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Abstract: Improving the performance of the threshing process is of utmost importance in enhanc-
ing the quality of sunflower seeds and minimizing power consumption in sunflower production.
In this study, we developed a modified sunflower threshing machine by incorporating two types
of threshing rotors, namely the angled rasp bar rotor and the tine bar rotor, as compared to the
round bar rotor. The performance of these rotors was evaluated under various rotational speeds
(150, 200, 250, and 300 rpm) and concave clearances (10, 15, and 20 mm). The evaluation param-
eters included machine throughput, the specific energy of threshing, the percentage of damaged
seeds, the percentage of unthreshed seeds, and threshing efficiency. The results indicate that the
specific energy decreased with an increase in rotor speed and a decrease in concave clearance, with
the tine bar rotor exhibiting the lowest values. Threshing efficiency showed an increasing trend
with higher rotor speeds and reduced concave clearance. The modifications made to the rotor
design resulted in an enhanced threshing efficiency, with an improvement from 96.30% to 97.93%
achieved at a rotor revolving speed of 300 rpm and a concave clearance of 10 mm. Moreover, the
specific energy consumption reduced from 9.65 kW-h/ton to 5.09 kW-h/ton under the same oper-
ational conditions. These findings highlight the efficacy of the novel rotor design modifications in
optimizing the performance of the stationary sunflower threshing machine, leading to improved
efficiency and reduced energy consumption in sunflower seed threshing operations. Given its per-
formance characteristics, this machine exhibits potential suitability for sunflower farms of small to

medium scale.

Keywords: sunflower thresher; development; machine performance; optimization

1. Introduction

Sunflower (Helianthus annuus L.) is recognized as one of the key oilseed crops globally.
The global demand for edible oils amounts to approximately 85 million tons, with herbal oils
constituting roughly 75% of this consumption, while animal oils account for the remaining
25% [1]. Sunflower possesses a notable oil content of 40%, surpassing that of any other
oilseed crop [2]. Sunflower oil is considered one of the most important globally produced
herbal crude oils [3]. China achieved the status of being the fifth-largest global producer of
sunflower seeds in 2018, with an annual production volume of 2.55 million tons [4].

Farmers operating on small and medium areas use traditional methods in threshing
sunflower crops. This method primarily involves the application of force to the heads of
crops using various implements, such as metal pieces, stones, or wood, either through
striking or rubbing actions. These actions are performed after the cutting and drying
processes. Overall, the efficiency of this method is considerably low due to its reliance
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on the skill and performance of farmers [5,6]. Post-harvest and processing operations
account for over 40% of the total losses incurred [7]. Furthermore, the effectiveness of
traditional manual techniques is dependent on the proficiency of operators, thereby limiting
their overall efficacy [8]. This method is significantly influenced by environmental factors,
resulting in the production of low-quality products due to the presence of impurities such
as stones, dust, and chaff. Additionally, losses occur due to seed breakage or burial in the
soil. The principal drawback of this method is its high level of consumption of energy
and time.

The operational efficacy of the threshing module in an impact thresher is pivotal
in determining the rate at which kernels are harvested in grain production [9,10]. The
kernel harvest rate refers to the speed at which intact kernels are acquired during the
threshing process [11]. Presently, the most prevalent threshing component employed is
the rigid threshing component (RTC), which relies on a rigid impact to promptly dislodge
the kernels [12,13]. The higher the impact force exerted by the RTC on the kernels, the
greater the threshing rate, but also the higher the rate of kernel damage [14]. Bionic
mechanism design has been extensively validated as an effective approach for enhancing
the performance of agricultural components [15]. In contrast, manual threshing operations
exhibit negligible kernel damage, thus yielding exceedingly high cleanliness [16].

Threshing platforms can be evaluated based on several parameters, including machine
output, power consumption, threshing efficiency, grain damage, and unthreshed grain.
Studies have investigated the influence of variables such as rotor speed, feed rate, and
moisture content on thresher performance, separation efficiency, and seed losses. This
process can be accomplished through the implementation of various actions, either in-
dividually or in combination. These actions may include the application of impact by
a high-speed member on the material, the rubbing and squeezing of pods, and other related
techniques [17].

