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Abstract: The rates of maize breakage and entrainment loss are high in the harvest of high-moisture maize, which remains an 

issue with the development of agricultural mechanization.  In order to reduce the maize breakage and entrainment loss rates, 

the correlations among key factors, such as the threshing cylinder speed, concave clearance and feeding rate, and the rates of 

breakage and entrainment loss during high-moisture maize harvesting were studied in this paper.  A single-factor experiment 

was carried out using a single-longitudinal-axial flow maize harvester, and an orthogonal experiment was carried out using 

single- and double-longitudinal-axial flow maize harvesters with the Taguchi experimental design method.  The single-factor 

experiment revealed that when the cylinder speed increased, the breakage rate of maize decreased first and then increased, 

while the entrainment loss rate decreased.  The breakage rate of maize decreased as the concave clearance increased, while the 

entrainment loss rate decreased first and then increased.  The optimum value of the concave clearance was positively 

correlated with the ear diameter of maize; Additionally, the minimum breakage rate of maize occurred when the feeding rate 

was at the rated value, and the entrainment loss rate increased as the feeding rate increased.  The orthogonal experiments 

revealed that the importance of cylinder speed, feeding rate, concave clearance on the maize breakage and entrainment loss 

rates were in descending order.  The optimum values of parameters for the single-longitudinal-axial flow maize harvester were 

370 r/min cylinder speed, 40 mm concave clearance and 10 kg/s feeding rate.  The optimum values of parameters the 

double-longitudinal-axial flow maize harvester were 550 r/min cylinder speed, 35 mm concave clearance and 10 kg/s  feeding 

rate.  The research can provide a reference for parameter configuration and control strategy for the longitudinal-axial flow 

maize harvester with high-moisture maize. 
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1  Introduction

 

Maize is currently the world’s highest-yielding food crop, 

occupying only less acreage than wheat and rice[1].  According to 

China’s statistics bureau, in 2017, maize was the crop with the 

largest planted area in China, but there was less mechanized 

harvesting of maize than that of wheat and rice[2].  This gap exists 

mostly because maize is easily damaged during mechanized 

harvesting[3-7].  Maize harvesters can be divided into two types: 

direct maize threshing and the harvesting of maize ears[8].  

Previous researches have shown that the moisture content of maize 

kernels affects their mechanical properties.  The minimum grain 

damage during maize threshing occurs at moisture contents 

between 20% and 22%. When the moisture content of maize 

                                                 
Received date: 2020-01-07    Accepted date: 2020-05-21 

Biographies: Xiaolong Zhu, PhD candidate, research interest: vehicle electronic 

control, Email: zxlcau@163.com; Yuefeng Du, PhD, Associate Professor, 

research interest: vehicle electronic control, Email: dyf@cau.edu.cn; Jiahao Qin, 

PhD candidate, research interest: tractor stability control, Email: 

qinjh@cau.edu.cn; Zexin Xiong, Master candidate, research interest: vehicle 

electronic control, Email: xiongzexin@yeah.com; Weitong Zhang, Master 

candidate, research interest: vehicle electronic control, Email: 

dfzhangweitong@163.com; Xiaoyu Li, PhD candidate, research interest: vehicle 

electronic control, Email: lxy940724@163.com.  

*Corresponding author: Ruijuan Chi, PhD, Associate Professor, research 

interest: vehicle electronic control.  China Agricultural University, Haidian District, 

Beijing 100083, China.  Tel: +86-10-62736730, Email: chiruijuan@cau.edu.cn. 

kernels exceeds 28%, they become soft and more easily 

damaged[9,10].  That is, the greater the maize’s moisture content, 

the more easily the kernels are broken[11-13].  In the United State 

and European countries, maize used for grain production is 

traditionally harvested when the moisture content is about 

18%-25%; therefore, direct maize threshing has been the main 

harvesting method[14].  In recent years, China has also gradually 

adopts the direct maize-threshing harvesting method; however, 

most of the maize-growing areas in China, especially in the 

Huang-Huai-Hai Region, are planted with winter wheat and 

summer maize.  The maize moisture content is generally high, 

ranging from 25% to 35% during the harvest[15-17].  To adapt to 

high-moisture maize during harvesting, the development of a 

low-damage threshing technology is urgently needed in China[18,19]. 

