www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

The impact of threshing unit
structure and parameters
on enhancing rice threshing
performance
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Improving rice threshing unit performance and structure significantly enhances the thresher’s

overall efficiency by raising its productivity while lowering costs and power consumption. This study
evaluated and optimized longitudinal axial flow threshing device performance using two threshers’
structures, namely conical thresher and drum thresher, under different rotating speeds of 1100, 1300,
and 1500 rpm and feeding rates of 0.8, 1.1, and 1.4 kg/s. The studied parameters were evaluated
regarding thresher throughput, efficiency, seed damage, and specific energy, and it was figured that
the experimental parameters greatly affected the whole performance of the threshing unit. The drum
thresher increased the threshing throughput from 2304 to 2448 kg/h and maximized the efficiency
from 98.6 to 99.07% at 1500 rpm rotation speed and 1.8 kg/s feeding rate. Moreover, it reduced the
specific energy from 3.37 to 3.15 kW.h/ton for the experimental variables 1100 rpm speed and 1.4 kg/s
feeding. The lowest damage rate of 0.24% was recorded using the drum thresher at a feeding rate

of 0.8 kg/s and 1100 rotating speed. These results highlight the distinct effect of the new thresher
structure and operating parameters on the rice threshing device’s overall effectiveness for medium-
sized combine harvesters.
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Rice and wheat are essential staples for 95% of the global population. With half the world’s people relying on
rice, it is the second most important grain crop, following wheat. The rice yield significantly impacts regional
development, making it a crucial element in food security and economic stability!'~>.

Grain harvesters are used to harvest many crops under different operating and environmental conditions as
they help reduce labor and maximize the threshing efficiency*°. Recently, mature rice crops have been mainly
harvested by combine harvester®, which efficiently combines the processes of harvesting, threshing, and cleaning
the grain in one operation’.

Postharvest practices were found to have a great influence on enhancing the quality of agricultural products®.
Grains are being threshed inside the threshing gap by extrusion and bending forces®!°. The kernels’ separating
rate is the speed at which intact kernels are extruded during the threshing process'!. The threshing device is
the primary power consumer among combine harvester units, so lowering its power consumption can help
develop a lightweight, high threshing efficiency and high feeding combine harvester'2. The threshing device
plays a crucial role in the combine’s performance, impacting threshing efficiency while ensuring maximum yield
with optimal separation and minimal seed loss'>!4.
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Threshers are typically classified based on the movement of the crop inside the threshing chamber into two
main types: axial and cross-flow threshers. In a cross-flow thresher, the crop is threshed as it moves transversely
through the threshing gap. In contrast, an axial flow thresher processes the crop along its axis, using the impact
force generated by the threshing cylinder to complete the threshing process!®.

In axial flow threshers, the harvested crop moves helically along the cylinder’s axis, experiencing a longer
threshing period due to the repeated impact of the bars!®. In axial flow threshers, the seeds are separated by
rubbing against each rather than being struck by the threshing elements as in a cross flow threshers, which helps
protect them from damage!”. Chethan et al.!® investigated the crop flow path in axial flow paddy threshers,
highlighting the superior performance of axial flow over cross-flow threshers in terms of handling larger volumes
of crops and providing better separation of grains from the straw.

The longitudinal axial flow separation device is generally used in combine harvesters as it has more threshing
time, a smoother process, and better adaptabilitylg‘zz. However, it has certain drawbacks, including high power
consumption, broken stems, and high impurity content, which require more research and study. Threshers are
also categorized by the type of the threshing cylinder: spike-toothed and rasp bars. The spike-toothed thresher
uses a striking action to thresh the crop, whereas the rasp bar employs rubbing and friction. The spike-toothed
threshers provide a superior threshing effect compared to rasp bars, achieving higher productivity across various
rotating speed?.

The threshing performance is affected by many factors: crop moisture content, threshing cylinder diameter,
thresher type, threshing spike shape, spike number and size, concave clearance, feeding rate, and threshing
cylinder speed®’. Many scholars suggested enhancing the threshing effect by optimizing the threshing gap,
speed, and threshing cylinder diameter?>2°.

The feeding rate and thresher length greatly impact determining the grain density and volume within the
threshing gap. Therefore, selecting an appropriate feeding method is essential to ensure efficient and effective
threshing. Optimizing these parameters can enhance the overall performance of the thresher and maintain high-
quality grain output?’. Increasing the thresher feed rate and rotation speed led to higher power requirements due
to the increased load from excessive stalks in the threshing gap. However, this also enhanced productivity, as a
greater rice mass was processed in a certain time?s.

