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/ 

基于 ADAMS 的南方马铃薯分级机构仿真研究 
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Keywords: ADAMS, southern potato, grader, simulation 
 
ABSTRACT  

 Based on the analysis of existing grading methods, this study focuses on developing a new grading 

scheme for southern potato, which can automatically adjust the distance between two rolling bars. Using 

ADAMS software the dynamic simulation model of potato grader has been established, and the simulation 

results showed that the little potato P1, middle-sized potato P2 and big potato P3 were separated 

successively. It could strongly prove that this design is feasible. There was little motion when the potatoes 

were under grading, which indicated that the device worked smoothly. The analysis results of contact forces 

showed that as the weight of the potato increases, the force between it and the rolling bars enhances, 

especially for the force between the potato and the movable bars, as in the experiment the maximum value 

of the contact force between P4 and moving roll was 813.7N. The conclusions can provide the basic data to 

the optimum design of sample machine. 

 

摘要 

 分析已有物料分级方法，设计出一种可自动调节辊杆间距的南方马铃薯机械化分级方案；应用

ADAMS 软件构建马铃薯分级机构动态仿真模型，仿真试验结果表明：小薯 P1、中薯 P2、大薯 P3 先后被分

离出来，机构设计方案可行，薯块在辊杆上跳动较小，机构运动较平稳；接触力分析结果表明：薯块与辊杆

接触力随薯块质量增大而变大，其中与动辊杆接触力变化最显著，试验中超大薯 P4 与动辊杆的极值接触力

达 813.7 N；该研究为样机制作提供了优化设计基础。 

 
INTRODUCTION 

 China is one of the main potato producing countries in the world. In 2013 its cultivated area reached 

up to 8421 acres and the yield was more than 19.18 million tons, which ranked first in the world (MOA 

Department of Plantation Management, 2014). In China, “The major production of potato is in the north, 

while the economic benefit is in the south ". It is because planting winter potato in the south can take full 

advantages of the idle paddies after rice harvest. Its planting time is short and can go into the market very 

soon, which can make up for the shortages of the season-restricted northern potato. With its high economic 

efficiency, the southern potato is popular with the market and the planting households. At present, potato 

planting in southern China has gradually transferred to the mechanized production not only in planting, but 

also in field management and harvesting. But the mechanization in potato grading progresses slowly, 

people still use manual grading method, which is labour-intensive and inefficient, and at the same time can’t 

respond quickly to market demands (PingYuan Xiong et al, 2011). Grading equipment imported from 

abroad are expensive and difficult to maintain, while the domestically developed grading equipment is still 

in trial stage and of low efficiency, especially when it  is faced with the juicy and thin-skinned southern 

winter potato, they can help to make high injury rate. Grading method is the key of potato grading 

equipment, so this study focuses on designing a simple and efficient grading mechanism based on the 

physical properties of southern potato. By using the ADAMS software to make kinematics analysis, this 

study will verify the correctness of the device design scheme and make clear the kinematic parameters, 

which can provide designing basis for the prototype production. 

 
MATERIAL AND METHOD 

Existing grading methods 

 There are several methods in fruits grading: mesh screen method, grid cylinder method, weight 

grading method, optical method and rolling-bars grading method (Blasco et al, 2009; LiangLong Hu, et al, 

2007; LiuFang ShenTu et al, 2014; Mendoza et al, 2014; Riquelme et al, 2008; XiaoPing Yang et al, 2014; 

YiBin Ying et al, 2014).Mesh screen method is a widely used grading method. Its grading accuracy can 
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reach to 95% within the error range of 12.7mm, but this method can make the fruits wear with the mesh 

seriously, which will easily harm the skin of fruits. Grid cylinder grading equipment consists of several 

rollers, each roller has unique gap between its grid bars, and the gap will extend as the roller ranges from 

the minimum level to the maximum level. When the fruit’s size is smaller than the gap, it will fall into the 

corresponding hopper. This method has high efficiency, but the fruits collide and strike strongly in the 

equipment, which can make them easily be injured. Weight grading method is based on the principle of 

leverage. It firstly puts the fruits and the counterweight into two cups at both ends of the stent. When the 

counterweight is pushed slowly along the stent to the spindle, the trimming moment reduces, which will 

make the cups lose imbalance and tip over, and the fruits will fall into the appropriate hoppers. Because this 

method bases solely on weight index, its reliability is mediocre. It requires the fruits put into the cup singly, 

which will results in low grading efficiency. Optical grading method uses image processing technology to 

make non-contact measurements. The fruit is irradiated with light of certain wavelength, and the reflecting 

signals will tell its colour, maturity and size characteristics. When the fruit satisfies the grading conditions, 

the controlling device will pick it to the corresponding conveyor belt. This method is of innovative 

technology, high grading accuracy and efficiency, but it requires high level of professional knowledge and 

high cost. Besides, with its immature technology, optical grading method is difficult to be promoted. The 

principle of the rolling-bars grading method is equipping a rotating roller to the conveyor. When the size of 

the fruit is smaller than the gap between two adjacent rollers, it will fall into the corresponding hopper. Such 

an equipment runs smoothly, but requires that the gap between the rollers should be variable to achieve 

different size fractions. Southern winter potato with its high moisture, thin skin and crisp pulp, is prone to 

bruising and skin scratching. The design below takes the rolling-bars grading method. By optimizing the 

installation of adjacent roll bars, it achieves the goal of automatically adjusting the gap to meet the 

requirement of grading different sizes of potatoes. 

Structure design of the grader 

 Southern winter potato can be seen approximately as an ellipsoid (ChunHai Wang, et al, 2008). Its 

grading depends on the minor dimension of the ellipse (d), d ∈(37,100) mm. The potatoes are divided into 

four levels, grading parameters are listed in Table 1. The process of potato grading is: The potatoes enter 

from the feed inlet to the conveyor belt and spread out evenly, then they enter the first grade transferring 

area (level 1 grading area), in this area the potatoes of d∈(37.50) mm fall into the first level discharge port, 

while the remaining potatoes continue processing on the belt and go into the second grade transferring 

area (level 2 grading area), in this area the potatoes of d∈ (50.70) mm fall into the second level discharge 

port, the remaining potatoes then go into the third grade transferring area (level 3 grading area), the 

potatoes of d∈ (70,100) mm fall into the third level discharge port, and finally the oversized potatoes of d> 

100mm are output from the end of the grading equipment. The structure diagram of the southern winter 

potato grading equipment is shown in Figure 1.The conveyor belt is made up of a series of rolling bars, and 

the potatoes locate in the gaps of the adjacent bars. The bars are divided into fixed rolling bars and 

movable rolling bars, and the fixed roll bars are installed into the fixed chain plate while the movable rolling 

bars are installed into the chain plate with a sliding chute in the middle and the bars can move up and down 

in the chute. The movable rolling bars are placed upon the grading baffles whose distribution is a ladder-

like shape. When the movable rolling bars fall from one grading area to the next, with their own gravity and 

the extrusion of the potatoes, they will drop into the next baffle, and the gap between the bars becomes 

larger, resulting in the separation of the potatoes whose sizes are accord with this gap. The grading levels 

are shown in Figure 2, where δ1=36.2mm, δ2=50mm, δ3=70mm, δ4=100mm. 

Table 1  

Potato grading parameters 

Level Minor dimension, d Mass, m  

[mm] [kg] 

1 37 < d < 50 0.029 < m < 0.071 

2 50 < d < 70 0.071 < m < 0.19 

3 70 < d < 100 0.19 < m < 0.57 

4 d>100 m＞0.57 
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Fig.1 – Schematic on the structure of the Grader 

1 – The grade 0 baffle; 2 – The fixed chain plate; 3 – The movable chain plate; 4 – The first level baffle; 
5 – The second level baffle; 6 – The fixed rolling bar; 7 – The movable rolling bar 

 

 
Fig.2 – Schematic on potato grading 

 

Equipment modelling 

 This study used the 3-D designing software SolidWorks to construct the three-dimensional model 

of potato grading mechanism. To simplify the model and reduce the software loading time, this model 

had omitted the nuts, bolts, pins, washers and other fasteners. As the final ADAMS model is made up 

of basic components, such an ellipsis would not affect the simulation result. Exporting the 3-D model 

into Parasolid format (extension as * .x_t), then putting into the ADAMS software, setting the properties 

of the components and the kinematic pair, eventually the final simulation model is shown in Figure 3. 

The geometry dimensions and physical parameters were measured in this research. Based 

on measurement results, this study defined 4 potato levels P1, P2, P3, P4 as the test samples, the 

modelling parameters are shown in Table 2. 

 
Fig.3 – Simulation model 
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Table 2  

Parameters of the potato model 

Type Minor axis, b Major axis, a Density   Mass, m  Center coordinates  

[mm] [mm] [kg/m3] [kg] [mm] 

P1 40 45 1.08×103 0.041 (-38.1, 200.18, -39.5) 

P2 60 65 1.08×103 0.130 (-38.1, 220.38, -111.5) 

P3 80 80 1.08×103 0.307 (-38.1, 234.35, -203.5) 

P4 110 115 1.08×103 0.787 (-38.1, 252.60, -320.5) 

 

 There is contact impact force between the potato and the rolling bar, and its function can be 

represented by the spring-damping model (XueBin An, ShangFeng Pan, 2014). The contact impact force 

F, is defined as: 

 
dt

dg
cdcdgstepgkF e  maxmax00 ,,,, , [N]                                            (1) 

where:  

 k represents stiffness of the spring; g is the penetration depth between potato and rolling bar; e 

represents shape index which determines the shape of the force- displacement curve; d0 is the starting 

value of g, which in this case is 0; c0 is the initial value of step() function, when d0 is 0, c0 will be 0;dmax 

is the maximum allowable penetration depth; cmax is the maximum damping value adopted when it 

reaches the maximum allowable penetration depth; step() represents step function. 

 It also set the material of the potatoes, the material of the rolling bars, and the Impact 

parameters between potato and the bars as shown in Figure 4. 

 

 
 

Fig.4 – Mechanics parameter settings of potato and the bars 
 

RESULTS 

Motion simulation 

 Setting the forward velocity of the initial conveyor as 200 mm/s, the simulation time as 4s, the steps 

of simulation as 120, this study respectively has measured the displacements in the Y direction, velocities 

in the X direction and the accelerated velocities in the Y direction of the centroids of potato P1, P2, P3 and 

P4. The results are shown in Figures 5-7. 
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Fig.5 – The displacements of potatoes’ centroids in the Y direction 

 

 
Fig.6 – The velocities of potatoes’ centroids in the X direction 

 

 
 

Fig.7 – The accelerated velocities of potatoes’ centroids in the Y direction 

 

 As shown in Figure 5, when the simulation time was 1.6s, 2.4s, 3.1s, the displacements in the Y 

direction of potato P1, P2, P3 turned from 0 to negative values, and continued to decline in parabolic forms, 

indicating that the potatoes had been separated through the gaps. The little potato P1 was the first to be 

separated, then the middle-sized potato P2 was separated, and finally the big potato P3 was separated, the 

oversized potato P4 still moved along to the end of the conveyor. The simulation results were consistent 

with the mechanism designing theory, which proved the correctness of the designing scheme. 

 As shown in Figure 6, the forward velocities of potato P1, P2, P3 in the X direction fluctuated slightly, 

but they were basically stabilized. The main reason of the speed fluctuations was that, the potatoes collided 



Vol.48, No.1 /2016  INMATEH –

10 
 

constantly with the fixed rolling bars in front and back of them when moving forward, which generated 

accelerated velocities in the corresponding directions and thus affected the velocity value in the X direction. 

After potato P3 was separated, the potato P4 was observed an instantaneous speed fluctuation, but it still 

remained in a stable value range. 

 Figure 7 shows that the accelerated velocities along the Y-direction of potato P1, P2, P3, P4 were 

relatively flat in the whole process, indicating that the potatoes moved fairly slightly in the Y direction, which 

proved that the equipment worked relatively stable. However, when the movable rolling bars moved from 

one baffle to the next, the potatoes jumped fairly strong in the Y direction. The situation was: In the first 

grading, the potato P2 made the maximum movement while the P4 made the minimum; in the second 

grading, the potato P4 made the maximum movement while the P3 almost remained still; in the third 

grading, P4 made the maximum movement in the negative Y direction. 

Analysis of contact force  

 Southern potato is tender and has thin skin, which makes it easily injured when colliding with the 

rolling bars in the grading process. Literatures and experiments show (Bentini et al, 2006; YongYing Sang 

et al, 2008), the force to ruin a potato is 251.6N. To make a comparative analysis of the contact forces, this 

study respectively have measured the contact force of P4 with two fixed rolling bars and a movable rolling 

bars, the contact force of P1 with the rear fixed rolling bars and the movable rolling bars. The results are 

shown in Figure 8 and Figure 9. 
 

 

 

 
Fig.8 – The contact force of P4 with fixed/ movable rolling bars 

 
 

 

Fig.9 – The contact force of P1 with fixed/ movable rolling bars 
 

 

 As shown in Figure 8, the contact force between P4 and the fixed rolling bars was relatively small, 

which was not more than 20N. The contact force between P4 and the movable rolling bars rose to its 

maximum value when movable rolling bars falling into the lower baffle, the maximum values shown 

respectively as 42.68 N, 92.51 N, 813.7 N. Obviously the contact force between P4 and the movable rolling 

bars in the third grading was larger than the maximum destructive force of potato. While optimizing the 

design, a layer of rubber should be wrapped to the movable rolling bars to reduce the contact force. 
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 As shown in Figure 8-9, in 0-1.5s, the average contact force between P1 and the fixed rolling bars 

was 3 N, only about 50% of the P4’s, the extreme contact force between P1 and the movable rolling bars 

was 11 N, about 26% of the P4’s. It indicated that the contact force increased as the quality of the potato 

increased, which was most significant in the extreme contact force. 

 

CONCLUSIONS  

 This study used the software of SolidWorks to establish a three-dimensional model for potato 

grading, and imported the model into the ADAMS, set the properties of the components, materials, the 

kinematic pairs and the Impact parameters, and finally built a dynamic mechanical model. 

 Simulation analysis showed that, P1, P2, P3 were isolated successively, which means that the 

mechanism design is correct. The potatoes jumped only slightly upon the rolling bars, which indicates that  

the device works steadily. 

 The analysis of contact force showed that the bigger the quality of the potato was, the greater the 

contact force between it and the rolling bars was. Such a principle was most significant in the extreme 

contact force between the potato and the movable rolling bars. In the experiment, the maximum contact 

force between P4 and the movable rolling bars was 813.7 N. The study can provide a basis for optimizing 

the design of prototype production. 

 The further research is in progress to add a conveyor belt, potatoes will be transported to grading 

mechanism automatically. Conveying speed and grading speed are very important motion parameters for 

grader, so this study will focus on the effect on grading quality and efficiency under different conveying 

speed and grading speed, also analyze the variation of impact force between potatoes and bars, two 

adjacent potatoes, aiming to get the best motion parameters. 
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ABSTRACT 

In the article the studies of crop losses causes during harvest are presented. It is established that a 
significant cause of grain loss is a non-simultaneous ripening in the wheat. Thus, during reel bats impacts 
on stalks, the largest and most valuable grains that ripen earliest are knocked out of the wheat and fall to 
the ground. It is established that these losses are significant and irreversible. The current technical 
condition of combine harvesters cannot eliminate these losses. To eliminate these losses, a new design of 
pneumatic collector has been proposed in the article. The principle of its work is based on the vacuum 
created. Due to the vacuum, the grains that were knocked out from the wheat by reel bats are sucked and 
sent into the cyclone. 
 

РЕЗЮМЕ 

В статті наведено результати досліджень причин недобору врожаю під час його збирання. 
Встановлено, що істотною причиною втрати зерна є неодночасне його дозрівання в колосі. Як 
наслідок під час ударів планок мотовила по стеблах, найбільш крупні і найцінніші зернівки, які 
найпершими дозрівають, вибиваються з колоса і падають на землю. Встановлено, що ці втрати 
є значними і незворотними. Сучасний технічний станe зернозбиральних комбайнів не дозволяє  
усунути ці втрати. Для усунення цього недоліку в статті запропоновано конструкцію 
пневмовловлювача. Принцип його роботи ґрунтується на розрідженні, що створюється в 
конфузорі. Завдяки розрідженню все зерно, що вибивається з колоса планками мотовила, 
засмоктується і спрямовується в циклон.  
 
INTRODUCTION 

In the structure acreage of world agriculture the cereal crops occupy more than half. Its main areas 

are in Asia, North America, Europe, Australia and Africa. Over the past five years, Ukraine increased its 

grain production at a rapid pace and proved its total yield more than 60 million tons, which gave it the 

opportunity to take the second place on the world market among the countries-exporters of grain. 

However, in order to stay on the market and among the world leaders it’s necessary to continue to 

increase the volume of its production. But given the fact that in the structure of grain production in Ukraine 

about of 50% are the cereal crops, almost two-thirds of which prone to lodging, the timing of the harvest 

increased, and the process of machines operation is much more complicated. As a result, it leads to losses 

of grain which reaches 10-30%, and sometimes more, as the lodged grain stay below the headers cutting 

height (Hrechkosiy V. et al, 1991). 

To prevent the lodged grain currently used two methods - chemical and biological. The main point of 

the first method is that plants are treated with special chemicals that inhibit the plants growth and favor to 

thickening of the stalk, root development and make it resistant to lodging of cereals (Alferov S. et al, 1981; 

Hrechkosiy V. et al, 1991). However, this method is not always effective. More promising is the use of short 

stalked, dwarf varieties which are characterized by high resistance to lodging of cereals and high yield. 

However, these varieties require shallow depth of seed placement - not more than 2 cm (Shmat I. et al, 

2009; Sysolin P. et al, 2001), because they cannot grow in all areas. 

Another cause of significant losses of grain is the ripening heterogeneity of grain in the wheat. Thus, 

at the time of harvest ripens earliest and lose contact with the wheat the largest and most valuable grains, 

which are located in its upper part. As a result, during the impacts on the stalk of the reel bats these grains 

are knocked out of the wheat and fall to the ground. Simple calculations show if of each wheat is knocked 

out of 2 grain, and in the time of harvest on fields of 1 m
2
 on the average there are 500-600 stalks 

(Hrechkosiy V. et al, 1991), then on each hectare of at 6-8 hundredweight of grains are knocked out. 

Practically, these losses are irreversible, because the current technical condition of combine harvesters 

does not permit to eliminate it. 
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The conducted structural and biological analysis of standing crop of cereal crops shows that 70% of 

full grain is stored in 30-centimeter layer of wheat, and the rest - in the low-growing stalks, called 

undergrowth, where the grain by its properties is small, feeble and useful only to feed (Dubrovin V.,   

Shvedik N., 2014). It is obvious that these biological characteristics of cereal crops should form the basis 

for developing a new principle of its harvesting - namely, the volume reduction of biological mass that is 

feed for the threshing and for the cleaning. 

Therefore there is a need to develop new working bodies that could fully ensure the effective 

harvesting not only of erect and lodged grain but also collect the grain knocked out by reel bats and would 

create conditions for a sharp increase of the productivity of combine harvesters.  

  

MATERIAL AND METHOD 

The effectiveness of the harvest in different countries is solved in different ways (Ivan Gh., Usenko 

M., 2014; Ivan Gh., Vladut V.N, 2014; Moiceanu G. et al, 2015; Xiaoning Zhu et al, 2015). But we believe 

the most effective way to defect correction is the use of two-tier cutting of grain with separate threshing of 

the upper and lower tiers of wheat part and pneumatic lifting of the lodged grain and pneumatic collecting of 

the grain knocked out by the reel bats, based on creating of a vacuum in the area of reel. Process scheme 

of pneumatic collector of grain knocked out by combine harvesters reel bats is shown in Fig.1.   

 
Fig.1 - Process scheme of pneumatic collector of grain knocked out by combine harvesters reel bats 

1 – pneumatic collector; 2 – reel; 3 – cutter bar; 4 – header gutter; 5 – header auger; 6 – pneumatic pipeline; 7 – 
extractor-type fan; 8 – suction pipe; 9 – suction cyclone;  10 – rotor valve; 11 – transport line; 12 – offloading cyclone 

 

The technological process of grain collecting is as it follows. When driving a combine harvester in the 

field, the extractor-type fan 7 through the pipe 8 sucks the air from the suction cyclone 9 and creates a 

vacuum in it, which through flexible pneumatic pipeline 6 extends to pneumatic collector 1. Due to the 

vacuum, the lodged grain rise and enter the zone of the reel, which leads it to the cutter bar 3.  

After cutting, the wheat part of grain placed on the header gutter 4 upper tier and then by header 

auger 5 is supplied in inclined camera. This grain that falls out of the wheat during the lifting of stalks and 

by the reel bats 2 impacts sucked by the flow of air into the cyclone 9 where the grains and air are shared. 

Extractor-type fan accelerate the air to the speed of v ≈ 25 m/s while the rotor valve 10 provides a uniform 

grain supply into the transport line 11 and it is transported to the offloading cyclone 12. There, the exhaust 

air with light mixture removed through the top hole of the cyclone in the atmosphere, and the grain is 

emptied into a special tank for its accumulation. 

Expediency of pneumatic collector using will depend primarily on the ratio of the additional cost of 

diesel oil necessary to drive the fan and the market value of collected grain. Consumption of diesel fuel 

depends on the pressure losses in the suction path of pneumatic collector. To determine these losses it 

must first make a pneumatic scheme of pneumatic collector that shown in Fig.2. 
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Fig.2 – Pneumatic pipeline layout scheme and placement of design elements,  

in which the local resistances results 
1 – reel; 2 – fan; 3 – fan branch pipe; 4 – connecting branch pipe; 5 – knee; 6 - transverse pipeline;  

7 – flexible pipeline; 8 - horizontal pipeline; 9 - suction pipeline; 10 – cyclone; 11 - rotor valve; 12 – fan; 13 – branch tube 

 

 

Сutter bar does not effect virtually on the process of grain knocking out. Therefore, it is not 

considered in researches and not included in the scheme. On this scheme all fans and pipelines and 

branch pipes that connect them are shown. It also noted all the local resistances where pressure losses 

occurring (knees and narrowing of the pipeline, unloaders, etc.). The above scheme shows that the static 

pressure is spent to overcome friction in the pipeline, local resistances (knee, deflectors, discharger and 

flexible pipeline) and to lift the grain. That is, the total pressure losses ∑h in suction path can be defined by 

the formula:   

1 2 3 4 5h h h h h h     , [Pa]                                                              (1) 

where: 
h1 - pressure loss from friction when clean air moving along the pipeline, [Pa]; 
h2 - pressure loss from friction when the mixture of air and grain moving through the pipeline, [Pa]; 
h3 - pressure loss in local resistances (knees and narrowing of the pipeline, unloaders, etc.), [Pa]; 
h4 - pressure loss in fan to lift the grain, [Pa]; 
h5 - pressure loss in the unloaders (cyclone), [Pa]. 

 

To check the accepted hypothesis authenticity can be conducted an experimental research. The 

main material that was studied in this paper was the haulm stand of the wheat and its grain. Research 

conducted in the field in the three replications according to developed methods using the experimental 

device.   

Experimental device for pneumatic collecting of the grain knocked out by reel bats during its 

movement over the haulm stand of cereal crops is shown in Fig.3. 

The device consists of pneumatic collector 11 and the cyclone 5, which are installed on the self-

propelled chassis 1 and connected to each other by flexible pneumatic pipeline 8. This pneumatic collector 

is installed on the side of the self-propelled chassis on the rectangular frame (console) which is attached to 

adjustable risers which are installed on the frame and the cyclone is installed directly on three pillars. To the 

cyclones upper flange is attached the branch pipe with a hole that is cut off by the support 7, and at the end 

of the branch pipe the fan 6 is installed. To lower cyclones flange is attached the transparent cone which is 

closed at the bottom by the cover.  
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Devices movement is carried out by using of winch 3, which is driven by the electric motor 2, which is 

powered by a battery 4. 

 
 

Fig.3 - Experimental device for collectiing of the grain knocked out by reel bats 
1 – self-propelled chassis; 2 – electric motor; 3 – winch; 4 – batteries; 5 – cyclone; 6 – fan; 7 – support; 8 – pneumatic pipeline; 

9 – console; 10 – electric motor; 11 – pneumatic collector; 12 – reel; 13 – pulley; 14 – belt; 15 – rope 

 
For this, the rope 15 unwound from the winches drum and by free end with the hook is attached to a 

metal rod that is rammed into the ground. 

The drive of the reel 12 is carried out by the V-belt drive 14 from the electric motor 10 through a 

worm reducer and the cyclones 5 fan 6 is driven by its own electric motor. All DC motors are powered by 

batteries with a voltage of 12 V. 

Given that the reels and fans, the electric motor is powered by one battery and the chassis electric 

motor - by the other. Start the electric motors by using of individual switches. 

The process passes as follows. At first turns on the fan 6 of the cyclone 5 and makes the vacuum in 

it, the depth of which is regulated by the change of the size of the inlet hole on branch pipe by moving of the 

support 7. Then, turns on the electric motor 10 of the reels 12 drive and then the electric motor 2 of the 

winch 3. When reeling the rope 15 on the winches drum the wagon 1 moves along the standing crop on the 

edge of fields or stubble and the pneumatic collector 11 moves over the layer of ears of wheat of the 

standing crop. Given that the reel bats separate the portion of the stalks from the main standing crop and 

incline it inside the pneumatic collector reproducing the same work process of the combine harvester 

header. Because of the vacuum from the cyclone 5 through the pneumatic pipeline 8 extends inside the 

pneumatic collector 11, the grain knocked out from the wheat by the reel bats is sucked and transported by 

air flow in the cyclone. Here the air is separated from the grain and through the top branch pipe by the fan 6 

is thrown out into the atmosphere, and the grain falls into the bottom of the cyclone and is collected in a 

transparent cone.  

After passing by self-propelled chassis of a test length equal to 12.5 m the electric drives of winches, 

reel and fan are turned off and at the bottom of the cyclone where the box is placed, then the cover 

unscrewed and the grain by gravity emptied from the cone into the box. Then this grain from the box 

emptied into a plastic bag, putted in it the label prepared beforehand, in which indicated a sort, experiment 

# and replication #, then closed it tightly and emptied into a separate box for further processing in steady 

state conditions.  
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On the pneumatic collector was installed the reel with five bats of the diameter of 0.5 m and the 

length of 0.75 m. The width a and the length b of the inlet port at the bottom of pneumatic collector are 

equal accordingly to 0.8 m and 0.5 m. 

Since the test length of the standing crops field in each experiment was similar to 12.5 m, so the area 

of layer of wheat ear, which is processed by reel bats is also was similar to 10 m
2
. 

 

RESULTS 

Components of pressure losses in the suction path of pneumatic collector can be defined as follows. 

1. Pressure losses h of friction when moving clean air along the pipeline can be defined by the Darcy 

formula (Kondakov V. et al, 1973): 
2

2

L v
h

gD


   [Pa]                                                                   (2) 

where: 
λ - friction resistance coefficient; 

L - length of pipeline, [m]; 

ρ - air density, [kg/m
3
]; 

v - air speed, [m/s]; 

g - gravitational acceleration, [m/s
2
]; 

D – diameter of pipeline, [m]. 

Friction resistance coefficient can be defined by the Brazius formula (Krasnikov V., 1981):  

25.0

3164.0

eR
                                                                           (3) 

here:  

Re - Reynolds number, which is defined as (Kondakov V. et al, 1973):     



Dv
Re


                                                                             (4) 

here:  

 - air kinematic density, [m
2
/s]. 

 

By the air temperature of t = 30° C, which mainly corresponds to actual conditions of harvesting  

 = 16.6∙10
6
 m

2
/s. 

Effective calculated length of the pipeline can be determined taking into account its piping layout, 

Fig.1. The scheme is shown that the total length of the suction pipeline consists of two parts. To the first 

part ∑Lp1 belong the branch pipes that connect the fans with transverse pipeline with diameter Dtrans, i.e.: 

∑Lp1 = 8 ∑Lconf + ∑Lbp + ∑Lkn  [m]                                                           (5) 

and to the second part ∑Lp2 belongs the transverse pipeline and two areas of longitudinal pipelines with 
diameter Dlong, i.e.: 

∑Lp2 = 8 ∑Ltc + ∑Lfp + ∑Lhp  [m]                                                            (6) 

where:  
Lconf - fan length (vertical part of pipeline), [m]; 

Lbp - length of the connecting branch pipes, [m]; 

Lkn - knee length, [m]; 

Ltc - length of transverse collector, [m]; 

Lfp - length of flexible pipeline, [m]; 

Lhp - length of horizontal pipeline, [m]. 

Now by the formulas (3) and (4) can be defined the Reynolds number and friction resistance 

coefficient for each of the pipelines part.  

Using the formula (1) can be defined the pressure loss htrans of air friction during its movement in area 

of transverse pipeline with diameter Dtrans having a total length ∑Ltrans and hlong for longitudinal pipeline with 

diameter Dlong having a total length ∑Llong.  
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Therefore 

h1 = htrans + hlong. [m]                                                                    (7) 

 

2. Pressure loss h2 of friction when moving through pipelines of mixture of air and grain can be 

defined by the formula (Krasnikov V., 1981): 

 2 1 1h h c     [m]                                                                   (8) 

where: 

c - coefficient that depends on the concentration of the mixture, speed and physical and mechanical 

properties of grain. When vp = 13-26 m/s the value of the coefficient is in the range of c = 0.83-0.31; 

  - coefficient of weight concentration of the mixture.  

3. Pressure losses h3 in local bearings (knees, by narrowing of the pipeline, unloaders, etc.) can be 

determined by the formula (Kondakov V. et al, 1973): 

g

v
h

2

2

3


  [m]                                                                   (9) 

where: 
ρ - air density, [kg/m

3
]; 

v - air speed, [m/s]; 
g - gravitational acceleration, [m/s

2
]; 

ξ - sum of the coefficients of local resistance. 
 

According to the pneumatic diagram of the grain pneumatic collector:    

1 2 3 4 58 8 2 3                                                                   (10) 

here:  

1 - coefficient of local resistance of unexpected narrowing that occurs in fan.  

The value of this coefficient can be determined by the formula (Krasnikov V., 1981): 

1 0,5 1
 

  
 

ap

ac

F

F
                                                                    (11) 

here: 

Fap – area of the pipeline, [m
2
]: 

4

2D
Fap


 ; 

Fac – area of open hole of fan, [m
2
]: baFac  ; 

a and b - width and length of fan hole, [m
2
]; 

2 …
5  - coefficient of local resistance that occurs accordingly in connecting branch pipe, connected 

knees, branches and flexible pipeline and is determined by the formula (Potapov G., 1990): 

2
90




                                                                            (12) 

here: 

  - angle of branch pipe, knee, branch of flexible pipeline, [deg.]. For pneumatic collector these 

angles are accordingly 60°, 90°, 90°, 45°;  

3 - coefficient of local resistance that occurs in connection knees with angle of knee 90°. Its value can 

be determined by the formula (12); 

4 - coefficient of local resistance that occurs in branches. As branches are mounted on the pipe at 

the angle 90°, its value is also can be determined by the formula (12); 

5  - coefficient of local resistance that occurs in the flexible pipeline with the angle 45°. 

4. Loss of pressure h4 in fan for lifting the grain can be determined by the formula (Krasnikov V., 

1981): 

Hgh  4  [Pa]                                                                 (13) 
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where: 
g – gravitational acceleration, [m/s

2
]; 

 - concentration factor of air mixture; 

ρ - air density, [kg/m
3
]; 

H - height of grain lifting, [m]. It is determined by the size of pneumatic collector (Fig.2) and is 1 m. 

 

5. Pressure loss h5 in unloader (cyclone) can be determined by the formula (Kondakov V. et al, 

1973): 

g

v
h

2

2

5


  [Pa]                                                                 (14) 

where: 

  = 2.5 - coefficient of local resistance that occurs when the air-grain mixture inlet in the cyclone; 

ρ - air density, [kg/m
3
]; 

v - air speed, [m/s]; 

g - gravity acceleration, [m/s
2
]. 

For example is taken a 4-meter harvester-threshers header and by the present methods can be 

determined the total pressure losses. Ʃ h in the suction path of pneumatic collector consists of eight fans. 

Height of grain lifting in each fan is H = 1.0 m and the width and the length of its inlet hole are a = 0.7 m and 

b = 0.5 m.   The total length of pipelines in accordance with the scheme (Fig.2) are Σ Ltrans = 13.0 m and  

Ʃ Llong = 7.0 m.  

For calculations is taken the transverse pipeline diameter Dtrans = 0.078 m and longitudinal pipeline 

diameter Dlong = 0.150 m (Dubrovin V., Shvedik N., 2014). Can be accepted also v = 25.0 m/s, μ = 3...5, c = 

0.31...0.35 (Krasnikov V., 1981). Thus, under these conditions the total pressure losses Ʃ h in the suction 

path according to calculations from the formula (1) can vary from 0.6 kPa to 1.2 kPa. 

6. After determining of the air total losses can be determined the inputs of air power N to drive the 

fan, which creates a vacuum in fan needed for collecting (suctioning) of grain knocked out by reel bats and 

its supplying to the cyclone by the formula (Krasnikov V., 1981): 

fetebe

vh
N

 





3600

, [kW]                                                     (15) 

where:  
v - air velocity, [m/s]; 
ηbe - bearing efficiency; 
ηte - transmission efficiency; 
ηfe - fan efficiency. 

