speed of 1-1.2 m/s was defined as medium speed and the corresponding feed
rate was normal; the forward speed of 1.4-1.6 m/s was defined as high speed and the corresponding
feed rate was large [26]. It can be seen from the bar graph that the grain-entrainment loss rates
under all the five different threshing gaps increased with the rising of the forward speed. Under
low speed, the entrainment loss rates listed in ascending order are: initial gap of 20 mm, threshing
drum adjustment type of 10 mm, concave adjustment type of 10 mm, threshing drum adjustment
type of 30 mm, and concave adjustment type of 30 mm. Under medium speed, with the increase of
forward speed, the entrainment loss rate with concave adjustment type of 30 mm remained the highest.
The entrainment loss rate with threshing drum adjustment type with 10 mm and that with concave
adjustment type of 10 mm exceeded the entrainment loss rate with threshing drum adjustment type of
30 mm. The entrainment loss rate with initial gap of 20 mm remained the lowest. Under high speed,
the entrainment loss rate with threshing drum adjustment type of 10 mm was the highest, while the
entrainment loss rate with concave adjustment type of 10 mm was in the second place. The entrainment
loss rate with threshing drum adjustment type of 30 mm exceeds that with concave adjustment type of
30 mm and took the third place. The entrainment loss rate with initial gap of 20 mm was the lowest.
The entrainment loss rate decreased at first and then increased with the increase of the threshing gap.
This is because that with the increase of the threshing gap, the thickness of grain layer is thinned, and
grain has increased possibilities to penetrate the grain layer. Therefore, the entrainment loss rate is
becoming smaller gradually; while when the threshing gap is too large, the condition goes against the
separation of grains, therefore the entrainment loss rate will go higher.

It can be seen from the curve diagram that with the increase of forward speed, the entrainment
loss rate with initial gap of 20 mm was the lowest all the time. However, the amplification trend
of the entrainment loss rate under high speed was higher. The impact brought to the entrainment
loss rate with threshing drum adjustment type of 30 mm featuring relatively higher threshing gap by
the forward speed was not obvious. On the other hand, the impact to entrainment loss rate of the
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threshing drum adjustment type of 10 mm featuring the lowest threshing gap was the most obvious.
Under low speed, the entrainment loss rate with threshing drum adjustment type of 10 mm was in
second place and that with concave adjustment type of 10 mm took third place. However, with the
increase of the forward speed, the amplification trend of entrainment loss rate with threshing drum
adjustment type of 10 mm was higher than that with concave adjustment type of 10 mm. In addition,
in the section from 1.2-1.4 m/s, the entrainment loss rate with threshing drum adjustment type of
10 mm became the highest by exceeding that with concave adjustment type of 10 mm. This is because
within the thresher device, the threshing gap with concave adjustment type of 10 mm is larger than
that with threshing drum adjustment type of 10 mm. When the forward speed is relatively low and
the feed rate is relatively small, the smaller threshing gap makes the grain separation ability stronger.
At this time, the entrainment loss rate with threshing drum adjustment type of 10 mm is lower than
that with concave adjustment type of 10 mm. However, with the increase of feed rate, the thickness
of the grain layer within the thresher device increases, and the possibility for the threshed grains to
penetrate the grain layer becomes lower, which results the gradual increase of entrainment loss rate.
Therefore, it eventually leads to the phenomenon that the entrainment loss rate with threshing drum
adjustment type of 10 mm has a higher amplification and then exceeds that with concave adjustment
type of 10 mm.

Under low speed, the entrainment loss rate with threshing drum adjustment type of 30 mm was
higher than that with concave adjustment type of 30 mm. With the increase of forward speed, both
amplification trends were relatively low. When the forward speed was too large, the amplification
of the entrainment loss rate with concave adjustment type of 30 mm became larger and exceeds the
entrainment loss rate with threshing drum adjustment type of 30 mm within the section from 1.4
to 1.6 m/s. This is because that within the thresher device, the threshing gap with threshing drum
adjustment type of 30 mm is higher than that with concave adjustment type of 30 mm. Although
the feed rate is relatively low, the overall threshing gap within the thresher device is relatively large,
and the relatively smaller threshing spaces on both sides of the drum with concave adjustment type
of 30 mm make the separation ability of the grain stronger. Therefore, the entrainment loss rate is
lower than that with threshing drum adjustment type of 30 mm. However, with the increase of feed
rate, the thickness of the grain layer become larger, relatively speaking, the grain layer with concave
adjustment type of 30 mm is thicker, and the possibility for the threshed grain to penetrate the grain
layer decreases, which results in the great increase of its entrainment loss rate. Dainius et al. has
studied the loss rate of grain under different gaps and rotation speeds. They found that when the
threshing gap is too small, the entrainment loss rate increase with the increase of the rotation speed of
the drum. When the threshing gap was increased, the entrainment loss rate would decrease with the
increase of the rotation speed of the drum. However, when the rotation of the drum was relatively
low, the entrainment loss rate would increase gradually with the increase of threshing gap. When the
rotation speed was increased, the entrainment loss rate would decrease gradually with the increase
of threshing gap [16]. It can be interpreted that with the increase of the rotation speed of the drum,
the centrifugal force of the material within the thresher device will increase, and the thickness of the
material layer will become smaller. This is beneficial for grain separation; therefore, the entrainment
loss rate will become smaller gradually.