The harvesting of maize kernels can be divided into three 

processes: ear picking, threshing and cleaning.  The threshing 

process accounts for a large proportion of maize loss[20,21].  The 

mechanisms parameters directly relating to the threshing process 

are concave clearance and cylinder speed.  Therefore, there is 

much research on these parameters.  Petkevichius et al.[22] studied 

the effects of feeding direction, moisture content, cylinder speed 

and concave clearance on the threshing loss of maize and analyzed 

the force in the threshing process of maize with different moisture 

contents.  Mahmoud and Buchele[9] studied the effects of force 

and feeding direction on mechanical damage to maize ears.  Xu et 

al.[23,24] established a force equation for grain and threshing 
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elements in the contact process depending on the collision angle, 

and they designed a threshing and separating device with a 

transverse axial flow cylinder and a scheme for the cylinder and 

concave clearance.  Qu et al.[25] designed a test to determine the 

optimum speed range of maize harvester cylinders at different feed 

quantities. 

The key evaluation indexes of the maize harvester during the 

threshing process are the rates of maize breakage and entrainment 

loss[26].  Factors other than the threshing element affect threshing 

performance, such as the moisture content and feeding rate.  Di et 

al.[27] designed an axial flow threshing cylinder composed of a rasp 

bar block and nail tooth, and studied the effects of threshing 

cylinder speed, concave clearance and concave obliquity on the 

maize breakage and unthreshed rates.  Lin and Gao[28] carried out 

performance experiments for a differential speed seed thresher and 

studied the effects of cylinder speed, feeding rate and seeds’ 

moisture content on the seed breakage rate.  Keller et al.[29] 

analyzed the effects of threshing speed and moisture content on 

maize kernel damage.  However, most of the previous studies 

were carried out under ideal conditions in the laboratory on 

low-moisture maize.  There are few studies on the threshing 

process of high-moisture maize, and there is no research comparing 

the parameter configurations between single- and 

double-longitudinal-axial flow maize harvesters.  The 

configuration of threshing parameters for high-moisture maize is 

still mainly dependent on manual operation, which is subjective 

and inexact.  Therefore, it is of great practical significance to 

study the configuration of key parameters during the threshing 

process of high-moisture maize to reduce the loss. 

To address these problems, in this paper, the threshing process 

of single- and double-longitudinal-axial flow maize harvesters were 

studied, and the effects of cylinder speed, concave clearance and 

feeding rate on the evaluation indexes, breakage and entrainment 

loss rates of maize kernels, were analyzed.  The effects of single 

factor on the two evaluation indexes and the optimal configuration 

parameters of three factors on the two types of harvesters were 

studied.  The results can be used as a reference for parameter 

configuration during the harvesting process of high-moisture 

content maize using a longitudinal-axial flow maize harvester. 

2  Experimental system and key control mechanisms 

2.1  Experimental platform 

Two mainstream models of longitudinal-axial flow maize 

harvesters in China were selected as the experiment platforms.  

One is a single-longitudinal-axial flow maize harvester (10 kg/s 

rated feeding rate, 6-row cut width, 0-8 km/h harvest speed and  

630 mm cylinder diameter, 4YL-6(ZL2150), Yongmeng Machinery 

Co., Ltd, No. 6 Xingan Road, Baodi Jiuyuan industrial park, 

Tianjin) with a longitudinally arranged cylinder (Figure 1a); The 

other is a double-longitudinal-axial flow maize harvester (10 kg/s 

rated feeding rate, 8-row cut width, 0-8 km/h harvest speed and 480 

mm cylinder diameter,4YZT-8, Xinjiang Mushen Machinery Co., 

Ltd, No. 661 South Economic and Technological Development 

Zones Road, Urumqi City) with two longitudinally arranged 

cylinder (Figure 1b).  To make the experimental process easy and 

to ensure the accuracy of parameter adjustment during the 

experiment, the operating systems of the two harvesters were 

improved, and all the key mechanisms were controlled by 

electronic systems.  The concave clearance and the cylinder speed 

were controlled by a keyboard, and the vehicle speed was 

controlled by a handle (Figure 1c).  Additionally, all data was 

displayed on a screen (Figure 1d) during the experimental operation, 

which enhanced the human-computer interactions during the process.  
 