After applying in the formula (15) the data v = 25.0 m/s, ηbe = 0.97, ηte = 0.99 і ηfe = 0.8 the power 

losses required to drive the fan, which creates a vacuum in pneumatic collectors fans (total pressure losses 

Ʃ h in the suction path defined by the formula (1) and are 0.6 kPa and 1.2 kPa) are accordingly N1 =       

5.42 kW and N2 = 10.84 kW. 

The experimental research results by using of pneumatic collector device (Fig. 3) showed that by reel 

speed increasing from 50 rpm to 75 rpm when the self-propelled chassis moving with the speed of    1.5 

m/s which corresponds to the combine harvesters operating regime the knocked out grain mass increased 

from 277 g to 330 g, and while moving the self-propelled chassis with the speed of 2.5 m/s the knocked out 

grain mass increased from 293 g to 365 g. These losses show that in real conditions of work of combine 

harvesters on each fields hectare it can be knocked out by the reel bats from 460 kg to      600 kg of 

grain. The nature of grain (1000 pcs. of grains) on discount area was 60 g. Analysis of the studies showed 

that analytically determined by the formula (1) the total pressure losses Ʃ h in the suction path ranges from 

0.6 kPa to 1.2 kPa and coincide with the experimental data. In accordance with the vacuum gauge readings 

the vacuum in the fan in the first case was 0.75 kPa and in the second - 1.32 kPa. Thus, given in the article 

the analytical dependencies make it possible to determine with sufficient precision the pressure losses in 

the suction path of pneumatic collector and the power necessary to drive its fan. The studies will be useful 

in the development and design of pneumatic collector, which will be installed on production combine 

harvesters. 
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CONCLUSIONS 

1. By reel speed increasing from 50 rpm to 75 rpm when the self-propelled chassis moving with the 

speed of 1.5 m/s which corresponds to the combine harvesters operating regime the knocked out 

grain mass from layer of ears of wheat on each area of 10 m
2
 increased from 277 g to 330 g and by 

the self-propelled chassis moving with the speed of 2.5 m/s – increased from 293 g to 365 g. 

2. In real conditions of work of combine harvesters on each field hectare it can knocked out by the 

reel bats from 460 kg to 600 kg of grain. 

3. In order to provide 100% of grain collecting knocked out by reel bats when the combine harvester 

moves at a speed of 1.5 m/s and 2.5 m/s in fan must be created the vacuum accordingly 0.75 kPa 

and 1.32 kPa. The power needed to drive the fan can range from 5.42 kW to 10.84 kW.        
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ABSTRACT 

 For the study of methods and means to achieve a high performance technology for the distribution of 

forage, two different machines have been built and investigated, capable to perform several activities within 

the technology for preparing and distributing forage to cattle. In this article are presented the results of 

experimental researches carried out at a livestock farm, on a lot of milk cows, in similar working conditions, 

emphasizing the technical performances, the structure of working times, the working capacity of machines, 

important indicators for obtaining high production and increasing work productivity. 

 

REZUMAT  

 Pentru studierea metodelor şi mijloacelor de realizarea a unei tehnologii performante de distribuire a 

furajelor s-au realizat şi cercetat doua maşini deosebite constructiv, capabile să execute mai multe activităţi 

din cadrul tehnologiei de pregătire şi distribuire a nutreţurilor la bovine. În cadrul acestui articol sunt 

prezentate rezultate ale cercetărilor experimentale desfăşurate la o fermă zootehnică, pe un lot de vaci de 

lapte şi în condiţii asemănătoare de lucru, cu accent pe performanţele tehnice, structura timpilor de lucru, 

capacitatea de lucru a maşinilor, indicatori importanţi pentru obţinerea de producţii ridicate şi creşterea 

productivităţii muncii. 

 
INTRODUCTION 

 Agricultural scientific research, by its research object - soil, plant, animal – aims to offer high quality 

biological products, raw material, technologies, appropriate knowledge that should contribute to promotion 

of sustainable agriculture and rural development, increase food security and safety according to general 

and specific requirements of the market. 

 For the economy, the agriculture can represent an opportunity, in recent years, being manifest trends 

of its diversification and consolidation, farming becoming more attractive to investors, (Ciupercă et al., 

2015; Eurostat, 2011; MADR, 2014). In Romania, almost all the species from animal farms are being 

breeding, assuring the whole variety of agro-food products of animal origin of natural and cultivated 

grasslands, as well as the outstanding potential of cereal and fodder vegetable production can help to 

obtain important animal origin products for exportation, as “organic or ecological product”. 

 Cattle’s growing is a traditional activity in rural and especially mountain and hill area of Romania. 

Diversity of productions achieved, reduced energy consumption and type of fodder used make from cattle 

breeding a sustainable and perspective activity. 

 In 2011, the value of animal production represented 28% out of agricultural production amount 

(Eurostat, 2011), severely decreasing from 44%, as was registered in 1998. Cattle population 

(approximately 2 millions of heads in 2012, used especially for milk production) is mainly concentrated in 

North and North-Eastern of Southern Plain. 

 Cattle food has a specific structure, being based on producing high quality forage in sufficient 

quantity able to ensure balanced ratios for animal daily necessity, especially volume forage (hay juicy 

fodder, green matter) and concentrated fodder. Ensiling represents one of the three methods of current use 

of fodder plants in animal feeding, the other two being grazing and hay production, (R. Jarrige et al., 1993; 

Mocanu and Hermeneanu, 2013; Voicu E. et al. 2007). 

 Quality of food designed to animals must have an appropriate quality and be in suitable quantity with 

a nutritive value appropriate to physiological requirements of each breed, age or weight category, absence 

mailto:anedelcu@inma.ro


Vol.48, No.1 /2016  INMATEH –

22 
 

of contaminants, as important values of free access to food and water, depending on feeding, number of 

daily portions correlated to growing and maintenance system, (Pintea I., 2015). The feeding technique is 

characteristic on categories of animals and ecological areas, depending on variety and quality of fodder 

produced, specialty and endowment level of respective units and even on area tradition, (Mănişor P., 1994; 

Mănişor P., 1991). 

 Fodder UNIC corresponds to method of feeding with balanced ratios made of several types of 

forages (fibrous, raw, root and concentrated) mixed in a technological trailer. Quality of UNIC fodder 

depends on components quality and mincing and mixing processes quality, for homogenizing it in machines 

storage hopper, (Dărăban S., 2010; Mănişor P., 1991). 

 In recent years, the modern technique has highly developed in this field, being manufactured mobile 

or fixed machines which perform several operations (dosing, mixing and distributing food to stables or 

paddock), (Mănişor P., 1994; Mocanu and Hermeneanu., 2013)  

 Working systems of foddering machines are known as tillage cutter which breaks and loads into the 

silage, rotor with blades or spires for mincing and mixing the forage, conveyor that distributes the fodder 

mixture to animals. For reducing the manpower and especially for obtaining high quality works, scientific 

studies and researches on this equipment working processes, have been achieved, (Nedelcu A et al., 2007 

Nedelcu A. et al., 2012). 

 

MATERIAL AND METHOD 

 For studying the methods of achieving a state-of-the art technology for fodder distribution, within 

INMA, two variants of machines designed to prepare and distribute food to farm animals, were designed, 

manufactured and tested, namely: Technological trailer for chopping, mixing and distributing the forage, 

RTF (fig.1), Fodder machine, MF8 (fig.2), having specific technical and functional characteristics each, 

determined by the constructive requirements of main technical equipment designed to loading, , chopping, 

mixing and distributing the fodder. 

 The technological sequences within the technology of distribution of fodder, which were analyzed, 

are the following: 

- movement of tractor-machine aggregate to feeding points;  

- dislodging from the store and loading into the body of fibrous forages; 

- automated weighing or special platform of fodder weighed; 

- chopping and homogenizing the fodder mixing; 

- aggregate movement to distribution points; 

- distribution of fodder to animals. 

 

   
 

Fig.1 – Technological trailer for chopping,   Fig.2 – Fodder machine, MF8 
transporting and distributing the forage, RTF 

 
 With Technological trailer for chopping, mixing and distributing the forage, RTF, that is simpler as 

construction, the technological processes of chopping and mixing the fodder loaded into the body, transport 

and distribution of fodder to animals, were performed; with Fodder machine F8, a real domestic kitchen, the 

technological processes of silage forage dislodging and loading, chopping and mixing of fodder ensilaged, 

straw or hay bales chopping, automated weighing of recipe fodder, homogenization and distribution of 

resulted fodder mixture, were performed. 
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 The two machines were tested at a livestock farm for cattle growing from S.C. AGROINDUSTRIALA 

Pantelimon S.A./Ilfov/Romania. 

In figure 3, are shown the technological variants achieved by the two types of technical equipment, 

emphasizing the working processes and methods of achieving them. 

 

 
Fig.3 – Scheme of foraging technology with achieving variants according to equipment used 

 

 Within the technology of preparing and distributing the fodder to cattle, measurements for determining 

the working parameters of equipment loaded, were achieved, namely: moments, distribution height, time and 

qualitative working and exploitation indexes (Nedelcu A., 2012). 

 The tests were made with wheeled tractor U 650, suitably equipped with lower traction coupler and 

system of taking over the vertical loads, independent PTO with rotating speed of n=540 rot/min; storage 

battery 12 V; 12/150 Ah, tensiometer plug with moment transducer HBMT4Wa-S3, centrifugal tachometer 40 

- 48000 rot/min, mechanical chronometer, weighing lever 250 - 10000 kg and other specific measuring 

instruments.  

 In the machine body were loaded especially the ensiled material and different proportions of hay and 

straw bales, according to recipe established by the specialist. 

 Corn silage loading was made in a silage cell where the material density per worked surface has 

varied from upper to lower part ranging between: 520…756 kg/m
3
 . 

 Material ensilaged was dislodged and loaded with fodder machine cutter MF8, and in technological 

trailer RTF with special equipment of IFRON type. 

 Power, P, necessary for driving each working equipment was calculated with relation (1) (Şandru A. et 

al. 1983, Tecuşan N. et al., 1982): 

9550

nM
P


  [kW]      (1) 

where:  

 M – moment measured [Nm]; 

 n – rotating speed [rot/min]; 
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Aggregate moving to loading or distribution points has been done with constant speed in a horizontal 

road and that is why the traction force and traction power are calculated with relations (2). 

 

QfFt    [N]                   (2) 

1000

lt vF
P


  [kW]  

where: 

 Ft  - traction force in towing point, [N]; 

 f – coefficient of resistance to running; 

 f = 0.018 - 0.020, on worn asphalt or concrete road, (Tecuşan N. et al., 1982). 

 Q – machine’s weight including the load, [N]. 

 Vl – rate of travel, [m/s];  

 Performing the operations with mechanized methods greatly contributes to increasing work 

productivity, due to the quality of work. 

 Working capacity of aggregate, W, represents the average volume of suitable quality operations, U, 

achieved in time unit Ti , according to relation (3). 

 Structure of working time represents the group of elements belonging to a shift time, being calculated 

with relation (4) (Şandru A. et al., 1983). 

 

iT

U
W




60   [UM/h]               (3) 

 

80708

7650407

40304

30203

2102

TTT

TTTTT

TTT

TTT

TTT











   [min]            (4) 

 
where: 

 T1 – working time; T2 – additional time, T3 – time designed to technical service of the machine; T4 – 

time for remediation of technological failures, T5 – time for personal rest; T6 – time for changing the 

workplaces; T7 – time for technical maintenance, T8 – total working time. 

 Knowing the structure of time the coefficients of time utilization are calculated, as well as the 

exploitation indexes characterizing the working time and contribute to estimation of technological and 

technical deficiencies. 

 

RESULTS 

 Within the tests, measurements were made for determining the dimensional characteristics shown in 

table 1. 

 During the basis operations of the technology one or several main assemblies will be put in function, 

depending on variant of machine used; when measuring the moments and analyze the power consumption 

one will take into account all these. 
 

Table1 

Main technical characteristics of equipment tested 

Technical characteristics MU 

Technical equipment  

Technological trailer for chopping, 

transporting and distributing fodder 

RTF 

Fodder machine 

MF 8 

Category - Machine for works Machine for works  

Type - uniaxial uniaxial 
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Technical characteristics MU 

Technical equipment  

Technological trailer for chopping, 

transporting and distributing fodder 

RTF 

Fodder machine 

MF 8 

Overall dimensions: 

- length 

- width 

- height 

 

mm 

mm 

mm 

 

4280 

2860-2550 

2275 

 

6250 

2350 

2445 

Distribution height mm 
600 -1340  

(depending on conveyor type) 

400-630 

(adjustable working 

position) 

Wheel track mm 1600 1800 

Useful volume m
3
 3.5 8 

Own mass kg 2000 3650 

Loading equipment - - Cutter type 

Type of distributing conveyor - With chain and blades With chain and blades  

Working speed km/h 2-4 2-4 

 

In table 2 were comparatively identified the assemblies which participate in performing the working 

processes appropriate to technology of foraging. 

During forage loading into the machine body, the mixing worms are permanently operating, being 

driven from tractor’s PTO through the mechanical transmission; at the same time, if the body is loaded with 

fodder and moves to the distribution points, the worms will be driven for chopping and mixing in order to 

homogenize the matter. 

In table 3 are given the average values of rotating speed and moments measured at the main axle 

driving the working parts for loading, mincing, mixing and distributing the fodder. 

Table 2 

Table of consumers of power developed by tractor from the PTO 

Working process 

Operating assemblies 

Technological trailer, RTF Fodder machine, MF8 

Mixing worms Conveyor Mixing worms Cutter  Conveyor 

Motion of unloaded machine - - - - - 

Loading of fibrous ensilaged fodder X - X X - 

Loading of concentrated or other 

types of forage 
X - X - - 

Movement to points of fodder 

feeding  
X - X - - 

Chopping, mixing and travel to 

distribution points 
X - X - - 

Distribution of forage mixture X X X - X 

 

PTO’s rotating speed when the machine is unloaded has had values ranging within 500-540 rot/min 
 

Table 3 
Determinations per different working stages 

Working process 

Technological trailer - RTF Fodder machine - MF 8 

Operating 
assemblies 

Moment 

[N m] 

Power 
necessary 

[kW] 

Operating 
assemblies 

Moment 

 
[N m] 

Power 
necessary 

[kW] 

Silage fodder loading
 

Mixing worms 200-230 11.31-13.1 
Worms and 

cutter 
330-400 18.7-22.6 

Other fodder loading 

according to recipe 
Mixing worms 200-250 11.31-14.2 Mixing worms  300-350 17-19.8 

Blending and grinding Mixing worms 220-280 12.5-15.8 Mixing worms  320-390 18-21.5 

Fodder distribution
 Mixing worms 

and conveyor 
260-290 14.70-16.4 

Mixing worms 

and conveyor  
340-400 19.2-22.6 
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 Power necessary to drive the working systems for the main working processes within the technology 

studied, were calculated with relation (1), where the rotating speed n=540 rot/min (according to Tractor 

technical book), results being synthesized in table 4. 

 In order to test the machine operation and determine their functional characteristics, different types of 

silage fodder were loaded in machines body: silage corn, hay and straw bales, fodder combined in different 

proportions according to recipe.  

 Fodder matter loaded in machine body during works:  

- technological trailer, RTF, m = 1000 kg 

- fodder machine, MF 8, m = 2000 kg 

 During the experiments, it has been found that for machines good operation, the humidity of fodder 

used should not surpass 70%. Using appropriate humidity forage, the processes of mixing, homogenization 

and distribution are continuously run and the material adhesion and settlement phenomena on the bottom of 

the body, as well as an excessive shredding or a pasty mixture, are avoided. 

 Measurements for finding out the characteristics of ensiled fodder used were made on 500 g samples 

of silage maize with husk, taken during two different stages of technology: 

1. from the silage cell, before dislodging and charging into the machine body; 

2. from the layer of chopped material in the machine body and distributed to animals. 

 Time of mixing and shredding was of 20 min. 

 Table 4 comparatively shows the characteristics of silage fodder before and after processing it in the 

body of fodder distribution machines RTF and MF 8. Values indicated represent the average of two material 

samples taken for each machine and are valid for both machines, because of the mixing worms identical 

constructive solutions and their endowment with notched knives. 

Table 4 

Silage material characteristics before and after the processing in distribution machines 

Fragments 
length 
[mm] 

Characteristics of material loaded in 
machines body 

Characteristics of material after the processes 
of shredding and mixing  

Humidity 
[%] 

Quantity 
[g] 

Shredding 
level 
[%] 

Humidity 
[%] 

Quantity 
[g] 

Percentage in 
fodder mass 

[%] 

l<50 

31.82 

241.6 48.34 

37.54 

433.5 86.7 

l=50-100  70.8 14.16 66.5 13.3 

l=101-150 54.1 10.82 - - 

l=151-250 133.4 26.61 - - 

 

For f=0.02, the working speed v=2…4 km/h and fodder mass loaded, the following values for traction 

force and power necessary to traction, were registered: 

- technological trailer RTF, Ft  = 600 N; Pt =0.36…0.66 kW 

- fodder machine,  MF 8 , Ft  = 1130 N, Pt =0.63-1.25 kW 

Wheeled tractor U 650 with which tests were performed, is an average power tractor, equipped with 

Diesel engine of 47.8 kW (65 HP) at 1800 rot/min. In table 5 are shown the values for power stock in different 

stages of technology, calculated for the working speed v = 4km/h.  

Within the technology for preparing and distributing fodder to cattle, performed with the machine 

studied, besides the functional characteristics were determined also the working time, working capacity and 

the results obtained were analyzed and a series of exploitation indexes shown in testing reports according, 

were established. 

Table 5 
Power consumption during different working stages [kW] 

Operation 

Technological trailer - RTF Forage machine - MF 8 

Max. power 
consumed 

Power stock 
Power 

necessary 
Power stock 

Silage forage loading (stationary)
 

13.10 34.70 22.60 25.20 

Other fodder loading according to recipe 
(stationary) 

14.20 33.60 19.80 28.00 

Mixing and grinding (stationary) 15.80 32.00 21.50 26.30 

Mixing, grinding and travel to distribution point 16.46 31.34 22.75 25.05 

Forage distribution 
 

17.10 30.70 23.85 23.95 
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Structure of working time was estimated when the forage was distributed to 100 milk cows, and the 

feeding portion was of 35-40 kg/day (Şandru A et al, 1983). 

Table 5 

Structure of working time       

Parameter Symbol 

Technological 

trailer, RTF 

Fodder machine, 

MF 8 

Values measured Values measured  

Working hours for one charge [min T1 36 28.5 

Number of charges per day [min] NS 4 4 

Additional time (unloaded machine 

movement) [min] 
T2 5 3 

Time for machine technical service 

(preparation of working machine) [min] 
T3 5 5 

Time for remedying the deficiencies {min] T4 6 4 

Operating time [min] T02 41 31.5 

Total operating time, [min] T03  46 36.5 

Time of production [min] T04  52 40.5 

Working hours per day [min] T zi = NS xT1 144 57 

Total working time (one day) [min] T08=NS x T04 208 114 

Hourly working capacity appropriate to one 

charge production time [kg/h] 
W 04 1154 2963 

Coefficient of utilization of operating time for 

one charge 
K 04 0.69 0.70 

Coefficient of safety operation 
41

1
4

TT

T
k


  0.86 0.88 

 
CONCLUSIONS 

 The both machines differ from constructive point of view, which resulted in specific characteristics for 

each of them, according to table 1, as well as different involvement in achieving technological sequences 

within the technology;  

 After the analysis of moments measured and power driving the working parts, the following have been 

found: 

 - for technological trailer RTF, loaded with 1000kg forage, the max. necessary power is of 16.46kW 

suitable to transport and distribution processes (the mixing worms operate simultaneously with chain and 

rake conveyor); 

 - for fodder machine MF8, loaded with 2000kg of forage, the maximum necessary power is of 

23.85kW corresponding to forage transport and distribution the (mixing worms operate simultaneously with 

chain and rake conveyor); 

 - for both variants of machines, a power stock has remained during operations performing; 

 Endowment of fodder machine, MF 8 with own dislodging and loading equipment and weighing 

installation has led to obtaining smaller time of loading and movement, thus, resulting smaller working hours: 

T1=28.5min for the machine MF8, instead of T1=36min for trailer RTF, influencing also the other 

components of time structure and hourly working capacity. 

 Operation safety coefficient, K4 , calculated for the two variants of machines are very close. 
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 Utilization of fodder machine, MF8, has been more advantageous than the technological trailer, RTF, 

because it performs with its own equipment the silage forage dislodging and loading in its own body. 
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ABSTRACT  
Having analysed the researches on the operating process of screw conveyers, a transfer branch with 

a central drive has been offered to be mounted between uploading and unloading pipe lines. This helps to 

increase the length of bulk load conveying and to decrease power load on helixes at the point of their 

attaching to drive shafts. Process flow sheets of possible ways of conveying bulk load in a transfer branch 

have been developed and its experimental sample has been made. Theoretical and experimental 

investigations of the process of conveying bulk load between operating devices in a transfer branch have 

been conducted. 

 
РЕЗЮМЕ 

На основі аналізу результатів досліджень процесів роботи гвинтових конвеєрів 

запропоновано між завантажувальною та вивантажувальною магістралями встановити 

перевантажувальний патрубок з центральним приводом. Це дозволяє збільшити довжину 

транспортування сипких матеріалів, а також знизити силові навантаження на спіралі в зоні їх 

кріплення до привідних валів. Розроблено технологічні схеми можливих варіантів переміщення 

сипкого матеріалу в перевантажувальному патрубку та виготовлено його експериментальний 

зразок. Проведено теоретичне дослідження процесу переведення сипкого матеріалу між робочими 

органами в перевантажувальному патрубку та проведено експериментальні дослідження. 

 
INTRODUCTION 

Transfer branches in flexible screw conveyers are widely used for uploading and unloading process 

operations. However, the existing designs of transfer branches do not meet exploitation requirements in full 

measure. Main disadvantages are the following: an increased energy consumption, which is connected with 

the need of lifting the material at the point of its transfer in order to provide a gravity flow from a loading 

pipe line to an unloading one; the increased damage of grain material and the complexity of branch 

designs, especially at their considerable overall size. 

In the familiar designs of transfer branches (Boyko А.І. and Kulikiskiy V.L., 2011; Hevko R.B. and 

Klendiy O.M., 2013; Klendiy M.B., 2006; Klendiy M.B. and Hevko R.B., 2005; Klendiy M.B., 2007), in which 

the above mentioned problems are partially solved, the process of bulk load transfer becomes more 

complicated and under some operating conditions there is an increased possibility of congestion, which can 

cause a crash of a flexible screw conveyer. 

 

MATERIAL AND METHOD 

In order to improve the performance criteria of flexible screw conveyers, diagrams of the directions of 

bulk load transfer from a loading pipe line to an unloading one have been suggested, and the design of a 

transfer branch with a central drive and a safety device with unloading of screw operating devices in a 

horizontal plane has been designed (Hevko R.B. and Klendiy O.M., 2014; Hevko R.B. et al., 2014; Hevko 

R.B. et al., 2015;  Hevko R.B. et al., 2012; Hevko R.B. et. al., 2014). In order to choose the optimal design 

of a transfer branch of a screw conveyer, let us consider various directions of bulk load transfer by 

operating devices from an uploading pipe line to an unloading one (Klendiy M.B., 2006) (Fig.1). 

In the first alternative, when using a leftward helical spiral with screw operating devices turning in the 

same counterclockwise direction (Fig.1, а), bulk load is transferred along the bottom horizontal surface of a 

transfer branch. When using a rightward helical spiral with screw operating devices turning in the same 

clockwise direction (Fig.1,b), bulk load is transferred along the upper horizontal surface of a transfer branch.  
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Fig.1 - Diagrams of the directions of bulk load transfer from an uploading pipe line to an unloading one 

 

 In the other alternative, bulk load transfer in a transfer branch can be provided by spirals turning in 

different directions for transferring from a loading pipe line to an unloading one at the point of transfer 

(Fig.1, c, d). 

 Design concept and overview of a transfer branch of a screw conveyer are represented in Fig.2.  

 

 
a)                                                                                                                b) 

Fig.2 – Design concept (a) and overview (b) of a transfer branch of a flexible screw conveyer 

 

 

 It contains uploading and unloading pipe lines, which are made in the form of casings 7 and 4 and 

uploading 8 and unloading 5 operating screw helixes mounted in parallel, which are attached on driving 

shafts 9 and 6 respectively. A countershaft 2 is arranged in parallel with driving shafts fixed on a transfer 

branch 3; driving and counter shafts outside a transfer branch are joined in kinematics terms with an 

electric motor shaft 1 and placed in a horizontal plane. Radial plates 10 are attached on a shaft 9, and on 

the other side there is a sector of a screw helix 11, which coiling direction is the opposite of the one of an 

operating loading screw helix 8. An unloading screw helix 5 in a transfer branch is arranged in a conductor 

cylindrical tube 12, where there is a wedge-shaped cut out 13 made on the side of radial flat plates. 

 

Б 

A 

B 

A-A 

Б 

A 

B 1 2 2 

7 8 9 10 11 3 

6 5 4 

12 13 

 

 

  

а) b) c) d) 



Vol.48, No.1 /2016  INMATEH –

31 
 

 While in operation, kinematically joined driving shafts, a counter shaft and an electric motor shaft 

provide the rotation of operating screw helixes. While feeding bulk load, a helix 8 transfers it in a casing 

towards a transfer branch. Since driving shafts are arranged in a horizontal plane, material feeding on an 

unloading pipe line is carried out by radial flat plates. A sector of a screw helix 11 provides bringing of the 

whole bulk load mass together on radial flat plates in order to avoid congestion. Further, bulk load gets onto 

an unloading operating screw helix, which draws it into a wedge-shaped cut out in a tube 12 and moves it in 

a casing towards the unloading area. Availability of a wedge-shaped cut out provides gradual input of 

material into a cylindrical tube that changes into a casing 4, which facilitates the decrease in damaging bulk 

load. 

 Arrangement of shafts in a horizontal plane with the use of radial plates and a conductor cylindrical 

tube with a wedge-shaped cut out provides the transfer of bulk load from an uploading pipe line to an 

unloading one in a horizontal plane, which facilitates the increase in operational reliability of a conveyer at 

general decrease in energy consumption. In addition, torque, which acts upon every operating device, is 

reduced, which enables proportional increase of the length of transportation.  

 In order to investigate the conveying of material, a mathematical model of the process of bulk load 

transfer in a transfer branch has been developed as: 
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where 
B

  - angular velocity of the rotation of the material transported; T  - pitch of a screw; 
B

T  - 

pitch of a helical line of load conveying;   - angular velocity of screw rotation;   - friction coefficient of the 

material conveying along the screw surface taking into consideration capillary phenomena; D  - screw 

diameter;    
0

  - axial velocity of load conveying. 

 In the system (1) it is customary, that the value for leftward screws is sgn 1   , and for rightward 

ones it is sgn 1  . The determined mathematical model is applicable for high-speed screws, which specific 

speed is 
2

1
2

D

g


 .  

 Suppose, the entry of a screw into a transfer branch is perpendicular to the axis of a screw and load 

throwing is carried out on the half of an open flight rightwards in case of axial feeding of an observer, as it is 

shown in Fig.3.  

 
Fig.3 – Design diagram for determination of bulk load movement 

 

 In case of a rightward screw, which turns in counter clockwise direction, load throwing is done at a 

screw entry from below a screw; in case of a leftward screw load throwing in carried out from above. 

 For both of the cases mentioned, dependencies to determine the points of throwing and escaping 

velocity of load particles have been deduced: 
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In case of a rightward helical spiral: 

0
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        (2) 

In case of leftward helical spiral (suppose 0  , however, turning is in clockwise direction): 
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where XB, YB, ZB – coordinates of a point of separation of a particle from a screw; , ,
x y z

v v v  - components of 

particle velocity along corresponding axis; R = D/2 - radius of a screw. 

A particle moves under predetermined starting conditions until its interaction with the bottom surface 

of a screw for the time, which is determined under free fall under the influence of gravity acceleration: 

2 2
y B y

v gY v
t

g

 
                 (4) 

Coordinates of a particle fall point are calculated according to the following dependencies: 

.

P B x

P B z

X X t

Z Z t





 

 
                      (5) 

RESULTS 

Dependency of coordinates of a conveying load fall point on a change of various parameters of 

operating devices has been investigated with the help of a Delphi program with graphical presentation of 

results. The results of the analysis are represented in the form of graphical dependencies (Fig.4). 

Having analysed graphical dependencies (Fig.4, a), it has been stated that particles of conveying 

material are thrown at a distance of 40–60 mm (parameter XP), which provides their reaching a receiving 

(unloading) screw without causing congestion. Positive value of ZP shows, that longitudinal direction of 

particle flow takes place in the direction of the conveying material; that is why, mutual axial displacement of 

feeding and receiving screws by the amount, which is approximate to that of a half pitch of a screw, is 

reasonable. 

As a result of the investigation, it has been determined, that inside a transfer branch there should be 

about two flights of each screw in order to provide load transfer without causing congestion and damage.  

In order to have reliable transfer of bulk load, which gets from a leftward screw to a receiving one, the 

latter should be made in such a way as to capture material inside an operating device of a bottom surface 

of a branch, that is to say, this screw needs to be rightward.  

As a result of the analysis of graphical dependencies (Fig.4, b, c, d), it has been stated that for the 

improvement of transfer process a pitch of a screw and a friction coefficient of material are of importance. 

Minor dependence of the distance of throwing on the diameter of a screw can be explained by the fact, that 

for a stable pitch, an increase in the diameter results in an increase in the helix angle of a screw. 

Having analysed graphical dependencies (Fig.4, a), it has been stated that particles of conveying 

material are thrown at a distance of 40–60 mm (parameter XP), which provides their reaching a receiving 

(unloading) screw without causing congestion. Positive value of ZP shows, that longitudinal direction of particle 

flow takes place in the direction of the conveying material; that is why, mutual axial displacement of feeding 

and receiving screws by the amount, which is approximate to that of a half pitch of a screw, is reasonable.  
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a) b) 

 
c)  

d) 
 

Fig.4 – Dependency of a point of separation of material from an operating surface  
and a point of its fall on the surface of a screw when being thrown by a leftward screw  

a) on an angular velocity; b) on a pitch; c) on a friction coefficient; d) on a diameter 

 

 As a result of the investigation, it has been determined, that inside a transfer branch there should be 

about two flights of each screw in order to provide load transfer without causing congestion and damage.  

In order to have reliable transfer of bulk load, which gets from a leftward screw to a receiving one, the 

latter should be made in such a way as to capture material inside an operating device of a bottom surface 

of a branch, that is to say, this screw needs to be rightward.  

As a result of the analysis of graphical dependencies (Fig.4, b, c, d), it has been stated that for the 

improvement of transfer process a pitch of a screw and a friction coefficient of material are of importance. 

Minor dependence of the distance of throwing on the diameter of a screw can be explained by the fact, that 

for a stable pitch, an increase in the diameter results in an increase in the helix angle of a screw. 

As a result of the experimental investigations conducted, it has been stated, that the productivity of a 

transfer branch Q increases proportionally to an increase in the frequency of the rotation of operating 

devices n and decreases with an increase of a slope angle of a screw body to the horizon. Over the range 

of n changing from 300 RPM to 800 RPM Q increases in 2-2.4 times, while as changes from 0º to 30º Q 

decreases in 45-55%. 

As a result of a multiple-factor experiment, regression equation has been obtained; after its analysis 

it has been determined, that for the designed transfer branch, over the range of the parameter change of 96 

< D < 98 (mm); 300 < n < 700 (RPM) and 0 <   < 30 (degrees) the dominant factor, which influences the 

degree of grain material damage is the value of clearance between the rotating surface of an operating 

device and a casing, next it is the frequency of its rotation and a slope angle of a transfer branch to the 

horizon. 

 

CONCLUSIONS 

Having reviewed patents and existing research works on the operation of transfer branches in screw 

conveyers, a new design of a transfer branch has been suggested, which enables to increase the length of 

material conveyance at generally lower energy consumption. Having analysed process flow sheets of the 
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possible options of bulk load conveying, a transfer branch has been developed and made.  

Theoretical investigation of the process of bulk load transfer with the help of a screw operating device 

of a conveyer in a horizontal transfer branch has been carried out.  

It has been stated that feed particles are thrown by a feeding screw at a distance of 40-60 mm in the 

axial direction, that is why, mutual axial displacement of feeding and receiving screws by the amount, which 

is a half pitch of a screw, is reasonable. From analysis of graphical dependencies it follows, that in the 

middle of a transfer branch there should be about two flights of each screw in order to provide material 

transfer without congestions and damage. In addition, it has been determined, that a pitch of a screw and a 

friction coefficient of material are of importance and a screw diameter counts little. That is why, it is 

reasonable to choose the diameter of a screw according to the productivity, and a pitch value as                 

Т = (0.6-0.8) D. 

The results represented in the article may be used for engineering design of a transfer branch of a 

flexible screw conveyer. 
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ABSTRACT 

Method of calculation of radius of bending for the flexible screw sectional conveyer was presented. 

Analytical dependencies for finding maximal turning radius in order to provide the reliable operation of the 

mechanism were defined. The stand construction for investigation of the angle of twist of the sectional 

operating members was developed. The effect of different construction parameters (section length, 

diameter) on their operating life characteristics as well as the comparative testing of different types screw 

operating elements (SOЕ) samples, were found. The technique of testing the working bodies of flexible 

screw conveyor sections for manufacturability of a construction, which provides a minimum bend radius of 

track transportation, was presented. 

