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Abstract: The distribution of the threshed mixture is the link between the threshing and cleaning
process during corn harvesting. Uneven distribution leads to a local accumulation of the mixture in
the cleaning, resulting in high impurity and loss rate. Existing studies rarely concern the distribution
of the corn threshed mixture. To address this problem, the distribution experiment was conducted in
a self-made corn longitudinal axial threshing system to explore the distribution pattern, and both
the particle size distribution and weight distribution of components (corn kernel, corn cob, and corn
husk) were analyzed in this study. The results showed that the drum speed and concave clearance has
a significant effect on particle size. Moreover, the impurities (corn cob, corn husk) increase with the
check for drum speed. The weight distribution has an obvious uneven trend. In the axial weight distribution,
updates corn kernels increased initially and decreased afterwards, while corn cobs and corn husks constantly
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increased. In the radial weight distribution, corn kernels and corn cobs were greater on both sides
and less in the middle; corn husks had a clear left posterior accumulation. The increase in drum speed
and feed rate and the decrease in concave clearance aggravated the inhomogeneity of the weight

Threshed Mixture in Corn Combine distribution. By analyzing the distribution characteristics, the drum speed of 400 r/min, concave
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clearance of 40 mm, and feed rate of 7 kg/s were confirmed to be optimal operating parameters.
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iations. Corn is an important food crop and feed source, and the most productive crop world-

wide [1]. With the increase in the corn plant area, the percentage of corn combine harvesters

is rapidly increasing. The corn combine harvester can complete the processes of ear snap-
:)4

ping, threshing, cleaning, and collection simultaneously, which has a high efficiency [2].
However, it also suffers from high loss and high impurity rates [3,4]. In the corn combine
harvester, a longitudinal axial threshing drum and an air-and-screen cleaning device are
wildly used for threshing and cleaning [5]. In recent years, several studies have committed
to researching the threshing and cleaning device to reduce impurity and loss. Petkevichius
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. : Results showed that increasing the clearance appropriately had a significant effect on
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a gradual change in diameter. The drum enhanced the contact and rubbing between the
ears to achieve rapid separation of the kernel from the cob. Geng et al. [8] developed a
plate tooth threshing device based on the mechanical characteristics of non-equilibrium
threshing. It effectively reduced the grain damage to meet the requirements of corn com-
bine harvest with high moisture content. Badretdinov et al. [9] simulated and analyzed
the cleaning process of the grain combine harvester. The parameter combination of the
cleaning device was determined through a mathematical model of the material and airflow.
Gebrehiwot et al. [10] studied the influence of crossflow openings on the performance of
centrifugal fans. Wang et al. [11] explored the material properties, structural forms, and
working parameters of the corn cleaning screen. Based on these studies, several cleaning
screens, such as a curved screen, combined hole screen, and polyurethane rubber screen,
were designed. Liang et al. [12] developed a multi-duct cleaning device with a return pan
for rice combine harvesters according to the distribution of airflow and threshed outputs.

The cleaning unit is located below the threshing unit, and they are closely related
units, as shown in Figure 1. When the combine harvester is working in the field, corn
ears are threshed by the threshing drum and concave after picking [13]. The threshed
mixture continuously drops on the oscillating plate and cleaning screen. Then, corn kernels
are separated from impurities by combining airflow and vibration [14]. The object in the
cleaning unit is the threshed mixture produced from the threshing unit. The distribution of
the threshed mixture plays an important connecting role between the threshing and cleaning
procedure. The distribution reflects the performance of the threshing device. Thereby, it
provides data support for the improvement of the threshing device. More importantly, it
directly affects the subsequent cleaning performance. Therefore, it has great significance
to study this distribution to reduce the cleaning impurities and loss. For the distribution
and motion of agricultural materials, Hunynh et al. [15] introduced stochastic concepts to
establish a mathematical model of threshing and separation. The model quantified the effect
of structural and process parameters on grain loss rate. Miu et al. [16-18] investigated the
threshing and separation processes of axial and tangential threshing units. A cumulative
separation curve was established to indicate the proportion of unthreshed grain, free grain,
and separated grain along the axial and tangential. Yi et al. [19] compared the distribution
of rice threshed mixtures in plank-tooth and spike-tooth axial flow threshing installation.
Results showed that the distribution curves of the two devices were the Peal-Reed model
along the axis and polynomial with different coefficients along the radial. Yuan et al. [20]
explored the weight distribution of rape components under the cyclone cleaning system.
The results confirmed the significant influence of each component under the sieve on
the cleaning performance. Chen et al. [21] conducted the effects of drum speed, concave
clearance, and operating parameters of the diversion plate on the distribution of a soybean
flexible threshing device. Fu et al. [22] simulated the distribution of the rice threshed
mixture in a drum-shaped bar-tooth longitudinal axial flow threshing device using EDEM
software. The feasibility of the simulation was verified by a bench test. Chai et al. [23] found
that the distribution of the threshed rice under a tangential-longitudinal flow threshing
device was uneven. A guide device on the return plate was developed to distribute the
threshed output evenly and reduce the cleaning loss.

However, the above studies mainly focus on the distribution of grains such as wheat
and rice. Few previous studies investigate the distribution of corn threshed mixture. The
mixture in the cleaning process of corn combine harvesting is different from that of wheat or
rice. The threshed mixture of wheat or rice is mainly composed of grain kernels and stalks.
For the corn, the corn ears are threshed. The threshed mixture consists of corn kernels, corn
cobs, and corn husks. There are considerable differences in the physical characteristics of
components, such as the suspension velocity, friction coefficient, and collision recovery
coefficient [24]. Additionally, the structure of corn ears is very different from the structure
of wheat and rice. The corn husk and corn cob are located in the outermost and innermost
part of the ear, respectively. The distribution location differs with the collision time with
the drum. Due to differences in components and their physical properties, the distribution
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patterns for wheat and rice are not directly applicable to corn. In addition, there were few
reports on the particle size distribution of the corn threshed mixture. In the subsequent
cleaning process, the particle size provided an important basis for the selection of working
parameters, such as the fan speed and screen opening. Therefore, in order to reduce the
cleaning impurity rate and loss rate, subdividing the threshed mixture into each component
and studying their particle size and weight distributions are highly warranted.

m Com ear

{ Com kernel

& Com cob
Com husk

= Fan airflow

Figure 1. Corn threshing and cleaning system. 1. threshing drum, 2. concave, 3. oscillating plate,
4. fan, 5. upper screen, 6. kernel transport auger, 7. lower screen, 8. impurity transport auger,
9. tailing screen.