 
a. Single               

 

 
b. Double 

 
 

 
1. Handle  2. Keyboard 

c. Control uni 
 

 
d. Display screen 

Figure 1  Longitudinal axial flow harvesters 
 

2.2  Data acquisition system  

In this paper, the data for the parameters of cylinder speed, 

concave clearance and vehicle speed was collected.  Although 

changes in the parameters were observed in real-time on the display 

screen, to process the experimental data at a later stage a two-way 

controller area network (CAN) recorder (Figure 2) was used to 

collect and record the experimental data.   
 

 
Figure 2  Controller area network recorder 
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2.3  Key control mechanism 

2.3.1  Mechanisms regulating the threshing cylinder speed 

To study the effects of cylinder speed on the rates of maize 

breakage and entrainment loss, it is necessary to adjust the cylinder 

to the corresponding speed quickly and accurately in each 

experiment.  Therefore, based on the original vehicle’s cylinder 

speed regulating mechanism, an electronic control regulating 

mechanism for the cylinder speeds of the single- and 

double-longitudinal-axial flow harvesters was designed.  The 

adjustment range for the cylinder speed is 0-1200 r/min. 

The speed of the cylinder was adjusted by changing the 

diameter of the continuously variable transmission (CVT) wheel.  

The control flow chart is shown in Figure 3.  The speed 

adjustment process for the cylinder is as follows: The driver sends 

out a control command to change the cylinder speed through the 

keyboard, the electronic control unit (ECU) receives the signal and 

then controls the drive motor’s rotation.  The driving motor drives 

the CVT wheel to move axially through the transmission 

mechanism, realizing the step-less control of the cylinder speed.  

The cylinder speed sensor relays the change of cylinder speed to 

the ECU, and it is displayed on the screen, which improves the 

interactivity of the adjustment process. 

 
Figure 3  Flow chart of cylinder speed regulation 

 

2.3.2  Mechanisms regulating the concave clearance 

To make the adjusting of the concave clearance more 

convenient, the original mechanical adjustment mechanisms of the 

two models were improved to electronically controlled adjustment 

mechanisms.  The control flow chart is shown in Figure 4.  The 

ECU receives the command to change the concave clearance from 

the keyboard, and then controls the electric-driven putter to change 

the concave clearance, while the linear displacement sensor detects 

the current concave clearance in real-time.  Using the display 

screen, this information is relayed to the driver to achieve an 

accurate adjustment in the concave clearance.  The adjustment 

range for the concave clearance is 0-50 mm. 

 
Figure 4  Flow chart of concave clearance regulation 

 

2.3.3  Regulation of feeding rate 

There are many factors that affect the feeding rate received by 

the maize harvester, such as vehicle speed, crop yield, crop 

moisture content and cut width.  However, the only factor that 

affects the feeding rate when the same harvester is working in the 

same field is vehicle speed.  Therefore, the vehicle speed was 

controlled to change the feeding rate.  The vehicle-speed control 

system of a maize harvester contains a vehicle-speed sensor, ECU, 

control handle, electro-hydraulic proportional valve, walking 

variable pump and walking motor.  The flow chart for vehicle 

speed control is shown in Figure 5.  Using the handle, the driver 

sends a speed-change command to the ECU, which calculates and 

then controls the electro-hydraulic proportional valve to change the 

flow of the walking variable pump to alter the walking motor drive 

gearbox to regulate the speed.  The speed adjustment range is 0-  

8 km/h during harvesting.  The vehicle speed sensor detects the 

current speed in real-time, and the speed information is displayed 

on the screen. 

 
Figure 5  Flow chart of vehicle-speed control 

3  Experimental program and related calculations 

3.1  Experimental program 

The experiment was carried out in accordance with the 

requirements of the relating standard rules[30].  Before the 

experiment, the field was divided into three areas, a 20 m 

measuring area, a 20 m stable area and a 10 m parking area, as 

shown in Figure 6.  Each area was marked with posts.  During 

the experiment, the harvester first stabilized the working 

parameters in the stable area, and then entered the measuring area 

to harvest maize.  When the harvester entered the measuring area, 

the plastic cloth was used to catch the bract discharge from the 

outlet and to collect loss of entrapped grains.  After each group of 

experiments was completed, the maize kernel samples were 

collected from the pre-arranged collecting boxes in the granary. 