 

РЕЗЮМЕ 

Наведено методику розрахунку радіуса згину гнучкого гвинтового конвеєра з секційними 

елемента. Виведено аналітичні залежності для визначення оптимального значення радіуса 

повороту з метою забезпечення надійної роботи механізму. Розроблена конструкція стенд для 

дослідження кута закручування секційних робочих органів і встановлено вплив різних 

конструктивних параметрів (довжина секції, діаметр) на їх ресурсні характеристики, а також 

порівняльні випробування різних типів дослідних взірців гвинтових робочих органів ГРО. Наведенo 

методику відпрацювання робочих органів гнучких гвинтових секцій конвеєрів на технологічність 

конструкції, яка забезпечує мінімальний радіус згину траси транспортування.  

 

INTRODUCTION 

In modern agricultural mechanical engineering, elevating-transporting and other vehicles screw 

transporting-technological systems (STTS), the principle of operating members such as flexible screw 

mechanisms, are of great importance, high requirement being held for the reliability and durability of these 

mechanisms operation, providing high engineering-economic indices and low expenditures for operation 

and maintenance of the agricultural machine. From the point of view of mechanism operation reliability, 

determination of the acceptable and maximal radius of the operating member bending is of importance 

while using flexible screw conveyer sectional operating member. 

The objective of the work is to develop the method for finding the radius of bending for the sectional 

operating member in order to provide its operational and technological parameters.  

The papers by A.M. Grygoriev, S.M. Mykhailov, K.D. Vaschagin, B.M. Gevko, R.M. Rogatynsky, 

О.Trufanov, H. German, M.I. Pylypets etc., are devoted to the theoretical interpreting of the flexible screw 

transshipment mechanisms operation, methods of calculation of their basic parameters, development of 

advanced constructions of such means of bulk materials mechanized transporting along the curved routes. 

There are also other important authors works which include preoccupations in this research field (Hevko 

R.B. et al., 2012; Нevko B.M., 1993; Нevko B.M., Rohatynsky R.M., 1989; Нevko I.B., 2008; Нevko B.M., 

et al, 2008). In many works are developed the main principles of construction and modelling of screw 

conveyors, such as (Fernandez J.W. et al, 2009; Hu G. et al, 2010; Owen P.J. and Cleary P.W., 2009; 

Zareiforoush H. et al, 2010).  

Analysis of key principles in the design of flexible screw conveyers (FSC) testifies that the single 

point of view on the essence of the phenomena observed during operation of such means of 

mechanization is not available. Special attention in the analysis of the previous investigations is paid to 

http://www.scopus.com/authid/detail.url?authorId=7401490578&amp;eid=2-s2.0-77956087157
http://www.scopus.com/authid/detail.url?authorId=36020905300&amp;eid=2-s2.0-78751608956
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those papers, in which the problem of the choose of operating members parameters and the processes of 

transporting grain, granular fertilizers, etc., are analysed, as the problem of the bulk materials damage has 

not been studied enough yet. 

 

MATERIAL AND METHODS 

Stand for investigation of the STTS sectional operating member angle of twist is presented in Fig. 1. 

It consists of the body 1, to which the stick 2 is mounted rigidly and on which operating member 3 is fixed, 

which is freely set in the U-shaped box. The box is fixed on the base 5 with supporting elements 6. Free 

end of the sectional operating member is inserted into the holder hole 7, on the right end of which the 

Nonius scale is made. In order to investigate different length operating members the holder is located on 

the guides, which make possible to change its position. On the free end of the operating member, which 

overhands from the holder hole, the bush with the arrow 10, which has the ability of angle displacement 

while screw tightening, and calibrated level 12, the size of which is determined by the loading capacity of 

the operating member, is fixed rigidly. 

 

Fig.1 – Stand for investigation of the sectional operating member angle of twist  

 

Rigidity of the screw operating member as well as the SOЕ sectional elements wear are found 

according to the angle of twist value. To find the screw spirals torsion rigidity, the curvature radius effect 

on the spirals operation reliability, to determine the most dangerous areas in the SOE constructions 

elements under overloading, experimental stand presented in Fig.2 was used. It is designed for static, 

dynamic and operating life testing and comparative estimation of different construction parameters 

operating member's structures. The stand consists of the frame 7, on which the generator 1 (namely, 

engine 4PF112LVB04) is mounted on the turning plate 3, which is bolted by the screw joints 2 and 4 to the 

guiding channel 6. The guiding channel is fixed to the frame 7 and its fitting in the given position is 

provided by the bolt joint 5. Besides, the stand is provided with the three-phase induction asynchronous 

motor 10 (AIР90L4YЗ), which is mounted on the displaceable plate. Investigated SOE 8 is fixed on the 

motor output shafts 1 and 10 by means of either the flanged joints or the flanged joints and the safety 

clutch 9. 

1 2 3 4 5 6 7 8 9 10

13

14
11

5

12

     

а)                 b) 
Fig.2 - Stand for investigations of the screw spirals tortion rigidity: a) scheme; b) general view  
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12 1011 9 8

Р
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Investigations of the screw spirals torsion rigidity, taking advantage of this stand, are carried out as 

follows. The investigated object 8 is placed on the generator 1 and motor 10 shafts and the necessary 

spiral curvature radius is set with the help of the displaceable plate. As the motor can be displaced in the 

longitudinal and transversal directions, different length and configuration spirals can be tested on this 

stand. Then, is run following PC connection to the power supply source (Fig.2) and software PowerSuit for 

tuning of Altivar 7.1 series transformers frequency. Frequency of the motor rotation was controlled 

automatically from 0 till 1460 rev/min. Besides, smooth and sharp starting and reversing were performed, 

if needed. The generator (d.c. motor 4PF112LVB04) worked as brake, which was operating with the 

separate excitation to make the required loading on the investigated object possible. That is why the 

current comes from the stabilizer to the (laboratory automatic transformer), where its regulation (U-const) 

to the required value (I=0…4A) is carried out and then through the rectifier (diode bridge) it is transferred 

to the generator stator excitation winding. Accordingly, the excitation winding current changes the 

generator loading current (resultant generator magnetic field) and, thus, the generator consumption power 

is changed. Exact data on the rotation frequency on the motor shaft (error within ± 1.5 %) is recorded, 

taking advantage of the motor shaft rotation frequency meter (E40S6-10Z4-6L-5), which is connected to 

the motor rotor. 

Since operation characteristics of any elevator flexible operating member are determined by the 

radius of its bending, this parameter specifies the level of the production effectiveness of such transporting 

member. The value of the radius of bending is to be known while their designing for the loads transporting 

along the curvilinear routes, the designer being able to provide required technological capabilities of the 

device and purposefulness of its application. To find this parameter one should follow the calculation 

scheme presented in Fig.3. 

The value of bending of the screw operating member under absolute rigidity according to the 

required linear sizes is equal to its general linear length. According to the calculation scheme the relation 

between the bending length and the screw element radius is: 

180

2
bend

bend

R
l

 
       (1) 

The radius of bending can be expressed by the distance between the device bended operating 

member ends due to L parameter. According to the calculation scheme the radius of bending equals 

(Leschuk R.Y., 2003): 
 

sin2 


L
R

bend
,       (2) 

where: 

L – linear distance between the screw elements ends;  

α – angle of bending of the screw element sections. 

 

 

2 
 

 

L 

H0 

Rbend 

Rbend 

а) b) 
 

a)                     b) 

Fig.3 - Calculation scheme for finding the radius of bending for the elevator flexible screw member:  

a) bending rout along the radius;         b) bending rout along the curve  
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Having substituted the values of equality (2) in the dependence (1), the value of the elevator screw 

operating member bending length will be obtained: 









sinsin180

LL
l

bend





.              (3) 

 

In the case of two bending paths, the radius of bending is worthy being determined from the 

dependence: 





tg25,0
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.
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 L
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R

pзг
.     (4) 

The length of bending (linear length of the screw operating member) is found from the dependence: 

 2tg5,0  Ll
bend

.      (5) 

However, such important parameter as the angle of bending of the elevator sections α is still 

unknown. To find this parameter and the dependence of the angle of bending of the flexible screw 

operating member on the other structural parameters, one should take advantage of the calculation 

scheme presented in Fig.4. Thus, to find the analytical dependencies, which are used to calculate the 

angle of bending of one section relatively the other one, we should consider triangle Δ abc, according to 

which (Нevko B.M. and other, 2008; Leschuk R.Y., 2003): 

B

sdD

ac

cb
BB

2
tg


            (6) 

where:  

DВ – outer diameter of the elevator sections bushes;  

dВ – diameter of the joint rolls;  

s – thickness of bushes;  

B – width of bushes. 

 
Fig.4 - Calculation scheme for finding the minimal radius of bending  

        for the screw sectional operating members elevator 

 

To find the angle of bending let us consider triangle Δ omn. According to the calculation scheme, 

presented in Fig. 4, the radius of bending Rbend will equal: 

sin

mn
onR

bend
 .      (7) 

 

According to the calculation scheme the value mn equals: 

22 BBlmn
B

 ,     (8) 

where: 

lВ – distance between the bushes in one section, 

Δ – gap between the adjacent sections 
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Taking into account equations (6) and (8), the dependence (7), which determines the minimal radius 

of bending of the sectional elements elevator operating members, will look like: 










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



 




B

sdD

lB
R

BB

B

bend

2
arctgsin2

5,1
.      (9) 

RESULTS  

Special stand equipment was used for the operating life testing of the strain-strength characteristics 

of the flexible sectional SOЕ (Fig.2). At the beginning of the operating life testing measuring of the angle 

twist of the sectional SOЕ with the hinged joint (Fig.9, a) and safety joint (Fig.9, b) on the stand for testing 

the angle of twisting of sectional SOЕ, were carried out. The next stage was operating life testing (under 

loading) on the stand for investigation of the strain-strength characteristics of the screw spirals (Fig.6). 

Then, equal periods of time (10 hours) repeated for measuring of the angle of twisting of the sectional 

SOЕ on the stand were carried out to investigate the angle of twisting of sectional SOЕ. In Fig.5 graphic 

dependencies of the radius of bending value change of the screw conveyer on the construction 

parameters of the sectional elements, are presented. 
   

50 

100 

150 

200 

250 

300 

350 

400 

450 

500 

550 

10 15 20 25 30 B , mm   

  R 
bend , 

 mm 

s   = 3 mm 

s   =  7 mm 

s   = 11 mm 

 

 

75 

105 

135 

165 

195 

225 

255 

285 

315 

345 

10 15 20 25 30 B , mm   

  R 
bend 

, 
 mm 

   =  4 mm 

   =  8 mm 

   = 12  mm 

 

Fig.5 - Graphical dependences of the radius of bending value change of the screw conveyer  
on the construction parameters of the sectional elements  

 

According to the embodiment of the working body of the ratio between the angular velocities master 

and slave sections for a full rotation will be: 
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Analyzing the obtained graphical dependencies (Fig.5) of the flexible screw conveyer radius of 

bending change on the construction parameters of the operating members sections, one can conclude, 

that the thickness of the bush S together with the width of the bushes B are sufficient to influence this 

value. Thus, when the value S is increased within 3...11 mm and B equals 10; 15; 20; 25; 30 mm under 

constant value DВ=60mm; dВ=45mm; lB=50mm; Δ=10mm, the radius of curvature increases within 

41.4…125.5 mm and 95.1…531.6 mm, that is, in 3.2…5.8 times. Thus, sufficient limitation of the device 

technological capabilities occurs, as the radius of bending must be minimal. Under similar data of these 

construction parameters, but while changing the gap size between the adjacent sections Δ within 4…12 

mm, the radius of bending varies within 76.3…314.1; 90.4...336.5 mm. According to the investigations the 

device with the less width of the bush sections will be more production effective, as under similar 

productivity and operating life time of operation will take less manufacturing areas. 

As the result of the carried out investigations it was found that the angle of twist for the sectional 

SOЕ with the hinged and safety joints (SOЕ length L=2m) did not exceed 9°. Before the operating life 

testing the angle of twist for the investigated sectional SOЕ did not exceed 3.2°. At the initial stage of the 

operating life testing (after 10 hours of operation) the angle of twist for both sectional SOЕ has increased 

sharply, which can be caused by the wearing out of SOEe screw construction elements. Further its 

increase was slowed down and stabilization was observed. 
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In Fig.6 dependencies of the sectional SOE angle of twist on the operating time are presented 

(turning diameter–96 mm, section length–130 mm, SOE length–2 m, loading on SOE–12 Hm, frequency of 

rotation–426 rev/min under radius of bending – Rbend = min and under the straight SOE – Rbend = 0). 
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Fig.6 - Dependence of the sectional SOE angle of twist on the operating time: 

1 – with the hinged joint under Rbend = min; 2 – with the safety joint under Rbend = min; 

3 – with the hinged joint under Rbend = 0; 4 – with the safety joint under Rbend = 0 

 

Angular acceleration of the master section for a uniform rotation of the slave unit is expressed by: 
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Accordingly, coefficient of irregularity rotation of the slave section: 
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Torque at an intermediate section is determined from the relationship: 
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where: 

T – torque that acts on slave section. 

As a result was built graphical dependence (Fig.7, Fig.8) in analysis of which we can conclude that 

they are close to the straight line of law distribution. 

 

  

Fig.7 - The dependence of the torque T from the 

angle of twisting   working unit for one section:  
1 - l = 100 mm, 2 - l = 130 mm 

 

Fig.8 - The dependence of the torque T from the angle 

of twisting  working unit for two section:  

1 - l = 100 mm, 2 - l = 130 mm  

As seen from (Fig.7 and Fig.8.) the increase of the length of the section naturally leads to a 

proportional increase in the maximum angle of twist and hinge joint almost has no effect on the amount of 

strain, as its stiffness is much higher than the stiffness of the section. It has been found that maximum 

torque Tmax that results in a breakdown of the section of working unit is much larger than the torque 

required for handling bulk cargo by designed working unit at maximum working height of handling and 

minimal radius of curvature of pipeline. 
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Basing on the presented calculations screw sectional elements operating members were designed 

and manufactured, which are presented in Fig. 9. The results of the carried out investigations testify that the 

period of running-in in the idle regime of the sectional SOE must be carried out in order to provide the fitting 

of SOEe construction elements, which should be followed by the maintenance inspection. However, 

existing screw operating members (SOE) constructions are often exposed to dynamic loadings in starting 

and operating conditions during the operation. Therefore, we have developed a number of advanced 

constructions with elastic and safety connections that help us to improve the reliability and durability of 

flexible screw conveyers (FSC) and also help to avoid their failures. They allow to ensure a smooth 

launching of screw operating members (SOE) during starting an engine and during operation and also they  

avoid failures from dynamic loadings. Flexible screw conveyers (FSC) as shown in the image 10.a, allow us 

to compensate for starting loadings on screw operating members (SOE) by using compensation 

connection. The image 10.b shows us a flexible helical spring working body which provides compensation 

starting loads as well as those that arise in the process of transporting the material (Нevko I.B., Melnychuk 

A.L., Shust I.M., 2015; Нevko I.B., Komar R.B., Leschuk R.Y., Novosad I.Y., 2005). Fig.10.с shows a helical 

spiral with safety cone-shaped cam connection sections, which provides separate sections of screw 

operating members (SOE) during the critical loadings, that helps us to avoid faults of elements of flexible 

screw conveyers (FSC). 

The developed models of the screw operating members (SOE) and flexible screw conveyers (FSC) 

with sectional elements can be widely used in the food processing branches of industry, agriculture, as well 

as in technological processes of mechanized loading of mineral fertilizers, seeds and grains due to the 

improved technological capabilities while decreasing the radius of its bending and raising reliability as the 

result of the improved construction. 

 
а) 

 
b) 

Fig.9 - Sectional screw operating members with a) hinged joints; b) safety joints  

 

 
а) 

 

 
b) 

 
Variants of the type А-А (М 2:1) 

 

 
с) 

Fig.10 - Flexible screw conveyers: 

 a) connection with compensation; b) elastic flexible screw working body;  
с) flexible screw working body with conical cam precautionary connection sections  
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CONCLUSIONS 

1. The developed models of the screw operating members (SOE) and flexible screw conveyers (FSC) 

with sectional elements can be widely used in the food processing branches of industry, agriculture, as well as 

in technological processes of mechanized loading of mineral fertilizers, seeds and grains due to the improved 

technological capabilities while decreasing the radius of bending and raising reliability as the result of the 

improved construction 

2. Construction stand for investigation of the sectional operating member angle of twist has been 

developed. Dangerous radii of the spiral curvature and critical loadings, which cause the SOE fracture, have 

been found. The effect of different construction parameters (section length and diameter) on their operating life 

characteristics has been determined. Comparative testing of different types SOE samples, have been carried 

out. 

3. Basing on the carried out investigations analytical dependencies for finding the radius of bending of 

the sectional flexible screw conveyer, depending on the sections construction parameters, have been derived. 

Graphical dependencies of the change of radius of bending value of the sectional operating member on the 

sectional elements construction parameters have been found. The change of the minimal radius bending is 

affected by the turn thickness comparatively with its width, the angle of bending for the sectional SOE with 

hinged and safety joints (SOE length = 2m) not exceeding 90°. 
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ABSTRACT  

 The article describes the technological process of operation of the improved disc grating 

apparatus aimed to grate seed of legume grasses and presents the results of analytical studies of its 

performance. 

 

РЕЗЮМЕ  

 У статті наведено опис технологічного процесу роботи удосконаленого дискового 

теркового пристрою, призначеного для витирання насіння бобових трав і результати 

аналітичних досліджень продуктивності його роботи 

 

 
INTRODUCTION 

 Sustainable development of agricultural production in Ukraine is possible on the basis of further 

modern mechanization of all production processes through the development and introduction of highly 

efficient technologies of crop harvesting, including perennial legume grasses (Grynyk I. et al, 2014). 

Sharp decrease of livestock population in Ukraine in recent years has led to the decline of such industry as 

seed production of perennial legume grasses (clover, alfalfa, sweet clover). Researches on the 

development of technologies and means of mechanization that would improve quality indicators of 

machines aimed to harvest seed of perennial legume grasses practically have not been carried out in 

recent years. Recently there has been observed a trend towards the intensification of production of animal 

products, so there is a need to develop feed base of farms and to provide these farms with seed of such 

crops as perennial legume grasses (clover, alfalfa, sweet clover) (Burkov A. et al, 2008). 

Operational process of treatment or wiping of alfalfa seed from a pile that is threshed by the working bodies 

of harvesting machines and then goes to the separating transporting and technological systems is one of 

the most important and complex technological operations in the scope of the technological process of 

operation of combine harvesters. Growth of the degree of seed wiping, reduction of seed damage and 

losses are priority goals in terms of meeting agricultural and technical requirements for seed processing, 

i.e. seed quality (Adamchuk V. and Bulgakov V., 2010). 

 The problem of improvement of the technological level of grating modules, which are assessed by 

the seed quality indicators remains particularly relevant in terms of further development of stationary 

threshing machines and combine harvesters in general. 

 There is a great variety of construction and layout schemes of the stationary threshing machines and 

working bodies of grating devices. This is related to both harvesting technologies and agro-technical 

requirements for quality indicators of grating legume grass seed (Antipin V. and Erk F., 2006; Burkov A., et 

al, 2008). Since the development and application of the first technical devices and facilities for mechanical 

harvesting of legume grasses an extensive experience in the establishment of relevant working bodies and 

machines has been gained in the world practice. Agro-biological and mechanical properties of the grass 

seeds have a great influence on working conditions of grating modules and regulate construction features 

of working bodies for grating off legume grass seed (Grynyk I. et al, 2014). 

  Taking into account specific mechanical and technological properties of seed inside the pod and 

world tendencies of harvesting legume grasses it can be concluded that the technological process of grass 

seed grating should be performed by the working bodies of stationary machines according to the principle 

of seed grating off from the pods (Burkov A. et al, 2008) 
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 Therefore, improvement of construction and layout schemes and working bodies of machines for 

grating legume grass seed and substantiation of parameters of their working bodies should be carried out 

taking into account specific properties of this process. This is particularly important and actual to provide 

necessary quality indicators of work according to agro-technical requirements (Antipin V. and Erk F., 2006). 

 The objective of the study is to increase technological process indicators of harvesting of legume 
grasses through the development and substantiation of working parameters of the discs grating device. 

 
MATERIAL AND METHOD 

 In general, the object of research of the discs grating device (DGD) is a technological process of 

treatment (wiping) of the prepared material (pile of alfalfa). The integral component of the technological 

process of lucerne pile treatment is the study of changes of the technological parameters or changes of 

DGD performance depending on the construction and technological parameters of its structural elements. 

The subject of research is construction and kinematic parameters of the working bodies of DGD that 

perform technological process of seed removal from alfalfa pile, and performance parameters. 

 Methodology of the theoretical research was based on the mathematical modelling of the 

technological process of DGD operation in order to construct determinate mathematical models that 

characterize basic technological parameters. 

Development of modern advanced layout schemes and new constructions of working bodies of the 

threshing-separating devices and their modules must be based on the international experience, taking into 

account peculiarities of local agricultural, technical, economic, and environmental requirements. 

  Based on the analysis of the obtained quality indicators and technological indicators of harvesting 

legume grasses we have proposed an improved design of DGD ДТП (Tverdokhlib I. and Anelyak M., 2013; 

Tverdokhlib I. et al, 2014) 

  Construction scheme of DGD is shown in Fig.1. 

  Grinding disc device DGD includes the body 6, where the tank is set 1, which has a loading mouth 

feed 2 and loading opening 3. In the tank space pin activator is installed 4, which has boards 5. Activator is 

fixed on top of the shaft 9, and on the lower part of the shaft moving grinding disc is fixed 8. In the body it is 

set a fixed disk 7, which has a glass, the hole of which follows loading mouth feed. Glass is designed as a 

hollow cylinder on the outside of which the threaded bushing is twirled. To the bottom surface of fixed disk 

are the beaters, installed on the disk in the form of rays. Beaters are made from steel in the reef form which 

has a notch. In the intervals between beaters concentric to the axis of the disc are placed ring lugs. At the 

bottom of tank there is the output channel 10. 

 

Fig.1 – Constructional scheme DGD: 
1 – tank; 2 – loading mouth feed; 3 loading hollow; 4 – activator; 5 – blade; 6 – body;  

7, 8 – stationary and moving disc; 9 – driving shaft; 10 – output channel  

 
RESULTS 
 In addition to the ability to grind seeds, grinding device is also characterized by operational and 

technological criteria, including technological capacity. (Antipin V., Erk F., 2006) regulates the productivity 

of grinding devices and, ultimately, productivity of harvesting machines, or the ability to handle pile 

constituents without their 'download' on working surfaces for minimizing damage and loss of seeds. 

 To sustain the rational constructive-kinematic parameters DGD that meet the technical data of the 

machine, first is theoretical foundation of DGD band width or performance (Tverdokhlib I., Spirin A. 2015). 
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 The basis of the criterion foundation process work  DGD is that the capacity of its working bodies 

within interval t 1 C, or productivity must be equal  or higher than the total of per second filing alfalfa  pile 

that comes to them from previous transport and technological systems of harvesting machines, so the 

condition shall be fulfilled: 

dt/dWdt/dQ bn  , or 
bn WQ  ,     (1) 

where: 
nQ  – capacity (or productivity) accident DGD, kg/s; 

bW  – general pile loading seconds transferred to  DGD, kg/s. 

In order to formalize alfalfa pile processing by  DGD  and to further study of the parameters of its 

working bodies, let`s consider the design scheme of the internal working space surround channel, shown in 

Fig.2 and workflow of DGD. 

 
Fig.2 – Design scheme of the internal working space surround channel of DGD 

1 – body; 2 – bushing; 3, 8 – stationary and moving disc; 4 – clip; 5 – beater; 6, 7 – ring lugs, 9 –shaft; 10 – blade; 11 – output channel 

 
 The internal volume of the working space of DGD is formed by adjacent - vertical position of 

stationary 3 (Fig.2) and 8 movable discs placed in the body 1 with the clearance, the height of which is 
dh , 

with the outer diameter of the disk 
nD  and moving 

pD  that installed on the shaft 9 rotating with angular 

speed 
n . In worktop of the stationary disk perpendicular and concentric to it is fixed holder 4, made in the 

form of bushings, outer diameter of which is 
oD  as mid – 

od  and are installed in form of rays- beaters 5 

the number of which is 
nk , made in the form of rays (reefs) with the width 

nb , length 
nL  and height 

ch , 

which are enshrined to the hub. There are also on the working surface of the stationary disk in between 

beaters concentric to the axis of the disc ring lugs 6, 7 of total number 
vk  formed as a round rod; the 

average diameter is from the centre of the disk at a distance of 0.5
vD1
 and 0.5

vD2
. 

 For further analysis and description of the formalized process of wiping alfalfa seeds in the context of 

the scheme we accept the following assumptions: 

 - the working space is a rectangle ABCD in section, that is why the working surfaces of the stationary 

3 and the movable disks 8 are parallel to each other, so 
nD = pD ; 

 - the cross section of beaters 5, which is fixed to the radial inner surface of the stationary disk is a 

segment of a cylinder with equal height segment 
ch ; 

 - diameter ring lugs 6, 7 which are concentric to the axis stationary disk and is the same dn as the 

height of the sleeve 4 is cross-sectional height of 5 and beaters totals 
ch . 

 Pile with non - grind alfalfa seeds enters through the loading channel 2 the internal volume space of 

the working channel of an DGD, where the centrifugal force shifts it from the centre axis of the movable disk 

8 and from the axis centre of rotation of disc 3 fixed to their periphery. In the process of its motion in space 

working channel the process of grinding alfalfa seeds takes place, and further processed alfalfa pile is 

taken by blades 10 which direct it to the output channel 11, through which it leaves GDD. 



Vol.48, No.1 /2016  INMATEH –

46 
 

 Productivity of DGD, 
nQ  , according to (Bronstein I. and Semendyaev K., 2009; Gorbert Goldeteyn 

et al, 2012) can be calculated by a common formula which determines the performance of machines of 

continuous action. 

cnvpn VFQ  ;  22250 vp dD,F   ; 
nvn V/V ; 

dn hD,V 2250            (2) 

where: 

pF  – the working area of basic (moving) disk, m
2
; 

v  – Bulk alfalfa pile density, kg/m
3
;  

n  – Filling factor of internal working space formed by figure ABCD;  

cV  – the average speed of the processed pile towards the periphery of the disc, m/s;  

vV  – the amount of space pile alfalfa working channel, m
3
;  

nV  – The total amount of space inside the working channel, m
3
;  

nV  – Diameter and height of the cylinder, m. 

 The maximum possible volume 
max.vV  of alfalfa pile that fills the space of the working channel of an 

DGD will consist of the difference of the total internal volume 
nV  of the working space of the channel and 

the total volume  eV  of structural elements that are installed on the inner surface of the fixed disk and 

which hold a certain amount volume, i.e. 
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1

, 
dV  – accordingly, bushings volume, the total volume of the beaters ring inserts 

and drive shaft volume, m
3
. 

This amounts corresponding figures that adopted the design elements found on the inner surface of 

the real disk are determined by formulas 

 22250 oocw dDh,V   ;     nnbbbnnc

k

j

b kLsin/r,kLFV
n

j
 



18050 2

1

                 (4) 
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ivvv
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k V...VVV
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1

;  dvd hd,V 2250  ;  i  1, 2,…,
vk                     (5)

 

  vnki

k

i

k kkVV...VVV
n

v

i




21

1

                                                   (6) 

 

 

where:  

oD , 
od  – outer and inner diameter of bushing, m; 

ch  – height of bushings, m;  

cF  – beaters cross-sectional area or segment, m
2
;  

b  – central angle, tightening beater chord, grade;  

nk  – total number of installed beaters, pcs.; 

nL , 
br  – beat length and radius of the arc segment beat, m;  

 vV1 ,  vV2 ,...,  ivV  – the total volume of one of the ring insert, which is placed concentrically at a 

distance from the centre of the stationary disc is equal, respectively, to 0.5 vD1 , 0.5
vD2
,..., 0.5 ivD , m

3
;  

1V , 2V ,...,
iV  – respectively, the total volume of each i  of ring insert, which is placed concentrically at a 

distance from the centre of the stationary disc is equal, respectively, to 0.5 vD1 , 0.5
vD2
,...,0.5 ivD , m

3
;  

nkV  – the amount of each i  ring insert, placed across the width 
nb  of each set on a fixed disk beater, m

3
. 
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 On the other hand the difference between the constituent right side of equation (6) can be written in 

the form 
nn kk VVV 111  , 

nn kk VVV 222  , 
nn ikiki VVV  , where 

nkV1
, 

nkV2
,…,

nikV  – the amount of each i

ring insert, which is placed between two adjacent concentric beaters away from the centre of the real disk is 

equal, respectively, to 0.5
vD1
, 0.5

vD2
,…,0.5

ivD , m
3
. 

Then the total volume of each i  ring insert which is placed concentrically at a distance from the centre of 

the real disk, which is equal to, respectively, 0.5
vD1
, 0.5

vD2
,…,0.5

ivD will be determined by the formula: 

nkv kVV
n11  ; nkv kVV

n22  ; nikiv kVV
n

 , а 
2

1

2

1 250 nvdD,V  ; 
2

2

2

2 250 nvdD,V  ; 
22250 nivi dD,V     (7) 

where: 
vD1
, 

vD2
,…,

ivD  – the diameter of the centre section of the centre ring of the torus, m;  

nd  – diameter of circular section torus, m.  

 Volume of each sector i  ring insert, which is placed between two adjacent concentric beaters away 

from the centre of the stationary disk is equal to, respectively,  0,5
vD1

, 0,5
vD2

,…,0,5
ivD  and angle 

between the central part of i torus with (7) will be determined by the formula 



















022

0

2

2

2

2

2

0

1

2

1

2

1

360250

360250

360250

/dD,V

....;........................................

;/dD,V

;/dD,V

icnivik

cnvk

cnvk

n

n

n







                                                    (8) 

where: 
c1 , 

c2 ,…,
ic  – central angle that tights a chord of each sectorial i ring insert, which is placed at 

a distance from the centre of stationary disk at 0.5
vD1
, 0.5

vD2
,…,0.5 

ivD , rad. 

 Central angle that tights a chord of each sectorial share of i  ring insert, which is placed at a distance 

from the centre of the disc real is equal, respectively, to 0.5
vD1
, 0.5

vD2
,…,0.5

ivD  according to (Grynyk I. 

et al, 2014) and is given by formula: 

 vvc D/aarcsin 111 2 ;  vvc D/aarcsin 222 2  ;  ivivic D/aarcsin2               (9) 

where: 
va1
, 

va2
,…,

iva  – a chord length of each sectorial share of i  ring insert, which is placed between 

two adjacent concentric beaters away from the centre of the real disk is equal, respectively, to 0.5
vD1
, 0.5

vD2
,…,0.5

ivD , charged by corresponding central angle, 
c1 , 

c2 ,…,
ic , m. 

 
Fig. 3 – Scheme to determine the length of the chord:  

1 – beater 
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 To determine the length of the chord 
va1
, 

va2
,…,

iva , consider the composite scheme (Fig.3), while: 
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   










2

1

2

1

2
22

/cos/sin

b
Da n

vv
 ;     











2

1

2

1

2 /cos/sin

b
Da n

iviv
               (11) 

 Then, according to (9) and (10) we have 
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 Then, substituting the values (12) to (9), and subsequently (9) (8) and according to (7), we obtain the 

formula for determining the total volume of each i ring insert, which is placed between two adjacent beaters 

and between beater central angle 
c1 , 

c2 ,…,
ic , a sector of a torus of i . 
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where:  

wV ,  bV , 


v

i

k

i

kV
1

, 
dV , –  bushings volume, the total volume of the beater inserts and ring volume drive 

shaft m
3
. 

 Substituting the value of the total volume of each of i  ring inserts with (13) in the first equation (5) we 

obtain the formula for determining the total beater volume 
nk  the total of which occupies the space of the 

working channel of DGD: 
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The total volume  eV  of structural elements that take a certain amount of the total internal 

volume 
nV  of the working space bed according to (3), (4) and (14) will be determined by the formula: 
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At maximum volume
max.vV  alfalfa pile that fills the space of the working channel of the DGD 

according to (3)–(5) and (14) is determined: 
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Fig. 4 – Scheme for definition of central angle 
b  and radius

br :  

1 – beater 
 

 To determine the central angle 
b , tightening chord 

nb  of beater 1 and radius 
br   we consider the 

composite circuit shown in Fig. 4. 

 According to Fig.4 and identities that are given in (Fedorenko V., et al., 2009), we have  

 2222 2 /sinrhrhb bbcbcn  , or  22 24 cbcn hrhb  ,   bn r/b/sin 22  . 

Where: 

  ccnb h,h/br 5082  ;  





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  Maximum coefficient of filling 
max.n  the internal space of the working channel of the DGD according 

to (2), (3) and (16), (17) is determined: 
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  The average speed 
cV  of pile processed towards the periphery of the movable and immovable discs 

will be determined: 

  VnVVmc D,Ddt/d,VV  5050  ,                             (19) 

where:  

mV  – the theoretical speed of the material, [m/s]; 

V  – factor for the decline rate 
mV  relative to the theoretical average speed 

cV ; 

  – rolling disk angle, [grd];  

n  – angular velocity of a moving disk, [rad/s]. 