To address the above problem, the purpose of this study is to subdivide the com-
position of corn threshed mixture and to explore the particle size and weight distribu-
tion, respectively. The main work including the novelties of this study are summarized
as follows.

1.  Alarge feed corn threshing test platform was established. Consistent with the corn
combine harvester, a longitudinal axial threshing drum was adopted. The process
parameter can be adjusted according to the real requirement.

2. The distribution experiment was carried out on this test platform and important data
on particle size and weight distribution of the corn threshed mixture were acquired.

3. The components of the corn threshed mixture were conducted. The particle size
of each component was analyzed by analysis of variance. The experimental results
revealed the significance of process parameters to the particle size distribution.

4. The weight distribution patterns of each component (corn kernel, corn cob, and corn
husk) along the axial and radial directions were explored. The influences of the drum
speed, concave clearance, and feed rate on the weight distribution were analyzed by
the single factor method.

The study provides the basis for optimizing the threshing system with a lower thresh-
ing loss. Meanwhile, the performance of the cleaning system is sensitive to the mixture
distribution. It also provides an important basis for reducing the cleaning load and design-
ing the cleaning structure to achieve optimal cleaning performance.

2. Materials and Methods

In this section, we provide an introduction of the experimental materials and the appa-
ratus used for the threshing distribution study. Then, we present the experimental method.

2.1. Materials

The experiment was conducted in the Agricultural Experimental Base of Jilin Univer-
sity (43°56’ N, 125°14’ E). Corn ears with the husks were picked by hand on 25 October 2021.
The total mass of preparative corn ears was 2000 kg. The corn cultivar was Xianyu 335, and
the average moisture content was 23.6% (wet basis). To avoid moisture content changes
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in those ears, the threshing experiment was completed within 5 days after picking. The
average temperature ranged from 14.3 to 15.8°C throughout the experimental period.

2.2. Experimental Apparatus

The longitudinal axial threshing drum for corn was used for the distribution experi-
ment, as shown in Figure 2. The threshing test bench mainly consisted of a frame, power
unit, feeding inlet, top cover, concave, threshing drum, and collection boxes. Corn ears
were fed into the feeding inlet by a conveyor and then were threshed and separated. The
corn threshed mixture passed through the concave and dropped into the collection boxes.
In each trial, corn ears were placed in order and fed with a constant velocity into the feeding
inlet by a belt conveyor (Figure 3). After being threshed, the threshed mixture was collected
by the collection boxes (Figure 4). The drum speed was adjusted by an FR500-4T-110G
frequency converter (Frecon Electric Co., Ltd., Shenzhen, China). The concave clearance
was adjusted with the bolt falling depth. The feed rate was adjusted by changing the
conveying speed according to the different requirements.

Feeding Inlet Top Cover

Power Unit

Collection Boxes

Concave Threshing Drum

Figure 2. Test bench of longitudinal axial threshing drum.

Radial direction of drum
Column 1-11

Row 1-27
Axial direction of drum

Figure 3. The arrangement of collection boxes.

| | 1 | 11 | Leftside|1|2|3|4|5|6|7|8|9}10|11| Right side
< i >« >
Row 1-27 Column 1-11
(a) Axial direction of drum (b) Radial direction of drum

Figure 4. Schematic diagram of axial (a) and radial (b) arrangement of collection boxes.
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The arrangement of collection boxes is shown in Figure 4. The 11 columns x 27 rows
matrix of 80 x 80 x 150 mm boxes were arranged evenly under the threshing drum. As
shown in Figure 3, serial numbers 1-27 were used for the collection boxes from the feeding
inlet in the axial direction. The serial numbers 1-11 were used for the collection boxes along
the axial direction. For a clear analysis of the results, we divided the axial collection boxes
into three parts: I, II, and III

2.3. Experimental Method

According to the working principle in the threshing drum, factors that affect the
distribution and threshing performance include drum speed, concave clearance, and feed
rate [25]. The purpose of this study is to explore the effect of the factors on particle size and
weight distribution, so that a single factor experimental scheme was determined. The drum
speed was determined to be from 300 to 700 r/min, the concave clearance was determined
to be from 30 to 50 mm, and the feed rate was determined to range from 5 to 9 kg/s.
The single factor experiment was arranged in terms of five values for each factor. The
experimental scheme was shown in Table 1.

Table 1. Experimental scheme design of single factor.

Numbers Factors Values Condition
1-5 Drum speed 300, 400, 500, Concave clearance = 40 mm
(r/min) 600, 700 Feed rate =7 kg/s
Concave clearance Drum speed = 400 r/min
6-10 (mm) 30, 35, 40, 45, 50 Feed rate = 7 kg/s
Feed rate Drum speed = 400 r/min
115 (kg/s) 567,89 Concave clearance = 40 mm

The experiment was repeated three times. After each trial, the collection boxes were
taken out in sequence. Then, the threshed mixture in each box was sorted into 3 categories,
corn kernels, corn cobs, and corn husks, as shown in Figure 5. Each component was
weighed by an electronic balance (0.01 g accuracy) and measured with a digital caliper
(0.01 mm accuracy).

Figure 5. Components of corn threshed mixture. (a) Corn kernel, (b) Corn cob, (c) Corn husk.

3. Results and Discussion
3.1. Particle Size Distribution of Components

In this section, we investigated the effects of three parameters (drum speed, concave
clearance, and feed rate) on the particle size distribution of kernels, cobs, and husks.