 
Figure 6  Diagram of the experimental area 

 

3.2  Feeding rate calculation 

The feeding rate during the experimental process was mainly 

regulated by vehicle speed.  The maize ear samples were collected 

in accordance with the requirements of the relating standard 

rules[31].  In this experiment, a sampling area of 4 m2 was selected 

randomly in the measuring area, and the maize ears were sampled 

randomly using the five-point method, counted and weighed.  

Using Equation (1), the corresponding vehicle speeds when the 

feeding rate was 8 kg/s, 10 kg/s and 12 kg/s were calculated. 

20000

Z

Q S
V

G S





         (1) 

where, V is vehicle speed, m/s; Q is the feeding rate, kg/s; S is the 

number of sampled maize ears in the measuring area; G is the 

weight of S, g; and Sz is the total number of ears in the sampling 

area. 

3.3  Breakage rate of maize kernel calculation 

In accordance with the requirements of the relating standard 

rules[32], during each experiment, no less than 2 000 g of maize 

samples were collected in the measuring area, and the broken rate 

of maize was calculated according to Equation (2), as follows: 

100%
s

S

i

W
Z

W
      (2) 

where, Zs is the breakage rate of maize, %; Ws is the weight of 

broken maize, g; and W is the total weight of the samples, g.  
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3.4  Calculation of the entrainment loss rate for maize  

In accordance with the standard requirements of the relating 

standard rules[32], for each experiment in the measuring area, all the 

discharged bract leaves from the outlet were collected and weighed 

the maize kernels from that, and the entrainment loss rate was 

calculated according to using Equation (3), as follows: 

100%
b

b

z

W
S

W
        (3) 

where, Sb is the rate of entrainment loss, %; Wb is the weight of 

discharged maize from the outlet of measuring area, g; and Wz is 

the total weight of the maize of measuring area, g.  

4  Experimental process 

The experiments were carried out on a single- and a 

double-longitudinal-axial flow maize harvester, respectively.  The 

single-factor experiment was carried out to study the effects of 

cylinder speed, concave clearance and feeding rate on the rates of 

maize breakage and entrainment loss.  The interactions among the 

three factors were considered in the orthogonal experiment. The 

optimal values of the parameters of three factors and the 

importance of the three factors on the maize breakage and 

entrainment loss rates were determined. 

4.1  Experimental study on a single-longitudinal-axial flow 

maize harvester 

The experiment of single-longitudinal-axial flow maize 

harvester was carried out in Tianjin, Baodi District, China 

(117.3103°E, 39.71761°N).  The experimental platform was a 

self-propelled single-longitudinal-axial flow maize harvester.  

Before the experiment, the moisture content of the maize was 

determined to be 31% using a portable grain moisture meter 

(PM-8188-A, KETT, Japan, 155 Xinyuan road, anting town, 

Jiading District, Shanghai), confirming that it was high-moisture 

maize.  The experiments were carried out in two fields, and their 

basic information was shown in Tables 1 and 2. 

The cylinder speed and the concave clearance were adjusted 

using the keyboard.  The feeding rate was controlled by the 

vehicle speed and could be calculated using Equation (1).  The 

vehicle speed and feeding rate are shown in Table 3. 
 

Table 1  Basic maize parameters in Field 1 

Parameters Value 

Average ear length/mm 196 

Average large end diameter/mm 63.2 

Average small end diameter/mm 46.5 

Average ear weight (with bract leaves)/g 337/445 

Moisture content of maize/% 31 

Average number of plants in measuring area 296 

 

Table 2  Basic maize parameters in Field 2 

Parameters Value 

Average ear length/mm 146 

Average large end diameter/mm 51.3 

Average small end diameter/mm 44.7 

Average ear weight (with bract leaves)/g 387 

Moisture content of maize/% 27 

Average number of plants in measuring area 283 
 

 

Table 3  Vehicle speed and feeding rate 

Vehicle speed/km·h
-1

 

Feeding rate 

/kg·s
-1

 
Single longitudinal Double longitudinal 

Field 1 Field 2 Field 3 

4.37 5.26 3 8 

5.47 6.57 3.78 10 

6.56 7.89 4.54 12 
 

After each experiment, the samples were bagged and labelled, 

and the breakage and the entrainment loss rates were calculated 

using Equation (2) and Equation (3), respectively.  The 

experimental diagram and samples are shown in Figures 7a-7e.  