  Thus, maximum productivity of DGD 
max.nQ  according to (2), (18) and (19) is determined by 

dependence: 
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 For practical use of the dependence (20), which is cumbersome, based on further analysis will hold 

its simplification based on the following considerations. 

 Maximum meaning of filling factor max.n  the space working channel of DGD can be represented as 

a product useful volume 
n  and the working space entered factor 

e  for the volume that is occupied by 

the structural elements installed on the inner surface of the stationary disc. This meaning is defined as the 

ratio of the total amount  eV  of structural elements that are installed on the inner surface of the 
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stationary disk to the total internal volume 
nV  space of the working channel of DGD or: 

 

d

nn
dvnnooc

nve
Dh

kd
hd/kLdDh

V/V
8

180
4

0

2
222 






                          (21) 

 Then, taking into account the factor
e , the actual meanings of filling 

max.n  the space of the working 

channel of the DGD will be determined: 

  d

nn

dvnnoocmax.nemax.nmax.n Dh/
kd

hd/kLdDh 8
180

4
0

2

222

















                (22) 

 In this case, the maximum productivity of DGD 
max.nQ  according to (22) will be determined by 

dependence: 

 

 
 

dt

d

Dh

kd
hd/kLdDh

dDD,

dt

d
dDD,Q

d

nn
dvnnooc

vmax.nvv

vemax.nvvmax.n










8

180
4

1250

1250

0

2
222

22

22






               (23) 

Or:                                         
 

120

222

vemax.nvvn
max.n

dDDn
Q

 
 ,                                                    (24) 

where: 
nn  – fixed speed [rot/min]. 

 The resultant dependence (24) characterizes the change in productivity of DGD depending on its 

structural and kinematic parameters. 

According to the dependence (24) constructed are image reproductions 
max.nQ  as functional changes:    Fig. 

5 –  n,DfQ max.n  , Fig. 6a –  nfQ max.n  ; Fig. 6b –  nmax.n fQ  . 

 Analysis of dependence  n,DfQn   (Fig. 5) shows that productivity of DGD varies approximately in 

the range of 0.2 to 1.3 kg/s, depending on the meaning of the diameter D  and rotational speed 
nn  of 

moving disc by linear variation of 
nQ , with increased productivity 

nn  and unit growing D , which is also 

characteristic for dependencies that are shown in Fig. 6. 

 Significant productivity growth 
nQ  is observed in the meaning of movable disk diameter of D  0.5 

m, with a range of changes 400  nn  1000 rot/min for the moving diameter of D  0.6 m, drive 

productivity 
nQ  increases by about 0.65...0.7 kg/s (Fig. 6a ) and a significant increase in productivity 

nQ , 

depending on changes in fill factor 
n  working space channel of GDD (about 0.2...0.25 kg/s) is the meaning 

of n  0.5    (Fig. 6b). 

 
Fig.5 – Dependance of change

nQ  as functional:  nDfQn ,max.   
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Fig.6 – Dependance of change

nQ  as functional: а –  nfQ max.n  ; б –  nmax.n fQ   

 

CONCLUSIONS 

 Thus, the developed analytical model of DGD productivity allows to theoretically support structural 

and kinematic parameters and modes of grinding device. 
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ABSTRACT 

 After pre-sowing electromagnetic treatments by expanded experimental plan from В3 type and after 

theoretical studies of the constructed response surfaces and lines of the response – laboratory germination 

of the seeds from tomato variety Milyana it was theoretically confirmed that the positive results are obtained 

in the following values of the controlled factors: voltage of treatments U=12 kV, duration of treatment =35 s 

and length of stay to sowing Т=12 days. It is proven that an effective impact could be obtained in combined 

increase of the controlled factor voltage of treatment and shortening of the duration of treatment =2 s. 

 

РЕЗЮМЕ 

 След предсеитбени електромагнитни обработки по разширен план на експеримента от 

типа В3 и теоретични изследвания на построените повърхнини и линии на отклика – 

лабораторна кълняемост на семена от домати сорт Миляна, теоретично е потвърдено, че 

положителни резултати се получават при стойности на управляемите фактори: напрежение на 

обработка U=12 kV, продължителност на въздействие =35 s и продължителност на престоя от 

обработката до засяването Т=12 денонощия. Доказано е, че ефективно въздействие може да се 

получи и при съчетано увеличаване стойността на управляемия фактор напрежение на 

обработка и съкращаване продължителността на въздействие =2 s. 

 

INTRODUCTION 

The seeds are carriers of morphological, biological and economical characters and properties of the 

plants and their quality reflects in a great degree on the productivity and quality of the variety produce. 

(Danailov, 2012). High quality of the seeds is a base for development of normal plants (Poryazov I. et al., 

2013). The growth power of the seeds influences the further development of the new grown plants and has 

particularly strong effect on their vegetative growth and, therefore on the productivity (TeKrony and Egli, 

1991). The seeds with greater germination energy and germination give quick and total germination, faster 

development, and smaller susceptibility to the unfavourable conditions. The competence and correct 

application of the pre sowing treatment of the seed could be an efficient mean for increasing the sowing 

qualities of the cereal, technical and vegetable crops seeds (Sirakov, 2006; Radevska M. et al., 2012). 

The results from study, the effect of pre-sowing electromagnetic treatments on the laboratory 

properties of seeds from tomato variety Milyana are shown in (Ganeva D. et al., 2014). A stimulation effect of 

parameters of the electromagnetic treatment, namely voltage of treatments U=12 kV, duration of treatment 

=35 s and length of seed stay from treatment to sowing Т=12 days were established. It was achieved an 

increase of germination energy with 103.60%/c, laboratory germination with 104.60%/c, hypocotyls length 

with 15.73%, cotyledons length – with 21.88%, root length with 24.41% as well as an increase of the plant 

fresh weight – with 25.00% towards the control (untreated) seeds. 

In other parameters of the pre-sowing treatment (U=6 kV, =5 s and stay to seed set for germination 

Т=4 days) was established a depressive effect on the seed development – the length of the roots, hypocotyls 

and cotyledons were by (16…20)% smaller compared to the control and the plant fresh weight has been 

increased with over 22%. 

According to the above considerations, the investigations were continued and the seed laboratory 

germination was established after conducting of pre-sowing electromagnetic treatment of the seeds by 

extended plan В
3
 (Mitkov, 2011),  and the response surface and lines of response were obtained. 
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The purpose of the study was the probable values of the controlled factors stimulating more effectively 

the laboratory germination of tomato seeds from Variety Milyana to be established by means of the extended 

plan of the experiment of pre-sowing electromagnetic treatments.  

 

MATERIAL AND METHOD 

An object of study was the laboratory germination of tomato seeds from variety Milyana – namely, 

determinate, large fruited variety suitable for mid-early field production. The seed germination is within 

(92…92.50)%. 

Controlled factors of the pre-sowing electromagnetic treatment in the AC corona discharge field are: 

voltage U (kV) between the electrodes (edge-plane) and the duration of treatment  (s). After treatment the 

seeds were left for stay Т (days) till their set for germination. The pre-sowing treatment was conducted on the 

31-st of March 2014. 

The tomato seeds were set in Petri dishes with wet filter paper for germination in controlled conditions 

in thermostat at temperature 25
о
С and relative humidity 95%. In each variant were set 100 seeds in 4 

replications after 4, 8 and 12 day stay in electromagnetic treatment (International Seed Testing Association, 

2004; Ganeva D. et al., 2014, 2015; Sirakov K. et al., 2015).  

The laboratory germination of the seeds was established for each experiment (4, 8 and 12 days) at 

14
th
 day of sowing. Data were given in percentage towards the controls (%/c). 

The results were mathematically processed (Mitkov, 2011), and response surfaces and lines of 

response were obtained (http://www.statsoft.com). 

 

RESULTS 

The pre-sowing electromagnetic treatments were conducted by three factorial experiments according 

to symmetrical constructional plan from В3 type (Mitkov, 2011). The values of the controlled factors and their 

corresponding levels of variation are shown in Table 1. 

Table 1 

Controlled factors  

Factors 
Level of controlled factors 

high medium low 

Voltage, U 


1x  +1 12 kV 0 9 kV -1 6 kV 

Duration of  impact,  


2x  +1 35 s 0 20 s -1 5 s 

Length of stay, Т 


3x  +1 12 days 0 8 days -1 4 days 

 

 

The plan of the experiment with the results established for the laboratory seed germination is given in 

Table 2. 

The reported average values of the laboratory germination (g) of the controlled seeds are the 

following: the germination in stay of the treated seeds for 4 days is g=92.25%, in stay of 8 days the 

germination is g=92.00%, and after stay of 12 days – g=92.50%. Towards them the obtained results for 

laboratory germination of the seeds 
.кY  for each variant of treatment and relevant stay are given in %/c. 

According to the results ( iY ), given in Table 2 for the established laboratory germination of the 

particular variants of treatment by plan В3, and according (Mitkov, 2011) the equation for regression was 

found. This equation expresses the relation between the laboratory germination and the combination of the 

individual factors (voltage U of treatment – factor 


1x , duration of treatment  – factor 


2x , length Т of stay to 

set of the seeds for germination – factor


3x ) and their interactions: 


2

3

2

2

2

1323121 ,,,, xandxxxxxxxx : 

By the control (Mitkov, 2011) it was established that the equation (1) is adequate according to the 

comparison of the calculated criteria of Fisher with its critical value. On the basis of the critical value of the 

Student’s criteria it was established that the coefficients of regression in the equation are significant. 
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Table 2 

Experiment planning matrix 

Variants 

Controlled factors 
Laboratory germination, 

.кY , %/c 



1x  


2x  


3x  

- U, kV - , s - Т, days 

1 +1 12 +1 35 +1 12 104.60 

2 -1 6 +1 35 +1 12 100.54 

3 +1 12 -1 5 +1 12 102.70 

4 -1 6 -1 5 +1 12 100.81 

5 +1 12 +1 35 -1 4 101.08 

6 -1 6 +1 35 -1 4 102.17 

7 +1 12 -1 5 -1 4 102.17 

8 -1 6 -1 5 -1 4 100.54 

9 +1 12 0 20 0 8 101.63 

10 -1 6 0 20 0 8 99.73 

11 0 9 +1 35 0 8 99.73 

12 0 9 -1 5 0 8 100.00 

13 0 9 0 20 +1 12 101.08 

14 0 9 0 20 -1 4 100.54 
 





2
3

2
2

2
132

3121321.к

x046,1x101,0x916,0xx136,0

xx676,0xx069,0x323,0x190,0x839,0764,99Ŷ



   (1) 

 

The response surfaces and lines of response are studied for evaluation of the influence and 

interaction between the factors on the laboratory germination. They are composed according (Mitkov, 2011), 

and the programme product Statistica 8 (http://www.statsoft.com). The response surfaces and lines of 

response are obtained as a result of consecutive elimination of each one of the factors


1x , 


2x  and


3x , and 

the other two vary between the levels given in Table 1. Since the number of the controlled factors is 3, the 

obtained and analyzed response surfaces and lines of response are by 3. It is known the presence of 

correlation between the quadratic members itself 


2
ix of the equation (1). This forces to calculate the 

remaining coefficients of the model (Mitkov, 2011) again in elimination of some quadratic members. It should 

be mentioned that in this calculation, the values of the free member and non-eliminated members were only 

changed. 

Variant 1: The factor 


3x  – duration of stay Т is eliminated. In that case, in interaction of the factors 



1x  and 


2x  the equation of the response surface is of the following kind: 


2
2

2
12121.к x342,0x157,1xx069,0x190,0x839,0166,100Ŷ    (2) 

 

In use of the Statistica 8 (http://www.statsoft.com), it was built the response surface (Figure 1а) and 

lines of response (Figure 1b) – laboratory seed germination in function of the voltage applied between the 

electrodes 


1x  (U) and time of electromagnetic treatment 


2x  (), in case of elimination the influence of the 

factor duration 


3x  (Т) of stay from treatment to seeds sowing. 

The values of 
.кŶ , for model (2), in %/c, are given in numerical type on the ordinate of the drawings 

from Figure 1. 
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a)        b) 

 

Fig.1 – Response surface (a) and lines of response (b) – laboratory germination as a function of factors  



1x  (U) and 



2x  (), 


3x  (Т) switched off factor 

 

The effect (
.кŶ in %/c) of the impact of the pre-sowing electromagnetic treatments of the seeds, 

obtained by the model (2), is shown in Figure 1а and Figure 1b by different colours (according to the legend 

of Figure 1) in the response surface and lines of response themselves. Moreover, where the dark green 

fields are, for example in 


1x =(+0.2…-0.9) and 


2x =(+0.8…-1.2), the pre-sowing impact should be 

depressing. 

In case of accepting the values of the two factors in natural units it could be said that the depressing 

impact of the pre-sowing electromagnetic treatment on the laboratory germination should be expected in 

combination of the two factors in the limits U=(9.6…6.3) kV and =(32…2) s. Then the laboratory germination 

of the seeds will be smaller (i.e. <100%/к) compared to the control/untreated seeds in electromagnetic field. 

Bright green, yellow and etc. to dark brown areas, for example in 


1x =(+0.5…+1.2) and 


2x =(+1.2…-

1.2) demonstrate that the selected values of the two controlled factors of pre-sowing treatment influence 

stimulating in a different degree on the observed parameter – laboratory germination which is expected to 

exceed to 3% that one of the controlled seeds. 

When the values of the two factors are taken in natural units it could be said that the stimulating 

impact of the pre-sowing electromagnetic treatment on the laboratory germination is expected in combination 

of two factors in the limits U=(10.5…12.6) kV and =(38…2) s. The laboratory germination in this case will be 

over 103%/c towards that of the controlled/untreated in electromagnetic field seeds. 

According to Figure 1а and Figure 1b it could be concluded that in the adopted upper levels of the 

controlled factors 


1x =1 (i.е. U=12 kV) and 


2x =1 (i.е. =35 s), a stimulating pre-sowing effect is obtained – 

the value of the laboratory germination will be over 103%/c. In these values of the controlled factors in 

(Ganeva D. et al., 2014) is described that the laboratory germination of the pre-sowing treated seeds was g = 

104.60%/c towards the control. 

According to Figure 1b it could be established that in increase of the values of the two factors which 

are studied, for example 


1x =+1.2 (i.е. U=12.6 kV) and 


2x =+1.2 (i.е. =38 s) it should be expected an 

increase of the laboratory germination of the seeds of over 103%/c. 

In this respect experiments should be conducted for pre-sowing electromagnetic treatments of the 

seeds by using of risen values of the two controlled factors. It should take into considerations that the 
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excessive increase of the values of the applied voltage could not be achieved by technical reasons because 

probably the corona discharge between the two electrodes could develop in spark discharge and then in arc 

electric discharge which would results in damage – burning of the seeds. 

On the basis of the Figure 1а and Figure 1b, it could be established that in decrease of the values of 

the two factors it should expect a stimulation of the seed laboratory germination up to 1% towards the 

controls. This could be obtained in voltage 


1x =-1.2 (i.е. U=5.4 kV) and duration of treatment 


2x =-1.2 (i.e. 

=2 s). 

According to Figure 1а and Figure 1b, it could be established that an increase effect of stimulation of 

the laboratory germination (over 3% towards the control) could be also obtained in the following values of the 

two factors: 


1x =+1.2 (i.е. U=12.6 kV) and 


2x =-1.2 (i.е. =2 s). 

Therefore, the treatment of the seeds in the above mentioned increased voltage of the corona 

electrical discharge should be short as an impulse (in this case for 2 seconds). On the other hand, this would 

contribute for greater increase of the voltage value applied for pre sowing treatment and decrease of the 

probability for electrical break between the electrodes. 

Variant 2: The factor 


1x  – applied voltage between the electrodes U is eliminated. The equation of the 

response surface in the interaction of the factors 


2x  and 


3x  is: 


2
3

2
23232.к x257,1x312,0xx136,0x323,0x190,0116,100Ŷ     (3) 

Figure 2а and Figure 2b demonstrate the response surface and lines of response – laboratory 

germination of the seeds in function of the duration of electromagnetic treatment 


2x  () and length of stay 



3x  (Т) from treatment to set of seeds for germination that are built by (3).  

The impact of the pre sowing electromagnetic treatments of the seeds is shown in different coloured 

zones in Figure 2 as well as in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a)          b) 

Fig.2 – Response surface (a) and lines of response (b) – laboratory germination as a function of factors  



2x  () and 


3x  (Т), 


1x  (U) switched off factor 
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The analysis of Figure 2a and Figure 2b demonstrates that in eliminated factor 


1x  and in values of 

the controlled factors  (


2x ) and Т (


3x ) as follows: 


2x  within (+1.2…-1.2) and 


3x  – within (+0.6…-0.6), 

the pre sowing electromagnetic treatment will be with inhibiting effect. 

When the values of the factors are in natural units the inhibiting effect of the pre sowing 

electromagnetic treatment on the laboratory germination is expected in combination of the two factors in the 

limits =(38…2) s and Т=(10…6) days. The laboratory germination of the seeds in this case will be smaller 

(i.е. <100%/c) than that of the control/untreated seeds. 

According to Figure 2а and Figure 2b could be concluded that an increase of the effect from pre 

sowing electromagnetic impact i.e. an increase of laboratory germination from 102%/c to over 103%/c could 

be obtained in combination of the values of the two controlled factors in the limits 


2x =(+1.2…-1.2) and 


3x

=(+0.8…+1.2), respectively. 

When the values are in natural units, the stimulation effect of the pre sowing electromagnetic 

treatment on the laboratory germination could be expected in combination of the two factors in the limits 

=(38…2) s and Т=(11…13) days. Then the laboratory seed germination will be greater (over 103%/c) than 

that of the control/untreated seeds. 

Variant 3: In this variant the factor 


2x  – duration of the electromagnetic impact  was eliminated. In 

this case in the interaction of the factors 


1x  and 


3x  the equation of the response surface is: 


2
3

2
13131.к x069,1x939,0xx676,0x323,0x839,0803,99Ŷ     (4) 

Figure 3а and Figure 3b show, respectively the response surface and lines of response – laboratory 

germination of the seeds in function of voltage 


1x  (U) of the electromagnetic treatment and length 


3x  (Т) of 

stay from treatment to set the seeds for germination, built by the Model (4). 

The analysis of Figure 3а and Figure 3b demonstrates that in eliminated factor 


2x  and in values of 

the two controlled factors U (


1x ) and Т (


3x ) as follows: 


1x  within (+0.5…-1.2) and 


3x  – within (+0.9…-

1.1), the pre sowing electromagnetic impact will be inhibiting. 

 

 
 

 

 

 

 

 

 

 

a)         b) 

 

Fig.3 – Response surface (a) and lines of response (b) – laboratory germination as a function of factors  



1x  (U) and 



3x  (Т), 



2x  () switched off factor 
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When the values of the controlled factors are in natural units the inhibiting effect of the pre sowing 

electromagnetic treatment on the laboratory germination could be expected in combination of the factors 

duration of treatment =20 s with the remaining two factors in the limits U=(10.5…5.4) kV and 

Т=approximately (11…3) days. In this case the laboratory germination of the seeds will be smaller (<100%/к) 

then that of the controls/untreated seeds. 

The analysis of the Figure 3а and Figure 3b demonstrates that it is necessary the two controlled 

factors 


1x  (U) and 


3x  (Т) to be with equal values or with greater values over the levels accepted as upper 

ones, i.е. 


1x ≥1 and 


3x ≥1 for stimulation of the laboratory germination with over 103%/c. Therefore if the 

factor 


2x  is accepted at the mean level, i.e. 


2x =0 (=20 s), the voltage of treatment 


1x  should be 

accepted U≥12 kV and the length of stay 


3x  – Т 12 days. 

The obtained theoretical results are confirmed by the presented in (Ganeva D. et al., 2014, 2015; 

Sirakov K. et al., 2015). Data demonstrates that as a result of the performed laboratory investigations after 

pre sowing electromagnetic treatments of the seeds from tomato variety Milyana by variant 1 – Table 2 

(U=12 kV and =35 s) and length of the stay of the seeds to their set for germination Т=12 days and Т=365 

days, the obtained results are the following: 

 in Т=12 days stay, the laboratory germination is stimulated to 4.6% over that of the control seeds, 

the root length of the germinated seeds – to 24.41%, of the hypo cotyledons – to 15.73%, of the 

cotyledons – 21.88% and the fresh plant weight – to 25.00%; 

 in 365 days stay, the laboratory germination is increased over 9%, the root length – over 47%, the 

length of the hypo cotyledons – over 11.87% and that of the cotyledons over 16%. 

According to that described above, it could be mentioned that by experimental (Ganeva D. et al., 

2014, 2015; Sirakov K. et al., 2015), and theoretical way is shown that in order to be obtained a stimulating 

effect of the pre sowing electromagnetic treatment of the seeds from tomato variety Milyana it is necessary 

that the controlled factor values to be higher – for voltage U≥12 kV, for duration of treatment ≥35 s and 

length of stay to set of the seeds for germination Т=(12 to 365) days, respectively. Similar stimulation effect 

could be expected when the pre sowing electromagnetic treatment is short/impulse with duration =2 s and 

voltage U≥12 kV, and Т=(12 to 365) days from treatment to sowing. 

 

CONCLUSIONS 

1. On the basis of the performed laboratory investigations (Ganeva D. et al., 2014, 2015; Sirakov K. et 

al., 2015), was established that the effective impact on the sowing properties of tomato seeds from variety 

Milyana could be obtained after pre sowing electromagnetic treatments in use of controlled factors with the 

following values: voltage of treatment U=12 kV, duration of treatment =35 s, length of stay from treatment to 

seed set for germination Т=12 days. It was established that the positive effect as a result of pre sowing 

treatment is kept after 365 days from the treatment in U=12 kV and =35 s. 

2. It is proved that after pre sowing electromagnetic treatment by extend plan of the experiment from 

B3 type and theoretical studies of the built response surfaces and lines of response – laboratory germination: 

a) Positive results are obtained in the following values of the controlled factors: voltage of treatment 

U=12 kV, duration of treatment =35 s and length of stay from treatment to sowing Т=12 days; 

b) Efficient impact could be obtained in increase of the controlled factor values: voltage of treatment U 

over 12 kV, duration of treatment  over 35 s and length of stay T of the seeds from treatment to sowing over 

12 days; 

c) Efficient impact should expect in combined increase of the values for controlled factor voltage of 

treatment and shortening of the duration of treatment to 2 s. 

3. Theoretically established possibilities for efficient stimulation of the sowing properties and 

morphological characters of tomato seeds after pre sowing electromagnetic treatments should be examined 

in laboratory and field studies. 
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ABSTRACT 

 The paper presents the Golden Delicious apples experimental researches, that aimed to emphasize 

apples behaviour at mechanical static or quasi-static compression stress and mechanical and rheological 

characteristics of fruits correlated to deficiencies determined (contusions, form distorsion), in order to 

anticipate their conduct in different practical situations. 

 

REZUMAT 

 Lucrarea prezintă cercetările experimentale efectuate pe soiul de mere Golden Delicios care au 

urmărit să pună în evidenţă comportarea lor la solicitările mecanice de compresiune statică sau 

cvasistatică şi caracteristicile mecanice şi reologice ale fructe lor în corelaţie cu defectele cauzate 

(contuzii, distorsionări ale formei), pentru a le putea anticipa în diferite situații practice  

 

INTRODUCTION 

 During the long term storage the compression stress of apples located in the package bottom rows in 

boxes or containers should not be neglected, especially when the packages are not appropriate, 

determining the fruits defects, especially geometrical shape modifications (visible changes), which make 

them non marketable, thus leading to losses (Ghergi A., Iordăchescu C., Burzo I., 1979; Gherghi A., 1994). 

 Experimental researches performed aimed to emphasize the Golden Delicious apple behaviour at  

mechanical static or quasi-static compression stress and rheological characteristics of fruits correlated to 

deficiencies (contusions, form modifications) determined in order to anticipate their conduct in different 

practical situations (Abbott J.A., Lu R.,1996; Amir H., et al, 2008; Roudot A.C, 1991).  

 The apple compression resistance has determined as bio-flowing compression force and appropriate 

deformation and, at the same time, the specific hysteresis energy per cycle when loading-unloading, 

elasticity level (respectively plasticity level) to compression, Mayer hardness test (a measure of structure 

and tissue hardness) completed by resistance to penetration of a cylindrical rod and a suitable cone of 

shearing strain limit of flow (τc ) of epicarp-pulp of whole fruits (Căsăndroiu T., Ivănescu D., Vintilă M., 

2009; Căsăndroiu T., Ivănescu D., 2009) have found out. 

 It has aimed to find the rheological behaviour at compression between plane parallel rigid surfaces 

and a cylindrical punch, at constant load, followed by total unloading of fresh Golden Delicious apples, after 

harvesting (ASAE recommendation, 1979). 

 

MATERIAL AND METHOD 

 In order to perform the compression tests, The Golden Delicious apples were used, the fruits being 

grouped by three in each ripening class and coded as: A1, A2, A3 representing the green apples; A4, A5, A6  

represent average ripe level apples and A7, A8, A9  represent mature apples.  

 It has aimed to choose geoid shape fruits to be as close as possible to the spherical shape. Before 

being subjected to compression, the fruits were weighed, and their geometrical dimensions and radius of 

spherical surfaces in contact points with stress surfaces (by means of spherical shape meter) were 

measured, being shown in tab.1. 
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Table 1 

Physical characteristics of fruits studied 

Code Ripe level 
Mass 
m [g] 

Height 
H [mm] 

Equatorial Diam. 
De [mm] 

Point 1 Point 2 

De max De min 
R1 

[mm] 

R2  

[mm] 

A1  

green 

140.3 66.54 71.13 65.47 41.76 48.46 

A2 154.3 72.8 71.24 65.5 38.20 35.85 

A3 153.1 68.41 70.32 66.63 42.26 44.40 

A4  

average 

146.8 68.79 70.45 66.28 30.60 39.72 

A5 145.8 67.58 72.87 69.68 33.66 38.62 

A6 149.1 66.70 71.79 68.60 39.79 32.87 

A7  

ripe 

177.3 71.75 74.49 71.18 31.84 39.53 

A8 142.9 64.62 69.69 68.34 28.25 28.05 

A9 154.4 75.80 69.53 67.67 34.72 39.05 

 

 Fruits were subjected to compression at a load rating between plane parallel rigid plates, using the 

universal apparatus of mechanical tests Hounsfield H25 KT. 

 After the compression, it aimed to test the  firmness of fruit texture, sometimes called texture ,rigidity” 

by using the method named « method of Magnes –Taylor pressing test”, measuring the pressing force of a 

cylindrical rod calibrated of Ф 11.1 mm that penetrates into the fruit pulp to a certain depth, named 

,,penetration resistance”.  Measurements were made with the Penetrometer FT 327 with a precision of 0.01 

mm (Manual of penetrometer presentation). 

 The fruit pulp texture resistance was determined in 12 points of each fruit, 4 points on every diameter 

(equatorial, apical and peduncle), according to fig. 1, in tab.2 being shown the data for the average 

penetration resistance between the 4 points on equatorial diameter. 

 
Fig.1 - Areas on fruit surface and points of measuring the penetration resistance  

               

 

Fig.2 - Representation of radius measured in two plans    Fig.3 - Scheme for calculating the radius mark 

 

 There were calculated the elasticity module Young, E  corresponding to bio-flow point and maximum 

normal tension σc max  of bio-flow,  using the relations from the theory of elastic contact Hertz, (Mohsenin M. 

N., 1986), ec. (1): 
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 For the apples, it was considered υ=0,35; R1 and R2 representing the radius of curvature between the 

two contact points (fig.2), δ represents the total deformation (according to table 2), and F representing the 

force corresponding to bio-flow point (F1 according to table 1). 

 After performing the calculations, the values from table 2 resulted. 

 Bio-flow tension was calculated by relation (2), where it represents the radius of track, in compliance 

with fig.3  (Mohsenin M. N., 1986): 

                                     
22

3

a

F
c


                                                                             (2) 

RESULTS  

 Based on data obtained in tests one has aimed to research the possibility of establishing the 

correlations between the mechanical values measured and their compliance with the theoretical relations 

proposed for achieving the calculations.  

 After performing the compression tests with the apparatus Hounsfield H25 KT at 5 mm/min speed, 

using the cell of 1000 N, by processing the data gathered with Hounsfield Microsoft Windows Based 

program, graphics with force-deformation curves were obtained, from which  were extracted the force and 

deformation values corresponding to the bio-flow point. These bio-flow point values are presented in table1.  

 From graphics and tables was extracted the value of force (F1) corresponding to point C of bio-flow, 

displacement (total deformation up to bio-flow point) and slope corresponding to bio-flow point (table 2) and 

Figures 5-13 representing the force-deformation curve for each apple. 

 Data obtained from tests designed to determining fruit pulp texture resistance with Penetrometer FT 

327 are given in table 3.   

Table 2 

Characteristics corresponding to bio-flow point (Hounsfield apparatus) 

Code 
Force F1  

[N] 

Displacement 

(deformation) 

δ 

[mm] 

Slope  

[N/mm] 

A1 119.3 4.176 28.48 

A2 64.0 2.616 24.43 

A3 78.0 2.632 29.51 

A4 42.0 2.120 19.69 

A5 63.6 4.128 16.85 

A6 120.4 5.300 22.72 

A7 75.5 3.224 23.37 

A8 35.0 2.392 14.60 

A9 77.3 3.192 24.22 

 

Noticing from graphics made by Hounsfield apparatus  that deformation is delayed by certain quota, 

the correction of deformation δ, given in table 2 was made, using it in calculations 

Table 3 

Data of equatorial area referring to la Rpmed, E, Emed, σc,  σcmed 

Fruit 
Force 

F [N] 

Deformation 

δ corrected 

[mm] 

Rp med 

[N] 

Rpmed 

[N] 

E 

[Pa] 

Emed 

[Pa] 

σc 

[Pa] 

σcmed 

[Pa] 

A1 119.3 3.976 44.145  

44.73 

4.19*10
6 

5.426*10
6
 

0.352*10
6
 

0,374*10
6
 A2 64.0 2.276 44.120 5.72*10

6
 0.381*10

6
 

A3 78.0 2.292 45.910 6.37*10
6
 0.390*10

6
 

A4 42.0 1.720 47.995  

42.66 

5.89*10
6
 

4.56*10
6
 

0.387*10
6
 

0.34*10
6
 A5 69.6 3.858 37.817 2.85*10

6
 0.264*10

6
 

A6 120.4 4.900 42.158 3.44*10
6
 0.371*10

6
 

A7 75.5 2.954 45.224  

42.31 

4.66*10
6
 

4.15*10
6
 

0.393*10
6
 

0.31*10
6
 A8 35.0 2.052 39.534 4.19*10

6
 0.296*10

6
 

A9 77.3 2.792 42.183 5.1*10
6
 0.389*10

6
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 Graphically representing penetration resistance depending on the elasticity module in bio-flow point 

and penetration resistance depending on bio-flow resistance, the following graphics were obtained, fig.4. 

 

    

Fig.4 - Correlations (E, Rp) and (σc, Rp) for 3 degrees of ripening of Golden Delicious apple variety 

 

 

 From fig.4 it can observe that the correlations (E, Rp) and (σc, Rp), for Golden Delicious apple variety 

can be put in correlation with the apples ripeness. 

 

 

 
 

 

Fig.5 - Variation force - deformation for Delicious A1          Fig.6 - Variation force - deformation for  Delicious A2 

 

 

  

 

Fig.7 - Variation force – deformation for Delicious A3    Fig.8 - Variation force – deformation for  Delicious A4 
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Fig.9 - Variation force – deformation for  Delicious A5    Fig.10 - Variation force – deformation for  Delicious A6 

 

  

Fig.11 - Variation force–deformation for Delicious A7      Fig.12 - Variation force–deformation for Delicious A8 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Fig.13 - Variation force-deformation for Delicious A9 

 

CONCLUSIONS 

 Following the analysis of apple varieties existing in Romania, we have oriented towards the Golden 

Delicious study, because this variety is most demanded by market and presents technological features for a 

long storage period. 

 Losses and damages appearing during apples conservation are caused by static and quasi-static 

stress as well as, metabolic processes and diseases.  

 Considering the fruit as a viscous-elastic body, knowing the rheological parameters such as elasticity 

modules, viscosity parameters, relaxing time etc. allows to anticipate the fruit behaviour when is subjected 

to mechanical strain. 

 Experimental researches performed aimed to emphasize the apples behaviour at static and quasi-

static compression and their mechanical characteristics related to their faults (contusions, modifications of 

shape) in order to anticipate their conduct in different practical situations. 

 The compression resistance was determined as bio-flow force and related deformation, between two 

plane parallel plates, the elasticity module Young and penetration resistance, a measure of firmness. 

 Elasticity module and penetration resistance, as well as bio-flow tension may be put into correlation 

with ripening level of Golden Delicious apples (these values increasing along with apple ripening degree).  
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ABSTRACT  

 With the wide application of machine-vision technology in detecting agricultural plant diseases and 

insect pests in the field, this paper proposed an innovative approach for performing automatic segmentation 

of rice planthopper images. First, to weaken background interference, the Otsu approach was adopted to 

accomplish the preliminary segmentation. Then, a steerable filter was employed to improve the 

segmentation results of the feet and tentacles. Finally, by adding priori gray-level information, our proposed 

method improved the approximation capability of level-set-based evolution curves to targets. Results 

indicated that the approach adopted in this paper could clearly segment the contour of rice planthoppers.  

