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Increase in tractor drawbar pull using special wheels
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Abstract. The paper is aimed at the possibility of increasing in maximal drawbar pull of tractor
working on the soil. The increiag in drawbar pull occurred due to a special wheels mounted
on drive axle. The special wheels were equipped with-extiensible blades and designed in
Slovak university of agriculture in Nitra. The main advantage of the special wheels is the
automatic etension of steel blades to increase the drawbar pull during a wheel slip and
automatic return to the base position to allow the transport of tractor by the route. The testing
operation points at the increase in drawbar pull resulting in decrease of VijpneAl drawbar

pull of tractor equipped with standard tires and special wheels was compared on the different
soil moisture condition. The higher increasing in drawbar pull was measured during the tractor
operation on the soil with higher moisture in conigam the soil with lower moisture level. In

case of soil moisture 14% the increase in drawbar pull of tractor equipped with special wheels
reached the value 17.2% in compare with standard tires. Using the special wheels on the same
field with higher levelof soil moisture 22% the increase in drawbar pull reached the value
36.1% in compare with standard tires.

Key words: tractor wheels, soil moisture, drawbar pull, wheel slip.
INTRODUCTION

The testing of tractors used in agriculture is continuously isargdecause these
machines directly influence the results of agricultural production. Agricultural tractors
are losing a lot of energy by the slip of driving wheels. To reduce the tyre slip, tractors
are loaded with a heavy weight, which increases theha pull but excessively
increases soil compaction and tyre wear on a hard surface (Semetko et al., 2004).
Nowadays, diesel oil and petroleum products belong to the most used fuels.
Unfortunately, fossil fuels are naenewable and exhaustible sources eofergy
(Mgl Il erovsg et al ., 2012) . The increase
consumption and emissions of exhaust gases.

The drawbar pull, travel reduction (slip), and rolling resistance are the main
criteria to describe the traction behaviair off road vehicles. Besides the engine
performance, the drawbar pull is influenced by the traction conditions such as soil and
the tire parameters (Schreiber & Kutzbach, 2008).

The drawbar pull of tractor is influenced by various factors. Very significa
par ameter influencing the drawbar pul I
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realized the measurement of drawbar pull at various tire pressure. Tishosged
that the drawbar pull is vastly improved at lower tire pressure.

Dabrowsky et al.(2006) realized the tests of terrain vehicle equipped with
different tire types. Allseason tyres installed in a military truck provide slightly better
traction for both terrain surfaces, at all three loading levels, or the differences between
traction meaures are not significant. Soil stress analysis showed that the difference
between the two tread patterns is not significant. Generally, on soft surfaseasalh
tyres performed no worse than snow tyres, while they are pronouncedly better for
highway ug.

S°hne (1968) & Sonnen (1969) comper e
agricultural tractors. It was found that the tractor with fatieel drive achieves better
drawbar performance in compare tractor with rear wheel drive. It is concluded that as
tractor pwer increases and as soil becomes weaker and less frictional, then the balance
of advantage changes from two wheel to four wheel drive. The type of tires is the next
important factor to increase the drawbar pull and influence tractive performance, as
well as soil stresses under a vehicle. Soil compaction caused by agricultural machinery
i s important factor which affects soil
di oxide (Gima & DubeRov§, 2013) ands nitr
and therefore has significant environmental effect.

The results of a theoretical analysis reveal that, for avitneeldrive tractor to
achieve the optimum tractive performance under a given operating condition, the thrust
(or driving torque) distributin between the front and rear axles should be such that the
slips of the front and rear tyres are equal. Field test data confirm the theoretical
findings that, when the theoretical speed ratio is equal to 1, the efficiency of slip and
tractive efficiency each their respective peaks, the fuel consumption per unit drawbar
power reaches a minimum, and the overall tractive performance is at an optimum
(Wong et al., 1998).

Force interaction between tractor drive wheels and ground (soil, grass plot, route
etc.) limits a maximumdrawbar pull ofwheels tractors Mainly an atmospheric
exposure such as rainfall or snow increases the ground moisture resulting in wheel slip
and decrease of drawbar puifi.the pastyariousmeasures to increase ttheawbar pull
of whed tractor have been implemented agmablished Some measureare used in
practicebut many concepts weret successfulThis paper present new methodo
increasehe drawbar pull of whedtactors It is a devicethatis mountedon the drive
wheels of the tractor The devicereduceswheel slip especially in poortraction
conditions andthus increases thelrawbar pulland also eliminates theundesirable
effectsof the wheels omhe soil The devicecould bealso suitable foterrain army or
forest vehiclesunder poor traction conditions. The research presented in this paper is
aimed at the increase of drawbar pull using the special wheels designed on Slovak
agriculture university in Nitra

MATERIAL AND METHODS
To compare standarttés and special wheels the measurements of drawbar pull

were realized on the same field at different soil moisture on October 2010 and 2012. In
these years cucumbers were grown on the field. Remains of cucumber plants were



taken away so the next to nothinovered the soil. There were a negligible amount of
very small stones. The field was ready for autumn tillage. The difference soil moisture
results in different rainfall in year 2010 and 2012. Tractor type Mini 070 was used to
compare the standard tiresxd special wheel equipped with aetxtension steel
blades. Tractor was braked by the second tractor during the measurement of drawbar
pull. The maximum drawbar pull was reached at the 100% wheel slip.