3.1.1. Particle Size Distribution of Corn Kernels

In the corn threshing, the vast majority of corn kernels do not change in size by process
parameter variations. Only a few kernels were broken by the collision [25]. It had little to
no effect on the particle size distribution. For that reason, we did not discuss the influence
of experimental factors: only the characteristic sizes of the corn kernel were counted in
this study. The shapes and particle sizes of corn cultivar Xianyu 335 were measured and
analyzed. First, we randomly selected 500 g corn kernels from the threshed mixture. Then
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corn kernels were divided into horse-toothed, conical, and spherical shapes, accounting for
85.1%, 11.3%, and 3.6%, respectively. Furthermore, their characteristic sizes were defined
as Wy, Wy, Hy, T, He, D¢, Hs, and Dg, respectively [26,27]. The particle size distribution of
the corn kernels (Xianyu 335) is shown in Table 2.

Table 2. Particle size distribution of corn kernels.

Shape Characteristic Sizes Value Proportion (%)
Wi (mm) 4.40-6.62
W; (mm) 7.32-9.61
Hj, (mm) 10.09-14.50 86.2
Horse-toothed kernel T (mm) 3.98-6.59

& D¢ (mm) 455-6.25
@"« He (mm) 9.25-13.65 103

Conical kernel

. Ds (mm) 3.85-6.25
Ds
@ Hs (mm) 3.60-6.54 35

Spherical kernel

3.1.2. Particle Size Distribution of Corn Cobs

In the corn threshed mixture, the shapes of the corn cobs were mainly incompletely
cylindrical and a few completely cylindrical [28]. In Figure 6, the length (Lc) and angle («)
were selected as characteristic sizes to count the particle size [29]. The effect of drum speed
on the particle size distribution was analyzed (Figure 7).

Figure 6. Characteristic size of the corn cob.

Corn cobs were classified into seven classes (0-10 mm, 11-20 mm, 21-30 mm, 31-40 mm,
41-50 mm, 51-60 mm, >60 mm). We defined the corn cob length classes {(0-10 mm),
(11-20 mm), (21-30 mm)} as “small length” and the corn cob length classes {(31-40 mm),
(41-50 mm) (51-60 mm)} as “medium length”, whereas the corn cob length class (<60 mm)
was referred to as “large length” [30-32]. As illustrated in Tables 3 and 4, drum speed
and concave clearance had a significant effect on the length (Lc) and angle («) of corn
cob broken (p < 0.01). However, feed rate had no effect on the length (Lc) of two classes
(11-20 mm, 31-40 mm) and angle («) of corn cob broken (p > 0.01). In the following
paragraphs, the effects of each factor on the particle size distribution of corn cob were
comprehensively discussed.

In Figure 7a, we found that corn cobs of all lengths increased rapidly with drum speed;
the number of corn cob was amplified by as much as ten times. Among them, the “small
length” proportion increased from 76.2% to 94.6%. The increase in the collision between the
cobs and drum was the primary cause of producing more fine cob particles. Higher drum
speed creates more collisions and aggravated fractures in corn cobs. For “medium length”,
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the number increased from 32 to 112. The reason is attributed to some medium-length
corn cobs being cut into smaller particles. Comparing the angle (Figure 7b), it is apparent
that a smaller angle of the corn cob occurs at a higher speed. Thus, this result confirms the
significant influence of drum speed on corn cob crushing.
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Figure 7. Particle size distribution of corn cobs. (a,b): Lc and « of corn cobs for different drum speeds;

(c,d): L¢c and « of corn cobs for different concave clearances; (e,f): Lc and « of corn cobs for different

feed rates.
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Table 3. Effect of process parameters on Frequency (Lc) of corn cobs and repeated measures analysis of variance.

Frequency (Lc)
I“Fﬂ“f““* 0-11 mm 11-20 mm 21-30 mm 31-40 mm 41-50 mm 51-60 mm >60 mm
actor
Mean + SD CV (%) Mean + SD CV (%) Mean + SD CV (%) Mean + SD CV (%) Mean + SD CV (%) Mean + SD CV (%) Mean + SD CV (%)
300 r/min 86 +7.09 € 9.2 80 & 5.00 ¢ 7.7 60 +11.234 44 56 £4.58°¢ 3.5 18 £2.08°¢ 1.4 2545504 2.1 10 +2.51°¢ 52
400r/min 144 + 115494 16.4 121 +872¢ 43 116 £17.01¢ 6.2 109 +10.01° 7.8 32 +6.56 4 2.7 31+3.614 3.6 12 £4.049 2.3
500 r/min 231 +£11.50°¢ 5.0 189 +22.61P 11.4 130 £ 16.17 € 5.6 120 4 12.12° 10.1 45 £5.01¢ 3.8 47 £5.13°¢ 7.3 9+551¢ 3.2
600r/min 465+ 14.57P 35 205 +£17.51° 9.8 160 £+ 11.69 43 147 4 14.01 11.3 93 +£3.00° 16 69 £ 1252 85 11 +£11.23° 7.1
700 r/min 805 £+ 20.21° 19.4 385 +12.122 13.5 215 +12.582 7.1 151 £ 12522 55 102 £11.152 6.9 97 £6.242 49 20 +£8.892 2.6
F-value 352.374 * 291.912 * 93.914 * 73.024 * 121.965* 50.635 * 3.244
30 mm 668 £+ 17.86 € 18.9 425 +16.32 ¢ 3.3 289 £+ 5.07 ¢ 6.4 68 + 10.66 4 7.7 25 + 6.54 4 1.6 7 £1037°¢ 22 7+£9.88¢ 47
35 mm 541 4 15.32 4 17.4 473 +20.89 4 7.8 186 +10.78 4 5.8 42 +£1255¢ 6.5 23 +£2.17°¢ 27 8§ £922°¢ 3.9 54 4.23° 2.5
40 mm 311 +£10.11°¢ 12.3 380 £17.45°¢ 4.9 123 £14.49¢ 72 46 £ 13.12°¢ 10.2 16 £3.65P 45 10 + 6.45" 6.5 6£7152 43
45 mm 215 4+ 12.37" 6.7 406 + 6.61° 52 94+920P 44 34 +9.78" 6.3 13 +£4.83° 6.0 447522 7.1 7+£133% 1.9
50 mm 189 £9.89 2 55 376 £7.53° 9.7 112 £10.322 5.0 30£6.09° 45 12 +£3.067 6.7 5+436° 1.8 6+£2787 2.6
F-value 235.663 * 31.642 % 82.954 * 15.524 * 6.575 5.348 2411
5kg/s 388 +17.454 9.9 402 +15.33 ¢ 8.5 131 4 10.89 4 8.1 25+7.89¢ 5.5 16 +7.78 6.7 8+ 3.644 22 24+150°¢ 2.6
6kg/s 330 + 20.11¢ 6.7 398 +14.29 ¢ 44 164 +9.78 8.0 42 +10.49 4 6.7 17 +£ 6454 22 6+2774 45 742.06" 1.3
7kg/s 321 +£18.37°¢ 8.5 380 4+ 11.98° 10.3 153 +12.34 P 6.5 56 +£9.99 ¢ 44 26 £ 643 ¢ 1.9 154+8.83°¢ 6.8 64173 45
8kg/s 264 +10.34 P 43 382 +10.57 6.4 202 4 17.45 4.4 63 +8.45P 8.9 354437° 5.9 18 +£9.45P 5.8 6+ 122bs 5.7
9kg/s 241 £ 15224 6.1 394 + 14522 55 211 £ 12.64° 79 80 £11.782 10.3 52 +£10.46° 43 25+7462 4.2 16 £3.04° 44
F-value 50.896 * 3.929 14.088 * 4.08 20.501 * 10.112 % 20.649 *
F = Fisher’s variance ratio; * Extreme significance (p < 0.01). Mean values with different letters in each column indicate that these values have statistically significant differences (p < 0.05).
CV = coefficient of variation.
Table 4. Effect of process parameters on Frequency («) of corn cobs and repeated measures analysis of variance.
Frequency («)
Influence 0-45° 46-90° 91-135° 136-180° 181-225° 226-270° 271-315° 316-360°
Factor Mean cv Mean cv Mean cv Mean cv Mean Ccv Mean cv Mean cv Mean cv
+ SD (%) + SD (%) +SD (%) + SD (%) +SD (%) + SD (%) +SD (%) +SD (%)