3.3. Grain Damage Rate and Threshing Efficiency

The study shows that excessive threshing may result in lower threshing loss but higher grain loss;
provided the threshing efficiency is guaranteed, decreasing the collision of grains and the frequency
for being hit will decrease the damage rate of the grains greatly [27,28].

It can be seen from Figure 9 that with five different threshing gaps, with the increase of forward
speed and feed rate, the grain damage rate would increase gradually. The damage rate with concave
adjustment type of 30 mm was the lowest and that with concave adjustment type of 30 mm took second
place. Besides, the rising trends in both cases are relatively stable. The damage rate with initial gap of
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20 mm was on the medium level, and that with threshing drum adjustment type of 10 mm was the
highest, which was higher than the damage rate with concave adjustment type of 10 mm. Too small a
threshing gap may result in the sharp increase of damage rate in both cases when the forward speed is
within the range of 1.2-1.4 m/s. With the increase of forward speed, the threshing efficiency would
decrease gradually. The threshing efficiency with threshing drum adjustment type of 30 mm was the
lowest and that with concave adjustment type of 30 mm took second place. Besides, the decreasing
trends in both cases were relatively stable. The threshing efficiency with an initial gap of 20 mm was
on the medium level, and that with threshing drum adjustment type of 10 mm was the highest. The
threshing efficiency with concave adjustment type of 10 mm took second place. Small threshing gap
may result in the sharp decrease of threshing efficiency in both cases when the forward speed is within
the range of 1.2-1.4 m/s. It can be seen from the curve growth trend of Figures 8 and 9 that when
the speed is between 0.8-1.0m/s, the increase in entrainment loss rate and damage rate are lower, the
threshing efficiency is higher, and the harvest efficiency is the best at this time.
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Figure 9. Diagram for the variation of grain damage rate and threshing efficiency at different forward
speeds under various threshing gaps, the black — and -m- are initial gap of 20 mm, the red — and -e-
are threshing drum adjustment type of 10 mm, the blue — and -A- are concave adjustment type of
30 mm, the pink — and -v- are concave adjustment type of 10 mm, the green — and -4- are threshing
drum adjustment type of 30 mm.

Among all the five threshing gaps, the one with threshing drum adjustment type of 30 mm was
larger than that with concave adjustment type of 30 mm. The threshing gap with threshing drum
adjustment type of 10 mm was smaller than that with concave adjustment type of 10 mm. With the
decrease of threshing gap, the grain would suffer increasingly stronger friction and squeezing, therefore
the damage rate of grain would increase, and the threshing efficiency would be higher gradually.
With the increase of forward speed, the feed rate would increase and the thickness of the material
layer within the thresher device would be higher. The quantity of the material was high, and the
threshing efficiency of the grain would decrease gradually. In addition, the impact, friction, brushing,
and squeezing to the grain became stronger, which would lead to increasingly higher grain damage
rate. When the threshing gap was increased, the grain damage rate with threshing drum adjustment
type was lower than that with concave adjustment type. In the meantime, the threshing efficiency with
threshing drum adjustment type was lower than that with concave adjustment type, but the difference
was not big. When the threshing gap was decreased, the grain damage rate with threshing drum
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adjustment type was higher than that with concave adjustment type. In addition, the difference was
relatively small under low or medium feed rate. However, the threshing efficiency with threshing
drum adjustment type was far higher than that with concave adjustment type. This result is similar to
the conclusion drawn from Xu'’s study, that is, with the increase of feed rate, the damage rate will be
higher. In the meantime, the threshing efficiency will be lower with the increase of feed rate [29].

3.4. Power Consumption of Thresher Device

Some studies have shown that the threshing power consumption is subject to both the changes
of feed rate and the type of threshing drum [30,31]. To differentiate the impacts to threshing power
consumption brought by both adjustment methods for threshing gap, traditional threshing drum
was adopted in concave adjustment type while variable-diameter drum was adopted in threshing
drum adjustment type. Under the forward speed of 1 m/s, analysis was implemented on the results of
power consumption obtained from the experiments with both adjustment methods in two cases, i.e.,
the threshing gap was increased by 10 mm (30 mm) and decreased by 10 mm (10 mm), respectively.