 

摘要 

 随着机器视觉技术在农业病虫害识别领域的广泛应用,基于图像的稻飞虱害虫诊断成为有效地手段,本文

提出一个新颖的方法来完成稻飞虱的自动分割问题。首先,为了消弱背景的干扰,利用大津法方法完成稻飞虱的

初步分割。然后利用方向滤波器改善稻飞虱足和触角分割效果。最后融入先验灰度信息,提高了水平集演化曲

线对于目标的逼近能力。结果表明,本文采用的方法可以清晰地分割稻飞虱的边缘轮廓,准确定位害虫区域。 

 
INTRODUCTION 

 Rice planthoppers belong to Delphacidae, a kind of migratory pest that considerably damages rice. 

These planthoppers are the most serious pests of rice, and they inflict their harm by absorbing nutrients 

and releasing several destructive substances that substantially affect rice growth (Gurr et al, 2011; 

Matsukawa et al, 2014; Zhou et al, 2013). Rice planthoppers have about 200 species. The three most 

common species are the white-backed planthopper, the small brown rice planthopper, and the brown 

planthopper. Given the great harm caused by these rice planthoppers, agricultural producers usually 

misuse pesticides and consequently cause concealed problems in food safety. Thus, rice has been 

requested to be sprayed on-site at appropriate times and amounts, and real-time diagnosis has been 

proposed. However, considering their small size and dark colour, rice planthoppers are difficult to identify 

and distinguish from one another. 

 The approaches used locally and abroad for identifying rice planthoppers and other agricultural pests 

currently include acoustic detection, trapping, and near-infrared technology (Huynh et al, 2012; Selby et al, 

2014). These methods essentially use manual detection. Normally, the recognition of infection depends on the 

inspector’s practical experience. According to the current public literature, research on rice planthoppers has 

mainly focused on the relationship between the ecological environment and the insects’ growth, as well as the 

prediction and forecast of future insect outbreaks (Bottrell et al, 2012; Li et al, 2013; Otuka et al, 2012). With 

the wide application of machine-vision technology in agricultural fields, image-based pest diagnosis is 

becoming a fast and effective approach. However, related literature on rice planthoppers is rarely available. 

Our team collects rice planthopper images taken from the field as samples and studies the insects in terms of 

identification, diagnosis, and prediction. Given the complex background information on the collected samples, 

image pre-treatment is required before image identification to remove irrelevant information, strengthen 

relevant information detectability, and maximally simplify the data. Consequently, the reliability of feature 

extraction and matching identification can be improved. Thus, as an important link for pre-treatment, the image 

segmentation of rice planthoppers directly affects the following feature extraction and identification links. 
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 Research on machine vision technology began late in agriculture. Attaining a high-efficiency, high-

accuracy segmentation algorithm is a hot and difficult issue in obtaining the automatic identification. In 

recent years, the level-set approach has been widely used in image segmentation because of its good 

segmentation results and theoretical basis. Chan and Vese combined the level-set theory with the 

Mumford-Shah (M-S) model and generated a C-V level-set model (Chan and Vese, 2001). This strategy 

adopted global information to extract target boundaries without relying on an image gradient. Therefore, 

images of no meaning to the gradient or those with weak edges can also be well segmented. At the same 

time, the improved algorithm (Allaire et al, 2014; Bashir et al, 2014; Li et al, 2005; Zhang et al, 2013) based 

on a C-V level set was achieved accordingly. Many improved level-set approaches demonstrate good 

performances in image segmentation. However, for cases with many complex images (e.g., background 

gray multilevel hierarchy), targets that are occluded or defected, and targets and background with similar 

gray levels, the segmentation results are hardly satisfactory without the support of priori information. 

Therefore, one important research direction for the level-set approach is to integrate targets’ priori 

information into the level-set models and accordingly enhance the approximation capability of evolution 

curves to targets. 

 The remainder of this paper is organized as follows. Section 2 describes the traditional C-V level-set 

model and the main idea of an improved algorithm. Section 3 presents an actual experiment that evaluates 

the performance of the improved level-set approach. The conclusions are given in Section 4. 

 
MATERIAL AND METHOD 

 The structure of the image acquisition device is designed based on the rice planthoppers’ photo-axis 

feature of yellow and green. According to our preferences, 160 W self-ballasted fluorescent mercury lamps 

with high pressure are used as the background light source to trap rice planthoppers. A rice planthopper 

acquisition system is presented in Figure 1. Under the conditions of an open field environment, planthopper 

images are taken (Figure 2). The size of each captured image is 640 pixels by 480 pixels. 
 

 

Fig.1 - Acquisition system of rice planthopper images  
 

  
Fig.2 - Sample images of rice planthoppers 

 

 The C-V model assumes that the gray level of the homogeneous area is constant. The images are 

segmented into target area aR  (the average gray level is aC ) and background area bR  (the average gray 

level is bC ). The data smoothness item of the M-S models is removed, thus leaving the fidelity term and 

collective measurement item. The simplified fitting energy equation can be described as follows: 
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 In the process of curve evolution, Chan and Vese added length and area terms as bound terms and 

generated a general energy model for image segmentation as follows: 
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 In the formula, 0, v , 0, ba  are the weight coefficients of each energy item, )(CL is the length of 

evolving curve ),( yxC , and )(CSa  is the acreage of the inner area. )(CL and )(CSa  are presented as 

follows: 

dxdyyxHyxdxdyyxHCL  
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 The C-V level-set model is based on the hypothesis of image piece-wise smooth functions. 

Therefore, the Heaviside and Dirac functions are introduced to cause the gradient descent flow equation to 

act at all level sets. As a result, the inner areas with hollow targets can be monitored automatically, and the 

energy function can be reduced to a global minimum. The discrete expression is: 
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 The abovementioned formula is then incorporated in equation (2) to yield the following energy 

function:   
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 After each iteration, the aC  and bC values are expressed as: 
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 On the basis of the variation approach, we combine equations (6) and (7) to generate the E-L 

expression of equation (2) as: 
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where k represents the curvature. According to the above analyses and results, the curve evolution status 

for each moment can be identified through numerical methods by only giving the level-set function of the 

initial time. The advantages of C-V models are shown in two aspects. First, targets with undefined 

edge gradient can be detected. Traditional edge detection methods not only lead to segmentation failure 

but also cause edge crack problems. Second, internal contours can also be detected automatically. Some 

problems are also found apart from favorable aspects. For example, the image with intensity inhomogeneity 

cannot be detected. The domain of the image function ),( yxI , which is involved in the PDF equation, 

concerns the entire image data with global features. Consequently, the calculation of data processing in the 

whole domain is considerably heavy. The C-V level-set model uses global features to segment target 

images. Images are segmented into target area aR and background area bR  to obtain the two-phase image 

segmentation. This strategy involves the use of same-level functions to segment two areas. In the natural 

environment, rice insect image acquisition in rice fields is degraded by uneven illumination. The 

corresponding gray-level histogram contains two or more troughs, or the background image gray level 

http://dict.youdao.com/w/edge/
http://dict.youdao.com/w/gradient/
http://dict.youdao.com/w/trough/


Vol.48, No.1 /2016  INMATEH –

70 
 

contains two or more hierarchies. The two-phase image segmentation appears powerless. Therefore, rice 

planthopper images with similarities between targets and background or with intensity inhomogeneity 

cannot be effectively segmented by the C-V level set.   

 Accordingly, this paper considers two aspects to improve the C-V approach; initialization of the level-

set function and priori information added to targets. In the traditional C-V approach, the level-set function is 

represented by a signed distance function generated from closed curves. Curve C  divides the plane into 

internal and external areas. The signed distance function corresponds to dyx ),( , where d represents 

the distance between point ),( yx  and the curves on the plane. Normally, the signed distance function is 

defined as a circular conical surface, and the calculation is relatively complicated. In literature (Wei, 2010), 

the radius of the closed curve C  is set to infinite; therefore, curve C  can be shown as a straight line on the 

plane and divides the plane into the upper area u , 0yy  and lower area d , 0yy  . The initialization 

function 0  is defined as a discontinuous curved surface function expressed as: 
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 Given the improved initialization of level-set functions, this paper employs the closed curve C  in 

dividing the plane into internal and external areas ( in  and out , respectively), where 0  is defined as: 
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 Furthermore, the recalculation of values aC and bC  is required after each iteration. The computational 

process costs a substantial period of time that still cannot guarantee the target image to be the 

segmentation result. Other background areas may also be included, and thus some considerable 

discrepancies between segmentation result and the target are attained in certain features. If rough priori 

information, such as the gray level, is already known, the tough gray level can be directly given to aC and bC

. Thus, the computation during the whole iteration process can be greatly reduced, and the differences in 

the gray level feature between the segmentation result and the target can also be narrowed. This paper 

adopts this algorithm. aC and bC  are known in the whole computation process, thus making the curve 

evolution alternately rely on the image target and background gray-level information.  

 The energy function of the modified C-V level-set segmentation model is as follows: 

           )()( 0 mEECE                                                                     (12) 

where   is the level-set function. Image similarity after segmentation is controlled by the first item 0E  on the 

right-hand side of the equation, which is used as the fidelity term. The specific form is: 
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 In the formula, 0 , ba  .The second item )(mE  is the external energy term that prompts the 

evolution from the evolving curves to the target boundary. It is defined as follows:  

           )()()(  ggm vALE                                                         (14) 

 In the formula, 0, v is the weight coefficient of each item. The definitions of )(gL and )(gA are: 
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where g  is the edge indication function. The external energy term is added to obtain a more accurate 

contour of the segmentation target. The rough contour can be obtained through the effect of 0E . For further 

refinement of the contour, we relied on the )(mE  item. Using the variation principle to achieve the 

minimum total energy equation (12), the E-L equation of the level-set function   can be derived as: 
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RESULTS 

 The first strategy used determines a precise localization of the pest-infested area to adapt to the 

natural conditions in open rice fields. Otsu is an adaptive threshold determination method that is also called 

the maximum variance method. The basic concept of Otsu involves the use of a gray-level histogram to 

dynamically determine the image segmentation threshold based on the maximum variance between the 

target and the background. This method divides the image into the background and the target depending 

on the gray-level feature. The larger variance between the background and the target implies greater 

differences between the two parts of the image. Furthermore, the differences become smaller when part of 

the target is erroneously divided as the background or when part of the background is erroneously divided 

as the target. Using the Otsu method to apply image binarization to Figure 3 and eliminate small isolated 

areas through morphological operation, we obtain the rice planthopper binary image shown in Figure 4.  

The corresponding edge contour can be used as the initial contour of the level set. 
 

 

 

  

Fig.3 - Sample image of rice planthoppers Fig.4 - Initial contour of the level set 

 

 In the experiment, the weight coefficient a , b ,  , and v  are all set to 1, time step t  is set to 0.5, 

the function parameter   of H is set to 1.5, in and out are set to 2 and −2, respectively. Through the 

analysis of a large number of plant diseases and insect pest images, aC  can be set to 55 and bC  can be 

set to 110. The segmentation results achieved by the traditional C-V and modified level sets are separately 

illustrated in Figures 5 and 6. The final images of the rice planthopper obtained by eliminating small isolated 

areas through the morphological operation of Figures 5(a) and 6(a) are shown as Figures 5(b) and 6(b). 

The intensity of non-homogeneity of the acquisition background (intensity inhomogeneity is mainly caused 

by curtain textures) caused the images with similarity between targets and background to be ineffectively 

segmented by the traditional level-set approach (Figure 5(b); the background region is divided into plant 

diseases and insect pest region). The algorithm proposed in this paper uses priori information to set up aC

and bC  of the target and the background and obtains better segmentation results than the traditional one. 

Figures 5(b) and 6(b) indicates that the algorithm also generates better performance in highlighting details. 
 

 

  
Fig.5- Segmentation result attained by the traditional C-V 

 

  
Fig.6 - Segmentation result attained by the proposed C-V 

http://dict.youdao.com/w/binary/
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 To obtain good detailed segmentation, the feet and tentacles of the rice planthoppers must be 
enhanced before applying the contour evolution of the level set. The feet and tentacles of the rice 
planthoppers are not well segmented in the processing of insect pest image I  (Figure 6(b)). In this paper, a 
steerable filter (Freeman and Adelson, 1991), which is a kind of directional gradient operator, is used to 
enhance the image. Through the linear combination of a group of basis filters, the filter achieves the 
response to any direction. The second derivative of a two-dimensional Gaussian function is used as the 
basis filter. The related expression is as follows: 
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 The corresponding second derivative is expressed by the following basis filter: 
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where  decides the scale of filters, and   is the input direction. The decomposition angle  of steerable 

filters can be set arbitrarily. For texture images, the angle at which the maximum variance of decomposition 

coefficient appears can be ascertained by increasing the decomposition angle from 0° to 180° by certain 

degrees. The result denotes that the texture images attain the most obvious gradient variation at such an 

angle. In the experiment, the direction angle is sampled as NNN /)1(,,/,0    to obtain many different 

directional filters. The value of parameter N is 18. We assume that plant disease and insect pest image H

can be obtained after filtering image I  to yield the following expression:  

           ),min()( IHIN                                                                 (22) 

 The equation means that with the minimum pixel number of images I and H , )(IN  attains the 

evolution segmentation of a level set by replacing I . The results before and after filtering by steerable 

filters are displayed in Figure 7. The feet and tentacles of the rice planthoppers are enhanced with stronger 

contrast effects and more outstanding edges in Figure 7(b). The level-set segmentation result achieved 

using the approach proposed in this paper is illustrated in Figure 8. By comparing Figures 6(b) and 8(b), we 

note that the feet and tentacles of the rice planthoppers achieved better segmentation after direction 

filtering.  

  

Fig.7 - Results before and after filtering by steerable filters 
 

  

Fig.8 - Segment results of the proposed C-V after filtering by steerable filters 
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 The comparison of the minimum iterative step and the iterative operation time is presented in Table 

1. The hardware environment of this contrast experiment is a computer with a CPU Intel Core2 E7500+2.93 

GHz and 1.96 GB memory. As shown in Table 1, the proposed method also exhibited significantly improved 

efficiency relative to the traditional C-V method. 
 

 

Table 1 

Comparison of different methods 

 
Traditional 

method 
Proposed 
method 

Least number of 
iterations 

263 4 

Iteration time (ms) 807 312 
 

CONCLUSIONS 

 The use of computer vision to recognize crop diseases has become a new development direction 

in precision agriculture. However, many disease and insect pest image segmentation algorithms are 

presently implemented in the laboratory environment. Under field conditions, the collected images of 

agricultural plant diseases and insect pests are more easily affected by noise, and thus a large number of 

false segmentations may occur. This paper discusses the improvement of image segmentation using the 

C-V level-set model from two aspects, namely, the initialization function and the target priori information. 

The study also reports an enhanced solution for the rice planthopper segmentation problem under open-

field conditions. Using the proposed method, we further improved the segmentation results relative to 

those achieved by the traditional C-V level-set approach. This research also lays the foundation for 

succeeding feature extractions and identification. Rice planthoppers are a highly recognized natural 

disaster that considerably endangers rice production. Hence, multiple feature fusion of classification  

methods should be considered in future research to realize the remote real-time identification of the pest. 
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ABSTRACT 

 Waterlogging is a common agricultural disaster with complicated causes when agricultural 

environment changes, one of which is evaporation. Identifying waterlogging disasters requires evaporation 

data with continuous space–time distribution. Traditional spatial interpolation methods are based on the 

correlation between the interpolating point and observation station. By contrast, the present study develops 

a new method by conducting the following work: First, ground evaporation and air temperature are 

considered to be a field coupled with the atmospheric flow field, which is calculated through the spectral 

method. A new spatial interpolation method is proposed based on spherical harmonics and with the 

incorporation of temperature parameters into the calculation model. Second, the internal and external errors 

of the interpolation results are calculated under multiple temperature conditions, and precision evaluation 

and robustness analysis are conducted on the interpolation results of the daily evaporation capacity. Lastly, 

a comparative analysis is conducted on the calculation results of the monthly evaporation capacity and 

MOD16 data under multiple temperature conditions. This study provides selection methods and judging 

conditions for temperature parameters and also discusses the occurrence of the temperature accumulative 

effect in the interpolation of the monthly evaporation capacity. This study also explains the contracting 

phenomenon of the residual distribution and model precision, as well as the temperature accumulation 

phenomenon, in the interpolation of the monthly evaporation capacity. The experimental results show that 

the method proposed in this study is a feasible and effective spatial interpolation method for evaporation 

capacity and can provide scientific basis for the farming and water management. 

 

摘要 

 农田环境变化时，涝渍灾害是常见的成因复杂的农业灾害, 蒸发是重要的致灾因素. 渍害的识别需要

时空连续分布的蒸发量数据,传统的空间插值方法依据插值点与观测站之间的相关性, 本文寻求新思路并进行

了以下工作: 首先, 从大气运动场解算的谱方法, 将地面蒸发和大气温度看做一个耦合场, 提出一种基于球

谐函数的空间插值新方法, 同时将温度参数纳入解算模型. 再者, 计算多种温度条件下插值结果的内外符合

精度, 对日蒸发量插值结果进行精度评价和稳健性分析. 最后, 对多种温度条件下的月蒸发量计算结果和

MOD16 数据进行对比分析, 给出了温度参数选择方法判定条件, 同时提出了月蒸发量插值计算中的温度累积

效应. 同时解释了残差分布与模型精度的相悖现象和月蒸发量插值中的温度累积现象. 实验结果表明本文研

究方法是一种可行且有效蒸发量空间插值算法, 可为农业水管理提供科学依据。 

 
INTRODUCTION 

 Many studies focus on agriculture environment, where the long-term saturation state of soil moisture 

in the crop root system restricts crop growth and reduces crop productivity (Qian and Wang, 2015). Field 

evaporation is a key link in the water circulation process and a significant component of water circulation. 

Along with rainfall and runoff, it determines the hydrologic balance in a region and directly influences 

farmland environment. Under certain topographic and rainfall conditions, a continuously low evaporation 

capacity results in long-term soil water saturation. This then leads to waterlogging disasters and causes 

crop failure, while a continuously high evaporation would result in droughts as well as crop failure. Hence, 

changing the process and features of evaporation capacity is the main basis for field water applications and 

management, and research on evaporation capacity is of great importance to agricultural production (Su 

and Feng, 2015). 

 At present, many methods to calculate evaporation capacity are available. The most direct method is 

the instrument measurement method, which involves the use of an evaporation pan and land evaporator to 
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directly measure the evaporation capacity. In the case of insufficient or lack of measured data, the indirect 

method can also be used to estimate the evaporation capacity. The methods with the broadest application 

are the Penman–Monteith (P-M) formula, which is the only standard for calculating ET0 suggested by Food 

and Agriculture Organization of the United Nations (FAO), and the Hargreaves (H-S)  formula, which can 

calculate the daily ET0; the former requires seven meteorological factors, and the latter needs four 

meteorological factors. Moreover, remote sensing technology, together with meteorological data, under a 

certain assumption, may employ the water-vapour balance equation, geostatistics theory, or all kinds of 

regression methods to conduct spatial interpolation and thereby estimate the evaporation capacity within a 

large scale (Hassan, 2012). The aforementioned methods have their own advantages and limitations. 

When empirical methods, such as the P-M formula, are used, the physical conditions of various regions 

must necessarily be considered. Hence, such methods are quite difficult to apply when the evaporation 

capacity has a large variation. When remote sensing inversion or the water-vapour balance equation is 

used to estimate the evaporation capacity, the model needs multiple parameters with a complicated model 

structure. The development of remote sensing and GIS technology can realize the acquisition of large-scale 

evaporation capacity data; however, such acquisition remains very difficult to realize given continuously 

changing large-scale evaporation capacity data and the restrictions imposed by ground data and 

meteorological conditions (Raghuveer et al., 2011; Paul et al., 2012). 

 
Fig.1 - Distribution diagram of the inversion results for the waterlogging field 

 

 Waterlogging control, drought resistance, and disaster reduction have always been important in the 

field of agricultural production research. Fig.1 shows the inversion results of using evaporation data with 

continuous space–time distribution and other multi-source data on waterlogging fields in Anhui Province 

(Jin et al, 2014). Many spatial interpolation methods exist, such as the Thiessen polygon, spline function 

method, inverse distance weighted (IWD), Kriging, spatial interpolation model of artificial neural network 

(BPNNSI), and so on. The relevant assumptions of the aforementioned methods are based on the spatial 

distribution and location of evaporation capacity, which is then solved by the methods by considering the 

other factors that influence it (Cha, 2011). The results obtained are limited to some data of observation 

stations near the interpolation point with obvious uncertainty. The present study proposes a spatial 

interpolation method based on the spherical function, which considers evaporation capacity as a field 

covering the whole interpolation area, and the using spectral method to solve the overall parameters. It also 

integrates temperature data to further reduce the uncertainty of the calculation results (Tian, 2012). Anhui is 

located in a transitional area of warm temperature zone with an average annual temperature of 14–16 °C 

and a temperature difference of 2 °C between the south and north. 

 
MATERIAL AND METHOD 

Data source  

 The temperature dataset “China daily surface air temperature value 0.5°×0.5°grid point dataset 

(V2.0)” was downloaded from the Chinese meteorological data shared service network, and the basic 

meteorological element data from 2,472 open sea stations (i.e., excluding Xisha and Coral Island) and from 

the latest national-level surface meteorological stations reorganized on the basis of special database. The 

evaporation capacity data were derived from two sources. The first source was the daily evaporation 

capacity data from 26 meteorological stations in Anhui Province downloaded from the Anhui drought 
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severity information network. The second dataset, the MOD16 data (transpiration product) provided by 

MODIS with a spatial resolution of 1 km for a period of months, could be directly downloaded from the 

website provided by MODIS. The MOD16 data from May to August of 2013 were selected for the 

experiment in this study. 

Data preprocessing 

 The downloaded temperature data consisted of ASCII coded documents, which could directly be 

read. The transformation of the format and spatial data had to be conducted, and the internal grid data files 

(*.img) supported by the ARCGIS platform were generated. The MOD16 data were also subjected to file 

format transformation, reprojection, and splicing, and clipping work, depending on the ARCGIS platform. 

The spatial datum was introduced for the convenience of analysis in this study. The spatial datum involved 

in this paper consisted of GCS_WGS_1984. 

Spatial interpolation method based on spherical harmonic function 

 The research on evaporation began with bare land evaporation, using the empirical and mechanism 

method. The development of this line of research showed, that the evapotranspiration problem of crops was 

closely related to bare land evaporation. Researchers introduced the energy balance method and water 

vapour diffusion theory to the research on evapotranspiration. The evapotranspiration quantity of crops is 

considered to indicate the process of energy consumption; the water yield consumed by crop 

evapotranspiration is calculated through energy balance (Li et al., 2013; Yang, 2011). 

 Based on the aforementioned analysis, various corresponding transpiration formulas are available for 

different phases of crop evapotranspiration. Under normal conditions, the calculation of evaporation on bare 

soil uses the formula similar to that of crops:  

                                    
1 2( )E k e e                                                                             (1) 

where E is the crop evapotranspiration quantity, [mm]; k is a constant, [mm/hPa]; e1 is the saturation vapour 

pressure and e2 is the actual vapour pressure, [hPa]. 

Based on the Magnus formula (2), e1 is a function of temperature: 

                               

7.45

273.16
1 6.1 10

t

te                                                        (2) 

where t is the daily average temperature in 
o
C. Within the variation range of the meteorological 

temperature, the Magnus formula can be replaced by a straight line, and Equation (2) is transformed into 

                                     
1e Ct D                                                                      (3) 

where C is a constant, [hPa/K] and D is a constant, [hPa].  

 In Equation (1), the variation of the absolute value of 
2e  is smaller than that of 

1e , and its absolute 

value can be expressed with a constant. The above equation is substituted into (1), and the following can 

be obtained: 

                                     E mt n                                                                       (4) 

where m is a constant, [mm/K] and n is a constant, [mm]. 

 As shown above, the direct factors that influence the calculation of transpiration involve air pressure 

and temperature, so that atmospheric factors, such as temperature, should be considered in the spatial 

expansion of the transpiration data. The models used to predict evapotranspiration are divided into two 

types: The first involves direct calculation, such as the air humidity method, temperature wind speed 

method, and others; the second involves the determination of the total evapotranspiration quantity and crop 

factors of the reference crop, such as the P-M formula, complementary correlation theory, SPAC theory, 

evapotranspiration method for the reference crop, remote sensing method, and so on (Lagos et al., 2013; 

Seitz, 2008). This study considers evaporation to consist of a field covering the surface of the earth and 

uses the spherical function model to solve the parameters of this field to realize the expansion of the 

evaporation data from a single observation station to continuous coverage. 

 The spherical function has been widely applied to the resolution of field equations, such as earth 

physics and atmospheric motion, among others. Compared with the classical grid method, the spectral 

method of the spherical function features high precision, good stability, and simple resolution (Tolk, 2015; 

Seitz, 2008). The spherical function is adopted in this study to establish the basic model. By considering the 

relationship between evaporation and temperature, spatial distribution models (with or without consideration 

of temperature) are established, and the resolution results are then analyzed. 
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 When the influence of temperature is not considered, the evaporation calculation model can be 

called a purely spherical function model and is expanded into the following form: 

            
max

0 0

( , ) (sin )( cos( ) sin( ))
n n

nm nm nm

n m

ET s P a ms b ms 
 

                                (5) 

where ( , )ET s  is the evapotranspiration in the observation station, [mm]; 
maxn  is the order of the spherical 

harmonic function; ( , )nm nmP n m P   is the normalized Legendre polynomial;   is the normalized function; 

nmP  is the normalized Legendre function; ( , )s  is the geographic latitude and longitude of the observation 

station; and 
nma  and 

nmb  are the coefficients to be resolved. 

                              2 1 ( )!
( , ) 2
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n n m
n m
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  

 
                                                  (6) 

 In the equation, 
nm  is the Kronecker function. 

 Considering the influence of temperature factors on evapotranspiration and the relationship 

expressed in Equation (4), the influence of temperature is integrated into Equation (5), and it can be called 

the expandable spherical function model, as shown in the following equation: 

           
max

0 0

( , ) (sin )( cos( ) sin( ))
n n

nm nm nm

n m

ET s P a ms b ms T  
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                          (7) 

 where T  is the temperature of the observation station, [K]; and   is the coefficient to be resolved, 

[mm/K]. The other symbols are also found in Equation (5). 

Model resolution 

The specific flow of the model resolution flow is shown in Fig.2. 
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the Observation Station

Temperature of the 

Observation Station

Evaporation Capacity of 

the Observation Station

Model Parameters

Dispersive Interpolation 

Region

Evaporation Capacities of the 

Dispersion Points 

the Dispersive Points

 
Fig.2 - Flow chart of the model resolution 

 

 The specific steps of the model resolution are as follows: First, the spatial analysis function of 

ARCGIS software is used to extract the temperature data. Second, the parameters in Equation (5) and (7) 

are re-resolved with the combination of the longitude and latitude and the measured value of evaporation. 

One group of parameters corresponds to one day. A total of nine coefficients are used when the 

temperature is not considered, and ten when the temperature is considered. The administrative region in 

An’hui Province is then dispersed, and the longitudinal and latitudinal coordinates and temperature values 

at the dispersed point are obtained. The evaporation capacity at this point is determined according to the 

parameters. 

 

RESULTS 

Model precision analysis 

 To evaluate the effectiveness of this model, the data from 23 observation stations, which are evenly 

distributed among the 26 observation stations in Anhui Province, are adopted to conduct mathematical 

modelling and calculation. The other three are used to conduct externally coincident inspections and to 

measure the precision of the model. Considering five day’s worth of data from August 25 to 29, 2013, the 

compensating computation of the two models is established. The statistical information of the residual 

absolute error value is shown in Table 1, which compares the externally coincident precision of the inverse 

distance weighting (IDW) and Kriging methods under the same resolution conditions. 
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 The internal error is the precision obtained through the compensating computation under optimal 

estimation is also called the mean square error ̂  of the unit weight: 

                          ˆ
( )

T

s s

V PV
n t

 


                                                                             (8) 

 Where V  is the residual error of the evaporation capacity in the observation station involved in the 

adjustment calculation, 
sn  is the number of observed values and is set as 23, and 

st  is the observed 

quantity and is set as 10. The externally coincident precision is obtained by calculating the data in the 

observation station of the externally coincident inspection. The calculation formula is as follows:  
3
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                                                         (9) 

Where ˆ
EAA  is the externally coincident precision; 

assET  is the estimated model value of the 

evaporation capacity in the observation station; and 
realET  is the known observed value in the observation 

station. 

Table 1 
Statistical table of the absolute values of the residual error and precision indexes (unit: mm) 

Spherical 
Function 

Time 1v   1 1.5v   1.5 2v   2v   ̂  ˆ
EAA  OM ˆ

EAA  

Temperature 
Not 

Considered 
(SHTNC) 

1
st
 day 82.6% 13.0% 4.4% 0.0 0.92 1.45 

IDW 

1.82 

2
nd

 day 78.3% 21.7% 0% 0.0 0.99 0.90 1.79 

3
rd

 day 87.0% 4.4% 4.4% 4.2% 1.01 0.48 1.81 

4
th

 day 87.0% 13.0% 0% 0.0 0.83 0.53 1.73 

5
th

 day 82.6% 8.7% 8.7% 0.0 0.97 0.94 1.77 

Temperature 
Considered 

(SHTC) 

1
st
 day 95.6% 0% 4.4% 0.0 0.94 1.43 

Kri 
ging 

1.85 

2
nd

 day 73.9% 26.1% 0% 0.0 1.03 1.07 1.72 

3
rd

 day 91.3% 0% 4.4% 4.3% 1.04 0.77 1.79 

4
th

 day 91.3% 8.7% 0% 0.0 0.88 0.49 1.63 

5
th

 day 82.6% 8.7% 8.7% 0.0 1.04 0.96 1.75 

Note: v : the absolute value of the residual error; OM: other method; Kriging: the Kriging model for spatial interpolation 

 

 The v  represents the absolute value of the residual error after the compensating computation of the 

model. Table 1 shows the statistics of the percentage of the absolute values of the residual error and the 

number of those involved in the calculation of the model. Based on Table 1, most of the absolute values of 

the residual error are superior to 1 mm; those over 90% are less than 1.5 mm; and those consisting of only 

several data points are greater than 1.5 mm. Generally speaking, both the two models can satisfy the 

requirements of the spatial interpolation of the evaporation capacity. Regardless of the adjustment and 

residual error of the model, or the internal and external errors, the numerical values are quite close to one 

another. The data from columns 8 and 10 in Table 1 are also compared. The external coincident precisions 

of the two models adopted in this paper are superior to the corresponding values of the IDW and Kriging 

methods. 

 Careful analysis shows that an inconsistency exists between the distribution laws of the residual error 

and the precision of the two models. As shown in Table 1, among the continuous five-day interpolation 

results, with the exclusion of the two-day results, the results from the other four days do not conform with 

the law that a good residual error distribution corresponds to good model precision. The residual errors with 

absolute values of less than 1 mm correspond to the spatial interpolation model that considers the 

temperature and appear more frequently. The model precision indexes are low, and the highest proportion 

of the residual errors with absolute values of less than 1 mm of the model that considers the temperature is 

95.6%. By contrast, the corresponding value of the model that does not consider temperature is 82.6%. 

Thus, the difference between the values of the two is 13.0%. For the internal error, the former is 0.94, and 

the latter is 0.92. For the external error, the former is 1.43, and the latter is 1.45. What is worth mentioning 

is that the residual error distribution corresponds to two interpolation models that are consistent, while the 

precision index of the model that considers temperature is slightly lower. 
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 Model precision and reliability are two significant indexes for evaluating the interpolation model. 

Aside from being influenced by their own functional precision, the resulting interpolation precision is also 

influenced by the precision of the adopted parameters. Generally speaking, the more parameters the model 

involves, the lower the interpolation results precision are. However, adopting reasonable parameters can 

enhance model reliability. Temperature parameters are introduced to the spatial interpolation model that 

considers temperature. Although this slightly lowers the model precision, it optimizes the distribution laws of 

the residual error, thereby improving model reliability. In terms of the interpolation results of the daily 

evaporation capacity, the influence of temperature cannot be highlighted because of the small daily 

evaporation capacity. 

Analysis of the precision of the monthly evaporation data and selection of temperature data  

 The spherical model is used to conduct the spatial interpolation of the daily evaporation capacity from 

May to August, 2013. The monthly evaporation capacity is then calculated. When the expanded model is 

used to conduct spatial interpolation, three kinds of temperature data are selected: the daily average 

temperature, daily maximum temperature, and mininum temperature. By contrast, when the temperature is 

not considered in the calculation, four kinds of interpolation results can be obtained. 

 
Fig.3 - Comparative diagram of the average temperature interpolation results and MOD16 

 

 For 50 randomly generated inspection points, four kinds of interpolation data corresponding to the 

inspection points are extracted. With the MOD16 data corresponding to the inspection points as the truth 

value of the evaporation capacity, 37 inspection points data are reserved after the abnormal points on the 

water surface and urban and town areas are excluded; the variances are calculated and listed in Table 2. A 

correspondence diagram between the monthly evaporation capacity and MOD16 data, which are obtained 

by adopting the daily average temperature interpolation, is shown in Fig.3. A comparative diagram between 

the expanded model and purely spherical function model under the four situations is shown in Fig. 4. 

