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ABSTRACT  

At present, straw harvesting operation is performed according to artificial experience, and there is no 

scientific method to detect the feeding quantity of the mobile straw granulator. This paper designed a feeding 

quantity detection system based on the power of the motive power shaft of the screw conveyor of the mobile 

straw granulator. The detection system includes the detection device and the detection method. The 

detection device consists of torque sensor, rotation speed sensor and on-board industrial computer. The 

detection method obtains the feeding quantity with the power that can be computed according to torque and 

rotation speed. The detection system was evaluated on the mobile straw granulator of Liaoning Ningyue 

agricultural machinery company. The field experiment shows that the average error of feeding quantity 

detection system is 7.5%, and the detection accuracy can meet the actual needs of the field application.  

 

摘要 

目前，秸秆收获作业靠人工经验判断，没有科学的方法来检测移动式秸秆制粒机的喂入量，本文设计了基于移

动式秸秆制粒机螺旋输送器动力轴功率的喂入量检测系统。喂入量检测系统包括喂入量检测装置和喂入量检测

方法。喂入量检测装置由扭矩传感器、转速传感器、车载工控机构成；喂入量检测方法中使用功率预测秸秆喂

入量，功率通过扭矩与转速间接求取；本文以辽宁宁越农机公司的移动式秸秆制粒机为试验平台对检测系统进

行了验证。田间试验表明，采用喂入量检测方法的平均误差为 7.5%，检测精度能够满足实际田间应用需求。 

 

INTRODUCTION 

 China is rich in all kinds of crop straw resources, of which the annual yield of corn straw can reach 180 

million tons (Zhao et al, 2019). Mechanized harvesting of corn straw in the field is very important, and the 

feeding quantity, as an important parameter in harvesting operation, determines the efficiency of corn straw 

harvesting.  If the feeding quantity is too large, the key parts of the mobile straw granulator will be blocked. If 

the feeding quantity is too small, the harvesting efficiency of corn straw will be seriously restricted. How to 

use modern information technology to detect feeding of mobile straw granulator and improve the harvest 

efficiency is particularly urgent.  

 There have been many important theoretical results in the research on the feeding quantity of the 

mechanical equipment. According to the working principle of combine harvester, relevant scholars put 

forward the feeding quantity detection model and designed the feeding quantity detection system (Savoie, et 

al, 2014). For example, the torque of the driving shaft and fuzzy neural network technology are used to 

detect the feeding quantity and adjust the speed of the combine harvester respectively (Ji, 2005). A 

monitoring method to detect the feeding quantity of peanut was proposed based on the torque of the power 

input shaft of the pickup platform (Wang et al, 2019). Through the dynamic analysis of the pickup, the 

mathematical model of the peanut harvester pickup is designed according to the torque and feeding quantity 

of the power input shaft of the peanut harvester pickup. The relationship between the feeding quantity of the 

combine harvester and the loss rate of the harvesting process was analysed to establish the mathematical 

model of them (Siemens and Hulick, 2008). However, there are many factors that affect the change of 

feeding quantity, and the actual working environment is complicate, which lead to a large measurement error. 

And, these researches are mostly aiming at combine harvesters. Hence, the detection of feeding quantity of 

the mobile straw granulator is an urgent demand.  
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  This paper proposed an embedded feeding quantity detection system. The relationship between the 

screw conveyor and the feeding quantity of the mobile straw granulator is analysed to build the correlation 

model. The embedded hardware system was constructed based on the STM32 and ZigBee, and had a low 

power consumption and high communication efficiency.  

 

MATERIALS AND METHODS 

Feeding quantity detection system 

 The mobile straw granulator is shown in Fig.1 (a), and the specific feeding device is shown in Fig.1 (b). 

During the harvesting of the mobile straw granulator, the corn straw is crushed and picked up by the front-

end pickup device, and then the straw is sent to the screw conveyor. Then, the material is fed into the straw 

conveying equipment through the screw conveyor. Finally, the material enters the straw granulator silo.  

 This paper analysed the screw conveyor power shaft to establish the mathematical model between the 

power of the power shaft and the feeding quantity of the mobile straw granulator to detect the feeding 

quantity. The system includes detection device and detection method. As an important parameter of the 

mobile straw granulator, power can not only detect the feed quantity, but also reflect the power required by 

the straw granulator in the harvesting process. The detection of power parameters is significant to the 

detection system. 

                

1

2

3

 
        a. Test equipment              b. Structure diagram of feeding device 

Fig. 1 - Mobile straw granulator 
1. Screw conveyor; 2. Picking up and crushing equipment; 3. Conveying equipment 

Detection device 

 The detection system includes torque sensor, speed sensor and the on-board industrial computer. The 

overall scheme of the detection system is shown in Fig. 2. The on-board industrial computer is composed of 

microcontrollers, CAN (Controller Area Network) controller (Harmon et al, 2018), display module, ZigBee RF 

(Radio Frequency) module (Partal et al, 2019) and 4G data transmission module. The speed sensor and the 

on-board industrial computer vehicle terminal adopt CAN bus protocol. Torsion sensor and on-board 

industrial computer communicate through ZigBee RF module; 4G data transmission module provides remote 

control interface. ZigBee RF module has advantages of low power consumption (Bihl et al, 2017), Ad-hoc 

network (Amer et al, 2020) and stable communication, so ZigBee communication is used in the torque 

sensor communication module.  

CAN controller
ZigBee RF module
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Fig. 2 – The detection system 
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The torque sensor which is used to detect the torque is shown in Fig. 3. Lithium battery with voltage of 

3.7V and capacity of 3000mAh is used for power supply. The hardware circuit is shown in Figure 4. And the 

torque sensor was mounted on the mobile straw granulator as Fig. 1(a). Low-power chip stm32f030f4p6 is 

the core of data acquisition. ZigBee module which uses CC2530 RF with 2400Mhz as the working frequency 

is used to communicate information. The strain bridge (R8, R9, R2, R16) is used to generate voltage signal 

(Feng and Wang, 2020). After being amplified by differential operational amplifier (U1B: lm358), buffered and 

isolated by voltage follower (U1A: lm358), voltage signal is sent to the fifth-order Butterworth low-pass filter 

composed of LM324 (U2A, U2B, U2C). The filter has the function of gain adjustment and filtering high-

frequency signal (Mahata et al, 2020). The parameters of resistance and capacitance in the filter are 

calculated according to the cut-off frequency and quality factor in the normalization table of low-pass filter. 

The frequency response curve is shown in Fig. 5. After the process of the filter, the required low-frequency 

signal is retained while the high-frequency signal generated by vibration is filtered out. With these 

components, the strain gauge deformation is converted into the voltage signal corresponding to the 

transmission shaft torque, and the voltage signal is converted into torque value. The single chip 

microcomputer sends the torque value to the ZigBee module (U4) through the pins (P0.2, P0.3). Then, the 

ZigBee module transmits the torsion value to the on-board industrial computer in the cab of the harvester 

through the spring antenna.  

  

Fig. 3 – Torque sensor communication module              Fig. 5 –Frequency response curve of filter 

 

Fig. 4 – Hardware circuit of torque sensor 
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The on-board industrial computer device and the specific circuit are shown in Figure 6 and Figure 7, 

respectively.  

 
Fig. 6 – On board industrial computer 

 

 

Fig. 7 – Circuit diagram of on-board industrial computer 
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When communicating with torque sensor, U6 (stm32f103c8t6) transmits command information to 

ZigBee module by USART communication through pins (P0.2, P0.3). Then, it is sent to the torque sensor. 

The on-board industrial computer communicates with the speed sensor through CAN controller U4 

(ata6560). The capacitor C9 can filter out the high frequency interference of power supply. In order to 

improve the anti-electromagnetic interference ability of CAN bus interface, the anti-interference circuit is 

designed. U3 (PESD1CAN) is used to eliminate electrostatic interference. Transient power of U3 between 8 

and 20us can reach 200W. The common mode filter L4 (WCM-3216-222T) can resist common mode 

interference. P3 (LCD) is driven by special driver chip U1 (TM1622) to display information such as torque, 

speed, power and feeding quantity. When the straw granulator is working, the microcontroller communicates 

with the 4G chip U7 (M8321); U7 interacts with SIM card P4, and the parameters related to the feeding 

quantity are transmitted to the background server by the antenna P7. P6 (SN74AVC4T245) is used to match 

the level of USART signal. 

 

Detection method 

 In the detection of the feeding quantity, the power cannot be measured directly as there is no 

measuring equipment for agricultural machinery used in field operation. The power is related to speed and 

torque, so it is necessary to calculate the speed and torque of screw conveyor and measure the power 

indirectly. The voltage signal of the strain gauge can be collected by the electronic circuit, and the torque 

value corresponding to the voltage signal can be calibrated by the professional torque sensor. The speed is 

obtained by the speed sensor. The feeding quantity can be predicted by fitting the above power with the 

actual feeding value.  

 

Power detection 

 The strain method is used for torque detection. As shown in Fig. 8, the main plane is the grey square 

whose perpendicular is 45 degrees relative to the X axis. σ1  and  σ2 represent tensile stress and compressive 

stress, respectively. And they are equal in value. According to Hooke's law (Kaanta et al, 2018), the tensile 

strain and compressive strain along the principal stress direction are expressed as Eq. (1) and (2), 

respectively.  
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In the above expression, E denotes the elastic modulus of the material and μ is the Poisson's ratio of 

the material. Under the influence of torque, the strain in the direction of plus or minus 45 degrees is equal 

and the direction is opposite. If ( )
45 45

0    −
= =  , the torque can be obtained by Eq. (3), in which, G=E 

(2(1+μ)) is the shear modulus, γ=2ε  is the shear strain, and D is the outer diameter of the drive shaft. 

  


=
3

1
16

D
T G                                                                            (3) 

 Therefore, the torque of the shaft can be obtained by applying strain gauges on the axial direction of 

plus or minus 45 degrees and the torque of the shaft T1(ε) can be obtained by detecting the maximum strain 

change of the transmission shaft. There is a linear relationship between T1 and ε.  

         

8R

2R16R

9R

 

Fig. 8 – Schematic diagram of torque principle  Fig. 9 – Schematic diagram of strain gauge mounting method 
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 The mounting method of strain gauge of torque sensor is shown in Fig. 9. The torque sensor uses 

strain gauges to form Huygens bridge, and four strain gauges (R8, R9, R2, R16) form an equal arm full bridge, 

and they form an angle of 90 degrees respectively. When the transmission shaft is strained by torque, the 

resistance value of the strain gauge changes with the surface stress of the driving shaft. And this leads to the 

change of the output voltage. Through the calibration and measurement of the output voltage signal, the 

torque T1 of the driving shaft of the screw conveyor can be obtained. The speed sensor is designed 

according to Hall Effect (Kumar and Ganguli, 2020). It was mounted on the mobile straw granulator as shown 

in Fig. 1(a). The magnetic steel is pasted on the side of the driving wheel of the screw conveyor. When the 

magnetic steel passes through the hall element, the Hall Effect will be generated to form a pulse signal. The 

rotational speed denoted by n1 of the driving shaft of the screw conveyor is calculated according to the 

number of pulses recorded in unit time multiplied by 60 seconds. By detecting the torque T1 and speed n1 of 

the driving shaft of the screw conveyor, the power P of the driving shaft is calculated, as shown in Eq. (4).  