The optimal configuration of a sunflower threshing apparatus and its efficacy can be
determined based on parameters such as machine output, power consumption, threshing
efficiency, grain damage, and unthreshed grain utilizing rudimentary tools and human
labor (manual approach), as well as through the utilization of an advanced mechanized
threshing machine (mechanical method) [18,19]. These evaluation parameters were fol-
lowed in the current work to judge the performance of the threshing platform. The authors
of [20] studied the effect of rotor speed, feed rate, and moisture content on the output of
the thresher, threshing efficiency, separation efficiency, the percentage of seed losses, and
damaged seeds for a sunflower-developed thresher machine. The authors of [21] designed
a device for threshing sunflowers and tested the effect of rotor threshing type, rotor ro-
tational speed, and feeding rate on the performance of the device; their results revealed
that for the separation rate, the optimal operational condition is a ribbed-rod cylinder,
with a 430 rpm cylinder rotational speed, and a 8820 kg/h feeding quantity, while the
optimal combination for the breakage rate is an arch-tooth cylinder with a 280 rpm cylinder
rotational speed and a feeding quantity of 8820 kg/h.

Stationary threshing machines are more convenient for threshing and separating seeds
from their heads [22]. These machines have high efficiency and ensure slight losses of seeds
with suitable throughput, which means that these machines are particularly well-suited for
farmers with small and medium-area holdings. In addition, stationary threshing machines
can be used as an experimental prototype to develop harvesting combines [23]. The cost
of acquiring and deploying the threshing machine may be a significant consideration for
farmers, especially those with limited financial resources. Additionally, the maintenance
and repair of the machine may require specialized skills and spare parts, which could pose
challenges in regions with limited access to technical support.

This study aims to enhance sunflower production, minimize power and labor re-
quirements, and enhance the quality of sunflower seeds. To achieve these objectives, it is
imperative to improve, test, and evaluate a sunflower threshing machine. Consequently,
a stationary sunflower thresher machine was developed, incorporating the design of two
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open-system threshing rotors, namely the angled rasp bar rotor and the tine bar rotor, for
comparison with the closed round bar rotor. These rotors were subjected to testing under
varying rotational speeds of 150, 200, 250, and 300 rpm while employing different concave
clearances of 10, 15, and 20 mm.

2. Materials and Methods

The current investigation was conducted in Taizi Town, Huangshi City, Hubei, China,
focusing on the DW667 cultivar of Helianthus annuus oilseeds harvested through manual
means at a moisture content of 16.75% (w/w). This investigation was predicated upon
the concept of maximizing the depth of penetration of the threshing implement within
the sunflower capitulum in order to augment the efficacy of the threshing apparatus and
curtail the energy expenditure during the threshing operation by diminishing the interfacial
friction between the active component and sunflower head. Consequently, the energy was
concentrated on the seed extraction from the sunflower head.

2.1. Machine Contents and Modifications

To effectively thresh and separate oilseed sunflowers, a longitudinal axial flow thresher
was employed to perform the crucial tasks of seed removal from sunflower heads and seed
cleaning, specifically removing non-grain material. The thresher and separator constitute
the two essential components of this machine. The machine frame’s dimensions are as
follows: length, 1700 mm; width, 1300 mm; and height, 1100 mm. Figure 1 illustrates the
axial flow sunflower threshing machine utilized in this study.

The threshing unit encompasses a one-cylinder, axial-flow thresher with a length of
1040 mm and a diameter of 200 mm for each threshing rotor. Two types of threshing rotors
were employed, including the round bar rotor, from which the design was developed.
Figure 2 showcases a SolidWorks 2023 model and a photograph of the prototype for both
the round bar and newly designed rotors, which possess the following specifications:

Round bar: This rotor features a closed threshing design with a circular section bar of
20 mm diameter.

Angled rasp and tine bars (newly designed bars): These rotors have an open-threshing
design. The bars of these rotors are arranged in three sections, each with a width of 30 mm
and a thickness of 10 mm. There are 41 teeth on each bar, with a distance of 15 mm between
consecutive teeth. The teeth protrude 20 mm above the diameter of the threshing rotor. In
the case of the angled rasp bar, the teeth are inclined at a 45-degree angle relative to the
longitudinal axis of the bar. On the other hand, the teeth of the tine bar are perpendicular
to the longitudinal axis.