 As shown in Fig. 3, the comparison of the monthly evaporation capacities is resolved by expanding 

the model, which adopts the daily average temperature and MOD16 data. The red line represents the 

interpolation results, and the blue line represents the MOD16 data. The variation tendencies of the two are 

consistent, and the interpolation results only jitter up and down the MOD16 data. The maximum error is less 

than twice the variance. Fig. 4 compares the monthly evaporation capacities of the spherical function 

models under the four situations. The graph entities for May and July are consistent, but some inspection 

points exhibit large deviation in June. A large fluctuation with opposite change tendencies occurs in August 

(Bezborodov et al. 2010, M.P. Gonzalez et al. 2009). Combining the variance data of the evaporation 

capacities at the inspection points in Table 2, the interpolation data variance in the expanded model, which 
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uses the daily average temperature, remains stable and small. By contrast, the variances in the 

interpolation data in other forms are not stable enough. Thus, adopting the daily average temperature as 

the parameter of the interpolation model can result in relatively ideal interpolation results. 

Table 2 

Statistical table of the variance in the monthly evaporation data (unit: mm) 

Month DMaxT DAvgT DMinT TE EMaxError  MOD16 

5 6.10 5.98 6.37 6.91 -12.30 93.8 

6 4.94 5.05 5.25 7.72 12.25 72.5 

7 5.01 5.18 5.47 5.98 -11.72 127.3 

8 6.64 5.74 7.51 9.16 14.44 115.0 

Note: D: daily; A: average; T: temperature ; TE: temperature excluded; EMaxError :evaporation max error 

 

 Given the major hopping position in Fig.4, it is necessary to analyze the characteristics of the 

temperature data at the test point to study whether the model is practicable for the temperature data. The 

variance of the model, which takes the average temperature in Table 2 as parameter, is considered to be 

the threshold value. The inspection point with an error smaller than the threshold value follows a consistent 

trend, and the inspection point with an error larger than the threshold value is deviation positions. And then 

the calculation of the statistics of the consistent and deviant positions of the trend corresponding to each 

month is needed. 

 
Fig.4 - Comparative diagram of the interpolation results under the four situations 

 

 The average maximum temperature, average temperature, average minimum temperature, 

difference between the average maximum and average minimum temperatures, difference between the 

average maximum and average temperatures, maximum temperature difference at consistency, and 

minimum temperature difference at deviation are listed in Table 3. 

Table 3 

Statistical table of the temperature data characteristics at the inspection points (unit: °C) 

M MAMaxT AMT MAMinT MaxTD MaxATD MaxTDC MinTDD 

5 26.71 21.59 17.21 9.50 5.12 4.98 6.47 

6 28.45 24.27 20.98 7.47 4.18 3.12 8.58 

7 33.99 32.73 30.12 3.87 1.26 4.10 6.23 

8 34.29 31.65 25.41 8.88 2.64 3.69 8.98 

Note: M: month; A: average; T: temperature; D: difference; DC: difference at consistency; DD: difference at deviation 
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 The data volume matrix in Table 3 is established, and its correlation coefficient matrix is solved. The 

correlation between columns 7 and 8 in Table 3 with the proceeding columns is observed, and the 

maximum correlation coefficient is 0.42. Hence, the model interpolation effect does not have any significant 

linear correlation with the overall variation range of the temperature data or with the temperature. The 

correlation coefficient between columns 7 and 8 is -0.76, which is a significantly negative correlation. 

Hence, the data in columns 7 and 8 in Table 3 are combined and taken as the indexes of the model's 

resistance capability to temperature variations; that is, the interpolation effect is good when the temperature 

variation is within 3.12 °C, but is poor when the temperature variation is above 6.23°C. 

 The monthly evaporation interpolation is calculated by transforming the multiple temperature 

parameters. Through the comparative analysis of the interpolation results and the continuous space–time 

distribution features of the MOD16 data, the adoption of the daily average temperature can obtain the 

optimal solution of the model. The variance in the optimal value is taken as the threshold value to classify 

the interpolation results. The maximum temperature difference at consistency (TDC) and minimum 

temperature difference at deviation (TDD) can also be obtained. These two are correlated with the 

interpolation results and can serve as the indexes to evaluate the temperature difference resistance 

capacity and the applicability of the model. 

Accumulation effect of the daily evaporation capacity with consideration of the temperature 

 The expanded spherical function model, which considers the temperature, produces the 

accumulation effect of the daily evaporation capacity (Jiménez-Bello et al. 2011). The comparation and 

analysis of the MOD16 data in August with the accumulation effect had been made. As shown in Fig.5, A 

represents the accumulated monthly value of the spatial interpolation of the daily evaporation without 

consideration of the temperature, B represents the value with consideration of the temperature, and C 

represents the MOD16 data.  

 
Fig.5 - Monthly cumulative comparison of the spatial interpolation of the evaporation capacity 

 

 The overall evaporation data in Fig. 5A are low. Meanwhile, the evaporation distribution in Fig. 5B 
more closely approaches the data in Fig. 5C than those in Fig. 5A, the evaporation data to the east and 
west of Anhui Province are higher than those in the corresponding areas in Fig. 5A, which embody the 
accumulation effect of the spherical function model that considers the temperature. Based on the statistical 
data of the monthly evaporation capacity during the 4-month spatial expansion in 37 inspection points 
examined in this study, the temperature accumulation effect may indicate that the sum of the monthly 
evaporation capacities in the inspection points obtained by the model resolution corresponds to each 
temperature parameter minus those obtained by the model resolution that does not consider temperature. 
The difference values are listed in Table 4; column 1 represents the month, columns 2 to 4 represent the 
difference values of the evaporation capacity, column 5 represents the sum of the evaporation capacities of 
the inspection points of the model that does not consider temperature, and column 6 represents the 
MOD16 data. 

Table 4 

Statistical table of the difference values of the monthly evaporation capacity and relevant data (unit: mm) 

M maxT AvgT minT TE MOD16 

5 5.48 4.32 0.09 2338.568 2346.4 

6 22.60 19.48 19.30 2550.447 2591.9 

7 35.25 18.49 16.27 4292.903 4263.4 

8 9.23 49.67 77.67 3976.740 3998.2 

Note: M: month; Avg: average; T: temperature; E: excluded 
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 Based on Table 4, the sum of the monthly evaporation capacities in all the months under all the 

temperature parameters are greater than the sum of the monthly evaporation capacities resolved by the 

model that does not consider temperature.  

 This indicates that the model that considers temperature has a temperature accumulation effect. The 

difference value matrix of the evaporation capacities from columns 2 to 4 in Table 4 and the temperature 

data matrix from columns 2 to 4 in Table 3 are established.  

 The correlation coefficient between the two matrices is 0.251, which indicates that the linear 

correlation between the temperature accumulation effect and temperature is not obvious.  

 The correlation coefficient between columns 5 and 6 in Table 4 is 0.997, which indicates that the 

resolution of the function model has a significant correlation with the MOD16 data. 

 The temperature accumulation effect exists in the interpolation of monthly evaporation data. 

However, it is restricted by the spatial density of temperature, observed evaporation value, and data 

precision. Moreover, given the complicated relationship between temperature and evaporation capacity, 

this study does only little to reveal the temperature accumulation phenomenon, which should be the focus 

in future studies.  
 
 

 

CONCLUSIONS 

 To satisfy the requirements of the agricultural environment study for continuous space–time 

distribution, the calculation of the evaporation spatial interpolation should not be limited to traditional 

methods, and relevant multi-source information must necessarily be integrated.  

 This study proposes a new method for the spatial interpolation of the evaporation capacity. It then 

uses actual measured data in Anhui Province and national temperature field distribution to verify the 

proposed method and at the same time analyses the influence of the temperature field on the interpolation 

results.  

 The following conclusions can be drawn from the study: 

 Error analysis indicates that this method has high precision and is superior to the pure IDW and 

KRIGING methods. The introduction of temperature parameters results in inconsistencies between 

the distribution law of the residual error of the interpolation results and the internal and external 

errors. This occurs because, after the temperature parameters are introduced to the spatial 

interpolation model, the errors of the temperature parameters are propagated and affect the model 

precision. However, the interpolation results lead to a more optimal distribution, thereby enhancing 

the reliability of the model; 

 Based on the analysis, the TDC and TDD are correlated with the interpolation results. They can 

serve as indexes for the model temperature difference resistance ability and evaluation of the model 

applicability. Taking the MOD16 monthly evaporation capacity with continuous space–time 

distribution features as the control, this paper analyses the monthly evaporation interpolation results 

under multiple temperature values and adopts the daily average temperature to conduct model 

resolution and obtain the optimal solution; 

 In the calculation of the spatial expansion of the monthly evaporation capacity, the model that 

considers temperature exhibits the temperature accumulation effect phenomenon, and it has a more 

complicated relationship with the daily evaporation data. 

 This study satisfies the required evaporation data for agricultural environment and provides a 

reference and basis for the calculation of field evaporation data and analysis of the relationship between 

temperature and field evaporation. This promotes farmland water management and utilization, as well as 

relevant progress in agricultural production. However, evaporation, which is a complicated natural 

phenomenon, has a complex relationship with factors, such as altitude, wind speed, and temperature. 

Further analysis must be conducted on the influence of all these factors on the method proposed in this 

study.  
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ABSTRACT 

 This study aims to explore the effects of different irrigation quotas on the root-zone soil water and 

heat dynamics, water-use efficiency, and yield of cold-region beans in protected agriculture at different 

growing stages. To identify the optimal water-saving irrigation scheme, field plot experiments were 

conducted at Heilongjiang Hydraulic Science and Technology Experimental Research Center No. 1 

Greenhouse from 2014 to 2015 in Harbin, north China. An orthogonal experimental design was used for the 

experiments. The growing period of beans comprised four stages, and three irrigation quota levels (6, 12, 

and 24 mm) were set for each growing period. The greenhouse drip irrigation experiment results showed 

that variations in soil water suction (SWS) were negatively correlated with irrigation level. SWS varied more 

substantially with less irrigation but revealed a smaller change at a higher level of irrigation. When the 

temperature changed at the same gradient, the changing rate of soil potential was larger during the 

temperature-rise period than that at the cooling stage. The change in soil potential slowed when the 

temperature decreased. In cold regions, greenhouse beans could bear moderate water deficits during 

harvest time, and the optimal schemes for water-saving irrigation were as follows: 12 mm for planting, 12 

mm for flowering, 24 mm for fruiting, and 6 mm for harvesting. Our research findings on the root-zone SWS 

dynamics of beans and the optimal water-saving irrigation scheme would serve as a reference for the 

precise and highly efficient irrigation of an automatic irrigation system for greenhouse crops. 

 

摘要 

 为了探明滴灌条件下，寒地设施农业豆角不同生育期不同灌水定额对豆角根区土壤水热变化规律和豆

角水分利用效率、产量的影响，并筛选出最佳的节水灌溉模式。于 2014－2015 年在中国北方哈尔滨市的黑

龙江省水利科技试验研究中心 1 号日光温室中进行小区试验，采用正交试验设计，将豆角生育期划分为 4 个

阶段, 每个生育期灌水定额设 3 个水平，分别为 6 mm、12 mm、24 mm，温室滴灌试验研究结果表明：土壤

水吸力变化幅度与灌水量水平呈负相关，灌水量越少土壤水吸力变化幅度越大，灌水量越大土壤水吸力变化

幅度越小。在相同的温度变化梯度下，土壤水势变化的速率在升温过程中比降温过程中要快，并且土壤水势

变化的速率随着温度的降低而变缓。寒地温室秋豆角在采收期可适度亏水，最佳的节水灌溉模式为灌水定额

定植期 12 mm，开花期 12 mm，结荚期 24 mm，采收期 6 mm。豆角根区土壤水吸力变化过程的研究结果

及优选的节水灌溉模式将为温室作物自动控制灌溉系统进行精准及节水灌溉提供灌溉指标参考依据。 

 

 
INTRODUCTION 

 Greenhouse vegetables in protected agriculture are becoming increasingly prevalent in north China. 

Given the large water demand of vegetables, frequent irrigation is needed during the cultivation process. It 

will cause high interior temperature and humidity, which differ from the natural moisture and heat 

environment of the land. Water shortage is already a global issue. Therefore, water-saving irrigation 

schemes have great implications for the conservation and efficient use of water resources (Maraseni et al., 

2012). Studies have already been made on deficit irrigation for greenhouse crops (Kuşçu et al., 2014; Lima 

et al., 2015). This sets high expectations on the water management of greenhouse vegetation cultivations.  

 Suitable soil water and heat conditions are important for the favourable growth of crops (Moraru et 

al., 2012). The moisture and thermal condition for crop growth can be improved with no doubt by using drip 

irrigation in a greenhouse environment. The proper monitoring and control of indoor soil water and heat 

conditions have also become important approaches for promoting good quality and high yielding crops. 
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However, soil water and heat affect each other in a sophisticated manner. The literature shows that 

demonstrated the impact of temperature on soil moisture for the first time by using quantitative methods, 

and temperature distribution was related to soil water movement. This result was further validated in detail 

by other researchers (Baoping et al., 2002). Their studies showed that several days are needed to achieve 

a constant value of soil water content after its evolution resulting from the change in soil temperature 

gradient. The main factors that affected soil moisture gradient included the initial soil water content, bulk 

density, temperature gradient, and mean temperature. Furthermore, a large number of studies indicated 

that water moves from the high-temperature end to the low-temperature end whether in unsaturated or 

saturated soil (Sanjit et al., 2011). By contrast, water movement would cause temperature changes, which 

in turn affect moisture movement. Soil water and heat movement was mainly analyzed in studies on soil 

freezing and thawing (Yuanming et al., 2014; Jiazuo and Dongqing, 2012), whereas the moisture–heat 

relationship under greenhouse conditions was rarely investigated. 

 So far, a number of studies have been conducted on the water consumption and water-use efficiency 

(WUE) of field crops, particularly for corn (Ahmadi et al., 2015; Qianqian et al., 2011), cotton ( Minxian et 

al., 2011; Pettigrew, 2004), and wheat (Fan et al., 2005; Qinglin et al., 2012). These works revealed that the 

characteristics of water consumption for field crops were different during different growing stages. By 

properly reducing irrigation during a certain growing stage, water could be saved while maintaining yield 

(Patel et al., 2013). However, only a few studies analyzed water consumption, WUE, and irrigation 

parameters for greenhouse vegetables (Al-omrana et al., 2005). Furthermore, such studies focused only on 

tomatoes, cucumbers, etc., and not on beans (Dejie et al., 2011; Guobao et al., 2012). Snap bean is a well-

known, good-quality local vegetable in north China and is an important export product (Guofu et al., 2010). 

Snap bean has high protein content (up to 20% of its dry mass) and contains 18 types of amino acids, 

particularly lysine. Given the increasing demand for snap beans, greenhouse cultivation is experiencing 

widespread use. 

 In recent years, state-of-the-art irrigation techniques and approaches (e.g., drip irrigation and deficit 

irrigation (Feng et al., 2010; Yancong et al., 2012) have been adopted in greenhouse cultivation. However, 

these techniques exhibit unsatisfactory performance due to blindness in water management. Considering 

the historical issues in greenhouse vegetation cultivation, research on the characteristics of water 

consumption at different stages for different growing periods, as well as their impacts on crop growth, 

yields, and quality, is still at the early stages (Brevedan and Egli, 2003; Guobao et al., 2012). This study 

uses beans as the research object and investigates the movements of soil water and heat and their 

interactions under different irrigation treatments throughout four stages from planting to harvesting. This 

study used greenhouse field plot experiments and drip irrigation scheme, which is commonly used in 

greenhouse cultivation in northern cold regions. The results of this study will provide evidence on the proper 

monitoring and scientific adjustment of soil water and heat environment for the drip irrigation of greenhouse 

crops. Furthermore, this study will serve as a reference for the rational establishment of irrigation indices. 

 
MATERIAL AND METHOD 

Study Site Description 
 The experiments were conducted at Heilongjiang Hydraulic Science and Technology Experimental 

Research Center (N45°43′09″, E126°36′35″, and altitude of 156 m) No. 1 Greenhouse from 2014 

to 2015. The study site is located at the cold temperate zone with a semi-humid continental climate, which 

has four distinctive seasons. The average temperature is 4.6 °C in spring, 21.3 °C in summer, 4.1 °C in 

autumn, and −17.2 °C in winter. The average annual rainfall is 500–600 mm, 70% of which occurs in July, 

August, and September. The frost-free season lasts for 130–140 days. Two stubble vegetables could be 

cultivated in the greenhouse. The experimental greenhouses were arranged east–west (length of 50 m, 

width of 6 m) and were 8 m apart from other greenhouses. The greenhouses were covered with anti-

fogging polyethylene film and were not overshadowing each other. The experimental soil was loam, with a 

bulk density of 1.26 g/cm
3
 for the cultivated layer, field capacity of 36% (gravimetric water content), and 

water table of >8 m.  

Material and Experimental Design 
 The crop type selected for our experiments was snap bean (or Jiangjun bean). The whole vegetable 

bed was cultivated from south–north, with a length of 5 m, width of 0.8 m, and interval of 30 cm × 40 cm 

between plants. Each vegetable bed was equipped with a drip irrigation pipe that supplies water to 2 rows 
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of crops. The distance between the drip irrigation emitters was the same as the spacing in the rows. The 

experimental field was sown on 27th July 2014, planted on 6th August 2014 and harvested on 14th 

November 2014 (total of 100 days from planting to harvesting). In the next year, the field was sown on 5th 

July, planted on 16th July, and harvested on 28th October (104 days from planting to harvesting). All the 

experimental field plots were under unified management before planting before, and then implementing 

different irrigation schemes. Drip irrigation was adopted, and the irrigation volume was measured by the 

water meter. For each plot, the fertilizing, weeding, and controlling of diseases and pests all complied with 

the green-vegetable-cultivation standards. 

 An orthogonal experimental design was used. The growing period of beans comprised 4 stages: 

seedling stage (from planting to flowering), flowering stage (from flowering to fruiting), fruiting stage (from 

fruiting to the start of harvesting), and harvesting stage (from the start to the end of harvest time). A total of 

3 irrigation levels were set for each growing period: 6, 12, and 24 mm, with an additional level of sufficient 

water supply for the control group. A total of 10 irrigation treatments were applied (Table 1). To reduce 

natural and human disturbances to the field experiments, each treatment was repeated 3 times, resulting in 

30 plot experiments arranged in order (see figure 1 of field experiments). 
 

Table 1 
Irrigation treatments for the experiments 

Treatment 
Factor Level(Irrigation volume mm) 

Seedling A Flowering B Fruiting C Harvesting D 

T1 1 (6) 1 (6) 1 (6) 1 (6) 

T2 1 (6) 2 (12) 2 (12) 2 (12) 

T3 1 (6) 3 (24) 3 (24) 3 (24) 

T4 2 (12) 1 (6) 2 (12) 3 (24) 

T5 2 (12) 2 (12) 3 (24) 1 (6) 

T6 2 (12) 3 (24) 1 (6) 2 (12) 

T7 3 (24) 1 (6) 3 (24) 2 (12) 

T8 3 (24) 2 (12) 1 (6) 3 (24) 

T9 3 (24) 3 (24) 2 (12) 1 (6) 

CK 3 (24) 3 (24) 3 (24) 3 (24) 
 

 

 

a) 
Fig.1 – Field experiments 
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b) 
 

 

c) 
Fig.1 – Field experiments 

 
Measurements and Methods 
 Plot irrigation was measured using water meters. Soil water suction (SWS) was measured using the 

soil suction sensors of an automatic data-acquisition system (measurement range of 0–100 kPa). The plot 

yield of the beans was recorded and then converted into yield per hectare.  

 The observation point for each plot was placed below the drip irrigation belt 5 cm apart from the drip 

irrigation emitter horizontally at the surface layer and root zone (20 cm). Continuous SWS and temperature 

under different irrigation treatments were monitored and recorded by WP-3 Greenhouse Environment 

Monitoring System (internally developed via “948” project). 

Data Analysis 
 Data were processed and plotted in EXCEL. The ANOVA and significant tests (Duncan’s multiple 

range test) of the experimental results were conducted using SPSS.  

 
RESULTS 

Impact of Varied Irrigation Treatments on Production and WUE 
 Nowadays, improvement on both crop yield and water use efficiency is a main goal of water-saving 

agriculture. Yield and WUE of beans under different irrigation treatments are shown respectively in Table 

2.Compared with the CK treatment, percentages by which the production and WUE are increased or 

decreased for the 2-year experiments are calculated. Reduced production and improved WUE are observed 

for most of the treatments. Therefore, it is necessary to further analyse the irrigation scheme that results in 

the optimal production and WUE. 
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Table 2 
Yield and WUE of beans under different irrigation treatments 

Treatment 

2014 2015 

Yield 

(t/hm
2
) 

Compared 
to control 
group (%) 

WUE 
(kg/m

3
) 

Compared 
to control 
group (%) 

Yield 

(t/hm
2
) 

Compared 
to control 
group (%) 

WUE 
(kg/m

3
) 

Compared 
to control 
group (%) 

T1 24.03ab  −23.70  39.73g  205.20  22.35a  −23.84  39.59g  204.66  

T2 23.64ab  −24.94  23.45ef  80.14  24.18b  −17.61  26.07e  100.59  

T3 22.27a  −29.28  12.27a  −5.71  21.43a  −26.97  12.96a  −0.25  

T4 30.65b  −2.68  19.00cd  45.98  27.29cde  −7.00  18.80c  44.66  

T5 29.90b  −5.05  26.49f  103.47  31.58g  7.63  29.01f  123.24  

T6 27.76bc  −11.84  21.52de  65.30  28.32def  −3.47  23.42d  80.18  

T7 26.93abc  −14.49  15.90bc  22.16  25.81c  −12.04  16.00b  23.14  

T8 27.72bc  −11.97  13.75ab  5.63  28.84ef  −1.72  15.55b  19.65  

T9 26.61abc  −15.51  17.37c  33.40  26.73cd  -8.89  17.92c  37.89  

CK 31.49b   13.02ab   29.34f   13.00a   

A1 23.31a 

 

  22.65a 

 

  

A2 29.44b   29.07c   

A3 27.09b   27.13b   

B1 27.21a 

 

  25.15a 

 

  

B2 27.09a   28.20b   

B3 25.55a   25.50a   

C1 26.51a 

 

  26.28a 

 

  

C2 27.00a   26.07a   

C3 26.37a   26.51a   

D1 26.85a 

 

  26.89b 

 

  

D2 26.11a   26.10ab   

D3 26.88a   25.85a   

 

 Table 2 displays the results of the orthogonal experiments and ANOVA, as well as the multiple 

comparisons of WUE. Results showed that different irrigation treatments influenced the production and 

WUE of cold-region greenhouse autumn beans in different ways. During various growing periods, reduced 

irrigation led to a decrease in bean yield and to a significant increase in WUE. Irrigation Treatment 5 (T5) in 

2015 increased the yield by 7.63%, and Treatment 3 (T3) resulted in reductions in WUE by 5.71% and 

0.25% in 2014 and 2015, respectively. By analyzing the two-year experiments, we found that the impact of 

reduced irrigation on crop yields was the largest for the seedling stage A, followed by the flowering stage B, 

harvesting stage D, and fruiting stage C. The results of the multiple comparisons revealed that the optimal 

irrigation combination in 2014 was A2B1C2D3 and A2B2C3D1 (i.e., T4 treatment and T5 treatment); this 

approach not only showed the lowest reduction in yield of 2.68% and 50.05% but also enhanced WUE by 

45.98% and 103.47%. In 2015, the optimal combination was A2B2C3D1 (i.e., T5 treatment); this approach 

increased production and WUE by 7.63% and 123.24%, respectively. Therefore, T5 was the optimal 

irrigation scheme. The results also indicated that cold-region greenhouse beans could bear moderate water 

deficits during harvest time. Thus, water could be saved substantially without affecting yield. Our analyses 

demonstrated that WUE increased significantly even though the yield of beans increased to a small extent 

or decreased slightly, thus achieving unity of guaranteed production and highly efficient water utilization. 

 On the basis of the two-year experimental results, T1 treatment was selected for its noticeable 

improvement on WUE regardless of its impact on yield. T5 treatment was the optimal choice because of its 

significant enhancement of WUE without affecting the production. CK treatment was applied to analyze the 

root-zone soil moisture dynamics of greenhouse beans in cold regions.  
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Variation in the Root-Zone SWS of Beans during the Growing Period 

 
Fig.2 - Time series of SWS 

 

 Figure 2 shows the evolution of the root-zone SWS throughout the whole growing period for cold-

region greenhouse autumn beans under T1, T5, and CK irrigation treatments. The ladder-shaped variations 

of the soil water potential could be seen under T1 treatment from the start of the irrigation to the beginning of 

the next, with the highest reaching approximately 80 kPa. Under T5 and CK treatments, a roughly triangle-

shaped evolution was observed in SWS. However, the peak was approximately 60 kPa for the T5 treatment 

and less than 25 kPa for CK. A smaller amount of irrigation led to the wider wave curve of SWS, larger range 

of the enveloping line, more rapid and substantial SWS increase after irrigation, and vice versa). This result 

implied that a larger irrigation volume corresponded to the slow increase of SWS. From the end of the 

irrigation till the start of the next, less irrigation resulted in the faster and slower increase of SWS for the 

earlier and later stages, respectively, and vice versa. 

 In order to quantify the temporal dynamics of root-zone SWS, we distinguished between the former 

and latter periods of irrigation intervals, during which the average daily changes in SWS of beans between 

two irrigations at different growing stages are shown respectively in Table 3. Due to relatively long time span 

of the planting and harvesting periods, each of them was also divided into the earlier and later stages. 

 
Table 3 

Diurnal changes in SWS (kPa) 

Growing period 

T1 T5 CK 

Three days 
after 

irrigation 

Three days 
later after 
irrigation 

Three days 
after irrigation 

Three days 
later after 
irrigation 

Three days 
after irrigation 

Three days 
later after 
irrigation 

Earlier stage of seedling 6.3 8.6 4.5 9.4 1.5 3.8 

Later stage of seedling 22.6 7.4 18.6 10.5 1.8 7.4 

Flowering stage 25.1 0.9 16.9 8.3 3.9 5.1 

Fruiting stage 19.6 3.6 6.9 9.6 2.2 3.6 

Earlier stage of arvesting 18.2 4.0 9.8 6.5 1.1 1.1 

Later stage of harvesting 12.0 2.9 4.6 2.3 0.4 0.4 

 

 As shown in Table 3, by ignoring a few growing periods, SWS changed significantly within three days 

after irrigation and revealed gentle trends of variations afterwards. The average daily changes in SWS 

within three days after T1 irrigation treatment were between 6.3–25.1 kPa; after the three days, the average 

daily changes were only 0.9–8.6 kPa. Moderate variations could be observed for the CK treatment. SWS 

was altered by 0.4–3.9 kPa per day within the three days after irrigation and then became 0.4–7.4 kPa. The 

mean diurnal change in the suction was 4.6–18.6 kPa within three days after T5 irrigation treatment and 

2.3–10.5 kPa thereafter. This result indicated that with a lower amount of irrigation water moved faster in 

soil within three days after irrigation, i.e., soil moisture was depleted more rapidly and vice versa. Table 3 

shows that diurnal changes in SWS were the largest during the later stages of planting and flowering for the 

beans, implying that water consumption was significant during these two stages. This result was consistent 

with the findings from our previous analyses on crop production, i.e., the influence of irrigation volume on 

the bean yields was the highest during the seedling and flowering periods. Therefore, the growth of beans 

was relatively sensitive to moisture when at the seedling and flowering stages. This conclusion was again 

reinforced. 
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Impact of Irrigation Volume on SWS Dynamics 
 Statistical analyses were conducted on the daily root-zoom SWS dynamics of beans for each 

growing period after irrigation under T1–T9 treatments. The average daily SWS at different irrigation levels 

for each growing stage was obtained (Figure 3). 

 
Fig.3 - Average daily SWS 

 

 As seen in Figure 3, daily SWS decreased gradually with increasing irrigation levels in different 

growing stages. A larger amount of irrigation led to a more significant decrease in daily SWS change. 

Throughout the whole growth period of beans (from planting to the end of harvesting), daily SWS initially 

increased and then decreased, with the peak being reached during the later planting stage at 14.06 –

16.41 kPa. The flowering stage showed the second largest daily SWS, which became the smallest during 

the later harvesting stage at merely 0.9 kPa under level 3 irrigation. This result was consistent with the 

water consumption evolution for the entire growth period of beans, thus indicating that daily SWS 

dynamics were able to reflect the water consumption law of the whole growing period (i.e., a general 

trend of an increase followed by a decrease). The highest, second highest, and lowest water 

consumptions were observed at the later planting stage, flowering stage, and harvesting stage, 

respectively. 

Impact of Variation in Temperature on SWS 
 We analyzed the root-zone SWS variations of beans within a whole day (the third day after CK 

irrigation in the middle of July, August, September, and October; Figure 4).  

 

 
a) July, average temperature of 25.3 °C 
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b) August, average temperature of 22.1 °C 

 
c) September, average temperature of 15.9 °C 

 
d) October, average temperature of 14.1 °C 

Fig.4 - SWS variations within 24 hr in the 3rd day after irrigation 
 

 Figure 4 shows that SWS did not increase with time after the same and adequate irrigation in 

different months over various growing stages. On the contrary, suction varied with temperature at similar 

trends. Positive linearity between temperature and soil water potential on the basis of Capillary theory 

(Dexter et al., 2010). Both the soil temperature and SWS reached the maximum at 4 pm rather than at 2 
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pm when air temperature was the highest. We accordingly divided the process of soil water redistribution 

into two parts: the temperature-rise period from 2 am to 4 pm, and the temperature-fall period from 4 pm 

to 2 am the next day. In July, with a temperature increase of 0.1 °C on average, SWS increased by 0.18 

kPa; when the temperature decreased by 0.1°C on average, suction decreased by 0.20 kPa. In August, 

SWS increased by 0.26 and 0.18 kPa when the temperature increased and decreased by 0.1 °C, 

respectively. In September, SWS increased and decreased by 0.20 and 0.15 kPa upon a 0.1 °C increase 

and decrease in temperature, respectively. In October, temperature increased or decreased by 0.1 °C, 

thus increasing and decreasing SWS by 0.16 and 0.09 kPa, respectively. Except for July, the increase in 

SWS with temperature was more substantial than the decrease. This result implied that, with the same 

gradient in temperature change, the change rate of soil potential was larger in the temperature -rise 

period than that at the cooling stage. Moreover, with a drop in the average temperature from July to 

September, the range of variation in SWS upon a 0.1°C change in temperature showed a descending 

trend, thus indicating a slowing down of the changing rate of soil potential because of a decrease in 

temperature. 

 

CONCLUSIONS 

 Two-year drip irrigation experiments were conducted for greenhouse autumn beans in cold 

regions. We analyzed the impacts of irrigation volume on the yields, WUE, and root-zone SWS at 

different growing periods under various irrigation treatments. 
In terms of maintaining production and saving water at the same time, T5 irrigation treatment was 

the optimal scheme of water-saving irrigation for cold-region greenhouse autumn beans , i.e., irrigation 

quotas were 12 mm for planting, 12 mm for flowering, 24 mm for fruiting, and 6 mm for harvesting. The 

irrigation volume affected the bean yields significantly during the planting and flowering stages. 

For different growing periods, daily variations in root-zone SWS decreased gradually with increasing 

irrigation levels. 

With the same gradient in temperature change, the changing rate of soil potential was larger in the 

temperature-rise period than that at the cooling stage and slowed down when temperature decreased.  
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ABSTRACT 

 The content of seven heavy metals (Cd, Pb, Cu, Cr, Zn, As, and Hg) in soil samples that collected 

from vegetable fields surrounding sewage irrigation district in Dayu County of China were detected and 

analyzed. The purpose of the analysis is to determine the harmful effects of heavy metal pollution to 

agricultural development through characterize the heavy metal pollution characteristics of soil. This study 

evaluated the heavy metal pollution index and the results show that, except for Pb, Cr, and Zn, the amount 

of majority heavy metals in most sites exceeded the Soil Environmental Quality Standard grade II level. In 

particular, the Cd pollution is the most serious with its contents exceed the standard level by 18.3 times. 

The nemerow comprehensive pollution index (NCPI) analysis shows that 90% of the sampling points are 

under moderate or severe pollution. In particular, NCPI is maximized to 13.22 in S-6. According to potential 

ecological risk (PER) assessment, the single-factor PER (Er) is Cd > Hg > As > Cu > Pb > Cr > Zn. The Er 

of Cd is maximized to 1,833.33 in S-6, indicating that Cd pollution in this site is extremely serious. Results 

of the comprehensive PER index (RI) indicats that all sites are under strong ecological risks. Therefore, soil 

pollution caused by heavy metals can severely harm the local agro-ecological environment. 