 = 1 1( ) / 9559P n T                   (4) 

Calculation of actual feeding quantity 

 The actual feeding quantity is related to the moisture content of straw, the picking width of straw 

granulator, the height of screw conveyor and its walking speed. The density of straw in the test plot was 

uniform, and the moisture content was basically the same at harvest. The actual feeding quantity q could be 

obtained by calculating the weight m of straw per unit area and the area S of straw picked up by the straw 

granulator in unit time. The area S of straw harvested in unit time can be calculated by walking speed v of 

straw granulator and width d of the straw. In the working process of the straw granulator, if the picking width 

and the height of screw conveyor remain unchanged, the walking speed and the quantity of straw per unit 

area become the main factors affecting the feed quantity. The calculation of the actual feeding quantity is 

shown in Eq. (5), in which, q represents the actual feeding quantity, S represents the straw area per unit time, 

d is the actual picking width at harvest, v denotes the walking speed of straw granulator, and m denotes the 

mass of the straw per unit area.  

  = =q Sm dvm                            (5) 

RESULTS AND DISCUSSION 

Field experiment and verification of straw granulator 

 The power and feeding quantity were obtained by experiments. The relationship between the 

predicted feeding quantity and the measuring power was obtained by linear model fitting. In order to verify 

the effectiveness of the power measurement method, it is necessary to verify and compare the feeding 

quantity predicted by power with the actual feeding quantity through field test.  

Test conditions and methods 

 In order to establish the prediction model of screw conveyor power, straw harvest simulation 

experiment was conducted in Liaoning Ningyue Agricultural Machinery Co., Ltd. Xiaguang 560xg type straw 

granulator was used, and the on-board industrial computer device was installed in the cab. In this experiment, 

the moisture content of straw was the same, the length of rectangular crushed straw was 10 meters, the 

width was 2.0 meters, and the weight of unit straw was 1 kg. The pickup device and screw conveyor were 

10cm above the ground. The frequency of data frame transmitted by ZigBee wireless communication was set 

to 400 Hz.  

Test data processing and analysis 

 The accuracy of torque measurement is very important in this detection system. In this paper, the 

single chip microcomputer is used to collect the deformation signal. Before collecting the deformation signal, 

the hardware circuit of the fifth-order Butterworth filter (Mahata et al, 2020) is used to pass the noises. The 

function of the filter is verified by experiments.  

 Fig.10 shows the voltage waveform collected without Butterworth filter. It can be seen from the figure 

that there is more noise. The signal error range is large and it will affect the stability of the whole detection 

system.  

 The signal processing curve of Butterworth filter is shown in Fig.11 with less noise signal and stable 

voltage signal. 
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Fig. 10 – Voltage curve before noise filtering  

 

 
Fig. 11 – Voltage curve after noise filtering 

 

 The A/D module of single chip microcomputer collects the voltage signal value which is converted into 

torque value after arithmetic average filtering algorithm in software. The specific calibration data is shown in 

Table 1, and the calibration Eq. (6) can be obtained from the calibrated data. 

 = −y 47.6 57.2x                            (6) 

Table 1 

Torque sensor calibration test data 

Torque (N.m) 
Measured mean 

voltage (V) 
Theoretical 
voltage (V) 

Voltage prediction 
error (V) 

0 1.202 1.202 0 

25 1.718 1.728 0.011 

50 2.260 2.252 0.008 

75 2.791 2.777 0.014 

100 3.291 3.300 0.009 

 

 The torque value detected by the calibrated torque sensor is shown in the second column of Table 2. 

The power of screw conveyor obtained by Eq. (4) through speed and torque is shown in the fourth column of 

Table 2. The actual feeding quantity is calculated by Eq. (5), as shown in the fifth column of Table 2. 

According to table 2, the on-line monitoring power data of screw conveyor and the feeding data are 

linearly fitted. The fitted regression curve is shown in figure (12), and the correlation coefficient is 0.964.  
The fitted linear model is shown in Eq. (7).  

 

 = −y 0.2139 0.435x                                    (7) 
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Table 2 

Test data obtained by online monitoring system 

Speed of screw 
conveyor 

(r/min) 

Torque 
(N.m) 

Vehicle speed 
(m/s) 

Power of screw 
conveyor 

(kW) 

Feeding 
quantity 

(kg/s) 

1406 48.9 0.5435 7.196 1.087 

1423 48.6 0.5595 7.245 1.119 

1456 48.1 0.5680 7.328 1.136 

1487 48.0 0.5985 7.482 1.197 

1489 48.4 0.6050 7.543 1.210 

1510 48.1 0.5855 7.601 1.171 

1534 48.6 0.5975 7.807 1.195 

1544 49.5 0.6605 7.993 1.321 

1564 50.1 0.6620 8.208 1.324 

1585 50.1 0.6685 8.308 1.337 

1596 50.5 0.6730 8.442 1.346 

1601 51.3 0.6840 8.565 1.368 

1608 51.2 0.6835 8.612 1.367 

1600 52.0 0.7035 8.712 1.407 

1599 52.8 0.7365 8.812 1.473 

1612 54.8 0.7445 9.233 1.489 

1605 53.3 0.7535 8.945 1.507 

1612 53.7 0.7625 9.064 1.525 

1590 55.1 0.7780 9.165 1.556 

1589 55.8 0.7890 9.283 1.578 

 

 

 

Fig. 12 – Regression curve after fitting 

 

Field experiment 

 After the establishment of the model, the actual harvest experiment was carried out in the field, as 

shown in Fig. 13. Some experimental data are shown in Table 3. The mean error is equal to 7.5%. The 

measured value and the actual value of the feeding quantity are in the acceptable range. In conclusion, there 

is a linear relationship between the power of screw conveyor of straw granulator and the feeding quantity, 

and the feeding quantity can be predicted by power. The feeding quantity detection method based on power 

measurement proposed in this paper is effective. It can be used in the mobile straw granulator which 

integrates crushing, picking up and briquetting. It provides a method for the automatic control of the mobile 

straw granulator. 
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Fig. 13 –Field experiment 

Table 3 

Field test monitoring data 

Power of screw 
conveyor 

(kW) 

Calculated feed 
quantity 

(kg) 

Actual feeding 
quantity 

(kg) 

Error 
(%) 

7.056 1.074 1.174 -8.5% 

7.189 1.013 1.123 -9.7% 

7.213 1.108 1.091 1.5% 

7.402 1.148 1.099 4.4% 

7.489 1.167 1.237 -5.6% 

7.672 1.206 1.123 7.3% 

7.834 1.241 1.356 -8.4% 

7.939 1.263 1.316 -4.0% 

7.589 1.188 1.099 8.0% 

8.103 1.298 1.123 15.6% 

8.246 1.329 1.298 2.3% 

8.465 1.376 1.452 5.2% 

8.378 1.357 1.278 6.1% 

7.982 1.272 1.367 6.9% 

7.843 1.243 1.146 8.5% 

8.726 1.431 1.278 12.0% 

8.894 1.467 1.325 10.7% 

9.046 1.500 1.423 5.4% 

8.905 1.415 1.612 12.2% 

9.248 1.543 1.432 7.7% 

Average error 7.5% 

 
 
 

CONCLUSIONS 

 This paper proposed a system to detect the feeding quantity of the mobile straw granulator. The 

contributions are mainly embodied in three aspects: 

 (1) The linear relationship model between the screw conveyor and the feeding quantity was 

established. And the effectiveness of the model has been verified in the field experiment. It showed that 

predicting the feeding quantity by the power of the screw conveyor is feasible. 

 (2) The detection device including data acquisition, Butterworth filter, torque sensor, communization 

module, and control module was designed. It has the advantages of low power consumption and high signal 

noise ratio. 

javascript:showjdsw('jd_t','j_')
javascript:showjdsw('jd_t','j_')


Vol. 63, No. 1 / 2021  INMATEH – 

 

18 

 (3) The circuit of the main detection device was described in the paper. The scheme of this paper can 

be duplicated according to the circuit and the descriptions of the system. 

 Due to the bad working environment of straw crushing and picking up, in the future work, it is 

necessary to further study the methods to improve the working stability of strain gauge, such as improving 

materials, improving installation methods and other measures to further improve the detection accuracy. 
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ABSTRACT  

A method and procedure for automatic calculation of field capacity and fuel consumption of mobile machinery 

with tanks, hoppers and bunkers is suggested. They are based on a combination of two well-founded 

approaches: East-European and North-American. To increase its calculation area some applications for 

machines with containers as grain, fertilizer, solution, etc. are added. An example of five linked field operations, 

namely potato transportation, fertilization, spraying, planting and harvesting is presented. A list of needed 

information with relations between them and main indices of agricultural aggregates is prepared. For 

convenience and objectivity calculations are automated with spreadsheets. 

 

РЕЗЮМЕ  

 Предложени са метод и процедура за автоматично изчисляване на производителността и 

разхода на гориво от мобилни машини с резервоари, бункери, други вместимости. Те са комбинация 

от два добре обосновани подхода: източноевропейски и североамерикански. За да се увеличи 

обхвата на нейното използване, са добавени някои приложения за машини с контейнери за зърно, 

тор, разтвор и др. Представен е пример за пет свързани полеви операции, а именно 

транспортиране на картофи, торене, пръскане, засаждане, прибиране на реколтата. Направен е 

списък на необходимата информация за връзките между тях и основните показатели на 

селскостопанските агрегати. За удобство и обективност изчисленията са автоматизирани с 

електронни таблици. 

 

INTRODUCTION 

 As other areas of management, the agricultural machinery one is about choices. That’s why a good 

decision must be based on well-founded and interrelated steps to a global optimum. To be a choice informed, 

the potential buyer needs to have enough data including that about technical characteristics of farm machinery 

(Spiridonov V., 2018). Usually, manufactures and traders offer only some information presenting the machines 

positively, i.e. higher productivity and velocity. 

 Typically, a statement of the task for effective mechanized agriculture includes as a target machinery 

work with enough field capacity, required quality, minimum labour and fuel consumption (Vezirov Ch., 2013). 

In principle and in-depth solution of these problems is discussed in (ASAE 496.3, 2006, ASAE 497.7, 2011, 

Tutorial, 1978). The recent research in this area are concerns to the clarification of the proposed dependences 

for the mechanics of agricultural units (forces, velocities, powers) (Blinsky Y.N., 2015; Arzhenovskiy A.G., 

2017; Vezirov Ch. et al, 2014). Furthermore with the help of generalized dependencies it becomes possible to 

calculate fuel consumption more accurately, including for throttle down mode of diesel engines (Grisso R.D. 

et al, 2006, Schreiber M., 2006).  

 

 Unfortunately, the practical application of some of these proposals is only possible for a small list of 

machines and specific operating conditions. For example, there is a lack of enough data to estimate the 

required power when operating spraying machines, for fertilizing with mineral fertilizers.  

 
1 Vezirov Ch. Z., Assoc. Prof. Ph.D. Eng.; Atanasov At. Z., Assoc. Prof. Ph.D. Eng., Vlăduț V., PhD. Eng. 
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 Incorrect results for energy and fuel consumption can be obtained due to the use of equipment with 

different capacities for harvested products, fertilizers, solutions etc. The situation is similar with different 

degrees of use of these volumes. Determining the appropriate volume of hoppers and tanks is done from the 

aspect of the design of such machines without taking into account the specific production conditions (Dyachkov 

A.P. et al, 2014). Other researchers offer various resources to objectify the computational process, which 

undoubtedly facilitates obtaining the necessary information (Zaied M.B. et al., 2014; Kumar N. et al, 2015; 

Revanth K. et al, 2018).  

 The positive experience in the application of modern information technologies as well as the need for 

more accurate determination of the productivity and fuel consumption of equipment with capacities prompted 

us to try to solve the described task. 

