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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.
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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 $1=36.2mm, 62=50mm, 63=70mm, 64=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
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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.
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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 X103 0.041 (-38.1, 200.18, -39.5)
P2 60 65 1.08X103 0.130 (-38.1, 220.38, -111.5)
P3 80 80 1.08X103 0.307 (-38.1, 234.35, -203.5)
P4 110 115 1.08 X103 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:

F=k-ge+step(g,do,co,dmax,cmax)-Z—?,[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; dq is the starting
value of g, which in this case is 0; ¢, is the initial value of step() function, when dg is 0, ¢co will be 0;dmax
is the maximum allowable penetration depth; cna.x 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.

Contact Name | conTacT_10

Name[ Potato ,
Contact Type I Solid to Solid L]
Youngs Modulus’ (2.31E+005(Newton/meter*2)) I Solid(s) [ELLPSOID_61
J Solid(s) | PART_16.CYLINDER_20

Poissons Ratio[ 0.2

Density | (1080.0(kg/meter*3)

¥ Force Display Red -
7
E Normal Force [Impact L]

Stifiness | 2855.0
a. Mechanical parameters of potato Force Exponent [
Damping ' 0.57
Name|lmaterialsvsteel Penetration Depth 0.1
I Augmented Lagrangian
Youngs Modulus| (2.07E+011(Newton/meter**2)) clinlh
Friction Force I Coulomb j
Poissons RaUOI 0.29 Coulomb Friction I On LJ
Densityl (7801.0(kg/meter**3)) Static Cosficient |03
Dynamic Coefficient ' 025
E Stiction Transition Vel | 0.1
Friction Transition Vel l 10.0

b. Mechanical parameters of the rolling bars c. Impact parameters between potato and the bars

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
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Fig.6 — The velocities of potatoes’ centroids in the X direction
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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 O 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
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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.
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Fig.8 — The contact force of P4 with fixed/ movable rolling bars
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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

e 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.

e 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.

e 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.

e 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.

PE3IOME

B cmammi HagedeHo pe3ynbmamu 0ocrioxXeHb npuduH Hedobopy epoxxaro rid Yac o2o 36upaHHs.
BcmaHoeneHo, w0 icmomHor npudyuHO empamu 3epHa € HeodHoYacHe (ioeo 003pieaHHST 8 KOroci. 51k
Hacnidok nid 4yac ydapie rnnaHoK momosusa no cmebnax, Halbinbw KPynHi i HalUiHHIWI 3epHIeKU, SIKi
Hatnepwumu do3pigatomsb, subusarombcs 3 Kosoca i nadaroms Ha 3emio. BcmaHosnneHo, wo ui empamu
€ 3HayHuUMu i He3gopomHumu. CyyacHul mexHi4HUl cmaHe 3epHo3buparnbHUXx KombaliHie He do38orisie
yCcyHymu ui empamu. [ns yCyHeHHsi Ub020 HedosniKy 6 cmammi 3arnporioHo08aHO KOHCMPYKUi0
nHesmossnosneaYa. [puHyun (o2o pobomu rpyHMyembCsi Ha PO3PIOKEHHI, WO CMBOPHEMbLCS 8
KOHGby30pi. 3asdsiku po3pideHHI0 ece 3epHO, W0 eubusaembCsi 3 Kosoca raHKamu MOomosurna,
3acMOKmMyembCsl i CripsIMO8YEMbCS 8 YUKITOH.

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? 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.

13
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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 (lvan 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.

/

o\ DDeses Q.o‘. L)yeess

VW

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.

14
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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

Cutter 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:

> h=h +h, +h, +h, +h, [Pa] 1)

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

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):

h- 227 [Pa) (2)
2gD
where:
A - friction resistance coefficient;
L - length of pipeline, [m];
p - air density, [kg/m?];
v - air speed, [m/s];
g - gravitational acceleration, [m/sz];
D — diameter of pipeline, [m].
Friction resistance coefficient can be defined by the Brazius formula (Krasnikov V., 1981):
0.3164
A= W 3)
here:
R - Reynolds number, which is defined as (Kondakov V. et al, 1973):
Re =2 @)
1%
here:

v - air kinematic density, [m?/s].

By the air temperature of t =30° C, which mainly corresponds to actual conditions of harvesting
v=16.6:10° m%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 Y L,; belong the branch pipes that connect the fans with transverse pipeline with diameter Dygps, i.€.:

2Lp1 =8 3 Leoni 2 Lop + 2 Lin [M] ©®)

and to the second part > L,, belongs the transverse pipeline and two areas of longitudinal pipelines with
diameter Digng, i.€.:

Lpe=83Le+ 2L+ 3Llnp [M] (6)

where:

Leons - fan length (vertical part of pipeline), [m];

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

Lyn - knee length, [m];

L - length of transverse collector, [m];

Ly, - length of flexible pipeline, [m];

Lnp - 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 10ss hyans Of air friction during its movement in area
of transverse pipeline with diameter Dyans having a total length } Lyans and higng for longitudinal pipeline with
diameter Djong having a total length Y Ligng.
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Therefore
h1 = Nyans + hIong- [m] (7)

2. Pressure loss h, of friction when moving through pipelines of mixture of air and grain can be
defined by the formula (Krasnikov V., 1981):

h,=h (L+c-p) [m] (8)
where:
c - coefficient that depends on the concentration of the mixture, speed and physical and mechanical
properties of grain. When v, = 13-26 m/s the value of the coefficient is in the range of ¢ = 0.83-0.31;
u - coefficient of weight concentration of the mixture.

3. Pressure losses hs in local bearings (knees, by narrowing of the pipeline, unloaders, etc.) can be
determined by the formula (Kondakov V. et al, 1973):

2
hy = ngv—g [m] ©)

where:
p - air density, [kg/m’;
v - air speed, [m/s];
g - gravitational acceleration, [m/s?];
¢ - sum of the coefficients of local resistance.

According to the pneumatic diagram of the grain pneumatic collector:

D& =84 +88, +28,+38, +& (10)
here:
& 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):

=0,5/1 Fo
51_ ' _F (11)

ac

here:
2
Fap — area of the pipeline, [m?]: F,, = % ;
F.c — area of open hole of fan, [m’]: F,, =a-b;
a and b - width and length of fan hole, [m?];
& --- & - 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):

o
& = ‘,ﬁ (12)
here:

o - angle of branch pipe, knee, branch of flexible pipeline, [deg.]. For pneumatic collector these
angles are accordingly 60°, 90°, 90°, 45°;
&,- coefficient of local resistance that occurs in connection knees with angle of knee 90°. Its value can

be determined by the formula (12);
&, - 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);
& - coefficient of local resistance that occurs in the flexible pipeline with the angle 45°.

4. Loss of pressure h, in fan for lifting the grain can be determined by the formula (Krasnikov V.,
1981):
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where:
g — gravitational acceleration, [m/s?];
- concentration factor of air mixture;
p - air density, [kg/m?];
H - height of grain lifting, [m]. It is determined by the size of pneumatic collector (Fig.2) and is 1 m.

5. Pressure loss hs in unloader (cyclone) can be determined by the formula (Kondakov V. et al,
1973):
2
hy =2 [Pa) (14)
29

where:
£ = 2.5 - coefficient of local resistance that occurs when the air-grain mixture inlet in the cyclone;
p - air density, [kg/m’;
Vv - air speed, [m/s];
g - gravity acceleration, [m/sz].

For example is taken a 4-meter harvester-threshers header and by the present methods can be
determined the total pressure losses. 2 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 =0.5m. The total length of pipelines in accordance with the scheme (Fig.2) are 2 Lyans = 13.0 m and
ZLliong = 7.0 m.

For calculations is taken the transverse pipeline diameter Dy,,s = 0.078 m and longitudinal pipeline
diameter Digng = 0.150 m (Dubrovin V., Shvedik N., 2014). Can be accepted also v =25.0 m/s, y=3..5,¢c =
0.31...0.35 (Krasnikov V., 1981). Thus, under these conditions the total pressure losses 2 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):

Zh-v

- 3600'77be e "1 te

» [kW] (15)

where:
v - air velocity, [m/s];
Nee - bearing efficiency;
Nt - transmission efficiency;
Nse - fan efficiency.

After applying in the formula (15) the data v = 25.0 m/s, npe = 0.97, e = 0.99 i ng = 0.8 the power
losses required to drive the fan, which creates a vacuum in pneumatic collectors fans (total pressure losses
2 h in the suction path defined by the formula (1) and are 0.6 kPa and 1.2 kPa) are accordingly N; =
5.42 kW and N, = 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 2'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? 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.

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.

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 si mijloacelor de realizarea a unei tehnologii performante de distribuire a
furajelor s-au realizat i cercetat doua masini deosebite constructiv, capabile s& execute mai multe activitati
din cadrul tehnologiei de pregétire si distribuire a nutreturilor la bovine. In cadrul acestui articol sunt
prezentate rezultate ale cercetarilor experimentale desfasurate la o ferma zootehnica, pe un lot de vaci de
lapte si in conditii aseméanétoare de lucru, cu accent pe performantele tehnice, structura timpilor de lucru,
capacitatea de lucru a maginilor, indicatori importanti pentru obtinerea de productii ridicate gi cregterea
productivitatii muncii.

INTRODUCTION

Agricultural scientific research, by its research object - sail, 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, (Ciuperca 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
guantity 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
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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, (Manisor P., 1994;
Manisor 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, (Dardban S., 2010; Ménigor P., 1997).

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), (Manisor 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.

A
PN DI,

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./lifov/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.

Technology of fodder distribution with Technology of fodder distribution with the feeding machine
the technological trailer MF8
RTF
Work processes Achieving techniques Work processes Achieving techniques
Forage silage .Feed Concentrates Forage silage Hay
Hay PO R Feed Concentrates

\

Loading fodder ew k—%‘ GG Rdder - \ i
special equipment 84 o (EE}_
2 20 b

Cutting eqﬁirbment special equipment

rn g

in hody, with horizontal mixer,
knives, and courter knives

Chopping and
mixing fodder

Chopping and
mixing fodder

Segnig
in hody, with horizontal mixer,
knives, and counter knives

Transport
Transport
\:":». . “
Tractor and machine system
3 il
Distribution of fodder >
Distribution
lateral with the conveyor chain of fodder ™

and scrapers

lateral with the conveyor with chain and
scrapers, or the conveyor with band

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
gualitative 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/m3 .

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) (Sandru A. et
al. 1983, Tecusan N. et al., 1982):

M-n

P =
9550

[kw] @)

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).

F=f-Q [N] )

p-F Vi pw
1000

where:

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

f — coefficient of resistance to running;

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

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

V,_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 T; according to relation (3).

Structure of working time represents the group of elements belonging to a shift time, being calculated
with relation (4) (Sandru A. et al., 1983).

w=80U [UM/h] 3)
Ti

Tp =T, +T,

T03 = Toz + Ts

To =Ty +T, [min] (4)

Ty =T + T+ T +T,

Toa = To7 + Ts

where:

T, — working time; T, — additional time, T3 — time designed to technical service of the machine; T,—
time for remediation of technological failures, Ts — time for personal rest; Ts — time for changing the
workplaces; T, — time for technical maintenance, Tg— 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.