 

摘要 

 通过对大余县污灌区周围菜田土壤样品中 Cd、Pb、Cu、Cr、Zn 和 As、Hg 等七种重金属含量的分析

检测，目的在于通过分析土壤重金属的污染特征来表明当前重金属污染对农业发展带来的危害。结果表明，

菜田土壤重金属除 Pb、Cr、Zn 外，其他重金属含量大部分超过《土壤环境质量标准》二级标准值，以 Cd

污染超标 18.3 倍最为严重。从内梅罗综合污染指数看，90%的采样点 P 综值达到中度或重度污染，以 S-6 的

P 综值达 13.22 最为严重。从潜在生态风险评价结果表明，单个元素潜在生态风险值 Er 按大小排序为：Cd> 

Hg> As> Cu> Pb> Cr> Zn，其中以 S-6 中 Cd 的 Er 值达到最大值为 1833.33，说明该区域受 Cd 污染极为严

重，其次 RI 值说明所有采样点都处于强生态风险程度以上。因此，由重金属引起的菜田土壤污染已严重危害

当地农业生态环境。 

 
INTRODUCTION 

 The rapid economic development has currently triggered a series of pollution problems, particularly 

the heavy metal pollution (Zhang Wei, et al., 2015). The content of several heavy metals in soils have 

exceeded allowable levels or even the background levels because of human production and living activities. 

These heavy metals cannot be decomposed or utilized by microorganisms (Dou Zhiyong, et al., 2015), but 

will be enriched by organisms. These heavy metals in soils have a long retention time and poor mobility 

(Ma Jianhua et al., 2014; Zheng Hongyan et al., 2015). In recent years, many reports on soil heavy metal 

pollution have been published (Olawoyin R., et al., 2012). Soil heavy metal pollution mainly originates from 

farmland sewage irrigation and pesticide application. In April 2015, the Ministry of Agriculture stated that 

wastes from mines and industrial plants are discharged into agriculture lands, which leads to the decrease 

in agricultural production and environmental quality. Long-term and excessive use of fertilizers and 

pesticides and improper waste disposal caused serious agricultural non-point source pollution.(An Jing, et 

al., 2016) The primary source of heavy metals, according to the Department of Environmental Protection, 

was irrational exploitation mining (Liu Shuo et al., 2016), which is also one of the main causes of serious 

pollution in agricultural lands. 

 Dayu County in Jiangxi Province, China has many large-scale tungsten mines and is called the 

“world capital of tungsten”. Accompanied by the rapid economic development, tungsten mining also causes 
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severe pollution, as the disorder mining produces large amounts of waste water that containing heavy 

metals. It has jeopardized the farmland soil, water and other agricultural resources. China is a large 

agricultural country, which primarily relies on irrigation and agricultural development; therefore, agricultural 

pollution affects not only the GDP of the country but also the life and health of people. However, only a few 

studies on heavy metal pollution in the farmland fields surrounding sewage irrigation district in Dayu County 

have been conducted. Thus, in this study, we selected the vegetable soil heavy metal pollution as one of 

the representatives in farmland pollution and characterized the heavy metal contents in vegetable soils 

surrounding sewage irrigation district in Dayu county. On this basis, we assessed the potential ecological 

risks (PERs) in the area which will provide a good reference and theoretical basis for better management of 

the agricultural environment in Dayu. 

 
MATERIAL AND METHOD 

Study area 

 Dayu County (E 114°–114°44′, N 25°15′–25°37′) is located in the southwest of Jiangxi Province and 

the upstream of Zhangjiang River, which passes through Dayu from west to east. The northern part of Dayu 

is adjacent to Luoxiao Mountains and Chongyi County, the eastern part is adjacent to Nankang County, the 

southern part is adjacent to Nanxiong City of Guangdong Province, and the western part is adjacent to 

Renhua County of Guangdong. Xihuashan Tungsten Mine (6.48 km
2
), which is located in the north-western 

part of Dayu. Samples of vegetable field soils and vegetables were collected from the tailing southward 

along riverbanks surrounding sewage irrigation district. 

Sample collection and analysis 

 Samples of vegetable field soils were collected in June 2015. In particular, samples were collected in 

a quincunx manner, according to the Technical Specification for Soil Environmental Monitoring (HJ/T166-

2004) and terrain characteristics of the area. The point positions were recorded by a Global Positioning 

System (GPS). Surface soils (0–20 cm) in good condition were selected. In total, 10 soil samples were 

collected. The soil samples were packed into clean and marked sampling bags and transported to our 

laboratory for analyses and tests. The sampling sites were shown in Fig.1 

 
Fig.1 - Vegetable field soil sampling sites 

 

 After natural drying, impurities, including small stones and plant residues, were removed from the soil 

samples. Approximately 1kg of soil was collected from each sample by using the quartation method. Then, 

the samples were ground and screened by using a 100 mesh nylon screen. Table 1 showed the soil sample 

pretreatment methods. 

Table 1 
 Soil sample pretreatment methods 

Item 
Soil sample 

pH SOM CEC Cu, Pb, Zn, Cr, Cd As, Hg 

Method 
Water–soil ratio 

2.5:1 
Potassium dichromate–

volumetric method 
BaCl2–H2SO4 

method 
HNO3–HF–HClO4 

digestion
[1]

 
Aqua regia 
digestion

[2]
 

Equipment 
PHS-3C mine 

magnetic pH meter 
Acid titration Acid titration AAS 

AFS-8220 
meter 

Note:  AAS: atomic absorption spectrophotometer; AFS: atomic fluorescence spectrophotometer; SOM: soil organic matter;  CEC: 
cation exchange capacity 
[1]:Liu Yan, et al., 2013; [2]:Zhao Ximei, et al., 2014 
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 All samples were tested by using the Chinese National Standard Soil References (GBW07405). The 

reliability of data was analyzed through spiked recovery control (80%–120%) and parallel control (relative 

standard deviation <10%) (He Yusheng et al., 2015); therefore, the measured data were controlled within 

permissible error ranges. 

Data processing 

 Statistical processing and plotting were conducted on Origin 7.5 and Excel 2013. Statistical analysis 

was conducted on SPSS 20.0. Correlations between heavy metals and soil physicochemical properties 

were analyzed by using Pearson’s method. 

Evaluation methods 

 Pollution indices are used to characterize heavy metal pollution in vegetable field soil in agriculture. The 

single-factor pollution index (SFPI) (Wang Youqi et al., 2014; Liu Yan et al., 2013) reflects the pollution degree 

of a single pollutant. For a more comprehensive and integrated evaluation of soil pollution, the Nemerow 

comprehensive pollution index (NCPI) (Wang Lixia et al., 2005). PERs in this region were also assessed.  

 (1) The SFPI is used to evaluate the pollution degrees of single pollutants. The SFPI is computed as 
follows: 

Si

Ci
Pi                                                                            (1) 

where Pi is the SFPI of pollutant i in soil, Ci is the measured content of pollutant i (mg·kg
−1

),Si is the 

evaluation standard of pollutant i (mg·kg
−1

) from the Soil Environmental Quality Standard grade II level (GB 

15618-1995). 

 (2) The NCPI can comprehensively reflect the soil pollution degree of all pollutants. The NCPI is 
computed as follows: 

   
2

22

max ave

com

Si
Ci

Si
Ci

P


                                                              (2) 

where Pcom is the NCPI of pollutants in a soil sample, (Ci / Si)max is the maximum value of NCPI in this region 

(mg·kg
−1

),(Ci/Si)ave is the average NCPI of pollutants in this region (mg·kg
−1

). The evaluation criteria are 

listed in Table 2. 

Table 2 

Grading criterion of soil heavy metal pollutions 

Grade 
SFPI grading criterion NCPI grading criterion 

Pollution index Pollution grade Pollution index Pollution grade 

1 Pi < 1 Clean I P ≤ 0.7 Safe I 

2 1 ≤ Pi < 2 Slight ii 0.7 < P ≤ 1 Warn II 

3 2 ≤ Pi < 3 Medium iii 1 < P ≤ 2 Slight III 

4 Pi ≥ 3 Heavy iv 2 < P ≤ 3 Medium IV 

5       P > 3 Heavy V 

 Assessment of soil potential ecological risk (PER), The PER index (Gao Peng, et al., 2015; Xu 

Zhongyi et al., 2014) is used to evaluate the potential risk of a single heavy metal or the comprehensive risk 

of several heavy metals in a region. The PER index is computed as follows: 

Si

Ci
TE i

r

i

r                                                                   (3) 

                                i

rERI                                                                     (4) 

where Ci is the measured content of heavy metal i (mg·kg
−1

), Si is the background level of heavy metal i 

(mg·kg
−1

), E
i
r is the single PER index of heavy metal i, RI is the comprehensive PER index of heavy metals 

in a region. The toxicity response coefficients of heavy metals used in this research are (T
i
r) (Lars H., 1980): 

Cd = 30; Pb = Cu = 5; Cr = 2; Zn = 1; As = 10; Hg = 40. The relevant PER assessment grades are listed in 

Table 3. 

Table 3 
 Potential ecological risk division level 

E
i
r RI Pollution degree Grade 

E
i
r < 40 RI < 150 Slight PER I 

40 ≤ E
i
r < 80 150 ≤ RI < 300 Medium PER II 

80 ≤ E
i
r < 160 300 ≤ RI < 600 Severe PER III 

160 ≤ E
i
r < 320 RI ≥ 600 Very severe PER IV 

E
i
r ≥ 320   Extremely severe PER V 
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RESULTS 

Distribution of heavy metal contents in vegetable field soils 

 As shown in Table 4, soil samples S-1, S-2, S-3, S-7, S-9, and S-10 are below pH 6.5, and other 

samples are within pH 6.5–7.5, which are consistent with the characteristic of partial acid vegetable field 

soil in south Jiangxi and corresponding to grade II of the national standards. Except for S-4, the Cd 

contents in other sample sites are within 0.5–5.5, which all exceed the grade II level, particularly in S-6, 

which is 18.3-fold higher. No sample exceeds the grade II levels of Zn, Cr, or Pb. As for Cu, except for S-5, 

other samples exceed the grade II level, particularly in S-9, which is 3.32-fold higher. As for As, 80% 

samples exceed the grade II level, particularly in S-2, S-6, and S-8. As for Hg, except for S-5, S-6, S-9, and 

S-10, other sites exceed the grade II level of Hg, particularly in S-1 and S-3, which exceed the level by 

more than 3-fold. 

Table 4 

Statistical description of soil heavy metal contents 

Site pH 
SOM 

(g·kg
−1

) 
CEC 

(cmol·kg
−1

) 

Heavy metal (mg·kg
−1

) 

Cd Pb Cu Cr Zn As Hg 

S-1 6.45 31.8 14.5 1.2 59.8 116.9 76.4 75.9 79 1.2 

S-2 6.3 45.79 17.6 2.8 92.9 100.5 67.7 88.3 103.5 0.49 

S-3 4.8 31.28 13.5 1.2 88.8 82.1 63.3 65.3 23 0.97 

S-4 7.21 22.61 10.5 0.2 80.5 122.7 45.9 98.5 35.6 0.71 

S-5 6.5 22.54 11.8 1.2 88.8 92.8 50.2 82.6 8.8 0.12 

S-6 6.68 21.53 9.6 5.5 84.6 179.7 37.1 139 92.4 0.2 

S-7 5.99 21.89 10.2 1.9 84.6 112.1 59 81.9 50.9 0.65 

S-8 6.65 34.56 16.5 3.5 142.7 192.3 72.1 122.2 112.2 0.8 

S-9 5.38 22.36 11.2 0.5 126.1 166.2 72.1 98.5 55.6 0.1 

S-10 4.91 27.11 12.8 1.9 167.6 83.1 102.6 70.6 49 0.24 

Mean – – – 2 101.64 124.84 64.64 92.28 61 0.55 

SD – – – 1.58 33.03 40.4 18.41 23.19 34.68 0.38 

CV/100% – – 79 32 32 28 25 57 69 

Chinese grade II pH 

<6.5 0.3 250 50 150 200 40 0.3 

6.5–7.5 0.3 300 100 200 250 30 0.5 

>7.5 0.6 350 100 250 300 25 1 

Background in Jiangxi – 0.1 32.1 20.8 75 69 10.4 0.08 

Background in Ganzhou – 0.09 34.19 15.17 34.56 58.05 8.85 0.06 

Note: CV: variation coefficient; SD: standard deviation  

 

 The majority of tested heavy metals significantly exceed the soil background levels in Jiangxi or 

Ganzhou. The contents of Cd, Pb, Cu, Cr, Zn, As, and Hg exceed the background levels in Ganzhou by 

2.22–61.11, 1.75–4.90, 5.41–12.68, 1.07–2.97, 1.12–2.39, 0.99–12.68, and 1.67–20 times, respectively. In 

particular, the Cd content in site S-6 exceeds by 61.11-fold. S-6 is located downstream of Zhangjiang River 

and is affected by rainwater erosion because of the low terrain, which probably brought heavy metals from 

the tailing. The variation coefficient reflects the discrete degree of samples, with a large value indicating a 

more severe artificial disturbance or more serious pollution. The distribution of Cd content shows significant 

geographical difference or significant external interference (mainly intense human activities). The variation 

coefficients of Zn, Cr, Pb, and Cu are similar at 25%, 28%, 32%, and 32%, respectively, indicating that 

none of the four heavy metals show significant geographical difference and have uniform external influence. 

The distributions of these heavy metals might be homologous in this region, according to the variation 

coefficients of vegetable field soil heavy metals in Taicang City (Zhang Xiaolan, et al., 2007). As shown in 

Fig. 1, S-3 and S-5 are located in the other bank opposite to the ailing and are less affected by the tailing, 

which probably led to the large differences in As contents. Therefore, in terms of heavy metal content in 

soil, long-term exploration activity have resulted in extremely serious pollution of agricultural land, which is 

one of the factors that restrict agricultural production activities. 

 



Vol.48, No.1 /2016  INMATEH –

99 
 

 
 

 

Fig.2 - Distribution of heavy metal contents in vegetable field soils 
Note: Dash indicates Ganzhou soil background value 

 

 Fig.2 shows the histograms of heavy metal content distribution at all sampling sites. As shown in the 

figure, the soil heavy metal contents in S-2, S-6, and S-8 are generally higher than that in other sites. In 

particular, soil heavy metal pollution is extremely severe in S-2 probably because of the influence of the 

nearby tailing and its location in the sewage irrigation area. Soil heavy metal pollution is very severe in S-6 

because S-6 is located downstream of Zhangjiang River and is affected by rainwater erosion, which 

probably brought heavy metals from the tailing because of its low terrain. Soil heavy metal pollution is 

extremely severe in S-8, because insecticide use and geological conditions, including its location in upper 

river, original state without mining, high background value of heavy metal content within the geological 

strata structure. 

Correlation analysis in vegetable field soils 

The correlations between heavy metals and soil physicochemical properties in vegetable fields by 

using Pearson’s correlation method. Thereby, we preliminarily determined the correlations between heavy 

metals and physicochemical properties and whether the sources were similar among different heavy 

metals. This analysis of agricultural production activities as source pollution had a certain reference value. 

The results are listed in Table 5. 
 

 

Table 5 
Correlation analysis (Pearson) between heavy metals and soil physiochemical properties 
  Cd Pb Cu Cr Zn As Hg pH SOM CEC 

Cd 1          

Pb 0.097 1         

Cu 0.499 0.155 1        

Cr −0.229 0.665* −0.272 1       

Zn 0.697* 0.057 0.896** −0.501 1      

As 0.677* 0.134 0.615 0.122 0.586 1     

Hg −0.185 −0.414 −0.126 0.094 −0.284 0.156 1    
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  Cd Pb Cu Cr Zn As Hg pH SOM CEC 

pH 0.23 −0.459 0.42 −0.614 0.581 0.322 0.106 1   

SOM -0.152 -0.172 -0.199 0.207 −0.269 0.282 0.117 −0.204 1  

CEC 0.1 0.188 0.084 0.468 −0.163 0.524 0.396 −0.035 0.691* 1 

Note: *p < 0.05; **p < 0.01 (two-sided). 
 

 As shown in Table 5, significant positive correlations are observed among Cd, Zn, As, and Cu, 

together with the characteristics of regional heavy metal pollution. The contaminants from the sewage 

irrigation district are dominated by Cd, accompanied by As, Cu, and Zn. Pb and Cr contents are also 

significantly and negatively correlated with pH In particular, a higher pH lead to lower Pb or Cr content, and 

vice versa. However, the changes are different from Cu and Zn. Hg is not significantly correlated with other 

heavy metals, whether Hg originated from atmospheric precipitation should be further investigated. As and 

Cr contents are significantly and positively correlated with CEC, indicating that CEC promoted the absorption 

of As and Cr. Thus, long-term mining or heavy metal accumulation in soil from chemical fertilizers, 

pesticides, and other changes in soil physical and chemical properties can be inferred as the sources of 

heavy metal contaminants in agricultural soil. 

Assessment of soil heavy metal pollution 

- Pollution indices 

 SFPI and NCPI, with grade II of the national standards as reference, were used to evaluate the 
vegetable field soils surrounding the sewage irrigation district (Table 6). 

Table 6 

Assessment of soil heavy metal pollutions 

 Site 

Metal 
S-1 S-2 S-3 S-4 S-5 S-6 S-7 S-8 S-9 S-10 

P GRD P GRD P GRD P GRD P GRD P GRD P GRD P GRD P GRD P GRD 

Cd 4 iv 9.3 iv 4 iv 0.67 i 4 iv 18.3 iv 6.33 iv 11.67 iv 1.67 ii 6.33 iv 

Pb 0.2 i 0.4 i 0.36 i 0.27 i 0.36 i 0.34 i 0.34 i 0.57 i 0.5 i 0.67 i 

Cu 2.3 iii 2 iii 1.64 ii 1.23 ii 1.86 ii 3.59 iv 2.24 iii 3.85 iv 3.32 iv 1.66 ii 

Cr 0.5 i 0.5 i 0.42 i 0.23 i 0.33 i 0.25 i 0.39 i 0.48 i 0.48 i 0.68 i 

Zn 0.4 i 0.4 i 0.33 i 0.39 i 0.41 i 0.7 i 0.41 i 0.61 i 0.49 i 0.35 i 

As 2 ii 2.6 iii 0.58 i 1.19 ii 0.22 i 2.31 iii 1.27 ii 2.81 iii 1.39 ii 1.23 ii 

Hg 4 iv 1.6 ii 3.23 iv 1.42 ii 0.4 i 0.67 i 2.17 iii 2.67 iii 0.33 i 0.8 i 

NCPI 3.1 V 6.8 V 2.52 IV 1.14 III 2.93 IV 13.2 V 4.67 V 8.56 V 2.49 IV 4.63 V 

 

 Table 6 shows that the SFPIs of Pb, Cr, and Zn in all samples, SFPIs of a part of Hg and As, and SFPI 

of Cd in S-4 are marked “clean,” whereas the SFPIs in other cases are marked “slight,” “medium,” or even 

“severe” pollution. The most aggressive pollutant is Cd. 80% of the sites are severely polluted largely, 

because these areas are located near the tailing and significantly affected by the tailing. Cu pollution in S-6, 

S-8, and S-9 and Hg pollution in S-1 and S-3 are severe. Results of the NCPI indicate that all sites are 

polluted. In particular, S-4 has the smallest NCPI and is slightly polluted mainly because Cd pollution at S-4 

is at the “clean state.” The NCPIs of approximately 60% of the sampling sites are severely polluted, which 

are ranked as S-6 > S-8 > S-2 > S-7 > S-10 > S-1. The highest NCPI in S-6 (P = 13.22) is attributed to the 

largest contribution of Cd pollutant and severe pollutions of Cu and Hg. 

- Assessment of potential ecological risk 

With the background levels in Ganzhou as references, the Er of seven heavy metals and the RI in each 

sampling site in this sewage irrigation district were computed. Based on relevant PER assessment grades 

listed in Table 3, the PERs in the study area were estimated. The results are listed in Table 7. 

Table 7 

Potential ecological risk of heavy metals in vegetable soils in the study area 

Site 
E

i
r 

RI Risk grade 
Cd Pb Cu Cr Zn As Hg 

S-1 400 8.75 38.53 4.42 1.31 89.27 800 1,342.27 IV 

S-2 933.33 13.59 33.13 3.92 1.52 116.95 326.67 1,429.09 IV 

S-3 400 12.99 27.06 3.66 1.13 25.99 646.67 1,117.09 IV 
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S-4 66.67 11.77 40.44 2.66 1.7 40.23 473.33 1,117.49 IV 

S-5 400 12.99 30.59 2.91 1.42 9.94 80 537.84 III 

S-6 1,833.33 12.37 59.23 2.15 2.39 104.41 133.33 2,147.22 IV 

S-7 633.33 12.37 36.95 3.41 1.41 57.51 433.33 1,178.33 IV 

S-8 1,166.67 20.87 63.38 4.17 2.11 126.78 533.33 1,917.31 IV 

S-9 166.67 18.44 54.78 4.17 1.7 62.83 66.67 375.25 III 

S-10 633.33 24.51 27.39 5.94 1.22 55.37 160 907.75 IV 
 

 As shown in Table 7, the PERs of Pb, Cr, and Zn in vegetable soils are at a “slightly polluted” level, 

indicating that this area is not significantly harmed by these three heavy metals. Cu contents in 60% of the 

sites and As contents in 20% of the sites show slight PER; As contents in 40% of the sites show medium 

PER, but the remaining 40% of the sites show heavy PER (Fig. 1), indicating that As pollution in these areas 

are significantly affected by human disturbance and geological structure disturbance. As for Cd, S-4 and S-9 

is not higher than high PER, and the remaining sites are at very high PER, with up to 1,833.33 as the highest 

Er. As for Hg, S-9, S-6 and S-5 are not higher than high PER, S-10 is at high PER, and the remaining sites 

are at very high PER, with up to 800 as the highest Er. Hg pollution might originate from the dusts due to 

mining, which then precipitate through air ash onto vegetable soils. Then, according to the RIs, 80% of the 

sites are at very high PER, indicating that these areas are at a bad eco-environment state largely. because 

of the eco-environmental risk causes. Therefore, based on the evaluation of heavy metal pollution in 

vegetable soil, local agricultural production activities are inhibited by heavy metal pollution and long-term 

mining significantly affects the sustainable development of agriculture. 

 

CONCLUSIONS 

 Use of the heavy metal pollution index to characterize the soil contaminated by heavy metals to 

determine the harmful effects of heavy metal pollution to agricultural development. shows the following: 

- Except for Pb, Cr, and Zn, the contents of the rest of the heavy metals exceed the Soil Environmental 

Quality Standard grade II level. Cd pollution is the most severe. The seven heavy metals all cause 

serious pollution according to the Ganzhou soil background levels, which indicate a significant 

accumulation of heavy metals in the field of ecological agriculture. 

- .Cd, Zn, As, and Cu are significantly and positively correlated, but other heavy metals are not 

significantly correlated. Pb and Cr contents are significantly and negatively correlated with pH, or the 

acid conditions improve the activities of Pb and Cr. The amounts of As and Cr in soil are significantly 

and positively correlated with CEC, indicating that CEC promotes the absorption of As and Cr. 

- The SFPI analysis shows that heavy metal pollution in vegetable soil is similar to (1), because Cd 

pollution is the most severe and approximately 80% of the sampled points .The NCPI analysis shows 

that S-4 was slightly polluted, whereas the other sites are moderately or severely polluted. The NCPI of 

S-6 is the largest (13.22). The Er of the single-element PER ranking is Cd > Hg > As > Cu > Pb > Cr > 

Zn, As for Cd, 80% sites are at very high PER, with up to 1,833.33 as the highest Er. All RIs show 

strong ecological risk, or it has already a serious harm to the ecological agriculture. 

In a word, Cd pollution is the serious pollution in the sampling areas, and it has strong potential 

ecological risk, causing a bad influence upon the development of agriculture. Or this study shows that long-

term mining exploration activities caused serious heavy metal pollution to surrounding agricultural areas 

.Heavy metal pollution in agricultural soil is one of the factors that significantly restrict agricultural 

development, which affects the economic development and GDP growth of the area. Meanwhile, the 

potential risks of heavy metal soil contaminants on human health should be further investigated. 
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ABSTRACT 

 To cope with the increasingly severe working environment confronting agricultural load tractors, load 

tractor design must consider the comprehensive influences of noise immunity, control precision, and power 

loss, among others, of hydraulic systems. A SY235 load tractor and a dual-spool multi-way valve-based 

prototype were applied as research objects in this research. The antisymmetric data processing function of 

AMESIM software was employed to update and replenish point data, while a cubic interpolation method 

was adopted to process the data. In addition, the displacement characteristics, inlet and outlet pressures, 

and energy consumption of each cylinder in the hydraulic systems of both load tractors equipped 

respectively with the dual-spool multi-way valve and single-spool multi-way valve were investigated. 

Meanwhile, a single action experiment was performed on the booms, bucket rods, and buckets of the two 

load tractors. A comparison of the real test with the simulation model demonstrated that the cylinder 

controlled by the dual-spool valve exhibited small pressure and power consumption and quick displacement 

response. Therefore, the cylinders controlled by the dual-spool multi-way valve system had quicker 

pressure response, smaller pressure and overshoot, and superior overall manipulability. Finally, retraction 

and external swinging experiments of the buckets were performed on the dual-spool experimental 

prototype. Experimental results demonstrated that the dual-spool multi-way valve system exhibited faster 

displacement response and more superior overall performance compared with the single-spool control 

system. The simulation model combined with the real vehicle experiment is of great significance to the 

further study of the static and dynamic characteristics and energy-saving performance of the dual-spool 

agricultural load tractor. 

 

摘要 

 为应对越来越恶劣的农用装载机工作环境，挖掘机设计需综合考虑液压系统的抗干扰性、控制精度、

功率损失等的影响。论文以以 SY235 型号装载机和双阀芯多路阀原型为依据，利用 AMESIM 的反对称数据

处理功能更新补充点数据和三次方插值方法处理数据，研究了双阀芯多路阀和单阀芯多路阀装载机液压系统

中各油缸的位移特性、进出口压力特性以及能耗情况。通过实车实验与仿真模型进行对比，结果表明双阀芯

多路阀控制的油缸压力小，功率消耗小, 在位移响应上也是双阀芯系统稍快。通过整机工况实验，得出了双阀

芯多路阀控制系统的油缸压力响应较快，压力较小，超调量较小，整体操作性能占优，用双阀芯试验样机做

铲斗内收和外摆实验，双阀芯控制系统在位移响应上比单阀芯控制系统快，双阀芯多路阀整体性能占优。仿

真模型结合实车实验对深入研究双阀芯农用装载机的静动态特性和节能性能具有重要意义。 

 
INTRODUCTION 

 Farm-oriented load tractors are widely used in the fields of basic construction, agricultural facilities, 

construction of new rural areas, and other aspects. These equipments are important in the basic 

construction of rural areas. Consequently, increased performance requirements of the hydraulic system of 

the load tractor are needed. The dual-spool system can independently control the inlet oil pressure and 

return oil pressure under the premise that all working conditions of executive mechanisms are satisfied. 

Various combinations of the ratio between two spool displacements, accompanied by sensor technology, 

can better deal with the matching relation between pressure and load, as well as realize the functions that 

traditional single-valve spool systems can not. 

 The performance of a hydraulic farm-oriented load tractor depends on whether the match among 

various subsystems is reasonable (Casoli Paolo, Anthony Alvin, 2013; Yi Yuan and Yu Tu, 2013; Choi 
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Kyujeong et al, 2015; Kumar A, 2013). In recent years, researchers from many universities and institutions 

in China and abroad have conducted extensive research on the static and dynamic behaviours of the main 

pump, the matching performances of engine power, and the orifice area of the throttling groove in the 

multiple directional control valve spool (Xiong Y et al, 2015; Barreto CEAG and Schiozer DJ, 2015; Lisowski 

E et al, 2014), and have gained numerous achievements. The concept of independent control was 

proposed by the German professor, Bark, in the control theory of cartridge valve in 1987 (Ye Y et al, 2014; 

Kumar A et al, 2013). Matti et al (2015) conducted an in-depth study on the principles of independent 

control, and then used multiple digital valves to replace traditional proportional valves to discuss the 

changes in system performance. Some researchers utilized multiple cartridge valves to replace traditional 

single-core valves and study the independent control strategy (Claudio Alimonti et al, 2010; Feng C and 

Kamat V.R., 2013). Feng used double-valve core systems to independently control the executive 

mechanisms, as well as study the dynamics and energy-saving features of the systems. They concluded 

that the system oil pressure and energy consumption were reduced by the use of double-valve core control 

technology, realizing nearly 15% in energy saving (Mattila J and Virvalo T., 2000). At CONEXPO Asia2007, 

American equipment manufacturers displayed a type of newly developed hydraulic load tractor. According 

to their data, this type of load tractor adopts independent control technology for load ports. Compared with 

traditional hydraulic load tractors, the newly developed hydraulic load tractors can reduce energy 

consumption by 25% and increase productivity by 10% (Atik FA et al, 2005; Falck Tillmann, 2012). In the 

VT02 series of Linde Corp., Germany, double-core multi-control valves are used and pressure 

compensators are preserved in valve cores. American EATON Corp.’s Ultronics Corp. provides a series of 

electro-hydraulic control solutions, including a double-core electro-hydraulic valve control system that 

adopts independent control technology for use in load tractors, loaders, and aerial vehicles and other 

agricultural machineries. The remainder of this paper is organized as follows. Section 2 compares single-

spool multi-control valves and dual-spool control technology. Section 3 analyzes the dual-spool multi-way 

valve farm-oriented load tractor hydraulic system characteristics. Section 4 analyzes the aforementioned 

system characteristics by adopting the method of combination simulation and experiment and comparing 

the single-core multi-way valve with the double-core multiplex valve. Section 5 summarizes the conclusions 

 
MATERIAL AND METHOD 

Mathematical Model of Dual-spool Valve-controlled Hydraulic Cylinder Systems 

 Compared with single-spool multi-control valves, dual-spool control technology is the combination of 

a number of technologies, such as electro-hydraulic proportional and sensor technology. Two valve cores 

are used in the main valve, and executive mechanisms are independently controlled by single-switching 

valves. The schematic structures of a single group of dual-spool valves are shown in Figures 1 and 2. The 

parameters of the vehicle operating device of this corresponding load tractor is shown in Table1.   

 
Fig.1 - Dual spool multi-way valve 

 
Fig.2 - Dual spool valve structure of an load tractor hydraulic system 
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Table 1 

Parameters of the vehicle operating device  

Definition of the parameter Parameter values 

A. Maximum digging depth  3.03 m 

B. The horizontal distance between the bucket and the center of the front wheel  5.31 m 

C. The horizontal distance between the bucket and the rotating center  4.11 m 

D. The horizontal distance between the bucket on top and the rotating center  2.64 m 

E. Maximum digging height 3.40 m 

F. Maximum unloading height 2.85 m 

 

 In Figure 2, Ps is main pressure, Psp is pilot oil pressure, Pt is oil return pressure, A and B is 

working oil port, P11 and P12 are pressure at both ends of the valve. a1,a2,a3 and a4 are ports of pilot 

valve. Q11, Q12, Q13, and Q14 are flow at each intersection. 

 The dual-spool valve is symmetric, and its throttle area gradients are equal. The optimal 

displacement relationship between the two spools is obtained by adjusting the displacement ratio of 

the two main spools in order to adapt to all kinds of working conditions. Their displacemen t relationship 

can also be flexibly adjusted according to different working conditions. Assuming the positive direction 

of the piston movement is the positive direction of the Y coordinate, only the positive direction is 

studied because of the similarity of theories. 

 The displacement ratio of valve spools 2 and 1 is provided as 1 2 1/ x x m . The cylinder area 

ratio of the rod and rodless chambers is 1 2/ A A n . 1Q  is used as the load flow. 

1 1 2

2

1 2( ) (1 )

L

L

P F A P nP

Q Q nQ n

  


                                                     

         

(1) 

Where PL is load pressure, F is load equivalent effect, A1 is area of rod chamber, A2 is area of rodless 

chamber, P1 is pressure of rod chamber, P2 is pressure of rodless chamber. 

 The characteristic equation of the system pressure and flow is  as follow. 

                   2 3

1 1 1 12 ( )( )L d S LQ C w x m m n P P                                                    (2) 

Where
dC is the flow coefficient,  is the oil density, and 

1 2w w is the throttling area gradient. 

 Flow gain of valve 1: 

 3 2 3 2 3

1 1 1 1 1 12 ( ( ))( )qp L x d S LK Q C w m m n m n P P                         (3) 

 Flow gain of valve 2: 

 3 2 3 2 3

2 2 1 1 12 ( ( ))( )qp L x d S LK Q C w n m n m n P P                          (4) 

 Flow gain of the dual-spool valve: 

2 3

1 2 1 1 1 12 ( ( ))( )qp qp qp d S LK K K m C w m m n P P                                   (5) 

 Flow pressure coefficient: 

 2 3

1 1 1 12 ( ( ))( ) 2
Lcp L P d S L S LK Q C w x m m n P P P P                 (6) 

 System linear equation of the pressure and flow characteristic : 

1L qp cp LQ K x K P                                                                        (7) 

 Initial volume of the hydraulic cylinder is 10 20 1 2 0( ) 2   V V V V V , and Y is infinitesimal. 
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 Flow continuity equation of the rodless chamber: 

1 1 0 1 1 2( )e ec ic icQ A dY dt V dP dt C C P C P                                       (8) 

 Flow continuity equation of the rod chamber: 

2 2 0 2 1 2( )e ec ic icQ A dY dt V dP dt C C P C P                                      (9) 

Where 
1V
 
and rodless 

2V  are the volumes of the rodless and rod cylinder chambers respectively, e  is 

the elastic modulus of the hydraulic oil, ecC is the external leakage coefficient, and 
icC is the internal 

leakage coefficient. 
tcC , 

1tcC are calculating coefficient.  