 

MATERIALS AND METHODS 

 The comparison of the formulas for determining the required power (ASAE 496.3, 2006, ASAE 497.7, 

2011, Tutorial, 1978) shows similarity. The draft power requirement is 

    𝑃𝑑 = 𝐹𝑖[𝐴 + 𝐵𝑆 + 𝐶𝑆2 ]𝑊𝑇𝑆                                                                    (1) 

where: 

 𝐹𝑖  is     dimensionless soil texture adjustment parameter, 

 𝑖              is     1 for fine, 2 for medium and 3 for coarse textured soils, 

 𝐴, 𝐵, 𝐶   are   machine-specific parameters (ASAE 497.7, 2011), 

 𝑆     is     field (working or forward) speed, 

 𝑊            is     machine working width, or number of rows or tools, 

 𝑇  is     tillage depth for major tools, 1 for minor tillage tools and seeding implements. 

 Accordingly, the required power take-off 

     𝑃𝑝𝑡𝑜  = 𝑎 + 𝑏𝑊 + 𝑐𝑊𝑆                                                                     (2) 

where: 

 𝑎, 𝑏, 𝑐      are   machine-specific parameters (ASAE 497.7, 2011), 

 𝑊𝑆          is     material feed rate. 

 In such a way 𝐹𝑖𝐴𝑊𝑇𝑆 and 𝑐𝑊𝑆 are functions of working width and forward speed. Furthermore 

𝐹𝑖𝐶𝑊𝑇𝑆 is different from 0 only for Subsoiler/Manure injector and Mouldboard plough, while in other sources 

(Tutorial, 1978) it is reported directly by an 𝐹𝑖𝐵𝑊𝑇𝑆.  Another problem is the impossibility to report idle-power 

by 𝑃𝑑. To overcome these problems, we propose the machine-specific parameters to be entered with a formula 

whose velocity is in the denominator. 

 Regarding the measurement of the influence of the weight of the transported load in the tank or the 

hopper dependency can be used through resistance force. 

         
𝑀𝑔𝑓

(𝑆𝑊)
                                     

(3) 

where: 

 𝑀      is    mass of machine including the product in tank or bunkers, 

 𝑔  is    gravitational acceleration, 

 𝑓  is    motion/rolling resistance ratio for specific terrain. 

 If the idle-power (only when towing machines from the tractor) does not depend on the speed and 

working width, then 𝐹𝑖 = 1, 𝑇 = 1  and 

             𝑃𝑑 = (
𝑉

𝑊
) 𝛹ρgf                                                                (4) 

where: 

 𝑉   is   volume of tank or bunker, 

 𝛹  is   rate of volume use, 

 ρ  is   bulk density of the product in tank or bunker. 

 

 Since in some data, sources of the traction resistance are given only as a function of the working width, 

formula (1) assumes the form 

            𝑃𝑑 = (
𝑉

𝑊
) 𝛹ρgf+𝐹𝑖𝐴𝑊𝑇𝑆                                                               (5) 

http://www.sciepub.com/portal/search?q=Moayad%20B.%20Zaied
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 Additionally, calculations can be made for 1, 2 or 3 types of machines behind the tractor or for up to 2 

types of machines together with the self-propelled harvester. Examples: squadron hitch, cultivators and 

seeders or header, self-propelled grain harvester and straw baler. 

 Important question in solving the task is the ability to use aggregated data. Such data are available, 

even before specifying the machines (from which company, what model and modification) for which field 

capacity and fuel consumption will be calculated. Such summary data for trailers (Ivanov S., 2019) are shown 

in Figure 1. 

 

 
 

Fig. 1 - Relations for agricultural trailers between x - carrying capacity and y: volume of bodywork - Series1;  

empty trailer’s mass (tare) - Series2; ratio between empty trailer’s mass and carrying capacity – Series3 

 

 Naturally, the larger volume of the trailer provides greater load capacity - Series1. Greater load capacity 

also requires more material for trailer body - Series2. At the same time, greater load capacity is achieved with 

less tare weight, and therefore with lower energy consumption for movement - Series3.  For load capacity up 

to 9 t the dependence is very close to linear. This allows for calculation of Pd through the volumes of trailer’s 

capacities. 

 

 
 

 Fig. 2 - Ratios between trailer’s volumes: blue colour with blind side extensions to without extensions,  
red colour with mesh side extensions to without extensions.  

Number under the bars means respectively carrying capacity in tons: 1 – 3.5; 2 – 4.5; 3–5; 4–6; 5–8; 6–9; 7–10; 8–12  

 

 The Fig. 2 shows that the use of dense and mesh superstructures allows better use of the volume of 

trailers for loads with lower bulk density. This increase is not enough for straw, hay, tobacco and other plant 

stems. However, averaged volume data for upgraded trailers can be used. 

 In a similar way, data are obtained on the ratios of volumes of capacities, own weight to working widths 

for fertilizers, sprayers, seeders and to engine power of harvesting machines. 
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RESULTS AND DISCUSSION 

 We use spreadsheets to perform the calculations. They are suitable due to the following features: 

• the change of the entered data and in one cell immediately allow comparison of the result, 

• information with formulas can be set in the cells, 

• the formulas used and the results shown allow an intermediate verification of the data, 

• the formulas are visible and can be updated if necessary, according to the available information. 

 

 To implement above mentioned ideas a spread sheet was created, see figure 3. 

 

 INITIAL DATA is presented in 2 groups: 

A. Input direct in cells with light green background colour; 

 Operation (column A); distance of transportation (column B); fertilization,  spraying, sowing rate, yield 

(column C); tractors, power machines: brand, model, modification, type of undercarriage, rated engine power 

(columns D, E, F); implements, other machines, up to 3 types; for each of them: numbers in aggregate/unit, 

width, volume, rate of volume use of materials in tanks, bunkers, approximately 1; squadron hitch for 2 or more 

implements together in an aggregate/unit: brand, model, modification, mass/quantity of matter, width of bar for 

hitching (columns AJ, AK, AL); tilling, sowing or planting depth respectively for 1st, 2nd and 3rd 

machine/implement (columns AN, AO, AP); type of terrain/soil (ASAE 497.7) (column AR); 1 for 

machines/implements with information according to ASAE 497.7 about width units in “tools” or “rows” (columns 

AS, AT, AU); material feed rate (column BP); 

B. Input indirect in cells with light yellow background colour by links of a cell in specific sheet. The 

names of such sheets are shown above related column or columns in row 11.  

Specific sheets are for: bulk density of grain, solution, fertilizer, manure, seeds, etc. (columns S, T, U) – 

“density”; motion resistance rate for undercarriage on specific terrain (columns Y, Z, AA) – “Femc”; field width 

efficiency (column AB) – “β§η”; maximum speed for specific operation and machine or squadron hitch (columns 

AF, AH, AG, AI) – “V&χm&ao”; motion resistance rate for squadron hitch (column AM) - “Femc”; field time 

efficiency (column AQ) - “T”; soil parameter Fi (ASAE 497.7, 2011) (column AV); machine-specific parameters 

for 1st, 2nd and 3rd machine/implement for draft power requirement (ASAE 497.7, 2011) (columns AW, AX, 

AY; BB, BC, BD; BG, BH, BI respectively); machine-specific parameters for PTO power requirement (ASAE 

497.7, 2011) (columns BM, BN, BO); maximum acceptable energy use rate less than 1 (column BQ); 

 

RESULTS are presented in 3 groups: 

C. In cells with white background colour - intermediate data: 

To check the numbers obtained before the final results (columns AZ, BA; BE, BF; BJ, BK); calculated specific 

draft/drawbar resistance for aggregate/unit (column BL); acceptable forward field speed (column BR); real 

working width of aggregate/unit (column BS); power take-off (column BT); draft power requirement (column 

BU); sum of two powers mentioned before (column BV); required power for aggregate/unit including tractive 

one and needed for PTO (column BW); engine power according to type of undercarriage and tractive condition 

(column BX); ratio of numbers in previous two columns BW and BX (column BY); specific fuel consumption 

(column BZ); fuel consumption for entire shift time (column CA);  

D. In cells with light pink background colour: 

 Field efficiency and specific fuel consumption for autonomous operation without relation with 

transportation (exception for fuel for tractors and self-propelled harvesters) (columns CB, CC); 

E. In cells with light blue background colour:  

 Field efficiency and specific fuel consumption for linked operations (columns CE, CF). The columns CD, 

CE, CF are not used in this example because of the nature of specific agricultural operations.   

Result of above-described procedure for five linked field operations, namely potato transportation, 

fertilization, spraying, planting, harvesting is presented in the same figure 3. First step was to select tractor, 

trailer, planter, sprayer, spreader and harvester, i.e. (Complex, 2020). They have to be compatible, as 

appropriate hitch system, PTO with equal rotational speed and numbers of splines etc. For example, trailer’s 

mass with full load has to be less than tractor’s mass for off road transportation. On the other hand, there is a 

relation between tractor’s rated tractive force on unpaved farm road, and maximum trailer’s carrying capacity: 

0.9–4 t, 1.4–6 t, 2–9 t, 3–12 t, 5–21 t (Ivanov S., 2019).  
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Some problems arose because of aggregated information about time efficiency, soil and terrain (only 3 

or 4 condition), calculation for only one mode (soil and plants processing), exclude: turning, run idle (no load), 

loading or unloading of materials, etc. The specific input values, i.e. machine-specific parameters, was 

changed by coefficients taking into account soil cone index, field length, coherence of agricultural and transport 

machinery, etc. Part of input data has been verified by comparing different sources. The other one has been 

adjusted based on formal experience with similar operations and machinery.  

Because some data for machine-specific parameters are with width units in “tools” or “rows”, the tillage 

depth was relatively precise. 

To comply with the requirements for operation’s forward speed and maximum engine power use level, 

values have been changed in columns BR manually or by Solver add-in. Optimization criteria was the 

closeness of calculated forward speed and rate engine power use to the acceptable values. This Microsoft 

Excel program can be used for what-if analysis too. Other way to meet these requirements was reducing the 

rate of volume use for trailer, tank, bunker capacity (columns V, W, X) or increasing the trailer volume by using 

blind or mesh side extensions (columns P, Q, R). The possibility of transportation with more than one trailer in 

aggregate/unit was checked also (it is not shown in the figure).  

This procedure and spreadsheet were used for calculations for other crops and technologies too. It was 

found that there is no enough data in most recommended sources Tutorial, 1978, ASAE 496.3, 2006, ASAE 

497.7, 2011, for such operations like spraying, fertilization, gathering up and loading straw, root crops from 

field, a lot of stationary systems, cargo handling, with electrical engines. It is obviously that collecting large 

volume of information of this kind is practically impossible. Our practice shows that in such situation analogy 

approach may be effective. 

In few cases, field experiments are required. They are aimed at determining the appropriate forward 

speed to ensure quality work, effective load of engine and undercarriage, wheel slip or speed reducing ratio of 

tractor, car or self-propelled harvester. The simplest way to evaluate these indicators is by tachometer, 

speedometer, even by naked eye. Of course, these experiments can be realized with available similar 

machinery in analogical soil and plants conditions. If selected machines are bought such trials make sense to 

precise machine-specific parameters and other input data. 

Finally, we must emphasize that only by these two indices, namely filed capacity and fuel consumption, 

it is not possible to evaluate machines’ efficiency of machine and tractor fleet. It is important to find the global 

extremum for all farm operations. 

The fact that above-described procedure is realized by such widespread software Excel as a part of 

Microsoft Office makes it even easier to use. Furthermore, each cell with formulas is visible and may be 

changed by users. Similarly, more than 12 sheets with specific data are available and may be supplemented 

and improved. In other words, this free computer software can be distributed under terms that allow users to 

run the software for any purpose as well as to study, change, and distribute it in any adapted versions. 