300 r/min 45 +12.35¢ 7.7 56 £7.89d 4.4 43 +£1255¢ 7.4 32+9.894 4.5 18 +7.804 2.2 15+ 4414 6.6 20 +3.774 54 27 £3.50 ¢ 1.7

400r/min 155+ 17.48 4 8.5 127 £11.45°¢ 8.8 90 4+ 13.454 6.6 79 +£10.33 ¢ 9.0 47 £4.45°¢ 1.7 32 +£5.67°¢ 45 22429149 6.6 11445149 3.6

500 r/min 231 £19.44°¢ 43 214 +17.34° 5.6 134 +£17.42°¢ 34 137 4+ 13.46 ® 8.9 40 £5.69 © 45 54 +3.45° 6.7 39+£4.89°¢ 5.0 55+£6.33¢ 45

600r/min 375 +10.32° 7.1 205 +9.36" 7.9 168 +11.122 6.7 127 4+ 15.45° 6.7 93 +4.89P 47 60 +2.89P 3.1 55+ 6.77° 32 67 +£299° 6.6

700 r/min 742 +20.37 2 10.5 426 +12.82° 11.3 315+ 10382 12.1 240 +£13.74 % 4.3 122 £10.352 5.1 97 £3.052 32 109 £7.332 22 123 +£7.352 5.3
F-value 323.975 * 204.196 * 57.894 % 171.267 * 46.340 * 46.175*% 93.197 * 106.613 *
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Table 4. Cont.

Frequency («)

Influence 0-45° 46-90° 91-135° 136-180° 181-225° 226-270° 271-315° 316-360°
Factor Mean Ccv Mean Cv Mean Ccv Mean Ccv Mean Ccv Mean Ccv Mean Cv Mean Ccv
+ SD (%) + SD (%) + SD (%) + SD (%) + SD (%) + SD (%) + SD (%) + SD (%)

30 mm 551 +£17.44 ¢ 7.1 321 +17.194 3.3 231 +10.33 4 10.3 109 + 16.55 € 7.5 85+ 7.78 P 22 45+ 5454 8.6 89 +10.44 4 54 81+£9.114 7.4
35 mm 399 +12.39 4 4.5 264 +10.56 © 4.6 225 +£9.77 ¢ 114 173 +15.48 4 4.6 5541034 3.9 42 + 4674 6.7 74 £836°¢ 6.6 70 £745°¢ 5.5
40 mm 231 +£1045°¢ 5.6 189 +12.45b 54 170 + 12.36® 55 138 £13.35¢ 6.4 40 +8.84° 4.6 36 £5.12°¢ 8.2 39 +554b 44 51+559b 2.3
45 mm 200 4+ 9.99 ° 9.0 200 4+ 11.84 P 3.3 148 £15.012 59 120 +£12.89 P 5.5 37 £822% 5.1 30 £4.32° 3.3 32+635P 3.2 44 +£6.78° 2.0
50 mm 150 +11.76 2 6.3 180 +18.88 @ 9.8 156 +14.44 2 32 100 +10.112 49 33+£735% 44 19 +£3.782 45 20£455% 6.7 42 £881° 3.5
F-value 202.815 * 59.772 * 68.067 * 21.419 * 31.511* 24.966 * 183.697 * 79.38 *