Tablel
Main technical characteristics of equipment tested
Technical equipment

Technical characteristics MU Technolgglcal tral.ler for (?hopplng, Fodder machine

transporting and distributing fodder
MF 8
RTF
Category - Machine for works Machine for works
Type - uniaxial uniaxial
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Technical equipment
Technical characteristics MU Technolqglcal tral.ler for cr,hopplng, Fodder machine
transporting and distributing fodder
MF 8
RTF

Overall dimensions:

- length mm 4280 6250

- width mm 2860-2550 2350

- height mm 2275 2445

T 600 -1340 400630
Distribution height mm (depending on conveyor type) (adjustable working

position)

Wheel track mm 1600 1800
Useful volume m® 35 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
Operating assemblies
Working process 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 ) X i i
types of forage
Movement to points of fodder
. X - X - -

feeding
Chopping, mixing and travel to

o . X - X - -
distribution points
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
Technological trailer - RTF Fodder machine - MF 8
Working process Operating Moment Power Operatt)llng Moment Power
assemblies [N m] necessary assemplies necessary
[kW] [N m] [KW]
Silage fodder loading | Mixing worms | 200-230 | 11.31-13.1 Wocrz:tse?”d 330-400 | 18.7-22.6

Other fodder loading
according to recipe

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

Mixing worms 200-250 11.31-14.2 Mixing worms 300-350 17-19.8

Mixing worms 260-290 14.70-16.4 Mixing worms

Fodder distribution
and conveyor 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
Characteristics of material loaded in Characteristics of material after the processes
Fragments machines body of shredding and mixing
length - . Shredding - . Percentage in
[mm] HUI[‘I;/I(]thy Qu([':\n]tlty level HU[TJ/I?Ity Qu?rl]tlty fodder mass
’ 9 [%] : 9 [%]
I<50 241.6 48.34 433.5 86.7
I=50-100 70.8 14.16 66.5 13.3
I=101-150 31.82 54.1 10.82 37.54 - -
[=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, F, = 600 N; P;=0.36...0.66 kW
- fodder machine, MF 8, F, = 1130 N, P,=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]
Technological trailer - RTF Forage machine - MF 8
Operation

Max. power Power stock Power Power stock

consumed necessary
Silage forage loading (stationary) 13.10 34.70 22.60 25.20
Othgr fodder loading according to recipe 14.20 33.60 19.80 28.00
(stationary)
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 (Sandru A et al, 1983).

Table 5
Structure of working time
Technological Fodder machine,
Parameter Symbol trailer, RTF 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 tlmg (unloaded machine T2 5 3
movement) [min]
Time for machine technical service

) ) . . T3 5 5
(preparation of working machine) [min]
Time for remedying the deficiencies {min] T4 6 4
Operating time [min] To2 41 315
Total operating time, [min] Tos 46 36.5
Time of production [min] Tos 52 40.5
Working hours per day [min] T2 =NsxT1 144 57
Total working time (one day) [min] Tog=Ns X Toa 208 114
Hourly working capacity appropriate to one
charge production time [kg/h] Wos 1154 2963
Coefficient of utilization of operating time for K os 0.69 0.70
one charge

T
Coefficient of safety operation k4 = 0.86 0.88
T +T,

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, K, 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.

PE3IOME
Ha ocHoei aHanizy pesynbmamie docnidxeHb npouyecie pobomu 28UHMOBUX KOHBEEPI8

3arnporioHo8aHo MK 3aeaHmaXyseanbHOK ma 8ueaHmaxyeasbHOK Mazicmpansmu ecmaHosumu
nepegaHmaxysanbHuUl nampybok 3 ueHmpasnabHUM rnpueodom. Lle 0oseonsie 36inbwumu OG08XKUHY
mpaHcrnopmyeaHHs CUNKUX mMamepiasie, a makox 3HU3UMuU CUI08i HaBaHMAa)EeHHs1 Ha cnipasi 8 30Hi ix
KpinneHHs1 0o npugidHux easie. Po3pobrieHO MexHOMO2iYHi CXeMu MOXIIUBUX 8apiaHmig nepemillieHHS
CUrMKoz2o Mamepiasny 8 riepegsaHmaxysanbHoOMy nampybKy ma eu2omossieHo (1020 eKcrepuMeHmarsnbHuUll
3pa3sok. [MposedeHo meopemuyHe G0CniOXeHHs pouyecy nepesedeHHsI CUNKo20 Mamepiary Mix pobo4yumu
opaaHaMmu 8 rnepeeaHmaxysasnbHoMy nampybKky ma rnposedeHo ekcriepuMeHmarsbHi O0CNIOXeHHS.

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 A.l. 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, a), 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.

L i
6 5?:
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.
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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:

T (T — urDsgn w)

. =
8 (zD)’ +T2
[0}
T, :T[l—w—j (1)
B
v - a)TTB
27r<T —TB)

where @, - angular velocity of the rotation of the material transported; T - pitch of a screw; T, -

B
pitch of a helical line of load conveying; @ - angular velocity of screw rotation; x - friction coefficient of the
material conveying along the screw surface taking into consideration capillary phenomena; D - screw

diameter; v, - axial velocity of load conveying.

In the system (1) it is customary, that the value for leftward screws is sgnw=-1, and for rightward
ones itis sgnw=1. The determined mathematical model is applicable for high-speed screws, which specific

2
speed is @D >1.
29

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:

Xg =Rsinat;
Yg = R(1-cosat);
Z, =0;
g =0,
vV, = m,Rcoswt; 2)
X B
V. =w_Rsinot;
y B
Vv, =V,
In case of leftward helical spiral (suppose @ >0, however, turning is in clockwise direction):
Xg =Rsinat;
Yg =R(1+coswt);
Z, =0;
g =0,
3)

v, = a)BRCOSa)t;
V. =-w_Rsinot;
y B

Vz:VO’

where Xg, Yg, Zg — coordinates of a point of separation of a particle from a screw; vX,vy,vZ - 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:

/v2+2 Y, +v
t= & (4)
g
Coordinates of a particle fall point are calculated according to the following dependencies:
XP = XB +v,t 5)
ZP = ZB +v,t.
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 Zr 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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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 0° to 30° 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 < a < 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
T=(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 (SOE) 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.

PE3IOME

HasedeHo memoduky po3paxyHKy padiyca 32uHy eHY4YKO20 28UHIM0B020 KOHeeepa 3 CEeKUitHUMU
enemeHma. BueedeHo aHanimuyHi 3anexHocmi O 6U3SHaYeHHs1 onmuMarnbHo20 3HadyeHHs1 padiyca
rnosopomy 3 memoto 3abesnedeHHs1 HadiliHoi pobomu mexaHismy. PospobrieHa kKoHcmpyKuis cmeHd 0ns
Q0oCrliOKeHHsT Kyma 3akpyqyeaHHs CeKUilHUX poboyux opaaHie | 8CmaHoB8/1eHO 8rug  Pi3HUX
KOHCMpYKMueHUX napamempig (008xuHa cekuii, iamemp) Ha iX pecypcCHi xapakmepucmuku, a Mmakox
MopieHAMbHI 8UNPObye8aHHs Pi3HUX muriie 0ocniOHUX 83ipuie esuHMogux pobouyux opeaHie PO. HasedeHo
mMemoduKy eidrnpaurogaHHs poboYUX Op2aHi8 2Hy4YKUX 28UHMOBUX CEKUilU KOHBEEPi8 Ha MEXHOI02iHHICMb
KOHCmMpyKuii, sika 3abesneyqye MiHimanbHul padiyc 32uHy mpacu mpaHCriopmyeaHHs.

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,
O.Trufanov, H. German, M.l. 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; Hevko B.M., 1993; Hevko B.M., Rohatynsky R.M., 1989; Hevko I.B., 2008; Hevko 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
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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.

/L 2 3 4 5 6 7 8 9
ﬂ/ﬂ:/ﬂk&m A
4 I e SN NS —

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

Rigidity of the screw operating member as well as the SOE 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 4PF1121 VB04) 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 (AIP90L4Y3), 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.

123 4 5 6 789 iO
- —
=
O] O Ol 0o
a) b)

Fig.2 - Stand for investigations of the screw spirals tortion rigidity: a) scheme; b) general view
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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 O 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 (1=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:

20- 7R

I — bend 1
bend 1 800 ( )

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):

L

R ——— (2)
*M 2.sing
where:
L — linear distance between the screw elements ends;
a — angle of bending of the screw element sections.
L
Rbend
A
| - |
a | | /
1
2a 7& o /4 V a
Rbend
Ho
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:
aa a-L

| =" _Z = 3
*180°sina sina ®

In the case of two bending paths, the radius of bending is worthy being determined from the
dependence:
_ L-sing
 4.cosa
The length of bending (linear length of the screw operating member) is found from the dependence:

R

2.p

=0,25-L-tger . ()

=05L-tga-7- 2 . (5)

bend

However, such important parameter as the angle of bending of the elevator sections a 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 A abc, according to
which (Hevko B.M. and other, 2008; Leschuk R.Y., 2003):
¢ D,-d,-2s
S ac B

tga (6)

where:
Dg — outer diameter of the elevator sections bushes;
dg — diameter of the joint rolls;
s — thickness of bushes;
B — width of bushes.
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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 A omn. According to the calculation scheme,
presented in Fig. 4, the radius of bending Rbend will equal:

=on=——-. (.7)
Sinx

According to the calculation scheme the value mn equals:

mn=1,/2+B+A+B/2, (8)

where:
Iz — distance between the bushes in one section,
A — 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:

R 15B+1,+A )

bend "
25in(arctg(DB_dB_25D
B
RESULTS

Special stand equipment was used for the operating life testing of the strain-strength characteristics
of the flexible sectional SOE (Fig.2). At the beginning of the operating life testing measuring of the angle
twist of the sectional SOE with the hinged joint (Fig.9, a) and safety joint (Fig.9, b) on the stand for testing
the angle of twisting of sectional SOE, 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
SOE on the stand were carried out to investigate the angle of twisting of sectional SOE. 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.
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bend ? RDEW A 3= 12 mm
mm TSz =11mm / mm l l /;/>
400 255 4+— A, = 8mm /
350 \ ¥
225 7
300 //
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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:
o, _cos(arctg(D, —d, —2s)/B
o, 1-sin*(D, —d, —2s)/B

(10)

@

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 Dg=60mm; dg=45mm; l[g=50mm; A=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 A 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
SOE with the hinged and safety joints (SOE length L=2m) did not exceed 9°. Before the operating life
testing the angle of twist for the investigated sectional SOE 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 SOE 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 — Rpeng = Min and under the straight SOE — Rpeng = 0).