 
CONCLUSIONS 

The above presented procedure for determination of field capacity and fuel consumption of mobile 

machinery with tanks, hoppers, bunkers allows a semi-automated informed choice. By it, the effect of main 

factors such as type of tractor, harvester, trailer and their technical parameters, goods, terrain, on field speed, 

energy consumption and time efficiency is reproduced. All this information can be achieved from official 

standards, manuals or simple experiments. The procedure allows specifying concrete values and relations 

according to practice. Application of spreadsheets makes the process easier, quicker and well-founded. 
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ABSTRACT 

In order to solve problems of lower seed-filling stability and wheat seed damage of mechanical shooting seed-

metering device, the filling structure of the shooting device was optimized. The effects of seed movement were 

obtained through analysing the kinematics and dynamics of wheat seed through seed distributor. The influence 

factors were the inner diameter of seed distributor, the rotational speed of seed distributor and the inclination 

angle of distributor window. The discrete element software (DEM) was used to simulate the motion process to 

explore the different factors on the wheat seeds’ movement characteristics in the shooting device. The 

coefficient of variation of shooting uniformity and shooting speed of wheat seed were selected as test indicators. 

A verification experiment was conducted, and a high-speed camera was taken to obtain wheat seed’s 

movement and shooting speed. The verification test showed that the constant uniform variation coefficient of 

seed amount and average shooting depth was 8.6% and 32 mm, respectively. 

  

摘要 

针对机械式小麦射播排种器充种效果较差，导致播种均匀度、排种稳定性不佳的问题，对排种器分种结构进行

优化，通过对小麦种子经过分种装置时的运动学与动力学分析，得出影响种子运动状态的因素，并对分种轮的

结构参数进行优化，采用开口侧壁后倾形式以提升充种效果，并结合 EDEM 软件对排种器的充种、排种过程进

行仿真试验。试验结果表明：在内径为 125 mm，开口倾斜角度为 25°，转速为 1100 r/min 时，排种量均匀度

变异系数为 8.6%，排种速度为 34.7 m/s，平均播种深度为 32 mm，满足华北地区小麦播种作业要求。 

 

INTRODUCTION 

Wheat is one of the important crops in China, which has widely distributed planting area and yield 

production, and ranks no.2 in the production of crops. As one of the main grain production bases in China, 

North China plain covers an area of 6 million hectares for winter wheat (Olaf E. et al, 2008, Bassu S et al, 

2009). In the growth of wheat, planting quality is an essential process. Thus, the seeding effect of the planter 

has a crucial influence on the growth and wheat yield (Cui Qingliang et al., 2001). 

Mechanical and precision vacuum seed-metering device were wildly used in wheat seeders. The seed 

was pressed on the hole under the action of the internal air pressure and filled in a vertical disc, which was 

wildly used for precision vacuum seed-metering device (Ahmet Çelik et al., 2016). The device was more 

efficient in plot area sowing operations. However, the seed filling and seeding uniformity were influenced 

largely during wheat sowing operations in field areas (Matin M A et al., 2014). Some other wheat seeders were 

using mechanical seed metering devices. For instance, the grooved wheel seed-metering devices were 

generally used. The structures of seeders were simple, which can be conveniently adjusted. Specifically, the 

seeding uniformity and stability were worse than that of a pneumatic seed-metering device (Li Chaosu et al, 

2012). Furthermore, a furrow opener cuts a furrow and allows seed or seedlings to be deposited before being 

covered with soil. The coverer installed on the rear of the seeder covered seedlings drilled from a seed-

metering device (Wang Chao et al, 2019). Critical components of the seed-metering device and soil-touching 

parts such as coverers significantly influenced sowing performance (Wang Chao et al, 2020). 
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This study aimed to improve the variation coefficient of seeding amount of a non-contact mechanical 

shooting seed-metering device. Seed could be accelerated by the blade and shot into the soil layer. In this 

study, the structure and parameter of seed distributor were optimized. A Central-Composite three-factor 

simulation experiment was also conducted to optimize the independent variables. 

 

MATERIALS AND METHODS 

ANALYSIS OF WHEAT SEED MOVEMENT 

Structure and working principle 

The overall structure of the seed-metering device is shown in Fig.1. It consists of a seeding tube, a 

device shell, a seed distributor, a seeding control cage, a rotating shaft and eight blades. The seed entered 

into the seed distributor through the seed tube, fell into the windows of seed distributor, and rotated with the 

seed distributor. While window of the seed distributor matched on the window of seeding control cage, wheat 

seeds were rotated into the inner cavity of shooting device, and moved along with blades at a high speed. 

Eight blades were evenly distributed on the surface of seeding control cage. Meanwhile, seeds were 

accelerated by blades, which causes seed being continuously and uniformly shot into the field. The rotational 

speed of blades was equalled to that of the rotating shaft because of the fixed connection among blades, 

turntable and shaft. The rotary speed of blades was adjusted by sprocket to adapt different operating speeds 

for wide-row wheat planting. 

                   

a) Side view of the shooting device; b) Inner view of the shooting device 

Fig. 1 - Structure of shooting seed-metering device 

1. Seeding tube; 2. Device shell; 3. Rotating shaft; 4. Seeding control cage;  

5. Seed distributor; 6. Blade; 7. Shooting exit 

Analysis of seed process 

The seed metering device is a critical component in the sowing process, and has a significant impact 

on the seeding effect. The sowing process of the seed-metering device was divided into four working 

processes: seed cleaning, seed filling, seed carrying and seed shooting. The operation of filling and cleaning 

of mechanical shooting metering device was conducted by seed distributor and seeding control cage, which 

could constantly keep the number of wheat seed in rotation area. Furthermore, the carrying and shooting 

process was conducted by blade rotating at high speed. The state of seed movement was directly affected by 

seed movement through the seed distributor. Thereby, subsequent movement process and shooting 

performance were also affected. 

Seed falls into the inner cavity of seed distributor for filling stage and moves out of seeding control cage. 

The structure of seed distributor is shown in Fig.2. The cleaning process was located in the window of seed 

distributor. The relative position relationship between seeding control cage and seed distributor is shown in 

Fig.3. Seed could move out of the seeding control cage through the seed distributor under a certain speed and 

position (Zhang Boping, 1982). The critical conditions were analysed to find the limited position of wheat seeds 

that could move out of the seeding control cage. 

                          

Fig. 2 - Structure of seed distributor      Fig. 3 - Relative position of seeding control cage  

                                          and seed distributor 



Vol. 63, No. 1 / 2021 INMATEH – 

31 

Initially, the linear motion equation of seed acceleration process inside the window of seed distributor 

was established. As shown in Fig.4, the radial direction of window was represented by the X axis. 

 

Fig. 4 - Model of seed movement on the window of seed distributor 

 

The acceleration of wheat seed moving radially outward on the inner side of the window: 

2
2

2

d d
( )

d d 2

v x D
a x

t t
= = = +                                  (1) 

where: ω is the rotational speed of seed distributor, rpm;  

D is the diameter of seed distributor, mm;  

a is the acceleration velocity of seed, m/s2. 

With initial conditions, the radial velocity when the seed moves to the outmost layer of seed distributor: 

2

0v k kD= +                                        (2) 

where: v0 is the radial seed velocity, m/s; k is the thickness of seed distributor, mm. 

The speed is shown in Equation (3), while seeds move to the outer edge of seed distributor. 

2
2 1 2 2

0 2 2
4

（ ）a a

D
v v v Dk k= + = + +                           (3) 

where: v0 is the absolute velocity, m/s; va
1 is the tangential speed; m/s. 

 

Analysis of seed cleaning process 

Wheat seeds enter the rotation area in sequential order from the seed distributor, because wheat seeds 

were idealized as spherical particles for theoretical analysis afterward. Other seed particles could enter the 

window of seed distributor while all seeds in the window need to move out of the seeding control cage (Jiang 

Qinghe 2001). Wheat seed collides with the end of sidewall of seeding control cage while moved out of seed 

distributor. The centroid of the seed coincides with intersection point B, a critical state where seeds could move 

out of the seeding control cage. The first and last seed moved out of seed distributor was seed at point A and 

point C, respectively. Moreover, point D is the position where seed and blade collided. Specifically, the whole 

process was the cleaning stage of sowing seed. 

The radial velocity of seed while moving out of seed distributor was not affected by position, because 

the initial radial velocity of the seed was 0. The movement of the seed at extreme position C should be 

discussed. As shown in Fig.5, the angle β between its absolute velocity and radial velocity was shown in 

Equation (4). 

0arccos
a

v

v
 =                                        (4) 

The seed couldn’t get into the rotation area and be accelerated since the motion angle of seeds moved 

to the seeding control cage was less than β. The seed on the left side needed to move a circle between the 

seeding control cage and seed distributor before moving into the rotation area. Thus, shooting performance 

was affected.  

Therefore, Equation (5) needs to be satisfied: 

'                                             (5) 
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where:  

β' is the angle between the radial direction and tangential direction of the seeding control cage, (°). 

' arctan [ cos( (2 )2 30 )]
2

D
r D r

r
 = − − −                         (6) 

The initial installation angle of the blade and seeding control cage is 30°. According to the geometric 

relationship, the last seed in the window could move out of directional seeding cage while the outer diameter 

r of the seed distributor was greater than 0.75 times the inner diameter. Therefore, all seeds in the window 

could move out of the seeding control cage while the seed distributor was rotated once.  

The inner diameter r of the seed distributor was selected to be 0.75 to 0.85 times outer the diameter 

because the thickness of the seed distributor couldn’t be too small. 

The rotation angle of seed distributor (λ) was obtained in Equation (7) by geometric relationship. 

tan = /CDl D                                       (7) 

where: lCD is the straight distance between two positions of C and D, mm. 

Through analysis of Equation 7 and results, it can be concluded that all seeds could move out of the 

seeding control cage from the opening window of the seed distributor rotated within 30°. 

 

Fig. 5 - Model of seed movement at the limited position 

Note: The dotted blade is the position of blade contact with the seed 

Principle analysis of seed distributor on seed movement 

Determination of the inner diameter of the seed distributor 

Some seed particles could not move out of the seed distributor during a rotation process, which could 

affect the filling process and sowing performance caused by a smaller diameter of the seed distributor (Zeng 

Hui, 1990). The low sowing efficiency was also conducted by the larger diameter of the seed distributor. 

Therefore, seeds in the seed distributor window were analysed.  

The first and last seed particle moved out of seed distributor was a2 and b1, respectively, which was two 

limited position seed (as shown in Fig.6 and Fig.7). 

The tangential speed of the seed (a2) moving out of the seed distributor is shown as Equation (8). 

1v r=                                          (8) 

where: r is the outer diameter of seed distributor, mm. 

The rotation angle of blade during the contact between wheat seed and blade was obtained in Equation (9). 

𝜔𝑡 = 𝜃 + 𝛿
                                      (9) 

where: t is movement time while the wheat seed is in contact with the blade, s;  

δ is the angle between sidewall of window and initial position (blade position 1) of the blade, (°);  

θ is the angle between sidewall of window and the contact position of the blade, (°). 

The rotation centre angle of seed (φ) from the initial point to contact point is shown in Equation (10). 

= -( )t   +                                      (10) 
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where: γ is the angle between two sidewalls of window, (°);  

 φ is the rotation centre angle of the seed, (°). 

 

Fig. 6 - Seed movement process of a2 position 

 

Seed moved out of seed distributor and made a motion in a straight line. The movement distance of 

seed from the initial point to (a2) the contact point is shown in Equation (11). 

1=s v t tr=                                     (11) 

where: s is movement distance of the seed from the initial point to (a2) the contact point, mm;  

v1 is the tangential velocity of the seed particle at a2 position flying out of seed distributor, m/s. 

The rotation angle of seed could be calculated by Equation (12) according to geometric relationship. 

tan =
s

t
r

 =                                    (12) 

The line speed at which seeds moved to the outermost side at position a2 is shown in Equation (13). 