As shown in Figure 10a, when the threshing gap was increased to 30 mm, the threshing power
consumption with concave adjustment type features rather high fluctuation range upwards and downwards,
in which the maximum power consumption was 48.31 KW and the average power consumption was
28.73 KW. In addition, the instant threshing power consumption was not stable, and the curve was not
regular. The curve for threshing power consumption with threshing drum adjustment type has an outline
in the form of trapezoid with relatively stable curve fluctuation. The maximum power consumption was
54.15 KW and the average power consumption was 34.83 KW. As shown in Figure 10b, when the threshing
gap was decreased to 10 mm, the maximum power consumption with concave adjustment type was
51.71 KW and the average power consumption was 30.22 KW. The maximum power consumption with
threshing drum adjustment type was 59.53 KW and the average power consumption was 36.21 KW. The
fluctuation ranges of threshing power consumption curve for both concave adjustment type and threshing
drum adjustment type were relatively large, while the curve fluctuation with threshing drum adjustment
type was relatively stable. This is because the decrease of threshing is relatively small at this moment
and blockage may occur to the drum. On the other hand, the decrease of threshing with threshing drum
adjustment type is even, therefore the fluctuation of power consumption curve is more stable and the shape
is more regular, similar to a trapezoid.
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Figure 10. Diagram for the comparison in terms of threshing power consumption between both
adjustment methods at the forward speed of 1 m/s, the red line is threshing drum adjustment type, the
black line is concave adjustment type: (a) Threshing drum adjustment type and concave adjustment
type with the threshing gap of 30 mm; (b) Threshing drum adjustment type and concave adjustment
type with the threshing gap of 10 mm.
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In general, the fluctuation of threshing power consumption curve with concave adjustment type
was relatively large and the curve was not regular. In the meantime, the fluctuation of threshing power
consumption curve with threshing drum adjustment type was stable and the outline of the curve
was in the shape of a trapezoid. This is because that with the concave adjustment type, the threshing
gap within the thresher device is not even and the material conveying capacity of the thresher device
is relatively poor. The threshing power consumption with concave adjustment type was smaller
than that with threshing drum adjustment type. This is because that the concave adjustment type
adopts traditional threshing drum which is relatively lighter. However, the threshing drum adjustment
type adopts the variable-diameter drum which is heavier and results in higher power consumption.
Threshing power consumption is related to the threshing gap and the quality of the threshing drum,
lightweight treatment should be considered in the successive studies, thus to decrease the weight of
the drum.

4. Conclusions

In this study, analysis was implemented in detail on the advantages and disadvantages of both
existing adjustment methods for threshing gap, i.e., concave adjustment type and threshing drum
adjustment type. On the basis of the advantages and disadvantages, a variable-diameter threshing
drum was designed and further used to design, based on the theory of Archimedes’ spiral, a diameter
adjustment device. The device was equipped with an electronic control self-locking device at the rear
part of the drum and available for real-time adjustment of the drum diameter during the operation of
the combine harvester, thus solving the difficulties encountered in the operation of threshing drum
adjustment type, unavailability of real-time adjustment, etc.

Comparative analysis through field experiment was implemented to identify the impacts brought
to the grain-entrainment loss rate, damage rate, threshing efficiency, and threshing power consumption
by both methods for adjustment. When the threshing gap is to be increased, the cross-section area of
the threshing gap with threshing drum adjustment type is higher than that with concave adjustment
type by 26.7%. While, if the threshing gap is to be decreased, the cross-section area of the threshing gap
with threshing drum adjustment type is lower than that with concave adjustment type by 39.2%. As per
the experiment results, under low and medium forward speeds (0.6-1.2 m/s), the grain-entrainment
loss rate with threshing drum adjustment type is lower than that with concave adjustment type, i.e.,
lower than 0.8% in both cases; while the grain-entrainment loss rate with threshing drum adjustment
type is higher than that with concave adjustment type under high speed (1.4-1.6 m/s). When the
threshing gap is increased to 30 mm, the grain damage rate and the threshing efficiency with threshing
drum adjustment type is lower than that with concave adjustment type. On the other hand, the
concave adjustment type features relative large fluctuation amplitude of threshing power consumption,
instable instantaneous threshing power consumption and irregular curve; while the threshing drum
adjustment type features the threshing power consumption curve outlined in trapezoid, relatively
stable curve fluctuation but higher average power consumption than that with concave adjustment
type by 6.1 KW. When the threshing gap is decreased to 10 mm, the threshing drum adjustment type
features higher grain damage rate than that with concave adjustment type, while the difference is small
at low and medium speeds (0.6-1.2 m/s), but with far higher threshing efficiency in the meantime.
Both the concave adjustment type and the threshing drum adjustment type feature relatively large
fluctuation amplitude in terms of threshing power consumption; however, the fluctuation of the curve
with threshing drum adjustment type is relatively stable and the average power consumption is higher
than that with the concave adjustment type by 5.99 KW.

The designed variable-diameter threshing drum was proven to have excellent threshing
performance and stable operation efficiency. Based on this, successive studies should focus on
how to decrease the mass of the variable-diameter drum, threshing power consumption, etc., as well
as how to achieve to the self-adaptive control of variable-diameter drum during the harvesting
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process, thus improving the threshing performance and harvesting adaptability of the combine
harvester effectively.
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