 Equation (10) can be obtained by solving the preceding equations : 

2

1 1 2 12(1 )L e L tc L tc SQ A dY dt V V n dP dt C P C P                              (10) 

2 3 2 2

1 1

2 2 3 2 2 3

1 1

(1 )( )

(1 )( ) (1 )( )

  
 

   
tc ec ic

m n n m n
C C C

n m n n m n
                               (11) 

3 2

1 2 2 3

1

(1 )( )

(1 )( )
tc ic

n n n
C C

n m n

 


 
                                                    (12)     

 

 

a)  m1=0.01                                                                 b  ) m1=100 

Fig.3 - Cylinder displacement response curve with different m1   

 

 The parameters of the Model SY235 load tractor manufactured are adopted. The effective area ratio 

between the rod and rodless chambers of the bucket cylinder is n=0.49. The cases where m1 equals 0.01, 

0.49, 1, and 100 are studied. The experimental results are shown in Tables 2. 

Table 2  

Simulation schedule of cylinder displacement response  

Definition of the 
parameter 

Parameter values 

1m  0.01 0.49 1 100 

T1 0.47 0.37 0.31 0.27 

Note: T1 is the response time of different cases, and 1m  is the bucket cylinder displacement at 80 mm. 

 The displacement response time of the bucket cylinder decreases with the increase of m1, 

because if m1 increases, the opening amount of the cylinder oil outlet will increase, thus reducing the 

back pressure and resistance.   

 Therefore, a large m1 affects pressure response, whereas a small m1 affects displacement 

response. The figures and tables clearly show that the cylinder pressure and displacement responses are 

both relatively good when m1 is approximately 0.49. Furthermore, 0.49 is exactly the effective area ratio 

between the rod chamber and the rodless chamber of the bucket cylinder, n. Therefore, when m1 equals 

n, both the cylinder pressure response and displacement response are relatively good. 
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Working Device Model 

To model the machine ADAMS and perform a combined study and verification from Fig.5, the Model 

AMESim is established, constituting of the farm-oriented load tractor main pump, dual spool multi-control 

valves, executive mechanisms, and so on. 

The rotary conditions of the load tractor are temporarily not studied. The slewing platform, chassis, and 

track are viewed as a whole. The operation can be obtained by Boolean operation. The model contains 15 

components, as shown in Fig.4. Translational joint motion is added in the mobile assistant of the boom, 

arm, and bucket cylinder. 

The excavation trace curve of the bucket prong is obtained. The maximum excavation height and depth are 

9616 and 6739 mm respectively. Although these values are slightly different from the sample values of 

9640 and 6785 mm, they are basically consistent, which demonstrates that the established model is correct 

 
a)  m1=0.01                                                                 b  ) m1=100 

Fig.4 - Cylinder rodless chamber pressure response curve with different m1   

 
RESULTS 

Distribution of heavy metal contents in vegetable field soils 

The AMESIM model is established. The input speed of the engine is 2050 r/min, input power is 110 

kW, and input torque is 512 N.M. Table 3 lists the main parameters of the hydraulic cylinder  of load 

tractor. 

Table 3 

Main parameters of the farm-oriented load tractor  

Hydraulic Cylinder Diameter (mm) Displacement (mm) 

Boom 
Piston 130 1332 

Rod Piston 90 

Bucket 
Piston 120 1048 

Rod Piston 85 

Arm 
Piston 135 1663 

Rod Piston 95 

Other 
Whole 

(23,034 kg) 

On-board platform Gravity: 5705.48 kg, Density: 8278 kg/m
3 

Off platform Gravity: 17,294.52 kg, Density:1548 kg/m
3 

 

The co-simulation mode is adopted for the joint simulation module, which is shown in the table  3. 

Table 3 clearly shows that the ratio between the displacements of two valve cores is 2.02, which can be 

transformed into the spring setting of two main spools. 

The spring coefficients of main valves 1 and 2 are set to k1=9.55 N/mm and k2=19.3 N/mm respectively. 

The flow area and displacement relation of the main spool and the pilot spool are shown in Figs. 6(a) and 

(b) respectively. 

Figure 7 shows the cylinder pressure and displacement characteristic curve of the simulated working 

conditions of the load tractor bucket adduction action. To facilitate analysis, the pressure characteristic 

curve covers the 0th to 15th second, and the displacement covers the 15th to 25th second. When the fuel 

tank just extends out, the pressure of the rod chamber and rodless chamber dramatically increases. This 

increase is attributed to the opening amount of the valve, which is relatively small at first, and the impact 
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on the rod chamber. Therefore, the pressure of the rod chamber is significantly increased. With the 

constant inflow of pilot signals, the opening amount of the valve core reaches the maximum, and the 

pressure of two chambers decreases. However, Figure 7 clearly shows that within 15 seconds, the 

pressure of the rod chamber of the bucket cylinder is basically larger than that of the rodless chamber. 

This difference is related to the initial state of the load tractor set in the simulation. The gravity of buckets 

is always downward because the load tractor equipment is just lifted to a suitable height in the simulation 

setting. Based on the equation P1A1+f=P2A2, the area of rodless chamber A1 is larger than that of rod 

chamber A2. f represents the downward component of gravity. Therefore, the pressure of the rod 

chamber is large, and the displacement curve finally reaches 1048 mm. The whole process is consistent 

with the real working conditions of the farm-oriented load tractor prototype in agricultural production. 
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Fig.5 - Dual spool bucket joint AMESIM and ADAMS model simulation 

 

In terms of the pressure of the cylinder rod chamber, and compared with the spool bucket circuit, the 

curve of dual spool valves varies faster than that of the single spool. At around the 13th second, the left 

and right cores become stable, faster than the single core. The average pressure of dual spool simulation 

is smaller than that of single core at 14 bar. In terms of cylinder rodless chamber pressure, the average 

curve of dual spool is smaller than that of the single core at 1.27 bar, with a maximum pressure 

difference of 4.1 bar. At around the 11th second, a small fluctuation occurs in the single core, whereas 

the dual spool remain smooth. At the 13th second, the dual spool reach a stable state, faster than the 

single core. In terms of displacement response, the dual spool are 2 seconds faster than the single core. 

In the aspect of energy consumption, both inlet oil pressure and return oil pressure are smaller than the 

single core. The following results can be obtained by using P=pq and q=vA to compute. The working 

power consumption of the load tractor stick with double-core multi-control valves within 15 seconds is 

24.64 kW, while that for single-core multi-control valves is 30.61 kW. These values indicate that the 

single-core multi-control valve control system consumes more energy than the dual spool . 
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a)  b) 

Fig.6 - Relation graph between flow area and spool displacement 

a) main spool   b) pilot spool 
 

    
a)                                                                           b) 

Fig.7 - Curve between pressure and time 

a) Curve between rod cavity pressure and time        b) Curve between chamber pressure and time 
 

Experiments for this Farm-oriented Load tractor Prototypes with Dual-spool Multi-control Valve 

A bucket circuit is used for verification. The load tractor handle is operated to perform bucket adduction 

and outward swing action. The bucket cylinder pressure and displacement curve are obtained, as shown 

in Figure 8. 

A comparison of the first 9 seconds in Fig.8 with those in Fig.7 indicates that the general trend is that the 

pressure in simulation is smaller than that in experiments. The average of the rodless chamber is smal ler 

than 2.3 bar, while the rod chamber is smaller than 20 bar. The displacement speed of the simulated 

cylinder is faster than that in experiments because the practical factors consistent with real situations are 

not considered in the simulation, such as leakage and resistance along the way. At the beginning, 

actions have not started and the engine is idling. The curves for simulation and experiments correspond 

to relatively small values and vary slow. At the moment of valve opening, the pressure of the two 

chambers will suddenly increase, which can be seen from the two pressure curves of the rodless 

chamber. This increase happens twice in the experiment curves because when the load tractor is 

operated, the handle will jitter, a factor that is not excluded in simulation. The two pressure curves of the 

rod chamber reveal that a sudden pressure change occurs. Moreover, overflow happens owing to the 

effect of impact, and the pressure reaches the maximum. With the increase in opening amount of the 

valve core, the pressure of the two chambers constantly decreases. Before the bucket extends to the 

maximum length, the pressure of the rodless chamber is also smaller than that of the rod chamber, which 

is the same as in the simulation. Clearly, the joint simulation of  the established double-core system 

satisfies the requirements method. 
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Experimental Comparison of Dual-spool and Single-spool Multi-control Load tractors 

The same operations on dual-spool and single-spool load tractors are performed, including boom 

lifting / lowering working conditions, arm adduction / outward swing working conditions, and bucket 

adduction / outward swing working conditions. The synchronization of the pilot handle is guaranteed. 

After handle operation, data are displayed in the PC software in real time. Fig. 9 shows the load tractor 

test site. The experimental data of the double-valve core and single-valve core load tractors are shown in 

Table 4. 

 
Fig.8 - Bucket cylinder pressure and displacement experiment curve 

 

The data clearly show that the pressure of the double-core multi-control valve on the cylinder reaches the 

peak and stability faster than that of the single-core multi-control valve. The response of the double-core 

multi-control valve is faster. The pressure of the double-core multi-control valve on the cylinder is smaller, 

and the energy consumed within the same time interval is lower. The overshoot of the double-core multi-

control valve is also lower than that of the single-core multi-control valve, which is another reason why the 

former reaches stable status faster. Moreover, due to the operation, overshoot fluctuates. As shown in the 

table, the pressure overshoot surpasses 100% in the cylinder rodless chamber of the bucket adduction 

working conditions and the rod chamber of the arm outward swing. This outcome indicates that the handle 

shakes in the two operations, thus causing shocks. Other working conditions are relatively smooth. 

 
Fig.9 - Load tractor test site 

Table 4 
Farm-oriented load tractor experimental data of the dual-spool and single-spool valve  

(boom lift,varm adduction, bucket adduction)  

Working 
conditions 

Device /bar /bar /s /s /s  

Boom lift 

Chamber Dual 118.758 117.2 50.22 1.01 7.9 2.6 

 Singl
e 

125.538 120.8 52.99 2.06 10.9 4.8 

Cavity 
Dual 4.600 3.68 50.31 14.97 29.44 10.23 
Singl

e 
6.632 5.45 53.41 17.85 32.86 11.98 

Arm 
adduction 

Chamber 
Dual 124.58 80.081 10.50 5.74 7.92 54.9 
Singl

e 
148.02 95.841 10.95 6.81 9.64 55.39 

Cavity 
Dual 44.006 28.00 10.04 6.00 7.20 51.26 
Singl

e 
46.546 31.83 10.91 6.57 8.73 55.4 

Bucket 
adduction 

Chamber 
Dual 33 14.342 4.45 9.88 3.98 116.5 
Singl

e 
35.1 15.742 7.74 1.37 5.31 123.7 

Cavity 
Dual 48.795 28.2 4.05 1.06 1.49 66.9 
Singl

e 
69.315 41.6 7.85 1.35 3.68 68.4 
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Note: The engine speed is 2050 r/min, pm is the maximum pressure of the device in a corresponding working 

condition, pw is the stable pressure of the device in a corresponding working condition, tz is the time needed to 

complete the working condition, tm is the time needed to reach the peak value of pressure, t0 is the time needed to 

reach the stable pressure, and Mp is the overshoot. Rodless chamber refers to the rodless chamber of the cylinder, 

and rod chamber refers to the rod chamber of the cylinder. 
 

 

CONCLUSIONS 

 The SY235 farm-oriented load tractor and a dual-spool multi-way valve-based prototype were applied 

for support. The electronic control improvements of the load tractor were completed. Oil capacity, power 

consumption, and displacement response capability of the dual-spool system were obtained. In addition, 

the performance of a single-spool system was comparative analyzed. The conclusions are shown as 

follows:: 

- Theories of double-core multi-control valves are analyzed. The conclusion drawn is that when the ratio 

between the displacements of the two valve cores in a double-core multi-control valve equals the ratio 

between the effective areas of hydraulic cylinder chambers, the pressure and displacement responses 

of the cylinder are relatively good. 

- The experiments of bucket adduction and outward swing are carried out for a double-core load tractor 

prototype. The curves of experiment and simulation are compared and analyzed to verify that the joint 

simulation model of the double-core system is correct. 

- The same single actions of boom, arm, and bucket are tested for two load tractors. The double-core 

control system is fast in pressure response and has more fluctuations at the beginning of actions, which 

is not very stable. The dual-spool control system reaches stable status first. The average pressure of 

the double-core multi-control cylinder is lower than that of the single-core system, which has low energy 

consumption. The double-core control system is faster than the single-core control system in 

displacement response. The overall performance of the double-core multi-control valves is better than 

the single ones. The SY235C-8S prototype can provide the test platform for further improvement of 

dual-spool multi-control valves. 

Through the simulation research and prototype experiment, the power consumption of the dual-spool valve 

is found to be smaller and more energy saving in a farm-oriented load tractor. The study also found that the 

system has a certain internal leakage, which is the direction of further research for early rollover warning 

design in agricultural production. 
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ABSTRACT  

Article describes a practical method for determining the vibration damping of the material based on 

the use of structural intensity measurements of longitudinal vibrations. Structural intensity is grounded on 

the analogy with the concept of acoustic intensimetry that uses the correlation between the signals obtained 

from two accelerometers. The structural intensity method can be applied, by computation or by 

measurement, for identification of the vibration propagation trace and for vibration control. In this paper, 

after developing the theory on calculation of longitudinal vibration power flow, one proposes an 

experimental method for determining the attenuation of longitudinal vibrations of materials according to their 

nature, size and method of fixing the structure that takes the vibrations transmitted by means of a vibration 

absorber. 

 

REZUMAT 

Articolul descrie o metodă practică de detarminare amortizării vibraţiilor unor materiale pe baza 

măsurătorilor de intensimetrie structurală a vibraţiilor longitudinale. Intensimetria structurală se bazează pe 

analogia cu conceptul de intensimetrie acustică, care utilizează corelaţia dintre semnalele care provin de la 

două accelerometre. Metoda intensimetriei structurale se poate aplica, prin calcul sau prin măsurători, 

pentru identificarea căilor de propagare a vibraţiilor şi pentru controlul vibraţiilor. În această lucrare, după 

dezvoltarea teoriei privind calculul fluxului de putere al vibraţiilor longitudinale, se propune o metodă 

experimentală pentru determinarea atenuării vibraţiilor longitudinale a materialelor în funcţie de natura lor, 

dimensiuni şi modul de fixare al structurii care preia vibraţiile transmise, prin intermediul unui absorbitor de 

vibraţii. 

 
INTRODUCTION 

 Acoustic intensimetry bases have grown substantially as theoretical fundamentals as well as 

applications (Fahy, 1989). In recent years, a more attention was directed to develop the method of 

structural intensimetry with practical applications (Noiseux, 1970; Orăşanu et al, 2013). Measurements of 

vibration energy flow can give information about identification of the positions of vibration sources, energy 

transmitted from source in different ways and different types of vibrations waves (Verheij, 1990). 

 Unlike numerical methods, which are based on theoretical models that allow it to approximate the 

energy of the transmitted vibration, such as the method of discretization developed in references 

(Craifaleanu and Dragomirescu, 2015; Orăşanu and Dragomirescu, 2015), the proposed method consists in 

the processing of the signals obtained from direct measuring. 

 
MATERIAL AND METHOD 

 1. Structural intensity 

 For the study of power transmission characteristics of structural vibrations it is not enough to make 

simple measurements of vibration levels, but it is necessary to determine the distribution of energy flow 

through structural intensity measurements. This flow represents the instantaneous rate of energy transfer 

per unit area in a given direction and is called the structural intensity. For this purpose it shall determine 

inter spectral acceleration density in two closely related sections, similar to the technique of the two 

microphones in acoustic intensimetry technique. 

 In recent years, one has made great progress in measuring sound power. In the field of vibrations, 

practical measurements rise many and difficult problems. 
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 Structural intensity of vibrations, I , in a given direction, is obtained by the time-average of the 

product of force F and the vibration speed vector, ),( trv : 

dttrvtrF
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   or in complex form:   vFI
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 The complex shape from (1) is used when the force and the particle velocities are treated as complex 

harmonic variables. The direction of intensity is the same with the direction of the particle resultant velocity. 

The expression of intensity depends on the type of vibration of a structure, namely: longitudinal, bending 

and torsional. In the following, we will establish a theoretical expression for the longitudinal vibrations of the 

beams. 

 2. Longitudinal vibrations of the beams 

 One studies the vibrations of the homogeneous beam, with a constant cross section that is acted by 

a longitudinal force. For an element of length dx (fig.1), we can write Newton’law 

       Fdx
x

F
F

t

u
m 







2

2

∂
              (2) 

Where: 

 u(x,t) is the displacement of particles in section located at distance x and F is the normal force on the 

same section which it is assumed that varies linearly with the distance. 

x
x

u
x dd






x dx

F x
x

F
F d




u

x = 0

 

Fig.1 - Toolbar element during longitudinal vibration  

 

 Relative elongation, by definition, the ratio between the elongation l  and the original length l, it is 

written: 
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so that Hooke's law becomes: 
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Where: 

 A is the area of the bar’s section and E is the Young’s modulus. 

 

 Using the last three relationships one can obtain: 
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Where: 

  ρ is the density of the bar material. 
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 The final relationship 
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represents the equation of longitudinal vibrations of the beam. The report E  is noted with Lc  and has 

the dimensions of velocity. It is the speed of propagation of longitudinal vibrations and according to this, the  

transcribed form of equation (6) is: 
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 Structural intensity, for longitudinal vibrations in a beam, can be written successively 
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Where: 

 1a  and 2a  are the accelerations at two nearby points 1 and 2, located at a distance   between 

accelerometers. 

 The relations (8) were obtained using the finite approximations (Pavic, 1992): 
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For harmonic wave, with angular velocity ω, the normal force is 
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and the vibration velocity of a particle will be written 
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a) 
 

Fig.2 - The block diagrams of the damped measurement  
1 - Shaker; 2,3 - Beam ; 4 - Sample; 5 - Spring; A1-A4 - Accelerometers; A/D 
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 Structural intensity can also be measured using cross-correlation method between the two 

acceleration signals. Here the vibration intensity vector component, in the direction of the two 

accelerometer will be 

        ),(Im)( 213
aaG

EA
IL


  ,         (12) 

where  ),(Im 21
aaG  is the imaginary part of cross-spectrum between the two accelerometers signals. 

 

 For bending waves in a rod, the energy flow may be written as 

                        
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
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where: 

 B is bending stiffness, λ is the wave length and m is mass per unit length (Craifaleanu et al., 

2014; Orăşanu and Craifaleanu, 2011; Zhao, 1988). 

 

RESULTS 

 In the first experiment there were used two horizontal bars with an outer diameter of 20 mm. 

Between the two bars a sample of cork with the role of damping longitudinal vibration transmitted from the 

first to the second bar has been fixed. The connection between the second bar and the outside has been 

carried out by means of a spring (fig.2,a). 

 The second experiment was carried out by means of two vertical cylindrical bar with an outer 

diameter of 100 mm. Between the two bars was fixed too a sample of cork with the purpose of vibration 

damping, the second rod being rigidly fixed to the foundation (fig.2,b). 
 

 
 

b) 
 

Fig. 2 - The block diagrams of the damped measurement  
1-Shaker; 2,3-Beam ; 4-Sample; 5-Spring; A1-A4 - Accelerometers; A/D 

 

 In both cases, the used accelerometers A1-A2 and A3-A4, of delta-share type (B&K 4507), having 

the phase difference of not more than 4°, were mounted so that their axes coincide with the axes of the 

bars and the mini shaker. The experiments were carried out also, for other types of material (rubber, felt) of 

different thickness (0.5 cm, 1 cm and 2 cm). 
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 The signal generated by the mini shaker is a white noise signal. Vibration energy flow (vibration 

intensity) expressed by relation (12) as the cross-spectra density of two accelerometer signals is shown in 

fig.3 and fig.4, in the frequency range of 1-1000Hz, for a 1cm sample of cork. 

 Significant differences occur in the resonance frequencies of the bar that takes over the damped 

vibrations. 

 

CONCLUSIONS 

 The measurements made on the flow of vibration energy can provide qualitative and quantitative 

information on vibration damping of longitudinal direction by a vibration damper. Differences between the 

two experimental devices (fig.3 and fig.4) are not significant where there are no resonance frequencies of 

the bar behind the damper. It might occur increases of vibration power at the resonance frequencies of the 

structure behind the damper. 
 

 

 
 

Fig.3 - Power flow vibration spectrum 
corresponding to the experiment from fig.2a, for sample of cork of 1 cm 

 
 

 
 

Fig.4 - Power flow vibration spectrum  

corresponding to the experiment from fig.2b, for sample of cork of 1 cm 
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 Measurements of structural intensity depend on: 

- errors of tools by the phase difference between the measured accelerations and corresponding 
electrical signals; 
- the transducer mass must be much smaller than the structural apparent mass; 

- the spacing between the accelerometers produces errors proportional with ( 





2
 ), where   is 

the wave length.  
 For the study of bending vibration damping, the excitation and measurement direction of 

accelerations are chosen perpendicularly to bars. 

 For torsional vibrations, things are more complicated, both from the point of view of the excitation 

and of the transducer, which is specific for measurement of torsional vibrations.  
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ABSTRACT 

The developed technique makes possible to investigate the impact on oscillations of flexible elements 

of drive systems and transportation of nonlinear forces, the speed of longitudinal movement and 

perturbations of boundary conditions. Based on the obtained results it is proved that even for the linear 

analogue system the slowly time-dependent variable of the distance between the flexible elements (SE) 

contact points and the pulleys causes the change of the basic parameters of the waves. The limits of 

applying the wave theory of motion in the case of nonlinear oscillations of flexible elements of drive systems 

under slowly varying boundary conditions are expanded. The basic computations to analyze the main 

parameters of the dynamic process depending on motion speed of flexible element, tension force, and the 

ratio describing the motion principle of the contact point of flexible element and the pulley, are made. 

 

РЕЗЮМЕ 

Розроблена методика дає можливість дослідити вплив на коливання гнучких елементів 

систем приводу та транспортування нелінійних сил, швидкості поздовжнього руху та збурень 

крайових умов. Отримані результати показують, що навіть для лінійного аналогу системи 

повільнозмінна в часі величина віддалі між точками контакту ГЕ та шківів спричиняє зміну основних 

параметрів хвиль. Розширено межі застосування хвильової теорії руху на випадок нелінійних 

коливань гнучких елементів привідних систем із повільно змінними крайовими умовами. Отримано 

базові співвідношення для описання визначальних параметрів динамічного процесу у залежності від 

швидкості руху гнучкого елементу, сили натягу, співвідношення, яке описує закон руху токи 

контакту гнучкого елементу та шківа. 

 

INTRODUCTION 

The wave theory of motion in recent decades has become a new development to describe the various 

processes and phenomena (Goroshko О. О., 2012; Chen L. Q. et al, 2004; Chen L. Q., 2005; Dodd Ret al, 

1988; Kharchenko Y.V., Sokil M.B., 2006; Mytropolskyi Y.A., 1995; Mytropolskyi Y. O., Sokil B.I., 1998; 

Mytropolskyi Y.A., 1998; Mytropolskyi Y.А., Lymarchenko О.S., 1998; S. Ponomareva W.T., van Horssen, 

2004; Sokil M.B., 2012). As for its application in the theory of oscillations, the research concerning the 

dynamics of nonlinear continuum should be mentioned primarily (Chen L. Q. et al, 2004; Chen L. Q., 2005; 

Kharchenko Y.V., Sokil M.B., 2006; S. Ponomareva. W.T., van Horssen, 2004; Sokil M.B., 2012). The 

nonlinear continuum, which is widely used in engineering, includes the flexible elements (SE) of drive 

systems and transportation. The peculiarity of their operation is that they are characterized by longitudinal 

component of motion speed. Based on the wave theory of motion adapted to the dynamics of such systems, 

it is possible to explain many interesting phenomena that are not inherent in their simplified equivalents, i.e. 

SEs that do not account the longitudinal component of the motion speed and actually existing nonlinear 

power factors (Mytropolskyi Y.A., 1998; Mytropolskyi Y.А., Ymarchenko О.S., 1998; Mytropolskyi Y.A., 

Moseenkov B. I., 1976). In particular, even the SE motion speed constantly causes the change of the main 

parameters of this element’s oscillations. At the same time, in many of the cited studies there was an 

assumption that the SE length (Goroshko О. О., 2012) or the distance between the contact points (for one-

dimensional models) or correspondently the SE line of contact to the head and driven pulleys or drums is 

invariable (Chen, L. Q., 2004; Chen L. Q., 2005; Kharchenko Y.V., Sokil M.B., 2006; S. Ponomareva. W.T., 

van Horssen, 2004; Sokil M.B., 2012). This assumption, with reasonable accuracy, is true when the axes of 
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the head and driven pulleys or drums are stationary. This allows using classical boundary conditions in the 

appropriate mathematical models of the dynamics of the process. At the same time, while operating various 

kinds of mechanisms and systems in which SE carries out the transfer motion, the assumption requires 

clarification. This primarily concerns the mechanisms whose axes of head and driven drums (or one of them) 

are movable, i.e. spring loaded (see. Fig.1 and Fig.1.b).  

 

         
a)                                                                                 b) 

Fig.1 - Driven gears with movable SE contact points to the pulley (a) or to the drum (b)  
 

In this case, coordinates of the SE contact points and pulleys or drums and the distance between 

them are variable. The construction of mathematical models of the dynamics of SE and their solutions 

require refined formulation of the problem, a correct representation of boundary conditions and taking into 

account the variable tension force caused by the SE. The studies of this problem are carried out in such a 

context. 

 

MATERIAL AND METHOD 

It is known (Chen L. Q., 2005, Sokil M.B., 2012), that the differential equation of SE oscillation of 

low bending stiffness, which is characterized by a constant component of speed V , can be represented 

as 

   2 22 ( ( )) , , ,
tt xt xx x t xx

u Vu V u f u u u u                                        (1) 

where: 
  - the small parameter; 

    - the slowly variable function, which is determined through a variable tension force  T   and the 

SE linear weight  :  2( ( )) /T     ,);  

 , , , ,
x t xx

f u u u u   - the known analytic function that describes the nonlinear forces, and the small 

parameter specifies the small value of the SEs in comparison with the linear constituent of restoring force. 

In (1), the function  xtu ,,  determines the deviation from the SE equilibrium position with Euler 

coordinate x  (S. Ponomareva. W.T., van Horssen, 2004) at an arbitrary point of time t . 

Here, for simplicity, we will consider the case for which the SE contact point and right pulley is a 

slowly varying function of time  l l  , t   - "slow" time. In this case, the boundary conditions for 

equation (1) take the form 

     0
, , , , 0

x x l
u t x u t x


 

 
                                                     (2) 

The task is to determine the influence of parameters    , ,V l    and functions  , , , ,
x t xx

f u u u u   on the 

dynamics of SE. 

The solution of the formulated problem is associated with solving the boundary problem (1), (2). The 

maximum value of non-linear forces is small as compared to the maximum value of term 2( ( ))
xx

u   (see 

Restrictions on nonlinear forces). Thus, for its development, the general ideas of perturbation methods can 

be used (J. Cole., 1972). The SE can be most effectively used to describe the analytically undisturbed 

movement, i.e. to find solution of equation under the boundary conditions, which are analogous to (2). 

 0 0 2 2 02 ( ( )) 0tt xt xxu Vu V u                                                            (3) 

Even a relatively simplified mathematical model of the dynamic process of the researched object to 

build the solution does not allow the direct applying of the main backgrounds of classical Fourier and 
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d'Alembert methods for partial differential equations (Mytropolskyi Y.A., Moseenkov B. I.,1976). Despite the 

"non classicality" of boundary conditions (2), single-dynamic process of unperturbed problem with sufficient 

degree of accuracy can be interpreted as an imposition of different length of waves but the same 

frequencies. Thus, the solution of the boundary problem (3), (2) is assumed to have the form 

            0
0 0, , cos cosu t x a x t x t                                       (4) 

In the dependence (4)     - frequency, a  - amplitude of direct and reflected waves,    ,     - 

their wave numbers, and 
0

  - initial phase of the waves. The formal difference of the given description of 

the dynamic process in SE with "no classical" boundary conditions in comparison with “classical” ones is the 

dependence of wave numbers    ,     and frequencies     on slow time  . Through formal 

computations, which are similar to the case of classical boundary conditions (Kharchenko Y.V., Sokil M.B., 

2006; Sokil M.B., 2012), we get the value of specified parameters 
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          (5) 

where the constant 1,2,...k   points the wave mode. 

Note 1. Based on the linear boundary problem describing the unperturbed motion, its multi-frequent 

solution can be recorded without much difficulty. 

The nonlinear forces and boundary conditions simultaneous effect give the solution of specified 

approximated task of function  , ,u t x , which can be represented in the form  

         
1

, cos cos , , ,u t x a x x U a x                                               (6) 

where: 

 t     ,  1
, ,U x 

 - unknown analytic periodic 


 function satisfying boundary conditions arising from 
(2), i.e., 

 

   
 1 10

, , , , , , 0
x x l

U a x U a x


   
 
            (7)  

 
In addition, the nonlinear forces cause the change of the dynamic process’s amplitude and 

frequency. Laws of changing the given parameters, as in (Mytropolskyi Y.A., Moseenkov B. I.,1976), will be set 

by differential equations 

 
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, ...
t

a A a   
1

, .
t

B a                    (8) 

Right parts of last ratio, that is, functions  1
,A a ,  

1
,B a  and  

1
, , ,U a x   are arranged in such a 

way that the solution in the form of presentation (6) with the proposed degree of accuracy will satisfy the 

original boundary problem (1), (2). The above mentioned provides a dependence binding the desired 

function, that is,  1
,A a ,  1

,B a  and  
1

, , ,U a x   
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where: 

 1
, , ,F a x   corresponds to the function  , , , ,

t x xx
f u u u u  provided that function  , ,u t x  and its derivatives 

accept only the main meanings in the equations arising from (6). 

After uncomplicated transformations right parts of the differential ratio (6) take the form 
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For unambiguous definition the unknown functions  1
,A a  and  

1
,B a  of differential equation (9) 

should be imposed on the function  
1

, , ,U a x  . The additional condition is stipulated: it cannot be one of the 

additions of proportional sin  and cos . The physical meaning of specified statements is as follows: the 

amplitude of the wave process coincides with the amplitude of its first mode. The above statements will 

come true in the following case 

 
2
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0
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, , , 0
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U a x d

 
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

 
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 
 .                                                         (11) 

 
The partial derivatives of specified function have similar properties. This allows deriving a system of 

linear algebraic equations and functions  1
,A a  and  

1
,B a  from the differential equation (9) 
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where  

               , sin sin ))x V x V x                 ,       , cos cosp x x x      , 

             , cos cosq x V x V x               ,       , sin sin .r x x x       

 
Note 2: We consider the case for which nonlinear system forces cause the change only in time of the 

basic parameters of the wave process ("short systems"). A more general case for which the determinative 

parameters of waves also depend on the linear variable (the case of "long" systems) can be another subject 

of research. 

 
RESULTS  

The conducted research allows to use the averaging out device (Mytropolskyi Y.А., 1972) using the 

variable x  in relation to the system of differential equations (12). Due to obtained results, the functions 

describing the basic parameters of the wave process can be defined by the following formula: 
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A special case of specified dependencies at    0 00, ,V l l       ( 0 , 0l - steel) are the known in 

literature results (Mytropolskyi Y.A., Moseenkov B. I., 1976) concerning nonlinear oscillations of flexible 

one-dimensional media with fixed ends.  

Thus, in the first approximation the dynamic process of SE with its slowly varying contact point of 

right end and the pulley is described by dependence (6) in which the parameters a  and   are determined 

in accordance with ratio (8) and (13). 
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The first improved approximation describes the impact of nonlinear forces on the form of waves; so 

the function  1 , , ,U a x   should be defined. Taking into account the imposed conditions, it can be 

represented as: 
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where the system of functions   ,
m

X x  must be complete and materialize the boundary conditions (2). The 
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 satisfies such conditions. In this case, the unknown coefficients 
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As a rule, the first modes of oscillation greatly influence the dynamic process. Therefore, a system of 

algebraic equations (15) is sufficiently limited by the first few terms of the expansion. In this case, to find its 

solution is not difficult. In particular, if we use only the first two terms of the expansion of a function 

 1
, , ,U a x   in a series of system functions   ,

m
X x , we obtain: 
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                         (16) 

where    
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CONCLUSIONS  

The developed technique makes it possible to investigate the impact on oscillations of flexible 

elements of drive systems and transportation of nonlinear forces, the speed of longitudinal movement and 

perturbations of boundary conditions. Based on the obtained results it is proved that even for the linear 

analogue system the slowly time-dependent variable of the distance between the SE contact points and the 

pulleys causes the change of the basic parameters of the waves. In addition, under certain conditions, it 

can contain sustained dynamic process when SE is converted to unstable process. Thus, with decreasing 

SE tension force (at a constant speed and constant SE contact points and pulleys) the amplitude of 

oscillations increases. The process becomes unstable in a speed value. Simultaneously, the results can be 

the basis for developing methods of influence of periodic disturbance on SE oscillations with slowly varying 

distance between its points of contact to the pulleys. 
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