2

1 1 1 02 ( 2 )( )av v r fv l r = + − −                          (13) 

where: l is the radial position of wheat seed on the blade, mm;  

f the coefficient of friction;  

r0 is position radius of wheat seed on the blade, mm. 

The movement of seed inside the metering device was affected by the parameters of seed distributor. 

Thereby subsequent sowing effect was affected, according to analysis of Equation (11), (12) and (13), 

respectively. 

Determination of outer diameter of seed distributor 

In order to enhance the stability of shooting depth, seed velocity at the outer and inner layers of the 

window should be consistent. Therefore, seed velocity at two limited positions was analysed. The movement 

of seed of the rest of seed distributor was the same as the limited position. 

 

Fig. 7 - Seed movement process of b1 position 
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As shown in Fig.7, the movement distance of the seed at inner layer of seed distributor moved to outer 

edge of seed distributor was the thickness of seed distributor (k). The tangential speed of seed at b1 position 

while seed contacted with blade is shown in Equation (14). 

2

2 ( 0.75 )v s r r r D= + −                             (14) 

The rotation angle of the blade is shown in Equation (15), while wheat seed was in contact with blade. 

0 0= 2( ) /r r r −                                  (15) 

where: η is the rotation angle of blade, (°). 

The rotation centre angle θ' of seed from the initial point (b1) to the collision point is shown in Eq. (16). 

't  = +                                       (16) 

where: θ' is the rotation centre angle of wheat seed from the initial point (b1) to the collision point, (°). 

The geometric relationship of the seed moved out of seed distributor is shown in Equation (17). 

01

'

1sin sin( )

Rs

  
=

−
                                 (17) 

where: β1 is the angle between radial velocity and absolute velocity of wheat seed at position b1, (°);  

s1 is the movement distance of seed from the initial point (b1) to contact point, mm. 

The absolute speed of seed motion at position b1 to the outermost of shooting device was obtained by 

Equation (18). 

2 2 2

2 22 ( 2 )av r r fv R  = + − +                             (18) 

where: R is rotation radius of the blade of seed metering device, mm. 

Equation (13) and (18) show that two limited positions of seed move out of shooting device at same 

speed, while outer diameter (r) of seed distributor was 0.3 times the gyration radius (R) of the blade. Therefore, 

the outer diameter of that was determined to be 150 mm to ensure the shooting speed of seed at each position 

in seed distributor was consistent. 

Optimization of structure parameters of seed distributor 

The connection line between the centre point with upper and lower endpoints M and T of the seed 

distributor sidewall, respectively, was optimized into a non-collinear line. Therefore, a certain angle between 

MT and OM was conducted, which was shown in Fig.8. The direction of centrifugal force of seed was at a 

certain angle to sidewall of the seed distributor window. 

The acceleration differential equation of motion for seed moves on sidewall with the inclination angle of 

α and acceleration velocity a1, respectively, is shown in Equation (19). 

2
2 2 2

1 0= [( ( ) sin ) ( )sin ]
4 2 2

D D D
a k x f k  − + + − +                   (19) 

where: α is the inclination angle of seed distributor window, (°);  

x0 is the distance between seed on the sidewall and the bottom line of the window of seed distributor, mm. 

                      
Fig. 8 - Seed movement form at the inclination window       Fig. 9 - Speed diagram at the inclination window 
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The radial velocity vt1 of seed moving to the outer edge of seed distributor was obtained by Equation 

(20), according to the initial speed. 

2
2 2 2

1 0 0= (2 ( ) sin ) 2 ( ) sin
4 2 2

t

D D D
v k x f k x  − + + − +                  (20) 

The sidewall of the opening window with inclined backward could increase the speed of seed under the 

same rotational speed, according to the analysis of Equation 20 and Fig.9.  

Therefore, the shooting performance and shooting velocity were increased with an inclined backward 

window. The inclination angle (α) shouldn’t exceed 45°, while combined with the overall size of window. 

The factors that affect seed velocity out of seed distributor was the inner diameter of seed distributor (D), 

rotational speed of seed distributor (ω), and inclination angle of distributor window (α), which resulted from 

the analysis of Equation (18), (19) and (20), respectively. Thereby, the shooting performance was also 

influenced. 

 

RESULTS 

Simulation model 

The model of seed was built with bonding particles, which because of seed shape was similar to an 

ellipsoid. The bulk density and 1000-seed weight were 780 kg·m−3 and 42.3 g, respectively. The average seed 

size was 5.1×2.3×2.1 mm. The soil model and seed model were established by EDEM (Philippe Traoré et al, 

2015). The multiple seed-metering devices were conducted by SolidWorks.  

The generation rate of seed particles was set as 5000 per second while the sowing rate was selected 

as 200 kg/ha.  

The simulation parameters and characteristics (soil, steel and seed) were set as shown in Table 1 and 

Table 2 (Lei Xiaolong et al, 2018), in which the material of seed-metering device was set as steel. 

Table 1 

Simulation parameters 

Items Poisson’s ratio 
Shear modulus  

[Pa] 

Density  

[kg·m-3] 

Wheat seed 0.4 5.1×107 780 

Soil 0.4 1×106 1,350 

Steel 0.3 7.8×1010 7,850 

 

Table 2 

Simulation characteristics of soil and wheat seed 

Items Coefficient of static friction Coefficient of dynamic friction Coefficient of restitution 

Seed-Soil 0.42 0.43 0.07 

Seed-Seed 0.61 0.55 0.35 

Soil-Soil 0.41 0.35 0.14 

Seed-steel 0.40 0.40 0.10 

 

The wheat seed selected in red mark showed the seed moved out of seed distributor as shown in Figure 

10c. The shooting process was shown in Fig.10a and Fig.10b.  

 

                              
a. Simulation process                            b. Velocity map                           c. Enlarged view of window 

Fig. 10 - Simulation process for seed-metering device 

 

https://www.sciencedirect.com/science/article/pii/S0045793014003028#!
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The seed distributor with different inclination angles (10°, 14°, 20°, 26° and 30°) was shown in Fig.11. 

                        

     a.10°               b. 14°               c.20°             d. 26°            e. 30° 

Fig. 11 - Structure of seed distributor with different inclination angles 

 

Experiment procedure and results 

Experiment plan 

A Central-Composite three-factor experiment was carried out to understand the interactions and optimize 

the independent variables. The factors and levels are shown in Table 3. 

Table 3· 

Experiment factors and levels 

Levels 
Rotational speed of seed 

distributor x1 [r·min-1] 

Inner diameter of seed 

distributor x2 [mm] 

Inclination angle of 

distributor window x3 [°] 

+γ 1,200 130 30 

+1 1,118 126 26 

0 1,000 120 20 

-1 882 114 14 

-γ 800 110 10 

 

 In this study, the performance of the shooting seed-metering device was evaluated in terms of uniform 

variation coefficient of the seeding amount (VCSA), average shooting depth (ASD) and shooting velocity 

(SV), according to GB/T 9478-2005 “Test methods of single seed drills (precision drills)” in China. 

The soil bin used for sowing in the simulation experiment was divided into ten areas in length (number 

1 to 10), as shown in Fig.12. The shooting depth was the vertical distance between soil surface and bottom of 

shooting hole by high-speed seed. Five seeds were randomly selected in each area (total 50 seed) for the 

calculation of ASD.  

The calculation equation was given in Equation (21): 
50

=1
0

1
=

5 10

i

i

h

h 
                                      (21) 

where: h0 is ASD, mm; hi is shooting depth of seed number i (from number 1 to number 50), mm. 

 
Fig. 12 - Schematic diagram of seed amount 

 

The calculation equation for VCSA was given in Equation (22): 

2

=1

1
= - 100%（ ）

M

i

i

n
M

                                    (22) 

where: 

λ is VCSA, %;  

ni is seeding amount in seeding area number i (width 50 mm, length 200 mm);  

ξ is the average amount in five seeding areas;  

M is the total number of all seeding areas, M=5. 

The SV was captured by a post processor of EDEM. 50 seeds were randomly selected in each 

experiment for calculation.  
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The test plan and experiment data are shown in Table 4. 

Table 4· 

Test plan and experimental data 

Test 

No. 

Rotational speed of 

seed distributor x1 

[rpm] 

Inner diameter of 

seed distributor x2 

[mm] 

Inclination angle of 

distributor window x3 

[°] 

VCSA Y1 

[%] 

SV Y2 

[m·s1] 

1 882 114 14 8.6 27.7 
2 1,118 114 14 10.1 38.6 
3 882 126 14 6.4 26.5 
4 1,118 126 14 7.1 35.3 
5 882 114 26 6.2 33.5 
6 1,118 114 26 8.1 39.6 
7 882 126 26 5.8 30.1 
8 1,118 126 26 6.8 38.2 
9 800 120 20 5.4 26.3 
10 1200 120 20 10.4 37.7 
11 1,000 110 20 8.3 35.5 
12 1,000 130 20 5.2 30.3 
13 1,000 120 10 7.8 32.4 
14 1,000 120 30 6.3 36.7 
15 1,000 120 20 7.2 33.6 
16 1,000 120 20 6.9 32.5 
17 1,000 120 20 8.3 33.8 
18 1,000 120 20 7.2 31.6 
19 1,000 120 20 8.4 33.4 
20 1,000 120 20 7.5 33.9 
21 1,000 120 20 7.7 32.8 
22 1,000 120 20 8.4 33.9 
23 1,000 120 20 8.0 34.4 

 

Results analysis 

 As showed in Table 4 and Table 5, all parameters were significantly (p < 0.01) related to VCSA. The 

final regression math model was given in Equation (23): 

 
3

1 1 2

3 2

3 2 3 2

76.847 58 8.317 90 10 1.698 70

1.581 26 0.012 374 8.730 47 10

Y x x

x x x x

−

−

= − +  +

− + − 
                     (23) 

 

Table 5· 

Variance analysis for VCSA 

Variation source Sum of squares df 
Mean 

square 
F value P value 

Model 32.87/31.63 9/5 3.65/6.33 9.02/16.55 0.0003***/＜0.0001*** 

x1 13.36/13.36 1/1 13.36/13.36 32.99/34.95 
＜ 0.0001***/ ＜

0.0001*** 

x2 10.74/10.74 1/1 10.74/10.74 26.53/28.10 0.0002***/＜0.0001*** 

x3 4.48/4.48 1/1 4.48/4.48 11.06/11.72 0.0055***/＜0.0032*** 

x2x3 1.53/1.53 1/1 1.53/1.53 3.78/4.01 0.0738*/0.0616* 

x2
2 1.52/1.51 1/1 1.52/1.51 3.76/3.96 0.0747*/0.0629* 

Residual Lack of fit 2.67/3.90 5/9 0.53/0.43 1.64/1.33 0.2541/0.3479 

Total 38.13/38.13 22/22    

 

 SV was an essential indicator for sowing performance and shooting depth of the shooting device.  

 

As showed in Table 4 and Table 6, all parameters were significantly (p < 0.01) related to SV.  