Figure 1. A 3D model for the stationary sunflower threshing machine. (1) Feeder; (2) power source;
(3) power transmission; (4) separating unit; (5) seed’s outlet; (6) straw outlet; (7) thresher cover.
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Figure 2. Schematics (right) and photos (left) of the round bar (top), angled rasp bar (middle), and
tine bar (bottom) rotors.

The decision to use three threshing bars was made based on the specific experimental
setup and objectives of the current investigation. By using this low number of threshing
bars, the investigation aimed to isolate and analyze the impact of these elements on
threshing efficiency, specific consumed energy, and seed loss.

The mainframe, constructed from iron angles and boxes with dimensions of 45 mm x
45 mm x 3 mm, supports the threshing unit, separating unit, power source, and power
transmission system.

2.2. Software Programs

The design and endurance testing of the new threshing bars (angled rasp bar and tine
bar) were conducted using SolidWorks 2016 software, taking into consideration the specific
physical and mechanical properties of the sunflower variety. Additionally, the impact of the
study parameters on the performance of the threshing machine was examined using SPSS
20 software. The analysis involved employing a two-way analysis of variance (ANOVA)
method, followed by the least significant difference (L.S.D.) test (p < 0.05). The randomized
complete block design was utilized for the experimental setup and data analysis.

2.3. Experimental Design

The performance of the sunflower stationary threshing machine was assessed by
analyzing its response to various threshing rotor types, namely the round bar rotor, angled
rasp bar rotor, and tine bar rotor. Additionally, the machine’s performance was evaluated
at different rotor rotational speeds, including levels of 150, 200, 250, and 300 rpm (cor-
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responding to linear velocities of 1.73, 2.30, 2.88, and 3.46 m/s). Moreover, the effect of
concave clearance, with distances of 10, 15, and 20 mm, on machine performance was inves-
tigated. The experimental design employed was a randomized complete block design with
a3 x 4 x 3 factorial arrangement, with three replications for each treatment. To compare
treatment means, the least significant difference (L.S.D) test at a 5% significance level was
applied, following the methods described by [24,25]. Each replicate of the experiment
utilized 10 kg of sunflower heads.

2.4. Measurements

Machine throughput

The machine throughput was calculated by dividing the quantity of threshed sun-
flower heads by the threshing time, as per the following equation:

Sw % 3600

Thresher throughput(t/h) = 1000 x T

)
where S, is the quantity of threshed material on a wet basis (kg) and T is the threshing
time (seconds).

The specific energy

The specific energy (kW.h/ton) was considered by dividing the consumed power (kW)
by machine output throughput (ton/h).

The percentage of unthreshed seed
The percentage of unthreshed seed was calculated with the following equation [26].

B Ut,, §
Uty + Soutter + dameged seed

Uy 100 )

where Uty is the unthreshed seed percentage (%), Uty is the unthreshed seed mass (g), and
Soutlet is the threshed seed mass (g).

The seed damaged percentage

The seed damaged percentage was measured using the following equation
d
Seed damage percentage(%) = 7 X 100 3)

where d is the amount of seed damage (g) and f is the total mass of the sample (g).
Threshing efficiency

The threshing efficiency% was calculated from the following expression [26].
Threshing efficiency% = 100—total losses percentage (unthreshed seeds + damage
seeds).

3. Results and Discussions
3.1. Statistical Analysis

Table 1 displays the analysis of variance conducted to evaluate the significance of the
study parameters (rotor type A, clearance B, and rotor speed C), as well as their interaction,
with respect to the performance of the sunflower threshing machine (throughput, specific
energy, damaged seed, unthreshed seed, threshing efficiency).
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Table 1. Analysis of variance table for main treatments and interactions.