Increasing the thresher rotating speed increased the total efficiency of the threshing unit?. Singh et al.,’
stated that threshing efficiency positively correlated with the thresher rotating speed. Feeding rate, concave
clearance, cylinder speed, and crop variety all favorably impact threshing efficiency®!. The higher drum speed
decreased threshing losses but increased damaged grain because of the spikes’ increased impact on the crop
stalks®2. Increasing the thresher’s speed resulted in more impact on the spikes and raised the threshing efficiency.
The maximum threshing efficiency of 99.76% was achieved under 0.25 kg/s feeding rate and 1400 rpm drum
speed?.

The study seeks to enhance rice crop production, minimize labor and power required, and enhance the
quality of rice grains. To achieve these aims, it is crucial to test, develop, and optimize a rice threshing unit.
Consequently, this paper optimized a longitudinal axial flow threshing unit for rice combine and creatively
constructed and designed an axial flow drum-shaped thresher with higher efficiency, higher productivity, and
lower energy requirements and damage. This drum thresher can process a larger volume of crops in a shorter
time. Besides, its smooth threshing action can reduce grain damage, resulting in higher productivity and quality.

Materials and methods
Experimental platform
A longitudinal axial flow platform (Fig. 1) with dimensions of 3700 mm, 1460 mm, and 1540 mm for length,
width, and height has been constructed to optimize the threshing device’s performance and structure. The
platform comprises a feeder composed of a revolving rubber belt with dimensions of 6000 mm in length and
50 mm in width, driven by an electric motor and controlled for speed by a frequency converter. This feeder
transports rice to the threshing unit through a rotating auger.

A torque sensor was installed on the rear end of the threshing shaft to compute the threshing power, torque,
and rotating speed. A diesel engine powered the machine, and the power was conveyed to the rotating parts
using a belt and pulley.

Threshing unit

The threshing unit contains a thresher, a cover, and a concave. The thresher consists of a feeding screw auger, six
threshing bars, spike teeth, and discs which connect the thresher parts. Two kinds of thresher structures were
introduced in the study (conical thresher and drum thresher).

The newly designed drum thresher dimensions are 370 mm in diameter and 1360 mm in length. The
threshing tooth height ranges from 50 to 70 mm, the total number of rod teeth was 87, and the distance between
two adjacent teeth was 40 mm. Thresher structures are shown in Fig. 2. The thresher structure can be easily
modified, as the threshing bars are connected to the auger and disks using bolts and nuts. This flexibility makes
the thresher suitable for a variety of crops and helps save costs.

The crop properties have been measured and are shown in Table 1, according to the study of**.

Experimental design
Experimental design methods might be used to analyze the threshing machine’s performance as it reduces the
effects of uncontrolled factors and minimizes the test number®>3¢.

The full factorial design was utilized for the experiment using Minitab 18 software (Table 2), and the impact
of the studied parameters on the threshing machine performance was analyzed using the same technique: the
two-way analysis of variance (ANOVA).
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Fig. 1. Testing platform. (1) Hydraulic, (2) Torque sensor, (3) Threshing and separation device, (4) Conveyor
chain, (5) Feeding auger, (6) Feeding device, (7) Laptop, (8) Torque sensor acquisition unit, (9) Frequency

converter.
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Fig. 2. Longitudinal axial flow threshers; (a) conical thresher; (b) drum thresher.

Average Grain Length (mm) 9.75
Average Grain Width (mm) 2.75
Average Grain Thickness (mm) | 2.02
Grain Moisture Content (%) 13.32
1000 Grains Weight (kg) 0.0304
Average Stalk Length (mm) 964.08
Stalk Moisture Content (%) 63.21
Average spike length (mm) 20.85
Max Shearing Force (N) 249.6
Max Bending Force (N) 9

Table 1. Rice properties.
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Factor Levels | Values

Thresher type 2 Conical, Drum
Thresher speed, rpm | 3 1100, 1300, 1500
Feeding rate, kg/s 3 0.8,1.1,1.4

Table 2. Experiment full factorial design.