® 1 ///—-_-—-
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Fig.6 - Dependence of the sectional SOE angle of twist on the operating time:
1 — with the hinged joint under Ryeng = min; 2 — with the safety joint under Ryens = Min;
3 — with the hinged joint under Ryeng = 0; 4 — with the safety joint under Rpeng = 0

Angular acceleration of the master section for a uniform rotation of the slave unit is expressed by:

sin?(arctg W) cos(arctg W)sin 2a
2

ﬂz =

(11

(—sin?(Pe=9e =28y gin oy
B
Accordingly, coefficient of irregularity rotation of the slave section:
k = tg (arctg (w»sin(amg (W)) (12)
Torque at an intermediate section is determined from the relationship:
2 D, —-d, -2s 2
T,.=T,/1+tg"(arcty (T)) Cos” « (13)

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.
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Fig.7 - The dependence of the torque T from the Fig.8 - The dependence of the torque T from the angle
angle of twisting @ working unit for one section: of twisting dworking unit for two section:
1-1=100mm, 2-1=130 mm 1-1=100 mm, 2 -1=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 T, 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 (Hevko 1.B., Melnychuk
A.L., Shust .M., 2015; Hevko I.B., Komar R.B., Leschuk R.Y., Novosad I.Y., 2005). Fig.10.c 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.

i ‘t-;:‘ ;'-'n!._l:'.'_..' l.“'v‘i':”g A
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Fig.9 - Sectional screw operating members with a) hinged joints; b) safety joints

Variants of the type A-A (M 2:1)
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Fig.10 - Flexible screw conveyers:

a) connection with compensation; b) elastic flexible screw working body;
c) 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.

PE3HOME

Y cmammi HageGeHO onuc mexHos02iYHo20 npoyecy pobomu yAOCKOHaeHo20 OUCKO8020
mMepKoB8o20 pUCMpPOIo, Mpu3Ha4yeHoeo Ofls eumupaHHs HaciHHs 606osux mpas | pesynbmamu
aHanimuy4Hux docnidxeHb npodykmueHocmi Lio2o pobomu

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 ATI1 (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.
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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 1., 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:

dQ,/dt>dW, /dt,or Q, =W, . (1)

where: Q, — capacity (or productivity) accident DGD, kg/s;
W, — 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.

'DQ
+ - D, - .
2 3 1
ﬁ"—' 3 f r’ﬁ:‘
B T 1%
-_:.-r'nn.. - - -ull.h-l-- 4 s = ‘I .__. ::u _ _
11 BE-rELyi1A -"MH\*{_; - t*Ra=iD 4
Ap—= = R L =
OT = ¥} (PR o
// 1 -L‘ 3 g.:::}m! D_ 10

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 hd ,

with the outer diameter of the disk D, and moving Dp that installed on the shaft 9 rotating with angular
speed @, . 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 D0 as mid — d0 and are installed in form of rays- beaters 5

the number of which is K,

made in the form of rays (reefs) with the width bn, length L, and height hc,
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 kV formed as a round rod; the
average diameter is from the centre of the disk at a distance of 0.5 D,, and 0.5D,,, .

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 D, =D, ;

- 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 hc;

- diameter ring lugs 6, 7 which are concentric to the axis stationary disk and is the same d, as the
height of the sleeve 4 is cross-sectional height of 5 and beaters totals hc .

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.
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Productivity of DGD, Q, , 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.

Qn = Fppv¢nvc; Fp = 0,2572'(D2 —dvz); @ :Vv /Vn; Vn :O’ZSﬂDzhd )

where:
Fp — the working area of basic (moving) disk, m?;

p, — Bulk alfalfa pile density, kg/m?®;
@, — Filling factor of internal working space formed by figure ABCD;
V, —the average speed of the processed pile towards the periphery of the disc, m/s;
V, —the amount of space pile alfalfa working channel, m?;
V,, — The total amount of space inside the working channel, m>;
V,, — Diameter and height of the cylinder, m.
The maximum possible volume V, . of alfalfa pile that fills the space of the working channel of an

DGD will consist of the difference of the total internal volume V, of the working space of the channel and

the total volume ZVe of structural elements that are installed on the inner surface of the fixed disk and

which hold a certain amount volume, i.e.

kn ky
Vo =Vo =DV, =V, —(VW + ;vbj + ;vki +V, j ®)

Kn Ky
where: V,,, vaj , kai , Vd — accordingly, bushings volume, the total volume of the beaters ring inserts
j=1 i=1
and drive shaft volume, m°.
This amounts corresponding figures that adopted the design elements found on the inner surface of

the real disk are determined by formulas

kn
V, =025, (D2 —d?); J_Z_;,Vb,- —F.Lk, =05r2[(mx, /180)—sina, L k. @)
kV
DV =DV +DV,, +.4 2V, Vy =0.252d2h,: i=1.2...k, (5)
i=1
kV
DV, =V +V, + V)=V kK, (6)
i=1

where:
D,. dO — outer and inner diameter of bushing, m;

h, — height of bushings, m;

F. — beaters cross-sectional area or segment, m

a,, — central angle, tightening beater chord, grade;

k,, — total number of installed beaters, pcs.;

L,
ZVlV : ZVZV Z:ViV — the total volume of one of the ring insert, which is placed concentrically at a

I, — beat length and radius of the arc segment beat, m;

distance from the centre of the stationary disc is equal, respectively, to 0.5 D, , 0.5D,,,.., 0.5D,,, m%

V,, VY,V

i — 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 D,,, 0.5 D, ,...,0.5 D, m®;

v,

n

the amount of each i ring insert, placed across the width bn of each set on a fixed disk beater, m>.
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On the other hand the difference between the constituent right side of equation (6) can be written in
the form V, =V, =V, , V, =V, =V, , V, =Vy =V, , where V,, , V,, ...,V — 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 0.5D,,, 0.5D,, ,...,0.5 D,,, m®.

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 D,,, 0.5D,, ,...,0.5 D, will be determined by the formula:

DV =V ki Vo, =V ki DV, =V, ki a V=0257°D,d?7; V, =0.257°D,,d7; V, =0252°D,d  (7)

v+ 2vin? iv-n

where: D,,, D,,...., D;, —the diameter of the centre section of the centre ring of the torus, m;

d,, — 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, 05D,,, 0,5D,,,...,0,56 D,, and angle

1v

between the central part of i torus with (7) will be determined by the formula
V,, =0257°D,,d’a,, /360°;
V,, =0257%D,,d’a,, /360°;

n

2vn

(8)

2 2 0
Vi, =0257°D,,d; ;. /360
where: a,., &, ..., &, — 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 D,,, 0.5 D,,,...,0.5 D,,, rad.
Central angle that tights a chord of each sectorial share of | ring insert, which is placed at a distance
from the centre of the disc real is equal, respectively, to 0.5 D,,, 0.5D,, ,...,0.5 D,, according to (Grynyk I.

v

et al, 2014) and is given by formula:
a,. =2arcsina,, / D, ); a,, =2arcsina,, / D,,) ; a, =2arcsina,/D,,) ©)

where: a,,, a,,,...,d;, — a chord length of each sectorial share of I ring insert, which is placed between

v T

two adjacent concentric beaters away from the centre of the real disk is equal, respectively, to 0.5 D,,, 0.5

D,,.....0.5D,, charged by corresponding central angle, ., &, ,..., &, M.

v?

Fig. 3 - Scheme to determine the length of the chord:
1 — beater
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To determine the length of the chord a,,, a,,...., &;,, consider the composite scheme (Fig.3), while:
b, 1 1 _a
2 sin(a/2) cos(a/2)) ' (10)

g =2(R, +05b, /sin(a/2))-2-05b, / cos(e/ 2)=D,, +

a, =D +b—” 1 - 1 a =D +- 1 _ 1
2o 2 sin(@l2) cos(el2))s M Y 2 (sin(a/2) cos(al2) (11)

Then, according to (9) and (10) we have

o, = 2arcsin| 1+ b, ! - ! ;
e 2D, \ sin(z/k,) cos(z/k,)))

o, =2arcsin| 1+ _Pn 1 1 .
© 20, \sin(z/k,) cos(z/k,))J (12)

. b, 1 1
o, =2arcsin| 1+ - -
2D, (sin(z/k,) cos(z/k,)
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 ., &, ..., &, a sector of a torus of i_

(b 1 1
V,, =057°D,d’k 1+ - 1360°;
Z v 7T Uy Uy, narCSIn( +2D1V [Sin(ﬂ-/kn) COS(ﬂ'/kn)Jj

. b 1 1
V,, =057°D,,dk_arcsin| 1+ —" - /360°; (13)
2 Vay =057 drk, ( 2D2V(sin(ﬂ/kn) cos(z/kn)D

. b 1 !
Vi :O,5 2D- de 1 n — /3600
SV, 72D, d? narcsm( +2Dw(5in(”/kn) cos(ﬂ/kn)D

where:

k
V,. ZVb , Zkai , V4, — bushings volume, the total volume of the beater inserts and ring volume drive
shaft m°. "

Substituting the value of the total volume of each of | ring inserts with (13) in the first equation (5) we
obtain the formula for determining the total beater volume K the total of which occupies the space of the

working channel of DGD:

D,, arcsin| 1+ b, ! - 1 +
Y 2D,, ( sin(z/k,) cos(z/k,)

ky 242
DV, :M +D,, arcsin| 1+ b, _ 1 1 oty (14)
= 360 2D,, ( sin(z/k,) cos(z/k,)

. b 1 1
+ D, arcsin| 1+ ——| — -
{ 2D, (sm(;r/ k,) cos(z/ kn)ﬂ

The total volume ZVe of structural elements that take a certain amount of the total internal

volume V of the working space bed according to (3), (4) and (14) will be determined by the formula:
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3V, =0,25720 (DZ —d? )+ 05r[(mx, /180)-sin e, Lk, +0,252dh, +

D,, arcsin|1+ b, - ! - ! +
2D, \sin(z/k,) cos(z/k,)
0572d2k [ b 1 1 (19)
———— 1+ D, arcsin| 1+ - — +...+
360 2D,, \ sin(z/k,) cos(z/k,)

. b 1 1
+D,, arcsin| 1+ ——| — -
{ 2D, (sm(ﬁ/ k,) cos(z/ kn)ﬂ

At maximum volumeV, . alfalfa pile that fills the space of the working channel of the DGD

according to (3)—(5) and (14) is determined:

V, n =0,257D2h, —0,2572 (DZ —d?2 )+ 051 [(mz, /180) smab]L k, +

D, arcsin| 1+ b, - L
2D,, | sin(z/k,) cos( 7z/k
057°d K, : b, 1
+———— 1+ Dy arcsin| 1+ - +.ot+p+ (16)
360 2D,, \sin(z/k,) cos(zz/kn)

. b 1 1
+ D, arcsin| 1+ —" - -
[ 2D, (sm(ﬂ/ k,) cos(z/ kn)j:|

+0,257d2h,

Fig. 4 — Scheme for definition of central angle ¢, and radius I, :
1 - beater

To determine the central angle ¢, tightening chord bn of beater 1 and radius I, 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

b, =2,/2h.r, —h? =2r, sin(e, / 2), or b? =4(2h.r, —h?), sin(er/ 2)=h, / 2r,.

Where:

: h
=(bn2 /8hc)+0,5hc; a, = 2arc3|r(nggﬁ] 17)
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Maximum coefficient of filling ¢, ., the internal space of the working channel of the DGD according
to (2), (3) and (16), (17) is determined:

h, (D2 -d?)+ i[(bn2 /8h, )+05h, [ x
ya

b h
arcsinb_h_ /180-(0125b% +h_J)—sin——°—|L k_+d?h, +
X{(ﬂ' n''c (v]- n c)) 0,125bnz+h02} n™n v'id

D,, arcsin|1+ b, : - : +
v 2D, Sin(ﬂ/ kn) cos(;z/ kn)
+-- "1+ D, arcsin|1+ 5, Lo ' ot
180° | ¥ 2D,, \sin(z /k,) cos(z/k,))|
+D,, arcsin| 1+ b, . L - :
2D, | sin(z/k,) cos(z/k,)

D?h,

The average speed Vc of pile processed towards the periphery of the movable and immovable discs

Pnmax = 1- (18)

will be determined:

V. =V, A, =05(dep/ dt)DA, =05w,DA, , (19)
where:
V,, —the theoretical speed of the material, [m/s];

A, — factor for the decline rate V,, relative to the theoretical average speed Vc;
¢ —rolling disk angle, [grd];
o, — angular velocity of a moving disk, [rad/s].