 

The final regression math model was given in Equation (24): 

 

2 1 2 3

4 2

1 3 3

8.790 32 0.051 24 0.222 22 0.602 43

9.722 72 10 0.015 567

Y x x x

x x x−

= + − +

−  +
                   (24) 
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Table 6· 

Variance analysis for the coefficient of shooing velocity 

Variation source 
Sum of 

squares 
df 

Mean 

square 
F value P value 

Model 271.57/269.55 9/5 30.17/53.91 31.44/63.22 ＜0.0001***/＜0.0001*** 

x1 206.25/206.25 1/1 206.25/206.25 214.89/241.87 ＜0.0001***/＜0.0001*** 

x2 23.84/23.84 1/1 23.84/23.84 24.84/27.96 0.0002/＜0.0001*** 

x3 30.8730.87 1/1 30.8730.87 32.16/36.20 ＜0.0001***/＜0.0001*** 

x1x3 3.78/3.78 1/1 3.78/3.78 3.94/4.43 0.0687*/0.0504* 

x3
2 4.77/4.81 1/1 4.77/4.81 4.97/5.64 0.0441**/0.0295** 

Residual Lack of fit 6.42/8.44 5/9 1.28/0.94 1.70/1.24 0.2410/0.3866 

Total 284.05/284.05 22/22    

 

Figure 13 shows the effect of x2 and x3 on VCSA. The value was decreased with increasing x2 and x3.  

A larger inner diameter of the seed distributor led to a greater VCSA. In summary, a lower indicator value 

occurred within the range of 16° > x3 < 25° of x3, and 116 > x2 < 125 mm of x2, respectively.  

Fig.14 shows the effect of x1 and x3 on the shooting velocity. The value was increased with increasing x3 and 

increasing x1, respectively. A greater indicator value occurred within the range of 18° > x3 < 25° of x3, and 

976 > x2 < 1120 rpm of x1, respectively. 

 

      

Fig. 13 - Response surface of VCSA                Fig. 14 - Response surface of SV 

Design-Expert V8.0.6 was used for optimization analysis (Păun A et al, 2018). The optimization solution 

indicated that VCSA and shooting velocity was 7.9% and 36.8 m/s, respectively, while inner diameter, 

inclination angle of distributor window and rotational speed was 125 mm, 25° and 1,100 rpm, respectively. 

 

Verified experiment 

A validation experiment was conducted, in which a high-speed camera was used for calculation of SV. 

The shooting device was assembled by parts with resin material. The experiment process and photos captured 

by high-speed camera was shown in Figure 15 and 16. 

 

   

Fig. 15 - Bench experiment             Fig. 16 - Analysis of high-speed camera picture 
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The experiment data under optimized parameters are shown in Fig.17.  

The results show SV, ASD and VCSA were in the range of 32 to 36 m/s, 31 to 39 mm and 7% to 10%, 

respectively. Therefore, ASD was over 30 mm while shooting depth was over 30 m/s, which could achieve 

requirements for winter wheat sowing. 

 
a. Shooting velocity and uniform variation of seed amount 

 

 
b. Average shooting depth 

Fig. 17 - Results of verification experiment 

 
Fig. 18 - Results of the coefficient of uniform variation of seed amount before and after optimization 

 

The results of seed metering device with two different seed distributors (before and after parameter 

optimized) was obtained in Fig.18. The results show SV and VCSA for the seed distributor with inclination 

angle was improved. Therefore, the VCSA, SV and ASD were 8.6%, 34.7 m/s and 32 mm, respectively. These 

results fully meet the sowing requirement in North China Plain. 
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CONCLUSIONS 

1. In this study, the seed distributor of mechanical shooting seed-metering device was optimized. 

Theoretical analysis and two experiments were conducted to obtain the connections between factors and 

shooting performance. Furthermore, the operation parameters of the shooting device were optimized. The 

main conclusions were obtained. The speed of seed out of seed distributor and shooting performance were 

affected by the inner diameter of seed distributor (D), rotational speed of seed distributor (ω), and inclination 

angle of distributor window (α). 

2. The shooting performance was primarily influenced by variations in the rotational speed of seed 

distributor x1, inclination angle of distributor window x2 and inclination angle of distributor window x3. 

3. The validation experiment was conducted as the inner diameter of the seed distributor, inclination angle 

of the distributor window, and rotational speed was 125 mm, 25° and 1,100 rpm, respectively. The results 

show that VCSA, SV and ASD were 8.6%, 34.7 m/s and 32 mm, respectively, which could meet the winter 

wheat planting requirements in North China Plain. 
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ABSTRACT 

Well cellar seedling transplanting can effectively avoid series of problems such as long recovery time and 

poor uniformity of seedlings caused by the server climate conditions outside. Well cellar making is quite 

difficult in the upland with low moisture content. An opener with large socket was newly designed for the 

well cellar making. The well cellar making process was simulated by means of discrete element method 

(DEM), and its verification was qualified by soil bin test, with a relative error 7.46%. Taking arc radius of the 

opener socket, rotation speed and penetration speed as control factors, and collapse rate of the cellar hole 

as evaluation index, the influence of control factors on the collapse rate and their significance were obtained 

by Box-Behnken Design (BBD) test and analysis of variance (ANOVA). A quadratic regression equation of 

collapse rate with control factors was established, and the optimal parameters of the control factors were 

obtained as arc radius 128 mm, rotation speed 380 r/min and penetration speed 0.15 m/s, with the minimum 

collapse rate 22.70%. The collapse rate of the newly designed well cellar opener decreased much compared 

to the traditional one. 

 

摘要 

井窖式移栽可有效避免气候条件引起的还苗期长、秧苗均匀性差等一系列问题，为改善土壤墒情较差

时井窖成穴难的现状，本文提出了一种大窝套小孔成穴器。采用离散元法对井窖制作过程进行数值模拟并通

过土槽试验验证，相对误差为 7.46%。以成穴器的圆弧半径、转速和入土速度为试验因素，以孔穴垮塌率为

评价指标，通过 Box-Behnken 试验和方差分析得出各因素对孔穴塌陷率的影响及其显著性。建立各因素与

孔穴垮塌率的二次回归模型，得到的最优参数为圆弧半径 128 mm、转速 380 r/min、入土速度 0.15 m/s，最

小垮塌率为 22.70%。与传统的井窖式成穴器相比，其垮塌率明显降低。 

 

INTRODUCTION 

Transplanting, as a crucial link of tobacco planting, has a great influence on the survival of tobacco 

seedlings and the final yield of tobacco leaves (Zhang, P. C. et al, 2007). Planting depth of tobacco seedlings 

can directly affect nutrient-taking during the whole growth process. Studies have shown that the well cellar 

transplanting can avoid a series of problems such as weak seedlings in the best transplanting period, long 

recovery time and poor uniformity of seedlings due to the severe climate conditions outside (Jia, R.L. et al, 

2013; Luo, H. B. et al, 2012). At present, the well cellar making machine is mainly of the backpack type, the 

opener is composed of a cylinder and a cone, and local structures were added to improve the efficiency (Yu, 

L. H. et al, 2018). As the soil is loose and porous, it will be compressed and move along the axial direction 

and radial direction during the well cellar making process. Soil type, soil moisture content, structure and 

working parameters of the opener are the key factors affecting the quality of well cellar (Yu, L. H. et al, 

2018). Loose soil is not conducive to forming for the traditional well cellar opener with low soil moisture (the 

moisture content is less than 11%) (Liu, G. H. et al, 2018), which is an urgent problem to be solved. 

Accurate descriptions of soil-tool interaction would be a major step forward in agricultural machinery 

design, which can effectively reduce the design cycle and manufacturing cost. As the soil is granular and 

discontinuous, deformation and breakage will occur when it contacts with the tools (Shmulevich. I., 2010). 

Discrete element method (DEM) allows granular materials to be treated as a collection of particles with 

certain shape and mass (Hu, G. M., 2010), and it is widely used to simulate soil-tool interaction.  

 
1 Xie QJ, Ms.; FY Liu, Dr.; MJ Yang, Prof.; J Liu, Dr.; SH Yang, Ms.; SY Xie, Prof. 

mailto:xsyswu@163.com


Vol. 63, No. 1 / 2021  INMATEH – 

 

42 

Han C. J. et al (2019) applied DEM to simulate the hole-forming process of the opener of watermelon 

seedling transplanter. Then, the effects of the small-end diameter and the theoretical working depth on the 

hole-forming effect were discussed. Ji Y.J. et al (2014) used DEM to study the effect of the inclination angle 

of the opener on hole size and said that the working speed and soil moisture content will affect the hole-

forming effect. 

In this study, an opener with large socket was proposed based on the requirement of well cellar 

making for tobacco seedlings. A soil model was established within EDEM to explore the optimal parameters 

of the opener, the micro-behaviour of the soil, and the quantitative evaluation of performance of well cellar 

making. The aim was to reduce the design cycle of the machine and provide technical support for the 

improvement of the transplanters. 

 

MATERIALS AND METHODS 

Opener design and test platform 

Design of opener with large socket 

To improve the performance of well cellar making with low soil moisture content, an opener with large 

socket was proposed, as shown in Fig. 1a. Compared with the traditional well cellar opener (Fig. 1b), a large 

socket was formed in the loose soil layer and a small hole was formed in the compacted soil layer in view 

of the differences in compactness and moisture content at different soil layers. The large socket functioned 

as wind prevention and heat preservation, rain collection and drought resistance, as well as watering and 

fertilization. 

To help the tool penetration and ensure the uprightness of the seedlings, the bottom and the middle 

were designed to be conical, the diameter D1 was 40 mm, and the height H1 was 30 mm. Considering that 

the best well cellar specification for seedlings was circular with a diameter of 80-90 mm (Luo, H. B. et al, 

2012), the diameter D2 was 80 mm, and the height H2 was 120 mm. Combined with agricultural requirements 

(Chen, W. et al, 2015), the height H3 was 100 mm and the curve was an arc. A coordinate system was 

established with the centre of the circle as the origin. For any point A (x, y) on the arc, x2 + y2 = R2 was 

satisfied. Then, the relationship between θ and R is expressed as: 

22
arctan

xR

x
θ

−

= , [deg]                                                              (1) 

Where: 

θ is the angle of soil particle along tangent direction of the wall of the cellar hole, [degree]. 

According to the theoretical analysis, the smaller θ was, the smaller the tangent force was, and the 

less likely the particle slipped downward. 

  
(a) Opener with a large socket (b) Traditional well cellar opener 

Fig. 1 - Structure diagram 

 

Test platform 

In order to verify the working performance of the opener and the accuracy of the simulation, a test 

platform was designed, as shown in Fig. 2a. The test platform was mainly composed of lifting mechanism, 

power transmission mechanism, an opener with a large socket, soil bin, and rack, etc. The rotation speed 

and penetration speed of the opener can be adjusted to the specified values through speed control module. 

The basic dimensions of the soil bin were sides 600 mm and height 320 mm.  
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To ensure that the soil conditions in the soil bin were consistent with the field soil, a layered method 

was used to prepare soil (Hang, C. G. et al, 2017). As a result, the average moisture content of 0-120 mm 

(upper soil) and that of 120-320 mm (lower soil) soil layers were 7.6% and 12.8%, respectively. 

The well cellar making performance has a significant effect on the growth of tobacco seedlings. For the 

well cellar made by the opener with large socket, large hole formed by the large socket was convenient for 

wind protection and water fertilization, the small hole of the lower part was used for seedling transplanting. 

In view of this effect, after the experiment was completed, the effective depth of the cellar hole was 

measured, which was the depth that was used for transplanting after soil particle slip, as shown in Fig. 2b, 

the collapse rate of cellar hole can be expressed as: 

100%=
H

h-H
S , [%]                                                              (2) 

where: 

S is the collapse rate, [%]; H is the theoretical transplanting depth (150 mm, i.e. H1+H2), [mm];  

h is the effective transplanting depth, [mm]. 