The broken maize types are shown in Figure 7f which include 

broken maize kernels, skin damage and surface cracking.  
 

   
a. Field operation                        b. Sampling at the granary          c. Sampling of bract leaves from the outlet 

 

 

d. Granary samples                                     e. Bract leaf samples                        f. Maize breakage types  

Figure 7  Harvesting process of single-longitudinal-axial flow maize harvester 
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4.2  Experimental study on a double-longitudinal-axial flow 

maize harvester 

The experiment of double-longitudinal-axial flow maize 

harvester was carried out in Junhu Farm, Xinjiang, China 

(87.308221°E, 44.011184°N).  The experimental machine was a 

self-propelled double-longitudinal-axial flow maize harvester.  

Before the experiment, the moisture content of the maize was 

determined to be 30%, confirming that it was high-moisture maize.  

The basic information of the field is shown in Table 4. 
 

Table 4  Basic maize parameters in Field 3 

Parameters Value 

Average ear length/mm 157 

Average large end diameter/mm 54.3 

Average small end diameter/mm 44.2 

Average ear weight (with bract leaves)/g 403 

Moisture content of maize/% 30 

Average number of plants in measuring area 472 
 

Cylinder speed and concave clearance were controlled using 

the handle and keypad settings, respectively. The feeding rate was 

corresponded to the speed, as shown in Table 3.  Part of the 

experiment diagram is shown in Figure 8.  
 

 
a. Field operation 

 

 
b. Sampling of bract leaves from the outlet 

Figure 8  Harvesting process of double-longitudinal-axial flow 

maize harvester 

5  Results and discussion 

5.1  Single-factor experiments 

The single-factor experiments were carried out on a 

single-longitudinal-axial flow maize harvester.  During the 

experiment, other harvester parameters were constant, except the 

cylinder speed, concave clearance and feeding rate.  Each set of 

experiments was repeated three times.  

5.1.1  Effects of cylinder speed on the breakage and entrainment 

loss rates of maize 

In Field 1, the single-factor cylinder speed experiment was 

carried out.  The concave clearance was 35 mm, the feeding rate 

was 10 kg/s, and the cylinder speed varied from 300 r/min to   

600 r/min. 

As shown in Figure 9, the effect curves for cylinders speed 

on the maize breakage and entrainment loss rates revealed that 

there was an optimal cylinder speed (350 r/min), on which the 

maize breakage rate was the lowest (3.85%).  After the optimal 

speed, the maize breakage rate increased rapidly with the increase 

of the cylinder speed.  It is because the centrifugal force and the 

impact force on maize kernels increase rapidly with the cylinder 

speed increasing.  When the cylinder speed was less than the 

optimal speed, the maize breakage rate increased slightly as the 

cylinder speed decreased.  When the cylinder speed was less 

than 480 r/min, the maize breakage rate was less than 5%.  The 

entrainment loss rate decreased as the cylinder speed increased.  

When the cylinder speed increased from 300 r/min to 400 r/min, 

the entrainment loss rate decreased obviously.  When the 

cylinder speed was more than 400 r/min, the entrainment loss rate 

was almost constant.  That indicated when the cylinder speed 

was more than 400 r/min, there was no obvious effect on reducing 

the maize kernels in bract leaf from the outlet by increasing the 

cylinder speed, because the ear can be threshed clean when the 

cylinder speed was more than 400 r/min.  When the cylinder 

speed was less than 400 r/min, as the cylinder speed decreased, 

the impact force on maize kernels decreased rapidly and the ear 

cannot be threshed completely, so the entrainment loss rate 

increased rapidly. 