Thus, maximum productivity of DGD Q, .., according to (2), (18) and (19) is determined by
dependence:

Qn.max = ﬁa)nﬂ'\/pv(Dz _dvz{l_

(20)

h,(D? —d?)+ (4L, k, / 7)+dZh, +Qad2k, /180
8Dh,

Where: @ =(b? /8h, )+05h, [ x {(ﬁarcsir(bn h, /180)-(0125h% +h, ))- sinm}

Q=D,, arcsin| 1+ b, - 1 - ! +
2D, \ sin(z/k,) cos(z/k,)

+D,, arcsin| 1+ b, - L - L +.t
2D,, \ sin(z/k,) cos(z/k,)

. b 1 1
+D,, arcsin| 1+ ——| — -
{ 2D, {sm(ﬂ/ k,) cos(rz/ kn)ﬂ

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 ¢, ... the space working channel of DGD can be represented as

a product useful volume (pr’1 and the working space entered factor ¢, 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 ZVe of structural elements that are installed on the inner surface of the
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stationary disk to the total internal volume V, space of the working channel of DGD or:

2
h, (D2 —d2)+46Lk, / z+d2h, + ”1‘230‘2 0

=>V /V. = 21

P =2V, 1V, 8D, (21)

Then, taking into account the factor ¢, , the actual meanings of filling ¢, .., the space of the working

channel of the DGD will be determined:

2

q)n.max = wrz.maxq)e = (qor'\maxhc (Dg _d§)+4®|—nkn / T+ dvzhd + 7;_d8rbif)n QJ/8th (22)

In this case, the maximum productivity of DGD Q, .., according to (22) will be determined by
dependence:

Qn.max = 0’1257ZD(D2 - dv2 )pvgprrl.maxgpelv (jj_(tp =
2 (23)
h(DZ —d2)+40L,k, / 7+dh, + 7 K,
v v n.max 8th dt
2 2 2 ’
Or: Qn.max — T nn D(D 1dzvo)pv§0n.max¢eﬂ\/ , (24)

where: N - 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 Q

S-— Qn.max: f(D’n)’ Fig. 6a — Qn.max = f(n); Fig. 6b — Qn.max = f((or:)
Analysis of dependence Q, = f(D,n) (Fig. 5) shows that productivity of DGD varies approximately in

n.max s functional changes:  Fig.

the range of 0.2 to 1.3 kg/s, depending on the meaning of the diameter D and rotational speed n_ of

moving disc by linear variation of Q,, with increased productivity n, and unit growing D, which is also
characteristic for dependencies that are shown in Fig. 6.
Significant productivity growth Qn is observed in the meaning of movable disk diameter of D> 0.5

m, with a range of changes 400 <n_ < 1000 rot/min for the moving diameter of D = 0.6 m, drive
productivity Q, increases by about 0.65...0.7 kg/s (Fig. 6a ) and a significant increase in productivity Q,,,
depending on changes in fill factor qor’] working space channel of GDD (about 0.2...0.25 kg/s) is the meaning
of ¢/ > 0.5 (Fig. 6b).
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Fig.5 — Dependance of change Q, as functional: Q, ., = f(D,n)
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Fig.6 — Dependance of change Q, as functional: a- Q.. = f (n); 6-Q =T ((p,g)

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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STUDY OF LABORATORY GERMINATION OF SEEDS FROM MILYANA TOMATO VARIETY
AFTER ELECTROMAGNETIC TREATMENT
/
U3CIIEQBAHE HA JIABOPATOPHATA KBJIHSIEMOCT HA CEMEHA OT JOMATHU, COPT
MWIISAIHA, CIIELQ NPELCENTBEHU EJIEKTPOMAIHUTHU OBPABOTKU
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ABSTRACT

After pre-sowing electromagnetic treatments by expanded experimental plan from Bs 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 T=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.

PE3IOME

Cned npedceumbeHu erlekKmpoMazHUMHU 0bpabomku Mo pas3wupeH fraH Ha eKcriepumMeHma om
muna Bs u meopemuyHu u3criedeaHusi Ha [OCMPOEHUMEe MO8bPXHUHU U JIUHUU Ha OMK/IuKa —
nabopamopHa KbJ/HSeMocm Ha cemeHa om Oomamu copm MunsHa, meopemuyHO € nomebpOeHo, 4Ye
ron10XXKumesiHU pesyaimamu ce rosy4yagam npu cmoUHOCMU Ha yripasnsemume hakmopu: HarpexeHue Ha
obpabomka U=12 kV, npodbmkumenHocm Ha eb3delicmeue 1=35 S u npodb/mKUMmMenHocm Ha fnpecmosi om
obpabomkama 9o 3acsieaHemo T=12 deHoHowuS. [Joka3aHo e, Ye eghekmusHO 8b30elicmaue Moxe da ce
nofy4u U npu CcbYemaHo yeesiudasaHe cmolUHOocmma Ha yrpaensgeMusi hakmop HarpexeHue Ha
obpabomka u cbKpawasaHe rnpodb/mKuMenHocmma Ha eb3delicmsaue 1=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
gualities 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 T=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, t=5 s and stay to seed set for germination
T=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 B® (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 t (s). After treatment the
seeds were left for stay T (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°C 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" 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 Bs 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 X, +1 12 kv 0 9 kv -1 6 kv
Duration of impact, t X, +1 35s 0 20s -1 5s
Length of stay, T X°3 +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 Y, for each variant of treatment and relevant stay are given in %/c.

According to the results (Y;), given in Table 2 for the established laboratory germination of the

particular variants of treatment by plan Bj, and according (Mitkov, 2011) the equation for regression was
found. This equation expresses the relation between the laboratory germination and the combination of the

o o

individual factors (voltage U of treatment — factor x, , duration of treatment t — factor x, , length T of stay to

o o o o o o o °

set of the seeds for germination — factor X3 ) and their interactions: X; X,, X; X3, X, X3, Xlz, XZ2 and X§ :

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

Controlled factors o

' ) N 3 Laboratory germination,

Variants X1 X, X3 YK 9%lc
- U, kv - 7,8 - T, 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

\f,(. =99,764 + 0,839 x;+ 0,190 x5, + 0,323 x3 — 0,069 X; X5+ 0,676 X; X3+ (1)

) o o

0,136 X, X3+ 0,916 X2+ 0,101 x5+ 1,046 x3

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

o o o

response are obtained as a result of consecutive elimination of each one of the factors x, , x, and x5, 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 Xi2 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.

o

Variant 1: The factor X3 — duration of stay T is eliminated. In that case, in interaction of the factors

o o

X1 and X, the equation of the response surface is of the following kind:

o o

Y, =100,166+0,839x;+0,190 X, — 0,069 X; X,+ 1,157 x7+0,342 3 2

In use of the Statistica 8 (http://www.statsoft.com), it was built the response surface (Figure 1a) and
lines of response (Figure 1b) — laboratory seed germination in function of the voltage applied between the

o o

electrodes x,; (U) and time of electromagnetic treatment x, (1), in case of elimination the influence of the

o

factor duration x5 (T) of stay from treatment to seeds sowing.

The values of YK_ , for model (2), in %/c, are given in numerical type on the ordinate of the drawings

from Figure 1.
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Fig.1 — Response surface (a) and lines of response (b) — laboratory germination as a function of factors

Xy (U)and Xo (7), X3 (T) switched off factor

The effect (YK in %/c) of the impact of the pre-sowing electromagnetic treatments of the seeds,

obtained by the model (2), is shown in Figure 1a 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 x; =(+0.2...-0.9) and x, =(+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 1=(32...2) s. Then the laboratory germination
of the seeds will be smaller (i.e. <100%/k) compared to the control/untreated seeds in electromagnetic field.

Bright green, yellow and etc. to dark brown areas, for example in x; =(+0.5...+1.2) and X, =(+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 1=(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 1a and Figure 1b it could be concluded that in the adopted upper levels of the
controlled factors x; =1 (i.e. U=12 kV) and x, =1 (i.e. t=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 x; =+1.2 (i.e. U=12.6 kV) and x, =+1.2 (i.e. t=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 1a 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

o o

controls. This could be obtained in voltage x; =-1.2 (i.e. U=5.4 kV) and duration of treatment x, =-1.2 (i.e.

1=2'8).
According to Figure 1a 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: x; =+1.2(i.e. U=12.6 kV) and X, =-1.2 (i.e. 1=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.

o

Variant 2: The factor X; — applied voltage between the electrodes U is eliminated. The equation of the

o

response surface in the interaction of the factors x, and x; is:

o )

\fk_ =100,116 +0,190 x5+ 0,323 X3+ 0,136 X, X3+0,312 x§+ 1,257 x32, 3)
Figure 2a and Figure 2b demonstrate the response surface and lines of response — laboratory

o

germination of the seeds in function of the duration of electromagnetic treatment x, (tr) and length of stay

o

X3 (T) 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.

& )

Y., %/ control
%/ control 103

I <103
B <102
= < 101

5
X2

a) b)
Fig.2 — Response surface (a) and lines of response (b) — laboratory germination as a function of factors

o o o

Xy (®and X3z (T), X1 (U)switched off factor
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o

The analysis of Figure 2a and Figure 2b demonstrates that in eliminated factor x; and in values of

the controlled factors © (X, ) and T (X3 ) as follows: x, within (+1.2...-1.2) and x5 — 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 t=(38...2) s and T=(10...6) days. The laboratory germination of the seeds in this case will be smaller
(i.e. <100%/c) than that of the control/untreated seeds.

According to Figure 2a 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

o o

be obtained in combination of the values of the two controlled factors in the limits x, =(+1.2...-1.2) and Xj

=(+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
1=(38...2) s and T=(11...13) days. Then the laboratory seed germination will be greater (over 103%/c) than
that of the control/untreated seeds.

o

Variant 3: In this variant the factor x, — duration of the electromagnetic impact © was eliminated. In

this case in the interaction of the factors x; and X3 the equation of the response surface is:

o o
o o

Y, =99,803+0,839 X;+0,323 X3+ 0,676 X; X3+ 0,939 x? + 1,069 x5 (4)

Figure 3a and Figure 3b show, respectively the response surface and lines of response — laboratory

germination of the seeds in function of voltage x,; (U) of the electromagnetic treatment and length x5 (T) of
stay from treatment to set the seeds for germination, built by the Model (4).

o

The analysis of Figure 3a and Figure 3b demonstrates that in eliminated factor x, and in values of

o o o o

the two controlled factors U (X, ) and T (X3 ) as follows: x; within (+0.5...-1.2) and x5 — within (+0.9...-
1.1), the pre sowing electromagnetic impact will be inhibiting.

x\" ,‘, 12
,
%/ control * 10
%/ control '
08
Il > 105
Bl <105 06
Bl < 104
04
B < 103 !
<102 02
B < 101 ° 0
Bl < 100 X3 ©
02
04
06
08
" \
&. y
12
42 -10 08 -06 04 02 00 02 04 06 08 10 12
x;
a) b)

Fig.3 — Response surface (a) and lines of response (b) — laboratory germination as a function of factors

o e} o

X1 (U)and X3 (T), X9 (1) 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 t=20 s with the remaining two factors in the limits U=(10.5...5.4) kV and
T=approximately (11...3) days. In this case the laboratory germination of the seeds will be smaller (<100%/k)
then that of the controls/untreated seeds.