 

  
(a) Test platform (b) Effective transplanting depth measurement 

Fig. 2 - Soil bin test 

1- lifting mechanism; 2 - power transmission mechanism; 3 - opener; 4 - soil bin; 5 - rack 

 

Discrete element modeling 

Properties of the materials 

Establishing a correct model is an essential precondition for the accuracy of simulation results. It 

requires the use of contact models that can represent the characteristics of the materials as reliably as 

possible. Due to the deformation and the intermolecular forces between particles, Hertz-Mindlin (no slip) 

was defined as contact model between soil and machine, and Hertz-Mindlin with Johnson-Kendall-Roberts 

was defined as contact model between soil particles. The later contact model considers the cohesion 

between particles on the basis of Hertz contact theory. Even if particles are not in direct contact, there is 

attractive cohesion under this model, and the maximum cohesion of particles can be described as (Johnson, 

K. L. et al,1971): 

𝐹𝑚𝑎𝑥 = −
3

2
𝜋𝛾𝑅∗, [N]                                                                 (3) 

where:  

            Fmax is the maximum cohesion of particles, [N]; γ is the surface energy, [J/m2];  

            R* is the equivalent radius, [m]. 

Because moisture content differs at different soil layers, the cohesive strength between the soil 

particles and the ability to resist the movement of the soil particles are also different. Taking the soil of 

Weining tobacco area in Guizhou Province as the research object, in order to balance the calculation speed 

and simulation accuracy, sphere with particle radius of 2 mm was used to simulate soil particles in this study. 

The parameters involved in the simulation were shown in Table 1, which were mainly divided into the intrinsic 

parameters and the contact parameters. On the macroscopic scale, the repose angle of the material can 

reflect the flow and friction characteristics of the granular material, then coefficient of static friction, coefficient 

of rolling friction and surface energy of soil particles were calibrated by the repose angle test. 

1 2 

4 

3 

5 



Vol. 63, No. 1 / 2021  INMATEH – 

 

44 

In this study, the lifting method (Shi, L. R. et al, 2017) was used to measure the repose angle. The 

soil was filled with a cylinder with diameter of 40 mm and height of 120 mm, then the cylinder was lifted at 

a speed of 0.02 m/s to form a cone-like pile on the plane. The simulation was carried out according to the 

physical test and the parameters was continually adjusted until the repose angle obtained by simulation was 

in accordance with the measured value. Then parameters of friction and surface energy of the soil particles 

were calibrated. 

Table 1 

Simulation parameters 

Item 
Top 
soil 

Sub 
soil 

Steel 
Topsoil- 
topsoil 

Topsoil-
steel 

Subsoil- 
subsoil 

Subsoil-
steel 

Data source 

Intrinsic parameters 

Density 
[kg/m3] 

1720 1870 7850 - - - - Measurement 

Shear 
modulus 

[MPa] 
106 106 7.9×1010 - - - - 

Fang, H. M. et al, 2016 
Yuan, Q. C. et al, 2018 

Poisson’s 
ratio 

0.38 0.38 0.3 - - - - 

Contact parameters 

Coefficient of 
restitution 

- - - 0.6 0.6 0.6 0.6 Ucgul, M. et al, 2015 

Coefficient of 
static friction 

- - - 0.45(1) 0.5(1) 0.6(2) 0.6(2) (1) Calibration 
(2) Fang, H. M. et al, 
2016 

Coefficient of 
rolling friction 

- - - 0.2(1) 0.31(1) 0.05(2) 0.05(2) 

Surface 

energy [J/m2] 
- - - 0.42 - 1.36 - Calibration 

 

Working model of an opener with large socket 

Based on the soil contact model and parameters, a virtual soil bin of sides 600 mm and height 320 

mm was built, in which the subsoil depth was 200 mm and the topsoil depth was 120 mm. To ensure the 
consistency of simulation and reality, soil particles were generated randomly and the sizes followed a normal 

distribution. The 3D model of an opener with large socket was established in Creo 3.0 and imported into 

EDEM. The simulation model was shown in Fig. 3. The opener moves down at a certain speed while rotating. 

In all simulations, the time step was 20% of Rayleigh time, and the grid cell size was 4Rmin, where Rmin is the 

value of the minimum particle radius in the simulation. 

 

 
Fig. 3 - Virtual soil bin and geometric model of opener 

 

 

Response surface optimization 

The effects of main control factors on the performance of well cellar making were the opener’s 

structure parameters and working parameters. Taking the arc radius (X1), rotation speed (X2) and 

penetration speed (X3) as control factors and the collapse rate as the evaluation index, levels of control 

factors were determined according to Box-Behnken design (BBD), as shown in Table 2. And the detailed 

simulation experiment arrangement was shown in Table 3, with a total of 17 treatments, including 5 centre 

point repeated treatments. At last, a multiple quadratic regression equation was used to establish the 

functional relationship between control factors and the collapse rate. 

Opener 

 
 

Topsoil 

Subsoil 

 

v 

n 
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Table 2 

Control factors and levels 

Level 
Control factors 

X1 [mm] X2 [r/min] X3 [m/s] 

-1 100 200 0.1 

0 114 350 0.15 

1 128 500 0.2 

 

Table 3 

Experiment arrangement of BBD and results 

Treatment 
Level of control factors 

collapse rate (%) 
X1 X2 X3 

1 -1 -1 0 24.5 

2 1 -1 0 34.8 

3 -1 1 0 23.5 

4 1 1 0 33.3 

5 -1 0 -1 26.6 

6 1 0 -1 36.2 

7 -1 0 1 25.0 

8 1 0 1 36.0 

9 0 -1 -1 32.5 

10 0 1 -1 31.7 

11 0 -1 1 35.0 

12 0 1 1 29.0 

13 0 0 0 25.3 

14 0 0 0 25.4 

15 0 0 0 26.0 

16 0 0 0 25.8 

17 0 0 0 24.8 

 

RESULTS 

Soil model validation by repose angle test 

The test results of topsoil and subsoil were shown in Fig. 4. Repose angles of the physical test and 

the simulation were measured in image process software of ImageJ. It could be seen that their outlines of 

repose angles were extremely similar, with relative errors of 1.17% and 1.38%, respectively. It indicated that 

the parameters of the soil model were accurate and reliable, which can be used for the optimization in this 

study. The parameter calibration results were shown in Table 1. 

 

  
(a) Physical test of topsoil (b) Simulation of topsoil 

  
(c) Physical test of subsoil (d) Simulation of subsoil 

Fig. 4 - Repose angle 
 

Statistics analysis 

Regression model and analysis of variance 

BBD experiment results of the collapse rate were obtained, as shown in Table 3. The regression 

analysis was applied to the experiment results with Design-Expert 8.0 and the regression equation, with a 

coefficient of determination R2 0.9897, was obtained as: 

2
3

2
2

2
1323121321 4.262.331.231.3035.013.025.01.165.0925.46 XXXXXXXXXXXXS +++−+−−−+=     (4) 

26.53° 26.84° 

33.23° 33.69° 
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The analysis of variance (ANOVA) result of quadratic polynomial model was shown in Table 4. 

According to ANOVA, arc radius of the opener (X1) had the highest significant level of impact on the collapse 

rate of the cellar hole, and it was followed by rotation speed (X2) and penetration speed (X3), sequentially. 

Meanwhile, the interaction between X2 and X3 had an impact on the collapse rate1% probability level by F 

test of ANOVA. The P value of the regression model was less than 0.0001 and P value of the lack of fit was 

more than 0.05, showing that the regression model agreed with the experiment results. 

 

Table 4 

ANOVA of quadratic polynomial model 

Source of 

variation 

Quadratic 

sum 

Degree of 

freedom 
Mean square F value P value Significance 

Model 340.43 9 37.83 74.91 <0.0001  

X1 207.06 1 207.06 410.08 <0.0001  

X2 10.81 1 10.81 21.41 0.0024  

X3 0.50 1 0.50 0.99 0.3528 ns 

X1X2 0.063 1 0.063 0.12 0.7353 ns 

X2X3 6.76 1 6.76 13.39 0.0081  

X1X3 0.49 1 0.49 0.97 0.3574 ns 

X1
2 6.40 1 6.40 12.67 0.0092  

X2
2 22.91 1 22.91 45.37 0.0003  

X3
2 76.32 1 6.32 151.15 <0.0001  

Residual 3.53 7 0.50 - -  

Lack of fit 2.66 3 0.89 4.07 0.1043 ns 

Pure error 0.87 4 0.22 - -  

Sum 343.96 16 - - -  

Notes: Significance:  

 means significant at 1% probability level by F test, ns means non-significant at 5% probability level. 

 

Parameter optimization  

The response surface of collapse rate of the cellar hole as function of rotation speed (X2) and 

penetration speed (X3) was shown in Fig. 5. Control factor of X2 was significant at 0.24% probability level by 

F test, and their interaction was at 0.1% probability level. As seen from response surface, with the increase 

of X2 and X3, the collapse rate decreased at first and then increased. While X3 was close to 0.15 m/s, the 

collapse rate reached the minimum value. Control factor of arc radius (X1) was significant at 0.1% probability 

level, and the collapse rate decreased while increasing X1. Therefore, for the purpose of reducing the 

collapse rate, the optimized parameters were determined as: arc radius 128 mm, rotation speed 380 r/min 

and penetration speed 0.15 m/s. And the theoretical collapse rate of the cellar hole was 21.45% according 

to the regression equation. 

 
Fig. 5 - Response surface of collapse rate of the cellar hole as function of X2 and X3 

 

Comparative analysis 

To verify the correctness of the optimization results and the advantages of the optimized opener, 

simulation test was carried out based on the optimized parameters, compared with that of the traditional well 

cellar opener. 

C
 /
 [
%

] 
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Well cellar making process 

(1) Penetration process 

The force and velocity distributions of the soil in penetration process were shown in Fig. 5. As seen 

from Figs. 5a and 5b, when the optimized well cellar opener was just entering the soil (0.2 s), the tip exerted 

constant shear and compression on the soil, which made the soil particles in contact with the tool move 

sideways. As the opener moved downward, the disturbance of soil increased. When the arc was in contact 

with the soil (0.9 s), the soil moved along the normal direction of the arc under the compression, and the 

force was mainly concentrated on the tip of the opener. When the opener penetrated completely into the 

soil (1.6 s), the arc, especially the lower part, compressed the surrounding soil obviously. The particles of 

equal velocity were mainly distributed along the arc of the opener, and the particles closer to the arc had a 

higher velocity. Meanwhile, some particles moved along the tangential direction of the arc to the ground to 

form an uplift. In contrast, as shown in Figs. 5c and 5d, the force and velocity of soil particles were distributed 

along the conical wall during the operation of the traditional well cellar making, and the cylindrical wall 

basically did not exert longitudinal compression on the surrounding soil. 

 
   

0.2 s 0.9 s 1.6 s 

(a) Soil force distribution of the optimized well cellar opener 

 

 
   

0.2 s 0.9 s 1.6 s 

(b) Soil velocity distribution of the optimized well cellar opener 

 

 

   
0.2 s 0.9 s 1.2 s 

(c) Soil force distribution of the traditional well cellar opener 

 

 
   

0.2 s 0.9 s 1.2 s 

(d) Soil velocity distribution of the traditional well cellar opener 

Fig. 5 –Soil force and velocity distribution at different time in penetration process 
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(2) Retraction process 

The soil velocity distribution during retraction process were shown in Fig. 6. The soil velocity of the 

cellar hole formed by the optimized well cellar opener was lower than the traditional one and the particles 

moved along the tangential direction of the wall. While the soil velocity of the cellar hole formed by the 

traditional well cellar opener, especially that close to ground, was quite higher, and the particle moved toward 

the centre of the cellar hole, which was due to the fact that there was no longitudinal compression on the 

topsoil when the traditional well cellar opener was introduced into the soil. Under the action of gravity, the 

force chain between particles was more likely to be destroyed, thus it caused the soil to slip downward with 

a higher speed. 