Source of daf F Value
Variation Throughput Specific Energy Damaged Seed Unthreshed Seed Threshing Efficiency
Rotor type A 2 369.07 ** 691.61 ** 335.20 ** 1844.66 ** 1144.17 **
Clearance B 2 163.54 ** 0.67 "¢ 168.62 ** 312.94 ** 143.66 **
Rotor speed C 3 372.40 ** 26.46 ** 298.67 ** 856.66 ** 453.12 **
AXxB 4 1.98 s 0.89 ns 1.67 1 1.821s 23418
AxC 6 6.60 ** 2.35% 1.74 71 15.90 ** 11.16 **
BxC 6 10.35 ** 2.0218 6.05 ** 1.07 s 2.64*
AxBxC 12 0.50 s 0.58 1 0.40™s 3.97 ** 3.46 **
Error 72

** Significant at 1%. * Significant at 5%. ™, non-significant.

3.2. The Machine Throughput

In general, machine throughput was significantly influenced by all variables examined
in this study. Across all types of threshing rotors, the machine throughput demonstrated
an increase with the rise in rotor rotational speed, consistent with the findings from [20,27]
within the same range of feed rate and linear speed. In contrast, machine throughput
decreased with increasing concave clearance (Figure 3). This decline in throughput at

high concave clearances may be attributed to the longer residence time of sunflower heads
within the threshing area.

500
Throughputkg/h 400

) 250
200 Speed rpm

200

10 — .
15 — 150

Clearance mm @

Figure 3. Machine throughput (kg/h) vs. different clearances (mm) and different speeds (rpm).

Notably, the angled rasp bar rotor consistently yielded higher machine throughput
values compared to the other rotor types under all operational conditions. Maybe the
efficient arrangement of teeth at a 45-degree angle facilitated the swift passage of sunflower
heads through the threshing chamber, resulting in enhanced throughput. This ensures
the optimal utilization of the rotor length, resulting in improved machine throughput
(see Figure 4). The highest machine output value of 506.6 kg /h was recorded at a rotor

rotational speed of 300 rpm and a concave clearance of 10 mm using the angled rasp
bar rotor.
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At 10 mm At 15 mm At 20 mm
700 HB Roundbar (3 Angled rasp bar 700- 8 Roundbar £ Angled rasp bar 700- ™8 Roundbar £33 Angled rasp bar
3 Tine bar N 3 Tine bar 3 Tine bar
6004 600
$ : 7 5 .
D 500+ . ERY ) .. . E)
2 400 i g 400q E
£ : : = . 5
2 300 g 300 . 2
£
E 2004 = 200 IE
150 200 280 300 150 200 250 300 150 200 250 300
Drum rotational speed rpm Drum rotational speed rpm

Drum rotational speed rpm

Figure 4. Effect of rotor speed (rpm) and rotor type on machine throughput (kg/h) at different
concave clearances (mm). The data shown are averages of three replicates + SD. Asterisks indicate
significant differences from the round bar rotor at 5%.

3.3. Threshing Specific Energy

The consumed specific energy of the machine was determined by considering its
throughput and power requirements during calculation. As depicted in Figures 5 and 6, the
consumed specific energy exhibited a decrease with increasing rotor speed. In particular,
the consumed specific energy values for the round bar rotor were higher compared to
the regression values for the angled rasp bar and tine bar rotors. This discrepancy may
be attributed to variations in the rotor body design, where the open rotor design of the
angled rasp bar and tine bar rotors resulted in a reduction in non-essential friction between
the rotor body and the sunflower heads. The decrease in consumed specific energy with
increasing the rotor’s rotational speed can be attributed to the dominant influence of
enhanced machine throughput (denominator) rather than the corresponding increase in
power requirements (numerator). This result agrees with [28,29].

12.5
Spesific energy kW.h/ton 10.0

7.5
300

50 250
16' . ) 200 Speed rpm
15 ) —“ 150
20
Clearance mm

Figure 5. Consumed specific energy (kW.h/ton) vs. different clearances (mm) and different speeds (rpm).

At 10 mm At 15 mm
Bl Round bar 3 Angled rasp bar Bl Round bar [0 Angled rasp bar Bl Round [;“atr 2?:1|ml}\ng1ed rasp bar
@ Tine bar 3 Tine bar 3 Tine bar

g g 147 2
= 3 124 b
g 2 104 2
@ 5 8- @
o 5] 15}
5 5 6 g
Q
& g, k=
g g 3
& & 24 &

o4
150 200 250 300 150 200 250 300 150 200 250 300
Drum rotational speed rpm Drum rotational speed rpm Drum rotational speed rpm

Figure 6. Effect of rotor speed (rpm) and rotor type on specific energy (kW.h/ton) at different concave
clearances (mm). The data shown are averages of three replicates + SD. Asterisks indicate significant
differences from the round bar rotor at 5%.