 
Figure 9  Effects of cylinder speed on evaluation indexes 

 

5.1.2  Effects of concave clearance on the breakage and 

entrainment loss rates of maize 

The following settings were used: cylinder speed of 450 r/min, 

feeding rate of 10 kg/s, concave clearance change range of 25-   

50 mm. 

To study the correlation between concave clearance and maize 

ear diameter, the experiments were carried out in Fields 1 and 2 

(their basic information were shown in Tables 1 and 2).  As 

shown in Figure 10a, being independent of the ear diameter size, as 

the concave clearance increased, the maize breakage rate decreased 

gradually.  It is because, with the increase of the concave 

clearance, the extrusion force between the ears in the cylinder is 

reduced, which results in the decrease of the maize kernel breakage 

rate.  However, at the same concave clearance, the maize 

breakage rate of the small-diameter maize ears was lower.  As 

shown by the curve in Figure 10b, the entrainment loss rate 

decreased at first and then increased as the concave clearance 

increased.  Thus, there was an optimal concave clearance, on 

which the entrainment loss rate was the lowest.  The minimum 

entrainment loss rate correlated with the diameter of the maize ear.  

The concave clearance on the minimum entrainment loss rate of 

large-diameter maize ears was larger than that of the 

small-diameter maize ears.  At the same concave clearance, the 
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entrainment loss rate was lower for the large-diameter ears.  When 

the concave clearance was larger than the optimal value, the 

entrainment loss rate increased rapidly with the increase of the 

concave clearance.  It is because, with the increase of the concave 

clearance, the extrusion force between the ears in the cylinder is 

reduced, which results in the uncleanness of the maize kernel 

threshing.  When the concave clearance was less than the optimal 

value, the entrainment loss rate increased slightly as the concave 

clearance decreased. 

 
a. Breakage 

 
b. Entrainment loss rates 

Figure 10  Effects of concave clearance on the maize 
 

5.1.3  Effects of feeding rate on the breakage and entrainment loss 

rates of maize 

In Field 1, the single-factor feeding rate experiment was 

carried out.  The concave clearance was set to 35 mm, the 

threshing cylinder speed was 450 r/min and the feed quantities 

were 8 kg/s, 10 kg/s and 12 kg/s. 

The correlation between the maize breakage and entrainment 

loss rates is shown in Figure 11.  The maize breakage rate first 

decreased and then increased as the feeding rate increased.  The 

threshing process of maize kernels is mainly accomplished by 

rubbing and squeezing between the ears.  When the feeding rate 

is too small, the impact between the cylinder and the ears 

increases, which leads to the increase of the breakage rate;  

When the feeding rate is too large, the extrusion force between 

the ears is too large, which will also lead to the increase of the 

breakage rate.  Thus, the maize breakage rate was the smallest 

under the rated feeding rate.  However, the maize breakage rate 

at 12 kg/s was slightly lower than that at 8 kg/s, and the maize 

breakage rate was 3.72% when the feeding rate was at the rated 

value.  The entrainment loss rate increased as the feeding rate 

increased, and the entrainment loss increased obviously when the 

feeding rate was greater than the rated feeding rate.  The results 

showed that there was a positive correlation between the 

entrainment loss rate and the extrusion force between the ears of 

maize. 

 
Figure 11  Effects of feeding rate on evaluation indexes 

 

5.2  Orthogonal experiments 

The Orthogonal experiments were carried out on a single- and 

double-longitudinal-axial flow maize harvester and designed on the 

basis of the single-factor experimental results and local harvest 

experience using maize breakage and entrainment loss rates as 

evaluation indexes.  The orthogonal table L9(3
3) of Taguchi was 

used to design the experiment, and cylinder speed, concave 

clearance and feeding rate were set to three levels as shown in 

Table 5.  The signal-to-noise ratio (SNR) of the results was 

calculated using the criterion that smaller was better, and the main 

effect plot of the SNR was analyzed.  In Taguchi designs, The 

SNR is a measure of robustness used to identify control factors by 

minimizing the effects of uncontrollable factors (noise factors), 

which means the larger the SNR is, the smaller the noise effects, 

and the better the parameters set[33].  The single- and 

double-longitudinal-axial flow maize harvesters’ orthogonal 

experiments were carried out in Fields 1 and 3, respectively. 
 