The analysis of the Figure 3a and Figure 3b demonstrates that it is necessary the two controlled

o o

factors x; (U) and x5 (T) to be with equal values or with greater values over the levels accepted as upper

o o

ones, i.e. x4 21 and x5 21 for stimulation of the laboratory germination with over 103%/c. Therefore if the

[¢] o o

factor X, is accepted at the mean level, i.e. X, =0 (:=20 s), the voltage of treatment x; should be

o

accepted U212 kV and the length of stay x5 —T 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 T=12 days and T=365
days, the obtained results are the following:

e in T=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%;

e 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 t=35 s and
length of stay to set of the seeds for germination T=(12 to 365) days, respectively. Similar stimulation effect
could be expected when the pre sowing electromagnetic treatment is short/impulse with duration t=2 s and
voltage U212 kV, and T=(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 t=35 s, length of stay from treatment to
seed set for germination T=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 t=35s.

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 t=35 s and length of stay from treatment to sowing T=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 t 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 prezinta cercetarile experimentale efectuate pe soiul de mere Golden Delicios care au
urmarit s& pund in evidentd comportarea lor la solicitdrile mecanice de compresiune staticd sau
cvasistaticd gi caracteristicile mecanice gi reologice ale fructelor in corelatie cu defectele cauzate
(contuzii, distorsiondri ale formei), pentru a le putea anticipa in diferite situatii 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., lorddchescu C., Burzo 1., 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 (tc ) of epicarp-pulp of whole fruits (Cdsédndroiu T., Ivanescu D., Vintila M.,
2009; Caséandroiu T., Ivdnescu 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: A;, A,, A; representing the green apples; A,4, As, As
represent average ripe level apples and A;, Ag, Ag 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
Equatorial Diam. . .
. Mass Height ) De [Mm] Point 1 Point 2
Code Ripe level
m [g] H [mm] De max De min R1 Rz
[mm] [mm]
Al 140.3 66.54 71.13 65.47 41.76 48.46
A2 green 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
Ad 146.8 68.79 70.45 66.28 30.60 39.72
A5 average 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 177.3 71.75 74.49 71.18 31.84 39.53
A8 ripe 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 ® 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.

Peduncle
zone

Equatorial
zone

Measurement

points Apical zone

Fig.1 - Areas on fruit surface and points of measuring the penetration resistance

Equatorial
Plane

Meridian
Plane

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 o, max Of bio-flow, using the relations from the theory of elastic contact Hertz, (Mohsenin M.
N., 1986), ec. (1):
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Fi-o?)( 1 1 )"
E=0,749 5372 RY/3 + RY/3 @)
1 2

For the apples, it was considered u=0,35; R; and R, representing the radius of curvature between the
two contact points (fig.2), 6 represents the total deformation (according to table 2), and F representing the
force corresponding to bio-flow point (F; 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):

o, ==— )
a

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 tablel.

From graphics and tables was extracted the value of force (F;) 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)
Displacement

Force F1 (deformation) Slope

Code IN] 5 [N/mm]
[mm]

Al 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 &, given in table 2 was made, using it in calculations

Table 3
Data of equatorial area referring to la Rpmed, E, Emeds Oc; Ocmed

. Force Deformation Rp med Rpmed E Emed Oc Ocmed
ML R | Bemeed |y N [Pe) [Pej [Pal [Pal
Al 119.3 3.976 44.145 4.19%10° 0.352*10°
A2 64.0 2.276 44.120 44.73 5.72*10° 5.426*10° | 0.381*10° 0,374*10°
A3 78.0 2.292 45.910 6.37*10° 0.390%10°
A4 42.0 1.720 47.995 5.89%10° 0.387*10°
A5 69.6 3.858 37.817 42.66 2.85%10° 4.56*10° 0.264*10° 0.34*10°
A6 120.4 4.900 42.158 3.44*10° 0.371*10°
A7 75.5 2.954 45.224 4.66*10° 0.393*10°
A8 35.0 2.052 39.534 42.31 4.19%10° 4.15*10° 0.296*10° 0.31*10°
A9 77.3 2.792 42.183 5.1*10° 0.389*10°
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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.

The penetration-resistant variation with
themodulus of elasticity for apple
Golden Delicious

- 542

At —456

S =2 by W e DN

4231 42 66

Rp

4473

& mature
=—medium
—grean

The penetration-resistant variation with
the bicyeld stress for apple

Golden Delicious

4 =
- N
3 A=Y —— 34
2
1
0 |
4231 42 66 4473 o Miahure
Rp =— Medium
=— gQreen

Fig.4 - Correlations (E, Rp) and (oc, Rp) for 3 degrees of ripening of Golden Delicious apple variety

From fig.4 it can observe that the correlations (E, R,) and (o, R;), for Golden Delicious apple variety
can be put in correlation with the apples ripeness.
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Fig.5 - Variation force - deformation for Delicious Al
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Fig.6 - Variation force - deformation for Delicious A2
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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
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Fig.11 - Variation force—deformation for Delicious A7  Fig.12 - Variation force-deformation for Delicious A8
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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.
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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 R, (the average gray level is C,) and background area R, (the average gray
level is C,). 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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2 2
I=Cal oy [1-Cyf dhay (1)
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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:

2 2
E(C,C,,C,) = 1L(C) +VS,(C) + 4, )|I -Gy dxdy+ﬂ,0J. |l -Cy| dxdy 2
(0]

insid¢C utsidéC)
In the formula, &,v=0, 4,, 4, > 0are the weight coefficients of each energy item, L(C)is the length of
evolving curve C(x,y), and S,(C) is the acreage of the inner area. L(C) and S,(C) are presented as

follows:
L(€) = [ [VH (@0 )y = [ 5((x IVH ($(x, y)iday ©

Sa(C) = S[inside(C)] = IQ H (¢(x, y))dxdy (4)

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:

H(z) = 0.5[1+£arctan(£)], 8(2) =iH(z) (5)
Vs £ dz

The abovementioned formula is then incorporated in equation (2) to yield the following energy
function:

E(C,C,.C,) = ,uIQ S(P|V dldxdy + ng H (#)dxdy + 4, J;J' —C,[ H(#)ixdy + 4, L" —Cy*[i— H(g) bixdy (6)

After each iteration, the C, and C,values are expressed as:

[1oanH@eomddy [ 1000l HE0 )y
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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:

%0 5@k —v = 2a[1 ~C T + [l ~Cy ] ®)

_ bty — 2848y + by
(b +9,)*"?

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 1(x,y), which is involved in the PDF equation,

k )

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 R, and background area R, 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
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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 ¢(x,y)=+d, where d represents
the distance between point (X,y) 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 Q,,y>y;and lower areaQ,, y<Y,. The initialization
function ¢, is defined as a discontinuous curved surface function expressed as:

o) ={ 2GRy py <0 (10

Given the improved initialization of level-set functions, this paper employs the closed curve C in
dividing the plane into internal and external areas (Q;, and Q,; , respectively), where ¢, is defined as:

(X, Q.
o) = {20 GG iy % o <0 (1)

Furthermore, the recalculation of values C,and C, 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 C,andC,

. 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. C,and C, 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:

E(C)=Ey +En(9) (12)
where ¢ is the level-set function. Image similarity after segmentation is controlled by the first item E; on the
right-hand side of the equation, which is used as the fidelity term. The specific form is:

2 2
Ey =4, h-c,| dxdy+/1bj 1 —C, | dxdy (13)

insid¢C) outsidéC)
In the formula, A,,4, >0 .The second item E,(¢) is the external energy term that prompts the
evolution from the evolving curves to the target boundary. It is defined as follows:

Em(4) = 1Ly (9) + VA (9) (14)

In the formula, ,v>0is the weight coefficient of each item. The definitions of L, (¢) and A, (¢) are:
Ly (@) = [[ a6@)vdldxy , Ay (9) = [[ gH (~)xay (15)
Q Q

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 E, . For further
refinement of the contour, we relied on the E,(¢) 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:

0 Sl ~C)* + (1 - Cy)? +y(gk+w%)+vg] (16)

70


http://dict.youdao.com/w/energy/
http://dict.youdao.com/w/functional/

Vol.48, No.1 /2016 INMATEH —Agricubtural Engineeting

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.

i

Fig.3 - Sample image of rice planthoppers Fig.4 - Initial contour of the level set

In the experiment, the weight coefficient A,, 4,, x#, and v are all setto 1, time step At is setto 0.5,
the function parameter ¢ of H is set to 1.5, p;, and p,,; are set to 2 and -2, respectively. Through the
analysis of a large number of plant diseases and insect pest images, C, can be set to 55 and C, 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 C,

and C, 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.

G

C) (b)
Fig.5- Segmentation result attained by the traditional C-V

(a) (b)
Fig.6 - Segmentation result attained by the proposed C-V
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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 | (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:

2 2

X" +y
) (17)

The corresponding second derivative is expressed by the following basis filter:

G(x,y) =exp(-

GH (O') = ka (H)GZaxy (O-) + I(b (9)Gbey (O') + kc (H)GZ(:xy (O-) (18)
x2 2 4 y2 ,

Gaay (0) = C5 ~Dexp(- X"k, (0) = cos? (0) (19)
o 20

2, .2
Gty (0) = 2 Xp(~ ), k, (6) = —sin(20) (20)
o 20
2 2 4 y2

).k (6) =sin®(0) (21)

Goery(0) = (%—1)exp(— —
where o decides the scale of filters, and @ is the input direction. The decomposition angle 6 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 0,7/N,---,(N-1)z/N 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 | to yield the following expression:

N(1) =min(H,1) (22)
The equation means that with the minimum pixel number of images | and H , N(l) attains the

evolution segmentation of a level set by replacing | . 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.

(@) ' (b)

Fig.7 - Results before and after filtering by steerable filters

(a) (b)

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 | Proposed
method 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.
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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

75



Vol.48, No.1 /2016 INMATEH —Agricubtural Engineeting

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 ETO suggested by Food
and Agriculture Organization of the United Nations (FAO), and the Hargreaves (H-S) formula, which can
calculate the daily ETO; 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).
N
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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°x0.5°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 ASCIlI 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:

E=k(e —¢,) 1)
where E is the crop evapotranspiration quantity, [mm]; k is a constant, [mm/hPa]; e; is the saturation vapour
pressure and e, is the actual vapour pressure, [hPa].