5kg/s 314 + 12454 7.5 175 + 14.56 4 22 195 +17.33 ¢ 45 135 +7.89 ¢ 10.1 41 +456¢ 6.5 40 + 4554 7.9 52 4+ 3.98 ¢ 1.7 35+3.79¢ 44
6kg/s 259 4+ 13.01 ¢ 6.8 240 +11.20 ¢ 43 179 + 10.06 4 6.6 146 +1045¢ 8.9 45+ 8.74¢ 6.1 45 + 4.78 4 8.3 36+ 4.11P 5.3 31 +4.67¢ 3.0
7kg/s 231 +1544% 106 219 4+ 15.44° 5.7 192 +11.14¢ 35 145 +11.12¢ 7.6 43 +6.66 ¢ 5.3 39 +6.23¢ 32 39 4+ 4.56P 24 44 +9.76" 39
8kg/s 244 +12.89P 115 257 4+13.332 8.8 137 + 13.78 P 7.7 167 +£17.56 P 5.5 50 + 8.81° 43 48 +7.49P 2.1 47 +3.092 34 65+ 4582 2.0
9kg/s 265 +18.90 2 97  264+1209° 9.0 154 +12.112 6.7 142 + 8.852 6.1 41 + 4562 6.7 65+ 6.652 45 50 +9.772 3.0 62 +3.112 15
F-value 2.897 5.134 7.509 1.375 2.985 6.437 4462 5.519

F = Fisher’s variance ratio; * Extreme significance (p < 0.01). Mean values with different letters in each column indicate that these values have statistically significant differences (p < 0.05).
CV = coefficient of variation.
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Figure 7c,d shows the particle size distribution of corn cobs under different concave
clearances. In terms of the amount of “small length” corn cobs (Figure 7c), there was an
apparent decrease as concave clearance increased. The proportion of 0-10 mm cobs fell
from 41.8% to 26.6%, while the proportion of 10-20 mm tended to increase by 20.1%. It
indicates that, with a large concave clearance, there is less contact area. The collision and
friction decreased, resulting in a decrease in the overall number of “small length” cobs.
However, the collision and friction played a limited role. Fewer corn cobs became the
smallest particles. Lc was concentrated in the 21-30 mm, explaining the rise in proportion.
For “medium length”, the number kept dropping from 100 to 56. For “large length”,
we did not find any quantitative difference. As shown in Figure 7d, the number of corn
cobs at small angles (0-45°) declined rapidly. Corn cobs at other angles also had a slow
downward trend.

The particle size distribution of corn cobs with a change in feed rate is shown in
Figure 7e,f. In general, the number of corn cobs increased with the feed rate. However,
analysis of variance showed no significant difference under different feed rates. When
the feed rate was slow (5 kg/s), there were more collisions, leading to more broken corn
cobs. Nevertheless, when the feed rate increased, corn ears were threshed insufficiently,
resulting in a decrease in the number of broken cobs. Likewise, as shown in Figure 8b, we
also noticed that the broken angle was increasing with the feed rate. Thus, the increased
number of corn cobs—due to increased feed rate—was partially offset by the decrease due
to breaking. The number and proportion of “small length” cobs showed a downward trend,
while the “medium length” and “large length” showed a clear rising tendency. Combined
with the weight distribution analysis, the weights of “medium length” and “large length”
were dominant, which also helps explain why the total weight was still increasing.

N
1500 1500 1500
7 5 B >50mm 7 B B > 50mm ? B > 50mm
B 41-50mm B 41-50mm B B 41-50mm
1200 1200 1200
= 0 31-40mm = 0 31-40mm = I 31-40mm
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9} - T T T T 9/ : T T T T 9/ 1 T T T
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Drum speed (r/min) Concave clearance (mm) Feed rate (kg/s)

(b) (©) (d)

Figure 8. Characteristic size and particle size distribution of corn husks: (a) Characteristic size of
corn husk; (b) B of corn husks for different drum speeds; (c) B of corn husks for different concave
clearances; (d) B of corn husks for different feed rates.

3.1.3. Particle Size Distribution of Corn Husks

The tensile strength in longitudinal corn husks was more than nine times larger than
the transverse [33]. Further, in a threshing experiment, we also found a few longitudinal
fractures of the corn husks. Most of the husks were torn along the transverse in varying
degrees [34,35]. Therefore, we only selected the width (B) to elaborate on the influence of
experimental factors on the size distribution of corn husks (Figure 8a). Table 5 shows the
variance for the particle size distribution of corn husks. The results indicated the drum
speed, concave clearance, and feed rate had a significant effect on the width (B).
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Table 5. Effect of process parameters on Frequency (B) of corn husks and repeated measures analysis of variance.