Table 5  Signal factors and levels 

Harvester type Level Cylinder speed Concave clearance Feeding rate 

Single  

longitudinal 

1 370 35 8 

2 420 40 10 

3 470 45 12 

Double 

longitudinal 

1 500 30 8 

2 550 35 10 

3 600 40 12 
 

In the course of the experiment, other harvester parameters 

were constant, except the cylinder speed, concave clearance and 

feeding rate.  The experiment was repeated three times according 

to the factor level listed in Table 5.  The partial results of the 

orthogonal experiments are shown in Tables 6-9. 
 

Table 6  Partial experimental results for the single 

longitudinal axial flow maize harvester 

Experiment  

Number 

Cylinder 

speed 

Concave 

clearance 

Feeding 

rate 

Broken 

rate/% 

Entrainment  

loss rate/% 

1 1 1 1 3.76 1.65 

2 1 2 2 3.05 1.36 

3 1 3 3 3.98 1.60 

4 2 1 2 3.72 1.75 

5 2 2 3 3.79 1.89 

6 2 3 1 4.15 1.93 

7 3 1 3 4.82 2.01 

8 3 2 1 4.48 1.86 

9 3 3 2 4.29 1.83 
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Table 7  Analysis of variance for SNR for the 

single-longitudinal-axial flow maize harvester 

Item Source DOF P Delta Rank 

Broken rate 

/% 

Cylinder speed 2 0.017 2.05 1 

Concave clearance 2 0.074 0.91 3 

Feeding rate 2 0.044 1.16 2 

Entrainment  

loss rate/% 

Cylinder speed 2 0.019 1.867 1 

Concave clearance 2 0.064 0.561 3 

Feeding rate 2 0.067 0.965 2 

Note: DOF is the degree of freedom; p-value: p<0.1 (significant), p>0.1 

(insignificant); Delta is the difference between the highest and lowest average 

response values for each factor. 
 

Table 8  Partial experimental results for the double 

longitudinal axial flow maize harvester 

Experiment 

No 

Cylinder 

speed 

Concave 

clearance 

Feeding 

rate 

Broken 

rate/% 

Entrainment 

loss rate/% 

1 1 1 1 4.17 1.78 

2 1 2 2 3.65 1.58 

3 1 3 3 4.02 1.82 

4 2 1 2 3.76 1.49 

5 2 2 3 3.66 1.65 

6 2 3 1 3.88 1.72 

7 3 1 3 4.23 2.08 

8 3 2 1 4.12 1.91 

9 3 3 2 3.95 1.86 
 

Table 9  Analysis of variance for SNR for the 

double-longitudinal-axial flow maize harvester 

Item Source DOF P Delta Rank 

Broken rate 

/% 

Cylinder speed 2 0.026 0.74 1 

Concave clearance 2 0.047 0.54 3 

Feeding rate 2 0.038 0.6 2 

Entrainment  

loss rate/% 

Cylinder speed 2 0.007 1.616 1 

Concave clearance 2 0.078 0.453 3 

Feeding rate 2 0.017 1.028 2 

Note: DOF is the degree of freedom; p<0.1 (significant), p>0.1 (insignificant); 

Delta is the difference between the highest and lowest average response values 

for each factor. 
 

The p values of the cylinder speed, concave clearance and 

feeding rate were all less than 0.1, as shown in Tables 7 and 9.  

Thus, it was concluded that the three factors of two types of 

harvester have significant effects on the maize breakage and 

entrainment loss rates with a confidence of 90%.  Using Taguchi 

parameters regarding rank, the order of the importance of three 

factors on the maize breakage and entrainment loss rates was 

cylinder speed, feeding rate, concave clearance. 