Based on the Magnus formula (2), e; is a function of temperature:
7.45t

e]_ — 6.1Xlot+273.16 (2)

where t is the daily average temperature in °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
g =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 €, is smaller than that of €, 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, [nm/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:

Nimax

ET(B.s)=>, Z P, (sin B)(a,,, cos(ms) +b__sin(ms)) (5)

where ET(f3,s) is the evapotranspiration in the observation station, [nm]; n_,. is the order of the spherical

harmonic function; l5nm =A(n,MP,, is the normalized Legendre polynomial; A is the normalized function;

an is the normalized Legendre function; (f,s) is the geographic latitude and longitude of the observation

station; and a_ and bnm are the coefficients to be resolved.

2n+1 (n—m)! (6)
1+, (n+m)!

A(n,m) :\/2

In the equation, 5nm 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:

ET(5,s) = nfj Zn: P (sin B)(a,, cos(ms) +b, sin(ms)) + 4T (7)

n=0 m=0

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.

Longitude and Latitude of
the Observation Station

Temperature of the Evaporation Capacity of Dispersive Interpolation
Observation Station the Observation Station Region
I T
v v
Model Parameters the Dispersive Points
! 1]
v

Evaporation Capacities of the
Dispersion 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
Ar’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:

5 NTPV
7= %ns _ts) ®)

Where v is the residual error of the evaporation capacity in the observation station involved in the
adjustment calculation, n, is the number of observed values and is set as 23, and t, is the observed

qguantity 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

Z (ETass - ETreaI )

6-EAA =\[*= 3 (9)

Where &.,, is the externally coincident precision; ET_ is the estimated model value of the

evaporation capacity in the observation station; and ET_, 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)
Iszﬂzi;'igi' Time vel | 1<v<15 | 15<v<2 V>2 & Senn OM | &um
1%day | 82.6% | 13.0% 4.4% 0.0 0.92 1.45 1.82
Temperature | 2V day | 78.3% | 21.7% 0% 0.0 0.99 0.90 1.79
Con's\'i%tered 39day | 87.0% | 4.4% 4.4% 4.2% 1.01 0.48 bW | 1.81
(SHTNC) | 4"day | 87.0% | 13.0% 0% 0.0 0.83 0.53 1.73
5"day | 82.6% | 8.7% 8.7% 0.0 0.97 0.94 1.77
1%day | 95.6% 0% 4.4% 0.0 0.94 1.43 1.85
Temperature | 2 day | 73.9% | 26.1% 0% 0.0 1.03 1.07 S| 172
Considered | 3%day | 91.3% 0% 4.4% 4.3% 1.04 0.77 *fr:' 1.79
(SHTC) Mday | 91.3% | 8.7% 0% 0.0 0.88 020 | O 163
5"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.

79



Vol.48, No.1 /2016 INMATEH —Agricubtural Engineeting

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.
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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.

3
o
),
~
o

T May E June
E AT = .
= MaxT g
2 MinT £120 MaxT
2 | R WCT 5 MinT
2 80 | Vv A =3 f A WCT
s / A > 1/ \A
5 P ©100 IF X\
/ \ O, /\ .
/ | \/ r
AV / V
| 80 /" \ I \ / \ /
60 / - L~
60
/
40 40
0 5 10 15 20 25 30 35 40 0 5 10 15 20 | 25 30 35 40
160 random point order 160 random point order
July August

AT
MaxT
MinT
WCT

Y
=)

evaporation (mm)
evaporation(mm)

40 [ \ i
|

2 \,/\ /\!

100

N
=)

| / \/ 100 \ -
80 :

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
random point order random point order

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.

A: WCT ” B:CT C:MODI6 ),
s & . e, oiens

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.

WE
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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 (Kusgu 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 (Sanijit 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 sail
freezing and thawing (Yuanming et al., 2014; Jiazuo and Dongging, 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; Qiangian 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?® 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 x 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

Factor Level(Irrigation volume mm)
Treatment
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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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
2014 2015
Treatment Yield Compared WUE Compared vield Compared WUE Compared
2 to control 3 to control 2 to control 3, | tocontrol
Mm% | group o6 | €9™) | group ) | M) | group @) | K9M) | group (o)
T1 24.03ab -23.70 39.73g 205.20 22.35a -23.84 39.599 204.66
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 31.58¢g 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
Al 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
C1l 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
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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)
T1 T5 CK

Growing period Three days | Three days Three days Three days Three days Three days

after later after S later after S later after
N PR after irrigation| . .~ . after irrigation| . .~ .

irrigation irrigation irrigation irrigation
Earlier stage of seedling 6.3 8.6 4.5 9.4 15 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 51
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).
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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).
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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
guotas 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 Il 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.
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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 kmz), 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
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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 Potassium Qichromate— BaCl,—H>S04 HNO_3—HF_—H[§]:IO4 Aqua regg;]l
251 volumetric method method digestion digestion

Equipment PHS'.3C mine Acid titration Acid titration AAS AFS-8220
magnetic pH meter 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:

pi-< (1)
Si
where P; is the SFPI of pollutant i in soil, C; is the measured content of pollutant i (mg-kg™),S; is the
evaluation standard of pollutant i (mg-kg™") from the Soil Environmental Quality Standard grade Il level (GB
15618-1995).
(2) The NCPI can comprehensively reflect the soil pollution degree of all pollutants. The NCPI is

computed as follows:
) J(Ci gih G5k, (2)

2

where P, is the NCPI of pollutants in a soil sample, (C;/ Si)max is the maximum value of NCPI in this region
(mg-kg™),(C/S)ave is the average NCPI of pollutants in this region (mg-kg™). The evaluation criteria are
listed in Table 2.

=]

Cf

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 Il
3 2<Pi<3 Medium iii 1<P<2 Slight 1]
4 Pi=3 Heavy iv 2<P<3 Medium \%
5 P>3 Heavy \%

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:

E =T/ xS 3)
Si

RI=YE (4)
where C; is the measured content of heavy metal i (mg-kg_l), S; is the background level of heavy metal i
(mg-kg_l), E| is the single PER index of heavy metal i, Rl is the comprehensive PER index of heavy metals
in a region. The toxicity response coefficients of heavy metals used in this research are (T') (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' RI Pollution degree Grade

E. < 40 Rl < 150 Slight PER I
40<E. <80 150 < RI < 300 Medium PER 1
80<E' <160 300 <RI <600 Severe PER 11}
160 < E' < 320 RI = 600 Very severe PER v
E' 2320 Extremely severe PER Y,
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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 Il 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 Il level, particularly in S-6,
which is 18.3-fold higher. No sample exceeds the grade Il levels of Zn, Cr, or Pb. As for Cu, except for S-5,
other samples exceed the grade Il level, particularly in S-9, which is 3.32-fold higher. As for As, 80%
samples exceed the grade Il 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 Il 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

-1

Site oH (S_koMl CE.C B Heavy metal (mg-kg ™)
gkg ") |(cmolkg ™) 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 31.28 135 12 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 12 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 35 142.7 192.3 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-10 491 27.11 12.8 1.9 167.6 83.1 102.6 70.6 49 0.24
Mean - - - 2 101.64 | 12484 | 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
<6.5 0.3 250 50 150 200 40 0.3
Chinese grade Il pH 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.
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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 Il 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 |93]|iv | 4 iv [0.67| i 4 | iv |18.3| iv |6.33] iv |11.67| iv |1.67| ii [6.33] iv
Pb 0.2l i |04] i |0.36| i |0.27 i |0.36] i |0.34| i |0.34| i |057| i |05 i |0.67| i
Cu |2.3| iii 2 i [1.64| i |1.23| ii [1.86| ii |3.59| iv |2.24| iii |3.85| iv |3.32| iv [1.66] ii
Cr |05 i |05| i (042 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 |04 i |0.33] i [0.39] i |0.41] i |0.7] i |0.41 i |061| i [0.49] i |0.35] i
As [ 2| ii |26 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 |16 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] Il |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 Cd Pb Cu Cr 7n As H RI Risk grade
S-1 400 8.75 38.53 4.42 1.31 89.27 800 |1,342.27 I\
S-2 933.33 | 13.59 33.13 3.92 1.52 116.95 | 326.67 |1,429.09 [\
S-3 400 12.99 27.06 3.66 1.13 25.99 | 646.67 [1,117.09 v
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S-4 66.67 11.77 40.44 2.66 1.7 40.23 | 473.33 [1,117.49 W%
S-5 400 12.99 30.59 291 1.42 9.94 80 537.84 Il
S-6 1,833.33] 12.37 59.23 2.15 2.39 104.41 | 133.33 |2,147.22 I\
S-7 633.33 | 12.37 36.95 341 1.41 57.51 | 433.33 [1,178.33 \
S-8 |1,166.67| 20.87 63.38 4.17 2.11 126.78 | 533.33 |1,917.31 I\
S-9 166.67 | 18.44 54.78 4.17 1.7 62.83 66.67 | 375.25 Il
S-10 | 633.33 | 2451 27.39 5.94 1.22 55.37 160 907.75 \%

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 Il 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.

WE
g WX A 119 TR TS, FEMPL 7T i 25 70 B SR Ik R AL NI DL T £

L FEIRGNTIENT o 16 LA SY235 T G REZL ARG L5 Z 55 IR g 1 FYJH AMESIM A9 X s 8
L L) 5 T B P TR B =K 7y J (2 i A PERC s T T XK I 5 2 1 I T A 10 5 2 5 K BB LR Ve R %
PEMELHI O BATIE S D i 451 AR GEFEIG I . 0L LTSI 0 I T L, 25 RZE TR
ZEEIFEFINTMALIE T s TYFTHFE D, LB LB XKL R T e e QL BEPL L0652, 73] TR
LZBEWITE TR ZEHT AL IR T e T B, G, BRI RE L IL, TRl B FEAL
VL RIS SRS XRIGF T RGN L 5 PP R G B XU Z 5 B A P E i 1
RS 5 LTSNS RAM TR LA T F L 77 5) S TF IR T FE e AT L X

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 Tablel.

Handle
Variable Pump

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 3.03m
B. The horizontal distance between the bucket and the center of the front wheel 531m
C. The horizontal distance between the bucket and the rotating center 411 m
D. The horizontal distance between the bucket on top and the rotating center 2.64m
E. Maximum digging height 3.40m

F. Maximum unloading height 2.85m

In Figure 2, P is main pressure, Pg, is pilot oil pressure, P is oil return pressure, A and B is
working oil port, P;; and Py, are pressure at both ends of the valve. a;,a,,a; and a4 are ports of pilot
valve. Qq1, Q1o, Q13, and Q4 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 displacement 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 x, /x, =m,. The cylinder area

ratio of the rod and rodless chambersis A /7 A, =n . Q is used as the load flow.
{ PL:F/AizF)l_nPZ (1)
QL = (Q1 + an)/(l+ nZ)

Where P is load pressure, F is load equivalent effect, A; is area of rod chamber, A, is area of rodless
chamber, P, is pressure of rod chamber, P, is pressure of rodless chamber.

The characteristic equation of the system pressure and flow is as follow.

Q. =Cowixm,[2/(p(m? +n°))(R, —P,) @

Where C, is the flow coefficient, o is the oil density, and W, =W, is the throttling area gradient.