The threshing machine’s performance was assessed by investigating its response to different threshing
cylinder types, namely the cylindrical and drum thresher. The performance was also evaluated under various
feeding rates of 0.8, 1.1, and 1.4 kg/s and thresher speeds of 1100, 1300, and 1500 rpm. These parameter values
were chosen based on the methodology outlined in**%”. Before the experiments, the rice crop was harvested
from a field in Wuhan and then transported to the Huazhong Agricultural University workshop, where the
platform was installed. The rice crop was uniformly distributed on the feeding belt for the last five meters, leaving
the first meter empty to guarantee uniform feeding. The feeding rate was controlled by changing the feeding
device speed using the frequency converter, while the thresher revolving speed was changed utilizing different
belts and pulleys.

Measurements
Thresher throughput
Thresher throughput is the material quantity passes per time unit. It depends on the threshing rate, grains
passing through the concave holes in the time unit, and the crop retaining time inside the threshing gap.

The throughput of the thresher was calculated by dividing the total threshed rice seeds by their threshing
time, as follows:

Total weight of threshed seed (g)

Th hput = 1
roughpt Total threshing time (s) W
Threshing efficiency
The threshing efficiency percentage was calculated according to the following Eq. (3)
) . Weight of threshed seeds (g)
Thresh = 100 2
reshing ef ficiency Total weight of seeds in sample (g) % @
Seed damage
The percentage of damaged seeds was obtained according to the following equation:
Ds
Seed damage (%) = s 100 (3)

Where Ds is the weight of damaged seeds in g, and Ts is the total sample seeds mass (g).

Specific energy

The consumed threshing power was derived from the data collected by the torque sensor installed on the
threshing drum shaft. Then, the power was divided by machine output to calculate the specific energy (kW.h/
ton).

Power (kW)

Speci fic ener kW.h/ton) =
pecif gy ( [ton) Throughput (TZ")

(4)

Results and discussions

Analysis of variance

In this study, a 5% significance level ANOVA was performed using Minitab 18 software full factorial design
analysis to analyze the study parameters’ effect on the threshing performance. The results are illustrated in
(Tables 3, 4, 5 and 6), which also show the contribution rate of each factor on threshing performance.

P-values indicate the significant impact of each parameter on the results. Meanwhile, the contribution
rate ranks the parameters by their influence, with the highest contribution rate indicating the most impactful
parameter on the results. Following the ANOVA analysis, High-accuracy 3D graphs were drawn using the
OriginPro 2022 and Minitab 18 software to illustrate the effect of the studied parameters on the thresher
performance.

Table 3 shows that thresher speed is the most critical factor affecting threshing machine throughput, with a
contribution rate of 63.82%, followed by feeding rate and thresher type. P-Values demonstrate the significance
of all the parameters studied in the results.

Table 4 Revealed a significant effect on the experimental results for all parameters as the P-values are lower
than 0.05. The table also shows that the most influential factor in threshing efficiency is feeding rate (60.06%
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Source DF | Seq SS Contribution (%) | Adj SS Adj MS | F-Value | P-Value
Thresher type 1 165,888 6.96 165,888 | 165,888 | 16.82 0.001
Thresher speed | 2 | 1,521,936 | 63.82 1,521,936 | 760,968 | 77.15 0.000
Feeding rate 2 578,448 | 24.26 578,448 | 289,224 | 29.32 0.000
Error 12 118,368 4.96 118,368 9864

Total 17 | 2,384,640 | 100.00

Table 3. Throughput ANOVA.

Source DF | SeqSS | Contribution (%) | AdjSS | AdjMS | F-Value | P-Value
Thresher type 1 ]0.68135 | 19.66 0.68135 | 0.68135 | 90.94 | 0.000
Thresher speed | 2 | 0.61331 | 17.69 0.61331 | 0.30666 | 40.93 | 0.000
Feeding rate 2 |2.08183 | 60.06 2.08183 | 1.04092 | 138.93 | 0.000
Error 12| 0.08991 2.59 0.08991 | 0.00749

Total 17 | 3.46640 | 100.00

Table 4. Efficiency ANOVA.

Source DF | SeqSS | Contribution (%) | AdjSS | AdjMS | F-Value | P-Value
Thresher type 1 ]0.44809 | 56.15 0.44809 | 0.448089 | 313.84 | 0.000
Thresher speed | 2 | 0.15968 | 20.01 0.15968 | 0.079839 | 55.92 | 0.000
Feeding rate 2 [0.17308 | 21.69 0.17308 | 0.086539 | 60.61 0.000
Error 12| 0.01713 2.15 0.01713 | 0.001428

Total 17 1 0.79798 | 100.00

Table 5. Damage rate ANOVA.