Agriculture 2024, 14, 312

8 of 12

3.4. The Seed Damage Percentage

Figures 7 and 8 elucidate that the percentage of damaged seeds exhibited an increase
with rising rotor rotational speed, a finding consistent with studies by [20,27]. On the
other hand, the damaged seed percentage decreased with increasing concave clearance
across all rotor types. In particular, the round bar rotor consistently yielded lower values of
damaged seed percentage compared to the angled rasp bar and tine bar rotors at various
rotor rotational speeds and concave clearances. The minimum damaged seed value of
0.27% was obtained using the round bar rotor at a rotor speed of 150 rpm and a concave
clearance of 20 mm. In contrast, the highest damaged seed value of 1.47% was recorded at
a rotor speed of 300 rpm and a concave clearance of 10 mm for the angled rasp bar rotor.

Damaged seed% 1.0

300
0.5

250
e / Speed rpm
10 . ) ) 200

15 ' “ 150
20
Clearance mm

Figure 7. Damaged seed % vs. different clearances (mm) and different speeds (rpm).

At 10 mm At 15 mm At 20 mm
2.0 2.0 2.0
B Round bar [ Angled rasp bar
- . - 1.8
1.2_ B Tine bar X 12 ) ?ounltjl bar 3 Angled rasp bar : 2_ B Roundbar £ Angled rasp bar
SO B3 Tine bar * S = Tine bar
3 1.44 g 14 .
s 1.2+ S 1.2 . .
e 9 _ *
o 1.0 o 1.0
%" 0.8 fos{ . * i
0.6 .
8 0.4+
0.2
0.0-
150 200 300 150 200 250 300 150 200 250 300
Drum rotational speed rpm Drum rotational speed rpm Drum rotational speed rpm

Figure 8. Effect of rotor speed (rpm) and rotor type on damage seed percentage (%) at different
concave clearances (mm). The data shown are averages of three replicates + SD. Asterisks indicate
significant differences from the round bar rotor at 5%.

The relatively low percentage of broken grains observed with the round bar rotor can
be attributed to the circular cross-section of the bar, resulting in less friction compared to
the other two bars.

The increase in damaged seed percentage at high rotor rotational speeds and low
concave clearances may be attributed to the heightened impact speed and energy between
the sunflower heads and the rotor, as well as the concave body. The observed rise in the
proportion of unthreshed seeds within the tine bar rotor, as opposed to the angled rasp bar
rotor, can plausibly be attributed to the small surface area of contact between the threshing

teeth and sunflower heads within the tine bar rotor, in comparison to the angled rasp
bar rotor.
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At 10 mm
B Roundbar 3 Angled rasp bar

8+ Tine bar

Unthreshed seed%
N
1

150 200

Drum rotational speed rpm

3.5. Fraction of Unthreshed Seed

Figures 9 and 10 exhibit a consistent trend across all rotor types, whereby the percent-
age of unthreshed seeds decreased with increasing rotor rotational speed and decreasing
concave clearance, aligning with the findings of [30]. Markedly, the angled rasp bar ro-
tor consistently exhibited a lower percentage of unthreshed seeds compared to the other
two rotor types across all operational conditions. The minimum value of unthreshed seeds,
0.71%, was achieved at a rotor rotational speed of 300 rpm and a concave clearance of
10 mm for the angled rasp bar rotor, while the maximum value of 7.13% was recorded at

a rotor rotational speed of 150 rpm and a concave clearance of 20 mm for the round
bar rotor.

Unthreshed seed% 4

2 ~ 300
7250
- - Speed rpm
10 . ‘ 200
15 © 150

20
Clearance mm

Figure 9. Unthreshed seed % vs. different clearances (mm) and different speeds (rpm).