Flow gain of valve 1:

Ky =0Q, /0,4 =Cowsm?/(m? +n?) {2/ (p(m? +n*)(P, — R,) @3)
Flow gain of valve 2:
Kz =0Q /8,, =Cow,n°/(m? +10°)[2/(p(m? +n?))(P, — P,) @)
Flow gain of the dual-spool valve:
qu = qul + qu2m1 = CdW1m1\/2/(,0(m12 + ns)) (Ps - PL) )

Flow pressure coefficient:

ch = _aQL/aPL = delxlml\/z/(p(mlz + ng)) (Ps - PL)/Z(PS - PL) (6)
System linear equation of the pressure and flow characteristic:

QL = quxl - ch I:)L (7)

Initial volume of the hydraulic cylinder is V,, =V,, =(V, +V,)/2=V,, and Y is infinitesimal.
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Flow continuity equation of the rodless chamber:
leAldY/dt+VO/ﬂe -dR/dt+(C, +C,)R-C.P, (8)
Flow continuity equation of the rod chamber:
Q, =AdY/dt-V,/j, -dR,/dt—(C, +C)R +C.P, Q)
Where V, and rodless v, are the volumes of the rodless and rod cylinder chambers respectively, £, is
the elastic modulus of the hydraulic oil, C, is the external leakage coefficient, and C,_is the internal

leakage coefficient. C_, C_are calculating coefficient.
Equation (10) can be obtained by solving the preceding equations:

Q. =AdY/dt+V,+V,/2(1+n*)B,-dP_/dt+C_P_+CP, (10)

B m’ +n® @+n)(m’+n?)
o @+n)m2+n®) F @+n?)(m2+n®)

(11)

_ (@+n)(n°*-n?)
< @+n?)(m2+n®) °

160 [~"""""-- i
i

140 p-------- [EEEEEEES EEREE LT EEREEEREEE R ro---

-
B
o

70 O s PR RRpS S R R

-
N
o

£
£ £
a =
]

£ 2
=} o [ ' ' [ '
g 10 S 100 po--e-es- doemeoe- dmmmmenes SPALEEEEED roeneees
quj 8 ' ' i ' '
= 80 C gy foooooe- R 1o - e mmm e Po---
o & : ' ' : '
£ £ 60 [Tttt e
@ 5 . : : . :
g Q
5 e S e e
) 3 H H i H
o B 20 feee e e
>- O ; 0 1 1 1 1 1

. . 0.0 0.1 0.2 0.3 0.4 0.5

X: Time /s X: Time /s
a) m;=0.01 b )m;=100

Fig.3 - Cylinder displacement response curve with different m;

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 values
parameter
m, 0.01 0.49 1 100
T 0.47 0.37 | 0.31 | 0.27

Note: T1 is the response time of different cases, and M, is the bucket cylinder displacement at 80 mm.

The displacement response time of the bucket cylinder decreases with the increase of ml,
because if m1 increases, the opening amount of the cylinder oil outlet will increase, thus reducing the
back pressure and resistance.

Therefore, a large ml affects pressure response, whereas a small ml 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

3
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Fig.4 - Cylinder rodless chamber pressure response curve with different my

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)
5 Piston 130 1332
oom Rod Piston 90
Bucket Piston 120 1048
ucke Rod Piston 85
A Piston 135 1663
m Rod Piston 95
Other Whole On-board platform Gravity: 5705.48 kg, Density: 8278 kg/m®
(23,034 kg) Off platform Gravity: 17,294.52 kg, Density:1548 kg/m°

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 Oth 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 Al 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.

run

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 g=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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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 smaller
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.

109



Vol.48, No.1 /2016 INMATEH —Agricubtural Engineeting

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.

—— Cavity pressure — Chamber pressure
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300 [ }/ \L e
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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.

Table 4
Farm-oriented load tractor experimental data of the dual-spool and single-spool valve
(boom lift,varm adduction, bucket adduction)

c\(;\aodrilf[:ggs Device P, /lbar P, /bar t,/s t,/s t,/s | M /%
Chamber | Dual | 118.758 17.2 50.22 1.01 7.9 26
Boom it Singl | 125538 120.8 52.99 206 | 109 4.8
Cavity Dual | 4.600 3.68 5031 | 14.97 | 29.44 | 10.23
Singl | 6.632 5.45 5341 | 17.85 | 32.86 | 11.98
Dual | 124.58 80.081 10.50 574 | 7.92 54.9
Arm Chamber 5o 148.02 95.841 1095 | 681 | 964 | 5539
adduction , Dual | 44.006 28.00 10.04 6.00 | 7.20 | 51.26
Cavity  —Singl | 26.546 31.83 10.91 657 | 873 55.4
Dual 33 14.342 4.45 988 | 398 | 1165
Bucket | CMaMber g 35.1 15.742 7.74 137 | 531 | 123.7
adduction . Dual 48.795 28.2 4.05 1.06 1.49 66.9
Cavity  —Singl | 69.315 41.6 7.85 135 | 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, t; is the time needed to
complete the working condition, ty is the time needed to reach the peak value of pressure, to is the time needed to
reach the stable pressure, and M, 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.

ACKNOWLEDGEMENT

This work was supported in part by The National Natural Science Fund of China, Jiangsu Natural
Science Foundation, University of Jiangsu Natural Science Foundation, and SANY Co., Ltd. in Jiangsu.
Lecturer, Support Fund Nos. 51505211, 51505212, 51405222, 11302097, and BK20130741.

REFERENCES

[1] Casoli P., Anthony A., (2013), Gray box modeling of an excavator’s variable displacement hydraulic
pump for fast simulation of excavation cycles, Control Engineering Practice, Pergamon Press, Vol.21,
Issue 5, pp.483-494, New York/U.S.A;

[2] Yi Yuan, Yu Tu, (2013), The Load Sensing Principle of Proportion Multi-channel Valve and its
Application in Excavator, 2013-Third International Conference on Intelligent System Design &
Engineering Applications, Vol.1, pp.1469-1472, Brown University Psychopharmacology Update/Hong
Kong;

[3] Choi Kyujeong, Seo Jaho, Nam Yongyun, Kim Kyeong Uk, (2015), Energy-saving in excavators with
application of independent metering valve, Journal of Mechanical Science and Technology, Vol.29,
Issue 1, pp.387-395 Korean Society of Mechanical Engineers, Seoul / Korean;

[4] Kumar A., Fitzsimons B., Trombetta C., (2013), Atrioventricular Groove Hematoma During Mitral
Valve/Tricuspid Valve Repair: Transesophageal Echocardiography Characteristics, Anesthesia and
analgesia, Vol.115, Issue 5, pp.986-988 International Anesthesia Research Society, New York /
U.S.A;

[5] Xiong Y, Wei J.H, Feng R.L., (2015), Adaptive robust control of a high-response dual proportional
solenoid valve with flow force compensation, Proceedings of the institution of mechanical engineers
part I-Journal of systems and control engineering, Vol. 229, Issue.1, pp.3-26, University of Bath/UK;

111



Vol.48, No.1 /2016 INMATEH —Agricubtural Engineeting

[6]

[7]

[8]

(9]

[10]

[11]

[12]

[13]

[14]

[24]

Barreto C., Schiozer D.J. (2015), Optimal placement design of inflow control valve using a dynamic
optimization process based on technical and economic indicators, Journal of petroleum science and
engineering, Vol.125, Issue.1, pp.117-127, Elsevier Science BV, Amsterdam/Netherlands;
Lisowski E., Czyzycki W., Rajda J., (2014), Multifunctional four-port directional control valve
constructed from logic valves, Energy conversion and management, Vol.87, Issue 10, pp.905-913,
Pergamon Elsevier Science LTD , Oxford/England,;
Ye Y, Yin C.B., Li X.D., Zhou W.J., Yuan F.F., (2014), Effects of groove shape of notch on the flow
characteristics of spool valve, Energy conversion and management, Vol.86, Issue 10, pp.1091-1101,
Pergamon Elsevier Science LTD , Oxford/England;
Kumar A., Fitzsimons B., Trombetta C., (2013), Atrioventricular Groove Hematoma During Mitral
Valve/Tricuspid Valve Repair: Transesophageal Echocardiography Characteristics, Anesthesia and
analgesia, Vol.116, Issue 5, pp.986-988, Cleveland, International Anesthesia Research Society, New
York/U.S.A;
Claudio Alimonti, Gioia Falcone, Oladele Bello, (2010), Two-phase flow characteristics in multiple
orifice valves, Experimental Thermal and Fluid Science, Vol.34, Issue.8, pp.1324-1333, Elsevier
Science INC, York/U.S.A;
Feng C; Kamat V.R., (2013), Plane registration leveraged by global constraints for context-aware
AEC applications, Computer-Aided Civil and Infrastructure Engineering, Vol.28, Issue.5, pp.325-343
Blackwell Publishers, Inc, Malden/U.S.A;
Matti Linjama, Matti Vilenius, (2005), Improved digital hydraulic tracking control of water hydraulic
cylinder drive, International Journal of Fluid Power, Vol.6, Issue 1, pp.29-39, TuTech Innovation, West
Lafayette/U.S.A;
Mattila J, Virvalo T., (2000), Energy-efficient motion control of a hydraulic manipulator, Proceedings
2000 ICRA, IEEE International Conference on Robotics and Automation, Piscataway, Vol.24-28,
pp.3000-3006, NJ/USA,
Atik FA., Pettersson G.B., Sigurdsson G., Gonzalez-Stawinski G.V., Sabik E.M., Kim A., Svensson,
L.G., (2005), The ultimate development of mitral valve endocarditis: Atrioventricular separation,
atrioventricular groove abscess and hemorrhagic pericarditis, Journal of heart valve disease, Vol.14,
Issue 1, pp.29-32, Icr Publishers, Pinner/England;
Falck Tillmann., Dreesen Philippe., De Brabanter Kris, (2012), Least-Squares Support Vector
Machines for the identification of Wiener-Hammerstein systems. Control Engineering Practice, Vol.20,
Issue 11, pp.1165-1174, New York/U.S.A, Pergamon Press.

112



Vol.48, No.1 /2016 INMATEH —Agricubtural Engineeting

STRUCTURAL INTENSITY METHOD APPLIED TO STUDY OF VIBRATIONS DAMPING
/
METODA INTENSIMETRIEI STUCTURALE APLICATA
LA STUDIUL AMORTIZARII VIBRATIILOR

Assoc. Prof. Ph.D. Eng. Carp-Ciocardia D.C.*, Prof. Ph.D. Fiz. Magheti I.
University POLITEHNICA of Bucharest, Faculty of Biotechnical Systems Engineering, Department of Mechanics / Romania
Tel: 0722461797; E-mail: craita.carp@upb.ro

Keywords: structural intensity, energy flow, inter spectral density

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 metoda practicd de detarminare amortizarii vibratiilor unor materiale pe baza
masurétorilor de intensimetrie structurald a vibratiilor longitudinale. Intensimetria structurald se bazeaza pe
analogia cu conceptul de intensimetrie acustica, care utilizeazé corelatia dintre semnalele care provin de la
douéd accelerometre. Metoda intensimetriei structurale se poate aplica, prin calcul sau prin masurétori,
pentru identificarea cdilor de propagare a vibratiilor si pentru controlul vibratiilor. In aceastéd lucrare, dupa
dezvoltarea teoriei privind calculul fluxului de putere al vibratiilor longitudinale, se propune o metoda
experimentald pentru determinarea atenudrii vibratiilor longitudinale a materialelor in functie de natura lor,
dimensiuni si modul de fixare al structurii care preia vibratiile transmise, prin intermediul unui absorbitor de
vibratii.