Figure 12 is the main effects plot of the SNRs for the single 

(Figures 12a, 12b) and double (Figures 12c, 12d) longitudinal-axial 

flow maize harvesters.  The larger the SNR of the evaluation 

index, the more likely the factors are to reduce the rates of maize 

breakage and entrainment loss.  For the single-longitudinal-axial 

flow maize harvester, the rates of maize breakage and entrainment 

loss were small when the cylinder speed was at level 1.  Thus, 

when the cylinder speed was 370 r/min, the minimum rates of 

maize breakage and entrainment loss occurred.  When the feeding 

rate was at level 2, the rates of maize breakage and entrainment 

loss were small, which indicated that the rates of maize breakage 

and entrainment loss reached their minimum levels at the rated 

feeding rate for high-moisture maize.  Compared with cylinder 

speed and feeding rate, the changes in the maize breakage and 

entrainment loss rates at the three concave clearance levels were 

not obvious.  Thus, the effects of concave clearance on maize 

breakage and entrainment loss rates were not obvious.  Combining 

with the variance analysis of SNRs, as shown in Table 7, the 

optimum configuration of the three parameters that resulted in the 

lowest grain breakage and entrainment loss rates was cylinder 

speed level 1, concave clearance level 2 and feeding rate level 2.   

 
a. SN ratios of maize breakage for single-longitudinal-axial flow harvester 

 
b. SN ratios of entrainment loss rates for single-longitudinal-axial flow harvester 

 
c. SN ratios of maize breakage for double-longitudinal-axial flow harvester 

 
d. SN ratios of entrainment loss rates for double-longitudinal-axial flow 

harvester 

Note: Horizontal axis shows the level of each factor; SN ratios are the 

signal-to-noise ratios which is the smaller the better.  

Figure 12  Main effect diagrams of signal-to-noise ratios (SNRs)  
 

For the double-longitudinal-axial flow maize harvester, the 

level 2 cylinder speed resulted in the minimum maize breakage and 

entrainment loss rates. Thus, for the double-longitudinal-axial flow 

maize harvester, the optimal cylinder speed was 550 r/min, which 

was greater than that of the single-longitudinal-axial flow maize 

harvester.  This conclusion is consistent with the smaller diameter 

of the cylinder of the former compared with that of the latter.  The 
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smaller cylinder diameter results in a greater linear velocity.  The 

concave clearance could minimize the maize breakage rate at level 

2 but the effects on entrainment loss rate were not obvious.  The 

feeding rate could minimize the rates of maize breakage and 

entrainment loss at level 2.  Combining variance analysis of SNRs, 

as shown in Table 9, the best configuration of the three parameters 

that resulted in the lowest grain breakage and entrainment loss rates 

lowest was cylinder speed level 2, concave clearance level 2 and 

feeding rate level 2. 

6  Conclusions 

As a result of single-factor and orthogonal experiments, the 

following conclusions were drawn: 

1) For the single-longitudinal-axial flow maize harvester, the 

maize breakage rate decreased at first and then increased as the 

cylinder speed increased, while the entrainment loss rate decreased 

as the cylinder speed increased.  When the cylinder speed was 

over 400 r/min, the entrainment loss rate was almost constant.  

The minimum value of the maize breakage rate was 3.85% and the 

entrainment loss rate was 1.67% when the cylinder speed was 

300-600 r/min. 

2) For the single-longitudinal-axial flow maize harvester, the 

maize breakage rate decreased as the concave clearance increased, 

while the entrainment loss rate decreased first and then increased as 

the concave clearance increased.  The maize breakage and 

entrainment loss rates of the large-diameter ears at the same 

concave clearance level were greater, and the optimum value of the 

concave clearance was positively correlated with the ear diameter. 

3) The maize breakage and entrainment loss rates reached 

minimum levels at the rated feeding rate; therefore, the rated 

feeding rate should be maintained during the harvest process to 

obtain the most efficient production. 

4) The orthogonal experiments revealed that the order of the 

importance of the three factors on the maize breakage and 

entrainment loss rates was cylinder speed, feeding rate, concave 

clearance.  The optimum threshing parameters for the 

single-longitudinal-axial flow maize harvester are 370 r/min 

cylinder speed, 40 mm concave clearance and 10 kg/s feeding rate. 

The optimum threshing parameters for the 

double-longitudinal-axial flow maize harvester are 550 r/min 

cylinder speed, 35 mm concave clearance and 10 kg/s feeding rate.  

The optimal cylinder speed of the double-longitudinal-axial flow 

maize harvester was greater than that of the 

single-longitudinal-axial flow maize harvester. 
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