At 15 mm At 20 mm
Bl Round bar 3 Angled rasp bar 8 — R.ound bar £33 Angeld rasp bar
8- @@ Tine bar 1 3 Tine bar
X X
3 3
=3 <
8 8
£ £
- =) :‘D:
300 150 200 250 300 150 200 250 300

Drum rotational speed rpm Drum rotational speed rpm

Figure 10. Effect of rotor speed (rpm) and rotor type on unthreshed seed percentage (%) at different
concave clearances (mm). The data shown are averages of three replicates + SD. Asterisks indicate
significant differences from the round bar rotor at 5%.

The presence of interspaces on both the angled rasp bar rotor and tine bar rotor
facilitated the penetration of the bars’ teeth into the sunflower heads, resulting in a reduction
in the percentage of unthreshed seeds compared to the round bar rotor. The observed rise
in the proportion of unthreshed seeds within the tine bar rotor, as opposed to the angled
rasp bar rotor, can plausibly be attributed to the small surface area of contact between the

milling teeth and sunflower heads within the tine bar rotor in comparison to the angled
rasp bar rotor.

3.6. Threshing Efficiency

Figures 11 and 12 demonstrate the positive correlation between rotor rotational speed
and threshing efficiency while revealing an inverse relationship between concave clearance
and threshing efficiency across all rotor types. Prominently, the threshing efficiency values
of the angled rasp bar rotor generally surpassed those of the tine bar and round bar rotors,
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Threshing efficiency%

except for a single operational condition. Comparatively, the tine bar rotor exhibited slightly
superior threshing efficiency when compared to the angled rasp bar rotor. Significantly, at
high rotor rotational speeds and small concave clearances, the threshing efficiency values
of the tine bar and angled rasp bar rotors were closely aligned. The maximum threshing
efficiency value of 97.93% was attained at a rotor rotational speed of 300 rpm and a concave
clearance of 10 mm for the tine bar rotor.

98

Threshing efficiency%

300
7250
s 200 Speed rpm

15 ' <150
20
Clearance mm

Figure 11. Threshing efficiency % vs. different clearances (mm) and different speeds (rpm).

At 10 mm At 15 mm At 20 mm
Bl Roundbar [ Angled rasp bar EW Round bar 3 Angled rasp bar B Roundbar 3 Angled rasp bar
[ Tine bar . . 1009 @@ Tine bar 10094 @3 Tine bar
* c\° * *
. * > 98- ., * . 3 o L "t
. 8 * x g . .
g .8 .
] 96 &(:“) 96
o o
& 9a- 2 oa-
2 2
(23 o
2 924 & o2+
90-
150 200 250 300 150 200 250 300 150 200 250 300
Drum rotational speed rpm Drum rotational speed rpm Drum rotational speed rpm

Figure 12. Effect of rotor speed (rpm) and rotor type on the threshing efficiency (%) at different
concave clearances (mm). The data shown are averages of three replicates &+ SD. Asterisks indicate
significant differences from the round bar rotor at 5%.

The lowest values of unthreshed seeds were recorded at high rotor rotational speeds
and low concave clearance values. On the other hand, the percentage of damaged seeds
exhibited an opposite trend under the same operational conditions. It is noteworthy that
the presence of unthreshed seeds had a more significant impact on threshing efficiency
compared to the percentage of damaged seeds, as higher seed quantities and lower concave
clearances contributed to an increase in threshing efficiency.

4. Conclusions

The threshing process plays a crucial role in assessing product quality, and the uti-
lization of threshing equipment offers significant benefits in terms of enhanced product
quality, reduced processing time, and minimized labor requirements. The modifications im-
plemented on the round rotor (original rotor) resulted in an augmentation of the threshing
efficiency by enhancing the penetration of the active components of the sunflower heads
by means of the teeth. Consequently, this led to a higher percentage of seed extraction from
the heads. Additionally, the newly designed open rotors (angled rasp bar and tine bar)
contributed to a reduction in the specific energy required for the threshing process.

The authors express their intention to carry out a simulation utilizing simulation
programs to forecast the efficiency of the thresher. Furthermore, we plan to incorporate
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pressure sensors between the thresher rotor and the concave. This will enable the trans-
mission of a signal to the automatic feeder unit, which will be integrated as part of the
modifications. The purpose of this integration is to regulate the feed rate.
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