Frequency (B)
I“}i‘::rce 0-11 mm 11-20 mm 21-30 mm 31-40 mm 41-50 mm >50 mm
Mean + SD CV (%) Mean + SD CV (%) Mean + SD CV (%) Mean + SD CV (%) Mean + SD CV (%) Mean + SD CV (%)
300 r/min 91 + 1337 ¢ 7.7 81 +8.39¢ 46 62 +18.44°¢ 9.7 56 +12.34 ¢ 59 18 +£8.794d 7.4 25 + 6.46 © 45
400 r/min 124 +14.74 4 22 120 + 13.45 4 35 95 +15.334 6.6 80 + 14.56 4 6.7 39 +1045¢ 5.8 32 +6.394 3.6
500 r/min 231 +£15.59°¢ 35 189 + 1637 ¢ 7.1 130 £ 12.45¢ 45 120 £ 11.89 ¢ 6.4 41 +722¢ 1.9 48 +£7.33¢ 44
600 r/min 465 + 10.66 P 4.6 205 + 17.56 b 9.0 167 + 10.89 b 32 147 +17.32b 5.1 93 +5.12b 43 65+599b 3.0
700 r/min 525 422212 9.8 322 4+ 18.882 10.3 214 4+ 17.642 6.1 166 + 16.452 22 102 +£4.302 29 97 +£10.112 7.1
F-value 553.284 * 129.236 * 35.104 * 58.704 * 50.535 * 62.918 *
30 mm 335+ 12.454 7.2 324 +17.88¢ 5.6 231 +17.15¢ 7.1 154 + 6.79 d 2.0 85+ 4554 10.9 45 +545¢ 5.8
35mm 307 £+ 15.55 ¢ 9.0 261 &+ 12.09 d 7.2 175 + 14.324 45 149 + 10.48 4 49 45 +6.89¢ 7.8 41 £632¢ 43
40 mm 231 4+ 14.90P 5.6 189 +17.11°¢ 5.9 136 + 10.55 € 6.6 122 +£9.09¢ 3.7 46 + 6.48¢ 44 39 +9.83¢ 22
45 mm 210 + 16.03 P 45 209 £+ 12.95b 6.0 125 +17.89b 7.9 109 + 8.87P 46 57 +731b 6.3 30 +3.46° 19
50 mm 143 + 17452 6.3 168 + 10.44 2 6.1 88 +9.892 43 81+ 8.012 5.2 41 + 8492 5.1 26 +7.422 25
F-value 65.073 * 51.895 * 46.555 * 15.678 * 11.012 * 11.819*
5kg/s 106 + 10.33 ¢ 5.4 95 +9.734d 5.7 121 +£8.89¢ 6.0 82 + 6.79 89 41 +10.334 7.7 40 +4.334 40
6 kg/s 128 + 12.67 ¢ 32 184 + 8.45¢ 8.8 159 +9.03 4 49 100 + 8.224 10.3 40 + 8994 47 45 + 6.89 4 5.0
7kg/s 231 +18.01P 9.6 189 + 1043 ¢ 9.0 131 +£11.34°¢ 2.7 124 £9.39°¢ 114 47 +747°¢ 9.8 39 +£501°¢ 3.6
8kg/s 242 4+ 19.98 b 42 218 + 11.12° 47 150 + 14.55b 7.4 158 +10.45P 35 52 +6.81P 4.0 55 + 6.35 P 7.9
9kg/s 265 + 15.43 2 7.1 205 4+ 12.232 24 163 + 17.58 2 6.3 145 + 14.01 2 6.8 84 +10.412 3.1 95 + 6.78 2 5.1
F-value 56.626 * 40.203 * 13.056 * 26.265 * 7.608 * 22.014 *

F = Fisher’s variance ratio; * Extreme significance (p < 0.01). Mean values with different letters in each column indicate that these values have statistically significant differences (p < 0.05).
CV = coefficient of variation.
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3.2. Weight Distribution of Components

To clearly express the distribution pattern, the 3D distribution of the weight is shown
in Figure 8. Next, we investigated the influence of test factors on the weight distribution of
each component one by one.

As shown in Figure 9a, the weight distribution pattern of corn kernels was more like a
“skateboard”. There was more on both sides and less in the middle in the radial direction,
that first increased and then decreased in the axial direction. The corn cobs’ weight
distribution increased continuously along the axial direction and was greater on both sides
and lower in the middle in the radial direction (Figure 9b). The weight distribution pattern
of corn husks was a clear left posterior distribution. Figure 9c showed that the weight of
corn husks was mainly concentrated in rows 11-27 and columns 1-5. More husks gathered
on the left side of the collection boxes.

o
o w

Weight of corn cobs (g)
Weight of corn husks (g)

§ drut

Figure 9. Three-dimensional distribution of the weight. (a) Weight distribution pattern of corn
kernels. (b) Weight distribution pattern of corn cobs. (c) Weight distribution pattern of corn husks.

3.2.1. Effects of Drum Speed on the Weight Distribution of Components

The drum speed determines the frequency of collision and velocity, which has an
important influence on the distribution of the threshed mixture [36]. The weight distribution
with different drum speeds is shown in Figure 10.

As shown in Figure 10a, the weight of corn kernels was first increased from row 1
to rows 2-6, and then decreased to the end in the axial direction. The weight reached
the highest value at row 3 when the drum speed was 300 r/min. Meanwhile, the peak
weight shifted to row 6 when the drum speed increased to 700 r/min. This shift was due to
changes in the linear velocity caused by the drum speed. The mixture moved backward
faster with higher linear velocity. In the radial direction, the weight on the left and right
sides was always greater than that in the middle (Figure 10b). The greatest kernel weight
was in column 11, while the lowest weight was in column 6. In particular, the weight in
column 11 was about 2.5 times that in column 6. Thus, the weight presented prominent
accumulation on both sides, especially on the right. Indeed, the centrifugal force generated
radial acceleration. Counterclockwise rotation of the drum accounted for this uneven
distribution. With the increased drum speed, the weights of the top three columns (9-11)
increased, while the weight of the remaining columns decreased. Because of the increased
centrifugal force acting on kernels, they tended to fly out to the right. The total weight of
corn kernel increased continuously in the trial. The main reason for this was the drum’s
increased frequency of strikes to corn ears. There were more kernels to be separated from
ears and passed through the concave. Furthermore, the first 18 rows of kernels accounted
for more than 92% of the total weight, indicating that the corn kernel separation was
completed in two-thirds of the drum.

Corn cob is an important impurity in the mixture. As illustrated in Figure 10c, the
weight of corn cobs increased continuously in the axial direction. Among these, rows 1-9
contained a few corn cobs. The cobs were mainly concentrated after the 10th column, which
presented a rapid growth trend. According to the distribution of kernels, we knew that
corn ears were rapidly threshed in rows 1-9. In this section, the drum mainly collided with
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the corn kernels, with 80% of kernels falling off the corn cob. Then, these corn cobs were
exposed. In rows 10-27, collision mainly occurred between the drum and corn cobs, which
caused cobs to break and fall. High drum speed means that the probability of collision is
high, resulting in the relative increase in broken corn cobs. The total weight of the corn
cob increased by 624 g as the drum speed increased from 300 to 700 r/min. This result
corresponded to the number of corn cobs in Figure 7a. For the distribution in the radial
direction, as shown in Figure 10d, the weight on the left and right sides was higher than in
the middle. The higher weight was seen in the left column 2 and right column 11. The corn
cobs flew out to the sides under centrifugal force. With the increased drum speed, over
80% of corn cobs were assigned to the right and left side distribution. This suggests that
centrifugal force increased the accumulation of corn cobs on both sides. Additionally, the
gradual increase in total weight also meant that the uniformity was poor. These conditions
did not show any benefit for cleaning.
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Figure 10. Weight distribution of components for different feed rates. Weight distribution curves in
the axial and radial direction of (a,b) corn kernels; (c,d) corn cobs; and (e,f) corn husks.
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In Figure 10e, the weight of corn husks increased continuously in the axial direction.
Indeed, most husks were peeled off the ears in the first nine rows. However, the corn husks
were broad and unable to get through the concave at this stage. In rows 10-27, they were
crushed under impact and fell constantly. Therefore, the weight showed a sharp upward
trend. The total weight of corn husks increased greatly with the increase in drum speed.
This was due to the increase in the frequency of collisions between the drum and husks.
Along the radial direction (Figure 10f), corn husks mainly gathered in the left 1-6 columns.
The reason was that some husks did not pass through the top cover to the right side due
to excessive volumes. As the drum speed increased, the husk weight in columns 1-6
increased. The more serious accumulation is on the left side. Especially, the weight of
the husks increased rapidly when the drum speed was 700 r/min. Thus, it added to the
difficulty to reduce the impurities rate in the cleaning process.