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, 71970; Orasanu 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; Orasanu 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, |, in a given direction, is obtained by the time-average of the
product of force F and the vibration speed vector, v (r,t):

<|'>t :_I—%:[F(r,t)-\T(r,t)dt or in complex form: <I_>t =%Re[ ~\7*] (1)

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

m@:F+a—Fdx—F )
a2 ox
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 dx

<~
x=0 F/ u \F+6—Fdx

ox

P
L

dx+a—udx
Oox

Fig.1 - Toolbar element during longitudinal vibration

Relative elongation, by definition, the ratio between the elongation Al and the original length |, it is
written:

ou
A dx+6—xdx—dx

E=—=—"" = a 3)
lo dx OX
so that Hooke's law becomes:
F_gu @
A OX
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:
2 2
pAdxa—;J - EAa—l;dx , )
ot OX

Where:
p is the density of the bar material.
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The final relationship

o°u _E 0%u

S T (6)

ot P OX
represents the equation of longitudinal vibrations of the beam. The report \/E/p is noted with ¢, 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:

Pu o
a2 tox?

Structural intensity, for longitudinal vibrations in a beam, can be written successively

I, = (Fv)= < dj_dt>_ <a1+a2>j(a2 al)dt> ®)

@)

Where:
8, and a, are the accelerations at two nearby points 1 and 2, located at a distance A between

accelerometers.
The relations (8) were obtained using the finite approximations (Pavic, 1992):

1
a;E(alJraz) and J.adt;J.(az—al)dt
EA
F=—""(u- 9
(U= uz) (©)

du _v;+v, 1J-
v=—z=—=—=2="/(a +a,dt
dt 2 2 (@ +a,H

For harmonic wave, with angular velocity w, the normal force is

EA
F=—»1(a;,—-a 10
| A( 1-ay) (10)
and the vibration velocity of a particle will be written
a +a,
=== 11
2iw (11)
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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

I (w) = —%Im[e(al,az)], (12)

where Im[G(al,az)J 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

2vBm

@°A

lg (@) = Im[G(ay,a,)]|27/ 4, (13)
where:

B is bending stiffness, A is the wave length and m is mass per unit length (Craifaleanu et al.,
2014; Oragsanu 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).
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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.

‘ [ID=57] Average |G(1-2)| pluta_Tcm_dens_mare_direct - Recaording Hz;dB[1.000e-06 rm/s=1.000e-06 rm/s%)] \ 2 U3451| 7.5
‘ [ID=58] Average IG(3-4)| pluta_1cm_dens_mare_transmis - Recording Hz; dB[1.000e-08 mis=(1.000e08 m/e?)] | 2.03451] 815
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Fig.3 - Power flow vibration spectrum
corresponding to the experiment from fig.2a, for sample of cork of 1 cm
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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;

. ) , 2w )
- the spacing between the accelerometers produces errors proportional with (7 -A), where A 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.

PE3IOME

PospobrieHa memoduka Oae moxnugicms OGocriOumu 6Mnaue Ha KOMUBAHHS 2HYYKUX erleMeHmis
cucmemM rpugody ma MmpaHCriopmyeaHHsi HeniHilHUX cus, weudkocmi no3008XHbO20 pyxy ma 36ypeHsb
Kpatiogux ymos. OmpumaHi pe3ynbmamu rokasyroms, Wo Haeimb Ons niHiGHO20 aHano2y cucmemu
roeirnbHO3MiHHa 8 Yaci eefiuduHa eiddani Mixx moykamu koHmakmy ['E ma wikigie cripuduHsie 3MiHy OCHOBHUX
napamempie xgusb. Po3wupeHO Mexi 3acmocygaHHs X8Urb080i meopil pyxy Ha eunadok HesiHilHUX
KornueaHb 2Hy4YKUX erleMeHmig rnpusioHUX cucmem i3 roeifbHoO 3MIHHUMU Kpatosumu ymosamu. OmpumaHo
6a3so8i cniesiOHoWeHHs1 07151 orucaHHs 8u3HayvarbHUX napamempie OUHaMiYHO20 rpouecy y 3anexHocmi gio
weudkocmi pyxy eHy4YKo20 efieMeHmy, Cusiu Hamsey, Crie8iOHOWEHHS, SIKe Orucye 3aKOH PyXy MOKU
KOHMaKmy eHy4Koe20 efleMeHmy ma wkiea.

INTRODUCTION

The wave theory of motion in recent decades has become a new development to describe the various
processes and phenomena (Goroshko O. O., 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.l., 1998;
Mytropolskyi Y.A., 1998; Mytropolskyi Y.A., Lymarchenko O.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.A., Ymarchenko O.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 O. O., 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).

’ i) .

Kr)

ANAN

a) b)
Fig.1 - Driven gears with movable SE contact points to the pulley (a) or to the drum (b)

oMY
WA

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

u +2Vu, —((a(z))’-V*)u, =&f(u,u,u,u,) @)

where:
¢ - the small parameter;

a(7) - the slowly variable function, which is determined through a variable tension force T (z) and the
SE linear weight p: (a(2)) =T (z)/p ,);
ef(z,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 u(t,z,x) 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 I=1(z), =t - "slow" time. In this case, the boundary conditions for

equation (1) take the form
u(t,z, x)‘xz0 =u(t,z, x)‘le(r) =0 @
The task is to determine the influence of parameters V,a(z),l(7) and functions &f(z,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 (a(7))’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).

Ug + VU, —((@(2))? =V ? Jug =0 @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. 1.,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

uo(t,r,x):a(COS(K(z')X+a)(r)t+g00)—cos(;((z')x—w(r)t—goo)) (4)

In the dependence (4) o(r) - frequency, a - amplitude of direct and reflected waves, «(z),x(7) -

their wave numbers, and ¢, - 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 x(z),x(z) and frequencies w(z) on slow time r . 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

kz kr
x(7)= EIE )(a(f)+V) x2(7)= W(a(r)—V), w(7)= ()I( )((a(r)) -V?), (5)

where the constant k =1,2,... 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,z,x), which can be represented in the form

u(t,x)= a[cos(zc(r) X+ l//) —COS(;((T)X —1//)} +eU,(r,a,p,X) (6)
where:

v=o(@)t+e, U(2v.X) _ inknown analytic periodic ¥ function satisfying boundary conditions arising from
@), ie.,

U, (z.a,yp, X)‘x:U =U,(r,ay, X)‘Hm =0 (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. 1.,1976), will be set
by differential equations

a =¢A(r,a).. g, =¢B/(7,a). (8)
Right parts of last ratio, that is, functions A(z,a),B (7,a) and U,(z,a,i,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, A(z,a) , B(z,a) and U, (z,a,,X)
i i i do(r
wZ(r)Z—yljj Nw(r)s;ax ((0!(1))2—VZ)%=E(T,&,X,l//)—a%(sm(K(T)X+V/)+Sin(}((r)x—l//))+

+2{A (r,a)(a)(r)ﬂ((r)v)(Sin(K(r)x+l//)+(a)(r)—;((r)v )Sin (;{(r)x—x//)) +

9)
+aB, (T,a)((a)(r)+ Kk(7)V )COS(K‘X+(//)—(O)—ZV)COS(}((T) X—(//))}

where:
F(r.a,xy) corresponds to the function f(z,u,u,u ,u_) provided that function u(t,z,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

Al(r, a)(w(T)+K‘(T)V)(Sin(K‘(T)X+l//)+(a)(2’)—}((2’)V)Sin( ()x-yp))+

+aB (7,a)((o(r)+x(7)V )eos(kx+y ) ~(@- 2V )cos( 7 (z)x-v)) =
=(A(r,a)cosw—aBl(r,a)siny/)[(a)(z-)wc( )V )Sln/((z') ( (z)-x(z)V)sing(7) J+ (10)
+(A(T,8.)Sinl//+aBl(T,a)COSl//)[(a)(T)+K( WV )eos(ic(z)x) —((7) - 2(z )V)cos(;((r)x)]
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do(7)
dr
+(cosx(z)x—cos y(z)x)siny).

o(7)
dr

a (sin(/c(r)x+z//)+sin(;((r)x—y/)):ad

((sinx(z)x+sin x(r)x)cosy +

For unambiguous definition the unknown functions A(r,a) and Bi(r,a) of differential equation (9)
should be imposed on the function U (z,a,y,x). The additional condition is stipulated: it cannot be one of the
additions of proportional siny and cosy . 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
% sin
le(r,a,y/,x){ '//}dl/lzo. (11)

The partial derivatives of specified function have similar properties. This allows deriving a system of
linear algebraic equations and functions A(r,a) and B1(r,a) from the differential equation (9)

p(z,x)A(r,a)+aq(z,x)B (a) :gz—fr(r,x)—%TE (7,a,p, x)cosydy
q(z,x)A(a)-ap(z,x)B,(a) :%fj_ar) p(r,x)—%IE (z,a,p,x)sinydy (12)

where
p(z.x)=(o(r)+x(z)V )sink(z)x+(w(r) - (r)V )sin £ (z) X)), p(z,x)= (cosx(z)x—cos z(7)x),
q(z,x) :(a)(r)+K(r)V)COSK(r)X—(a)—;((r)V)COS;((T)X L r(z,x)= (Sin K(r)x+sin;((r)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.A., 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:

7,a)= L T 7, X a”dw(r)r 7,X —gUF 7,8, X)coswdy |cosydy —
Ao e T eI e e ey s
—q(T,X)|:a ﬂdg)r(r) p(r,x)—ng Fl(r,a,z//,x)siny/dy/}}dx
= L T X ﬂdm(r) z’X—gh T X)sin -
Bl(na)_Z;zal(r)[(a)(r)w(r)V)z+(w(r)‘Z(T)V)ZJi{p(ﬁ ){a de P lFl( 2wx)s l//dy/}COSy/dt//

d 2
-q(f,x){a%(’)r(f,x)-g | Fl(r,a,l//,x)sinwdz//}}dx. (13)
T 0

A special case of specified dependencies at V =0,I(7)=l,a(7)=a, (), |, - 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 v 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 U,(z,a,i,x) should be defined. Taking into account the imposed conditions, it can be

represented as:
U (r,a,p,x)= ZZU J(za) X, (7,x)exp(iny) (14)

where the system of functions {Xm(f,x)} must be complete and materialize the boundary conditions (2). The

system of functions {Xm (r,x)} = {sm T )x} satisfies such conditions. In this case, the unknown coefficients
T

u,.(z,a) are linked by the system of linear algebraic equations:

{nw ~ (@) —VZ)[IE—’;)] }u (ra)-DVo(r) 3 fsmz ni%m (r.a)=-F,(r.a), m+s—theodd  (15)

where F (

Isn

(jFl (z.a, %y )exp(—iny) X, (x)dxdy.,1<s<].

~
o'—.§

27r|

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

U,(z,a,w.x) in a series of system functions {X_ (z,x)} , we obtain:

Um(r,a):—%{nza)z—((xz _VZ)(ZI_”NEM(T,a)_?v F(c ,a)}

Um(r,a):—%{nzaf (& _VZ)(IZHFW (e2)+ ZMV0E, (c.2 )} (16)

e ] L o [
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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