Source DF | Seq SS | Contribution (%) | AdjSS | Adj MS | F-Value | P-Value
Thresher type 1 5718 | 31.78 5718 |5.7183 |29.87 0.000
Thresher speed | 2 4.349 | 24.17 4.349 21743 |11.36 0.002
Feeding rate 2 5.629 | 31.29 5.629 | 2.8147 |14.70 0.001
Error 12 2.297 12.77 2.297 0.1914

Total 17 | 17.993 | 100.00

Table 6. Specific Energy ANOVA.

contribution), followed by thresher type, and finally, the thresher speed. The higher contribution rate reflects
that this parameter is the most influential on the results.

The thresher type had the greatest effect on damage rate, with a rate of 56.15%, followed by the feeding rate
and thresher speed (Table 5). the ANOVA analysis P-values illustrates the significant effect of each experimental
variable on the threshing process.

Table 6 Illustrates that the thresher type influences specific energy most, followed by feeding rate and thresher
speed. Meanwhile, all the parameters had a significant influence on the results.

Effect of experimental variables on thresher throughput

Throughput would increase with an increase in the operating speed of a thresher, as reported by?®. The thresher
throughput (Fig. 3) illustrated an increase while the thresher speed and feeding rate increased for both thresher
structures, agreeing with the results of?®3. The increase in throughput can likely be attributed to the larger mass
of the threshed mixture when operating at a higher feed rate, combined with the reduced threshing time that
comes from increasing the rotating speed.

The drum thresher demonstrated higher productivity than the conical thresher, as shown in Fig. 4. This
increased productivity is likely attributed to the increasing clearance at the drum thresher’s end, resulting from
its smaller diameter, which smoothens and accelerates the discharging process of the threshed mixture from the
threshing gap to the outlet while reducing the friction between the thresher parts and the moving mixture, thus
reducing the overall threshing time. The highest throughput achieved was 2448 kg/h, recorded with the drum
thresher operating at a thresher speed of 1500 rpm and a feeding rate of 1.4 kg/s, representing an increase of
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Fig. 3. Thresher throughput versus thresher speed and feeding rate.
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Fig. 4. Effect of study parameters on thresher throughput.

more than 6.25% and highlighting the efficiency and capability of the drum thresher in processing large crop
quantities effectively.

Effect of experimental variables on the threshing efficiency
Figure 5 shows that increasing the thresher’s feeding rate and rotating speed increased the threshing efficiency
for both threshers, which agreed with the results of**°. These results could be attributed to the high collision
frequency of spikes hitting rice ears and the increased friction between grain and threshing concave resulting
from the increasing rotation speed. Additionally, the increased feed rate caused excessive crop mass to pass
through the threshing gap per unit of time.

Notably, the drum thresher recorded higher threshing efficiency for all the experimental variables, as seen in
Fig. 6. This could be attributed to the curved design of the drum thresher bars, which smooths the passage of the
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Fig. 5. Threshing efficiency versus thresher speed and feeding rate.
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Fig. 6. Effect of study parameters on threshing efficiency.

mixture in the threshing gap and reduces the separation time. The maximum threshing efficiency (99.07%) was
obtained using a drum thresher at a feeding rate of 1.4 kg/s and 1500 rpm rotating speed.

Effect of experimental variables on the damage rate
The increase in rotor speed and feeding rate led to a higher seed damage ratio as the crop density in the threshing
gap increased, and the impact from the thresher tooth on the crop mixture intensified (Figs. 7 and 8). These
results agreed with*!-45,

The lowest achieved damage rate was 0.24%, significantly lower than rates reported by some other researchers.
For example, Esgici et al.** reported a broken grain rate of 6.876%, Hailemesikel et al.*> recorded 1.3%, and
Bhardwaj et al.'” recorded 4.00%.
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Fig. 7. Seed damage versus thresher speed and feeding rate.
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Fig. 8. Effect of study parameters on seed damage.

The drum-shaped thresher resulted in 16.56% fewer damaged seeds than the conical thresher. This result
can be attributed to the grains’ reduced rubbing and grinding action at the beginning and the end of the
threshing gap, thanks to the increased threshing clearance. Additionally, the rice panicles had more buffer space,
contributing to a lower damage rate.