Overall, the distribution of corn kernels, corn cob, and corn husks became more uneven
with the increase in drum speed. The results also showed the weight of impurities (corn cobs
and corn leaves) increased. Undoubtedly, both exacerbated the load of subsequent cleaning.
In addition, more broken kernels were in the collection box when the drum speed was
high. This result was the same as the conclusion of Fu’s study [37]. Thus, the drum speed
can be reduced to achieve less impurity and broken kernels when threshing. However, we
found more lost kernels at the end of the drum as the drum speed decreased. To ensure less
kernel loss, the drum speed should not be too low. Qu et al. [38] tested the drum speed in a
longitudinal axial flow threshing and separating device. The results showed the optimal
drum speed was 254486 r/min when the feed rate was 8 kg/s. Therefore, considering the
breakage and loss of kernels, the drum speed of 400 r/min was superior.

3.2.2. Effects of Concave Clearance on the Weight Distribution of Components

The concave clearance determines the threshing space, affecting the accumulation
thickness of corn ears [39]. The influences of concave clearances on weight distribution are
shown in Figure 11.

Figure 11a shows that the weight of corn kernels decreased and then increased. The
basic tendency was the same under five concave clearances. Since the threshing space
became larger when the concave clearance increased, the collision frequency of the drum
to corn ears decreased. The weight in each column was constantly declining. The total
mass decreased by 896 g while the concave clearance increased from 30 to 50 mm. Some
kernels on the ear were transported without being threshed, which caused a large kernel
loss. Because of the same reason, the weight in each column was constantly declining,
which can be seen in Figure 11b. In the radial direction, as shown in Figure 11b, with a
small concave clearance, more ears were moved on the right side under the rubbing action.
As the concave clearance increased, the loose flow of ears in the threshing space made it
easier for kernels to fall through the concave. Hence, the radial distribution of the mixture
tended to be uniform.

As illustrated in Figure 11c, the weight of corn cobs increased continuously in the axial
direction. As mentioned previously, corn cobs collided with the drum after corn kernels
were threshed. Therefore, there was an obvious acceleration in the increase in weight from
row 10 to row 27. The weight trend was similar at 5 concave clearances. With the concave
clearance increased, corn cob weight was reduced. This was due to the drum hitting the
cob less frequently. In the radial direction, the weight decreased first and subsequently
increased, as shown in 10d. When the concave clearance increased, the weight distribution
of cobs tended to be uniform in the radial direction. One reason for this was that the loose
distribution of corn cobs gathered less on both sides under the action of rubbing. Another
reason was that the total weight of broken corn cobs decreased. In addition, compared with
the drum speed, the concave clearance had a moderate change in the corn cob weight.
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Figure 11. Weight distribution of components for different concave clearances. Weight distribution
curves in the axial and radial directions of (a,b) corn kernels, (c¢,d) corn cobs, and (e,f) corn husks.

Figure 11e shows that the corn husk’s weight increased continuously in the axial
direction. The cause was the same as that of drum speed (Figure 10e). Figure 11f shows the
corn husks also piled up on the left along the radial direction. With the concave clearance
increased, the unevenness of husks in both the axial and radial directions was reduced.
Meanwhile, the total weight of husks decreased significantly. This was due to reduced
contact area between drum and husks, resulting in fewer broken husks.

Compared with the results of the drum speed, the effect of concave clearance on
weight distribution was relatively weak. The increase in concave clearance weakened the
phenomenon of unilateral accumulation to an extent. Additionally, it has a positive influ-
ence on the uniform distribution in the radial direction. Moreover, the impurities in the corn
threshing mixture had less weight, which was conducive to cleaning. However, it caused
an increase in the kernel loss at the end of the drum [36,39]. With careful consideration, the
optimal working parameter of the concave clearance was selected as 40 mm.
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3.2.3. Effects of Feed Rate on the Weight Distribution of Components

The feed rate determines the density of the corn eras in the threshing space [40,41].
Figure 12 shows the influences of feed rate on weight distribution.
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Figure 12. Weight distribution of components for different feed rates. Weight distribution curves in
the axial and radial direction of (a,b) corn kernels; (¢,d) corn cobs; and (e,f) corn husks.

In Figure 12b, the corn kernel weight first increased and then decreased in the axial
direction. The weight peak was mainly concentrated in rows 5-7. Under different feed rates,
the weight distribution trend was similar, while the proportions of corn kernel weight were
different. While the feed rate increased from 5 to 9 kg/s, the weight percent of corn kernels
decreased from 96.7% to 95.8%. The reason for this was that the density of ears increased in
the threshing space, resulting in a deficiency of rubbing. Thus, the ability of the drum to
separate corn kernels was weakened, resulting in significant kernel loss. Figure 11b shows
that the corn kernel weight decreased first and then increased in the radial direction. Corn
kernels that dropped on the right side were consistently higher than those on the left. The
counterclockwise rotating drum offered centrifugal force, which caused the result. With the
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rise in feed rate, a greater density of corn ears in the threshing space made the drum carry
more kernels to both sides, aggravating the uneven distribution in the radial direction.