 

 

  

(a) Optimized well cellar opener (b) Traditional well cellar opener 

Fig. 6 - Soil velocity distribution in retraction process 

 

Quality of well cellar making 

When the well cellar openers were completely removed from soil, part of the soil slipped downward to 

fill the cellar holes under action of gravity, as shown in Fig. 7. The red curve was the slide track of soil 

particles. The quality of the optimized well cellar opener was better and the upper layer of soil basically did 

not slide, with the collapse rate of 22.70%, while the cellar hole formed by the traditional well cellar opener 

was almost filled with the topsoil, and the collapse rate was as high as 63.20%. It is to be mentioned that 

compared with the theoretical value, the error of the simulation value of the optimized well cellar opener was 

5.83%, indicating that the regression equation was correct. 

 

  
(a) Optimized well cellar opener (b) Traditional well cellar opener 

Fig. 7 - Quality of well cellar making 

 

Soil bin test verification 

The optimized well cellar opener was obtained and the soil bin test was carried out on the test 

platform. The experiment was repeated for 5 times, and the average value was taken as the reference value 

of collapse rate. The results showed that the average effective transplant depth of the holes was 113.2 mm, 

collapse rate was 24.53%, standard deviation was 0.79 mm, and the relative error between the soil bin test 

and simulation test was 7.46%. The errors were mainly due to the complex soil conditions, the influence of 

soil bin boundary and the vibration of the mechanical structure. The results of the soil bin test and the 

simulation test had good consistence. 

 

CONCLUSIONS 

In this study, a well cellar opener with a large socket was proposed. Well cellar making simulation 

and parameter optimization of the opener with a large socket were conducted. Main conclusions were drawn 

as follows: 

- DEM is an effective way to animate interaction between the opener and the soil, and as a result, 

soil particle disturbance and quantitative evaluation of well cellar making can be obtained. The correctness 

of the simulation model was verified by repose angle and soil bin test. 
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- By statistical analysis of BBD test results, arc radius of the opener had the highest significant level 

of impact on the collapse rate of the cellar hole, and it was followed by rotation speed and penetration speed, 

sequentially. The optimized parameters of the opener were arc radius 128 mm, rotation speed 380 r/min, 

penetration speed 0.15 m/s. 

- Compared with the traditional well cellar opener, the arc of the optimized well cellar opener had a 

remarkable compaction effect on the soil, and performance of well cellar making was improved significantly. 

The collapse rate had been greatly reduced from 63.20% to 22.70%. 
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ABSTRACT 

The results of the research on the influence of the drum type reactor design-technological parameters and the 

substrate`s physical-chemical parameters on the substrate`s components mixing evenness, that influence the 

quality of the received compost, are presented in this paper. By the method of the multifactor experiment 

rational values of the drum rotation speed, the blades (mounted on the inner drum surface) angle and the 

substrate`s moisture content are defined at which the components distribution homogeneity in the substrate 

reaches maximal value. The abovementioned, in turn, provides high compost quality by the agrichemical 

indices. The recommendations are given to pick the design parameters and operational modes of the drum 

type reactor. 

 

 

РЕЗЮМЕ 

Представлено результати дослідження впливу конструкційно-технологічних параметрів реактора 

барабанного типу і фізико-хімічних властивостей субстрату на рівномірність змішування 

компонентів у субстраті, що впливає на якість виробленого компосту. Методом проведення 

багатофакторного експерименту визначено раціональні значення частоти обертання барабану 

реактора, кута нахилу нерухомих лопатей, розташованих на внутрішній поверхні барабану, та 

вологості субстрату, при яких рівномірність розподілу компонентів в субстраті досягає 

максимальних значень. Зазначене, в свою чергу, забезпечує високу якість компостів за агрохімічними 

показниками. Наведені рекомендації щодо вибору конструктивних параметрів та режимів реактора 

барабанного типу. 

 

 

INTRODUCTION 

 Widespread use of pesticides and fertilizers in agricultural production has provided a significant increase 

in crop yields. In Western Europe the yield of cereals has reached 5-6 t/ha due to the agrochemicals usage 

(Fernández et al., 2010; Golub et al., 2017). However, the excessive fertilizer application and unbalanced plant 

nutrition constantly reduce the quality of crop products, and improper chemicals storage and usage leads to 

reduction of the natural soil fertility and its degradation, and as a result ï to environmental pollution (Golub et 

al., 2017). One way to improve soil fertility is to use organic fertilizers (Toledo et al., 2020). 

 Composting is one of the most important technological methods of high-quality organic fertilizers 

production. It is necessary to preserve nutrients in some fertilizers during their mineralization (manure, etc.) 

and to improve nutrientsô accessibility in a more complex ones like peat, straw or other inert organic 

(Geethamani et al., 2020). 

 Although composting technologies have been developing intensively in the last few decades, the main 

obstacle of its wide application is its low efficiency because of how long it takes to produce it especially when 

composting in compost bins (Liu et al., 2020). 

 One of main methods of composting process intensification is a compost production in closed chambers 

(Fahad et al., 2018; Liu et al., 2020). Process intensification is reached by keeping optimal thermal conditions 

on each stage, use of aeration and development of rational parameters and modes of operation (Jiang-Ming, 

2017; Kalamdhad and Kazmi, 2008). 
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Fig.1 – Test stand 

Legend: Arial 8 pt, Italic, Center, e.g.:  
1 - plansifter compartments; 2- break rolls; 3 – semolina machines; 4 – reduction rolls; 5 – flour 

 

ACKNOWLEDGMENTS (Arial 10 pt.) of people, grants, funds etc should be brief (if necessarily). 

 

REFERENCES (Arial 10 pt.) 

 (In alphabetical order, in English and in the original publication language).  

 Minimum 10 references, last 10 years, minimum 3 references from the last 2 years 

 

It can be used “References” tool from the Word Editor. APA Style (American Psychological Association)  

https://apastyle.apa.org/style-grammar-guidelines/references/examples 

 

Authors are fully responsible for the accuracy of the references. 
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References should be alphabetically, with complete details, as follows: 

Examples: 

Books: https://apastyle.apa.org/style-grammar-guidelines/references/examples/book-references 

Jackson, L. M. (2019). The psychology of prejudice: From attitudes to social action  (2nd ed.). American Psychological 

Association. https://doi.org/10.1037/0000168-000  

Kesharwani, P. (2020). Nanotechnology based approaches for tuberculosis treatment. Academic Press.  

Sapolsky, R. M. (2017). Behave: The biology of humans at our best and worst. Penguin Books. 

Torino, G. C., Rivera, D. P., Capodilupo, C. M., Nadal, K. L., & Sue, D. W. (2019). Microaggression theory: Influence 

and implications. John Wiley & Sons. https://doi.org/10.1002/9781119466642 

In text: 

• Parenthetical citations: (Jackson, 2019; Sapolsky, 2017)  

• Narrative citations: Jackson (2019) and Sapolsky (2017) 

Journal Article:  

https://apastyle.apa.org/style-grammar-guidelines/references/examples/journal-article-references 

Grady, J. S., Her, M., Moreno, G., Perez, C., & Yelinek, J. (2019). Emotions in storybooks: A comparison of storybooks 

that represent ethnic and racial groups in the United States. Psychology of Popular Media Culture, 8(3), 207–

217. https://doi.org/10.1037/ppm0000185 

In text: 

• Parenthetical citation: (Grady et al., 2019)  

• Narrative citation: Grady et al. (2019) 

Conference or Symposium: 

https://apastyle.apa.org/style-grammar-guidelines/references/examples/conference-proceeding-references 

Duckworth, A. L., Quirk, A., Gallop, R., Hoyle, R. H., Kelly, D. R., & Matthews, M. D. (2019). Cognitive and noncognitive 

predictors of success. Proceedings of the National Academy of Sciences, USA, 116(47), 23499–

23504. https://doi.org/10.1073/pnas.1910510116 

In text: 

• Parenthetical citation: (Duckworth et al., 2019) 

• Narrative citation: Duckworth et al. (2019) 

Dissertation / Thesis:  

https://apastyle.apa.org/style-grammar-guidelines/references/examples/published-dissertation-references 

Zambrano-Vazquez, L. (2016). The interaction of state and trait worry on response monitoring in those with worry and 

obsessive-compulsive symptoms [Doctoral dissertation, University of Arizona]. UA Campus 

Repository. https://repository.arizona.edu/handle/10150/620615 

In text: 

• Parenthetical citations: (Kabir, 2016; Miranda, 2019; Zambrano-Vazquez, 2016)  

• Narrative citations: Kabir (2016), Miranda (2019), and Zambrano-Vazquez (2016) 

https://apastyle.apa.org/style-grammar-guidelines/references/examples/unpublished-dissertation-

references 

Harris, L. (2014). Instructional leadership perceptions and practices of elementary school leaders [Unpublished doctoral 

dissertation]. University of Virginia. 

In text: 

• Parenthetical citation: (Harris, 2014)  

• Narrative citation: Harris (2014) 

 

Patents: Names and initials of authors, year (between brackets), patent title (Italic), patent number,country: 

Grant, P. (1989). Device for Elementary Analyses. Patent. No.123456. USA. 

Legal regulations and laws, organizations:  

https://apastyle.apa.org/style-grammar-guidelines/references/examples/iso-standard-references 

International Organization for Standardization. (2018). Occupational health and safety management systems—

Requirements with guidance for use (ISO Standard No. 45001:2018). https://www.iso.org/standard/63787.html  

Occupational Safety and Health Administration. (1970). Occupational safety and health standards: Occupational health 

and environmental control: Occupational noise exposure (OSHA Standard No. 1910.95). United States 

Department of Labor. 

https://www.osha.gov/laws-regs/regulations/standardnumber/1910/1910.95 
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In text: 

• Parenthetical citations: (International Organization for Standardization, 2018; Occupational Safety and Health 

Administration, 1970)  

• Narrative citations: International Organization for Standardization (2018) and Occupational Safety and Health 

Administration (1970) 

 

Web references: The full URL should be given in text as a citation, if no other data are known. If the authors, year, and 

title of the documents are known and the reference is taken from a website, the URL address has to be mentioned after 

these data. 

 

Citation in text  

Please ensure that every reference cited in the text is also present in the reference list (and vice versa).  

Do not cite references in the Abstract and Conclusions !.  

Unpublished results, personal communications as well as URL addresses are not recommended in the references list. 

Making personal quotations (one, at most) should not be allowed, unless the paper proposed to be published is a sequel 

of the cited paper. Articles in preparation or articles submitted for publication, unpublished, personal communications 

etc. should not be included in the references list. 

Citations style 

Text: All citations in the text may be made directly (or parenthetically) as bellow. 

- single author: the author's name (without initials, unless there is ambiguity) and the year of publication: 

          “as previously demonstrated (Brown, 2010)”. 

- two authors: both authors' names and the year of publication: (Adam and Brown, 2008; Smith and Hansel, 2006; 

Stern and Lars, 2009) 

- three or more authors: first author's name followed by "et al." and the year of publication: “As has recently been 

shown (Werner et al., 2005; Kramer et al., 2000) have recently shown ...." 

 

Citations of groups of references should be listed first alphabetically, then chronologically. 

 

Units, Abbreviations, Acronyms 

▪ Units should be metric, generally SI, and expressed in standard abbreviated form.  

▪ Acronyms may be acceptable, but must be defined at first usage.   

 

2. REVIEWS 

Summaries, reviews and perspectives covering topics of current interest in the field, are encouraged and 

accepted for publication. Reviews do not have the requirements for regular articles. However, should 

include: (*) an introductory chapter, (**) a careful and critical presentation of the relevant aspects of the topic 

approached and (***) emphasis of the aspects that aren’t known and require further research to progress. 

Reviews should be concise (max. 12 pages). 
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