Effect of experimental variables on specific energy
The specific energy of the thresher was calculated based on its productivity and required power during the
threshing process. Figure 9 illustrates a decrease in the specific energy while increasing the rotor speed, which
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Fig. 9. Thresher specific energy versus thresher speed and feeding rate.
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Fig. 10. Effect of study parameters on specific energy.

can be attributed to the dominant enhanced productivity of the thresher compared to the increased power
in agreement with!®’. Besides, the specific energy increased while the thresher feeding rate increased. These
findings reflect the excessive crop high load on the thresher while increasing the feeding amount. These results
agreed with those obtained by Asli-Ardeh et al.?%, who noticed a significant effect of the drum speed on the
power and energy requirements.

Using the drum-shaped thresher resulted in over a 15% reduction in specific energy consumption. This may
be due to the drum thresher’s lower crop resistance resulting from the adjustable threshing gap and the smooth
flow of the threshed mixture, which reduces the load on the drive engine and lowers power consumption. The
lowest specific energy recorded was 3.15, achieved with the drum thresher operating at a rotation speed of
1500 rpm and a feeding rate of 0.8 kg/s (see Fig. 10). This significant reduction highlights the efficiency and
energy-saving benefits of the drum-shaped thresher.

In order to statistically analyze the results and identify whether significant differences exist between the
experimental variables, Minitab 18 was used to conduct a Tukey pairwise comparison (Table 7).
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Throughput Efficiency Damage Specific energy

Parameter Value | Mean | Grouping | Mean | Grouping | Mean | Grouping | Mean | Grouping
Thresher type Drum 1812 | A 98.37 | A 4.51 B 3.89 B

Conical | 1620 | B 97.98 | B 277 | A 5.02 A

1100 1440 | B 97.96 | C 0.44 C 4.95 A
Thresher speed | 1300 1590 | B 98.17 | B 0.59 B 464 | A

1500 2118 | A 98.41 | A 0.66 | A 3.79 B

0.8 1488 | C 97.75 | C 0.45 C 3.65 C
Feed rate 1.1 1734 | B 98.21 |B 0.56 B 4.32 B

14 1926 | A 98.58 | A 0.69 A 5.20 A

Table 7. Tukey pairwise analysis for experimental variables. *While grouping analysis, each parameter is
treated as an independent unit. Different letters indicate significant differences; a higher mean value reflects
higher significance and impact.

The mean and grouping values revealed significant differences, illustrating that the drum thresher
outperformed the conical thresher across all measured results.

Conclusions

This study focused on optimizing the performance of two longitudinal flow threshing devices for rice combines:
conical-shaped and drum-shaped threshers. The threshing devices were tested at various speeds of (1100, 1300,
and 1500 rpm) and feeding rates of (0.8, 1.1, and 1.4 kg/s). The study examined the impact of the experimental
variables on thresher productivity, threshing efficiency, specific energy consumption, and damage rate. The
findings revealed a positive correlation between the feeding rate and rotation speed with all the measured
parameters.

The drum thresher outperformed the conical thresher, leading to higher productivity by 6.25%, improved
efficiency by 0.5%, reduced damage by 44.18%, and reduced energy consumption by 6.52% across all the
experimental variables. The drum thresher achieved the highest threshing efficiency and throughput of 99.07%
and 2448 kg/h, respectively, when operated at a rotating speed of 1500 rpm and a feeding rate of 1.4 kg/s.
Conversely, the lowest specific energy of 3.15 kW.h/kg and the lowest damage ratio of 0.24% were recorded when
the drum thresher was operated at 1100 rpm rotating speed and a feeding rate of 0.8 kg/s.

This study introduced an innovative thresher design that noticeably enhanced the threshing machine’s
performance as it achieved lower threshing energy consumption, lower damage rate, increased productivity, and
improved efficiency. It made the threshing process more sustainable and cost-effective and enhanced agricultural
productivity.

The authors aim to conduct further experiments to investigate the threshing of various rice varieties under
different moisture contents. Additionally, we plan to test and optimize the designed threshers to efficiently thresh
other crops, such as wheat and sunflower, by adjusting the concave clearance and openings, replacing the tooth
bars with rasp bars (as they can be changed easily), and adjusting the rotor speed and feeding rate.

We may also mention that additional efforts are needed for field operations to overcome the variable feeding
rate, as the feeding height of the crop will change due to uneven field levels and machine vibrations. By expanding
the scope of our research, we hope to enhance the versatility and efficiency of our threshers, ultimately benefiting
a wider range of agricultural applications.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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