As shown in Figure 12¢, the weight of corn cobs was increased continuously in the
axial direction. It is found that the corn cob weight increased with the increase in feed
rate, including the weight of each row and the total weight. When the feed rate increased
from 5 kg/s to 9 kg /s, the weight raised from 319 g to 724 g. In the radial direction, the
distribution trend decreased first and then increased (in Figure 12d). With the increase in
feed rate, the weight in each row increased gradually, and the accumulation on both sides
was more serious. More corn cobs gathered to both sides under the rubbing action due to
the density increase.

In Figure 12e,f, the weight of corn husks increased continuously in the axial direction
and decreased continuously along the radial direction. The distribution was the same as
that of drum speed and concave clearance. With the increased feed rate, the total weight
of husks increased gradually. Furthermore, corn husks clustered heavily on the left and
posterior sides of the drum. The increase and accumulation of impurities greatly increased
the cleaning load.

At present, the corn combine harvest is currently developing in the direction of high
efficiency [42]. Many agricultural machinery companies in America and Europe, such as
John Deere, CASE, and Fendyt, developed the grain combine harvester with a large feed
rate [43—45]. This poses a challenge for cleaning and threshing. For cleaning, the increased
feed rate resulted in more threshing mixture being processed, greatly increasing the cleaning
load. Li et al. [45] found the airflow velocity in the cleaning system decreased by 1.3-15.5%
with every 1.0 kg/s increase in feed rate, causing the decline in cleaning performance.
Moreover, the increased feed rate continuously intensified the inhomogeneity of the weight
distribution. For the threshing, some kernels in the corn ears were discharged without
being threshed, causing a large kernel loss. However, reducing the feed rate meant that the
efficiency decreased, which did not meet the needs of the combine harvester. Therefore, a
feed rate of around 7 kg/s was selected for corn harvesting. Under this condition, there
were few impurities, and the weight distribution was relatively even.

3.3. Discussion

This study explored the particle size and weight distribution of the corn threshed
mixture. In this study, the weight distribution pattern of corn kernels was a skateboard
shape, the corn cobs weight distribution was a concave shape, and the weight distribution
pattern of corn husks was a left posterior accumulated shape. In comparison with previous
studies, there are some differences in the weight distribution pattern. Chai [23] found that
the distribution pattern of threshed outputs in a combine harvester was saddle shaped.
The reason why our distribution patterns are not completely the same is that Chai used a
tangential-longitudinal axial drum. Yi [19] and Fu [22] analyzed the distribution of rice.
Their results were partially the same as ours. Among them, the distribution patterns of
kernels were similar, which first increased and then decreased along the axial. In the
radial, the weight was greater on both sides and lower in the middle, as a result of the
rotational centrifugal force. With the main difference, Yi concluded the weight distribution
of impurity was decreased continuously in the axial. Corn cobs were exposed and were
broken after kernels were threshed along the drum. Therefore, the weight of corn cobs
gradually increased along the axial. For corn, Yang et al. [46]. studied the rule of threshing
separation in a tangential flow—transverse axial threshing bench. The difference was that the
structure of the threshing drum is different. In this paper, the distribution experiment was
carried out on a longitudinal axial flow threshing drum. These two drums are two distinct
threshing approaches. Moreover, the corn threshed mixture was not subdivided, and the
particle size distribution was not considered. Therefore, this study of corn threshed mixture
distribution is innovative.

In terms of particle size distribution, this research concludes that the number of
particles is positively correlated with drum speed. The increase in drum speed increased
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the frequency of strikes to corn ears, resulting in more cobs and husks fragmentation and
smaller size. The number of particles is negatively correlated with concave clearance. The
reason for this was that the density of ears increased, resulting in a deficiency of rubbing.
These views were consistent with that of Srison et al. [47-49]. The feed rate had less
influence on the number of cobs and husks. A large feed rate represents high efficiency.
Therefore, on the premise of ensuring high efficiency, the drum should be run at a lower
speed to reduce loss. Qu et al. also confirmed this view [38,50].

In terms of weight distribution, this research concludes that the weight of the corn
threshed mixture has an obvious uneven trend in the axial and radial direction. The unifor-
mity of the threshed mixture distribution was worse with the increase in drum speed and
feed rate and the decrease in concave clearance. In order to obtain a desirable distribution
with maximum productivity and minimum loss, the process parameters were determined as
a drum speed of 400 r/min, concave clearance of 40 mm, and feed rate of 7 kg/s.

There are still short comings in this study. It is worth noting that the drum speed,
concave clearance, and feed rate had a limited impact on improving the evenness of the
weight distribution. It is difficult to achieve complete uniformity of the mixture only
by adjusting these three parameters in the threshing system. Therefore, reducing the
cleaning load on the cleaning screen deserves further study. Then, the cleaning device
will be modified to obtain an ideal cleaning performance. Exactly, this study provides the
theoretical basis for the structural design of the cleaning system with lower impurities
and loss.

4. Conclusions

In this study, we established a corn longitudinal axial flow threshing system. Addition-
ally, we investigated the influence of different parameters on the particle size distribution
and weight distribution of corn threshed mixtures. The results show that drum speed is
the most significant factor in particle size. A larger drum speed leads to smaller particle
sizes and more impurities. The weight distribution of corn kernels was more on both sides
and less in the middle in the radial, and first increased and then decreased in the axial.
The weight distribution of corn cobs was increasing continuously along the axial and was
greater on both sides and lower in the middle in the radial. The weight distribution of corn
husks was a clear left posterior distribution. With the decrease in drum speed and feed
rate and the increase in concave clearance, the uniformity of the mixture distribution was
improved, which is beneficial to reducing the cleaning load. Combined with the compre-
hensive judgment, the process parameters determined that drum speed was 400 r/min,
concave clearance was 40 mm, and feed rate was 7 kg/s. Based on the uneven distribution,
further research focuses on a method and device in the cleaning system to improve the local
accumulation. We believe this study could provide the theoretical basis for this design.
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