Design of special wheels equipped with autextensilde blades

Wheels equipped with autxtensible blades have been developed at the
Department of Transport and Handling for the rear driving wheels of a tractor
MINI 070. Wheels equipped with auwtatensible blades were designed according to
the work publiskd by Sloboda et al. (2008). A big advantage is that they do not have
to be removed from the tractor when passing on the road and also that they are
automatically extended when the tractor driving wheels are slippindol&ag of
driving blades occurs i the reverse movement of the tractor. The tractor needs not
be equipped with additional load weights because they are replaced by wheels
equipped with autextensible blades. Wheels equipped with axtensible blades are
mounted to the wheel disc, aadcording to Figl, they consist of the following parts.

Figure 1. Wheels equipped with ausextensible blades: 1 support tube, 2 locking tab, 3
bracket fastening the mechanism to the wheel discsphcer plates, 6blade, 6/ driving disc,
77 blade control disc, 8 guide pin, 9 locking hole, 10" blade pin, 11 buffer plate.

A support tubgl) is a basic part of the whole mechanism. It enables the
remaining parts of the whole mechanism to be attached to each other. On the support
tube, there are welded three locking tdB%, three bracket&3) by which the whole
mechanism is connected to the tractor wheel, and a driving(GJiscontaining
blades(5) mounted by means of ten pins. On the support tube, there are also welded
spacer plate$4) through which the mechanism position is centred with respect to the
tractor wheel disc. After the driving disc (6), the support tube contains a freely rotating
disc for the control of blades (7). The blade control disc contains on its circumference
twenty pressed guide pins by means of which blades move into the extended and
retracted positions. On the other side of the blade control disc, there are four locking
holes (9) to fix the position of blades in the retracted position. Three buffer plates (11),
attached by six screws to the locking tabs (2), fix the blade control disc on the support
tube.



The measurement of drawbar pull

The drawbar pull measurement of the tractor type NIl (Fig.3) equipped
with different wheels was performed by means tdresometric force sensor marked as
150EMS, as shown in Fi@. The force sensor is connected between the loading
tractor T4K10 and the tractor type Mini 070 through a chain. A portable recording unit
HMG 2020 (Hydac GmbH, Germany) was used to recordralatisignals from the
force sensor. A description of HMG 2020 is presented in the work published by

Drabant et al. (2003). The tractor type Mini was set on the first gear (I gear) during the
measurement.

HMG |
PC 2020
UANS
PSOL [« L1ov +24v

Figure 2. System formeasurement of tractor drawbar pullsi force sensor EMS 150, 12
tractor type Mini 070 equipped with different wheel type$, I8ading tractor type T4K10,

HMG 20207 digital portable recording device, UANSuniversal battery source, H(personal
conputer, PS 01 junction box.

Figure 3. The tractor type Mini 070 equiped with standard tires and special wheels.
Technical parameters and apecification of tractor type Mini 070 equiped with

different wheels types and the tractor type T4K10 usdatdke the first one are listed
in Tablel and 2.
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The rear drive wheels of tractor type Mini 070 were equipped with tyres type TS
7907 6.15/155i 147 4PR, 2 pliesnylon + 1 plynylon and chemlon made by company
Barum (Barum a. s. Czech republic).

Table 1. Specifications of the tractor type Mini 070

Year of manufacture 1989
Construction weight 310 kg

Driving speed 1st gear 1.53 km R
at rated engine speed 2nd gear 2.72 km It
3,600 rpm 3rd gear 4.96 km Rt
4th gear 14.40 km R
Clutch Dry, singleplate, with direct mechanical shutoff
Petrol, fourstroke, aircooled Briggs & Stratton
Engine Number of cylinders 1
Displacement 400 cnt

Max. performance / rotation speed8 kW / 3,600 rpm

Table 2. Specifications of the tractor type T4K10

Year of manufacture 1966
Construction weight 820 kg
Two-stroke, aircooled diesel
Engine Number of cylinders 1
Displacement 900 cnd
Max. performance 10 kw

Statistical proceeding of measured values

The measurements of drawbar pull were realized dahiedime 2.8 second. The
sampling frequency 28z was set on portable recording device to obtain the high
precision results. Therefore the measured-dataonsists of 56 values. The final mean
value of drawbar pull was calculated from data file by u#lireg50 values. The first 6
values represent the increase in drawbar
mean value. The measurements of drawbar pull were replicated several times. Tractor
was braked along the field length 100 m. In this paperésults from 3 measurements
of drawbar pull are presented. During the drawbar pull measurement tksetatere
obtained and statistical processed by use the mean value.

The mean valu@ of drawbar pull was calculated by using the arithmetic mean:

1.0
A=—aa 1)
Nz

where:ni dataset extenty; i variable at the i index of dataset, N.

The coefficient of variatiol€vwas used to express a measure of the dispersion of
data points in a data series around the mean:

(o]

cv="100 2)
A
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where:0 1 standard deviation, M\i mean, N.

Bulk weight} , of soil was determined by using gravimetric method according to
standardSTN 72 1010:

=M
:I'W_V (3)

where:my T weight of soil volume, gV i volume of soil cnr’.

Thesoil moisture was calculated according to standard STN 46 5321 after drying
at 105 AC:

w= M 100 (4)
m,

wherem, T weight of soil after drying, g.
RESULTS AND DISCUSION

The measurement of drawbar pull was realized on the field with area
approximately 2,00en>. The measurements were carried out on soil type chernozem.
There were soil moistune = 22%and average soil bulk densifty, = 1.33g cm°in
the year 2010. In the year 2012 the measurement were realized at soil moisture
w=14% and average soil bulk density,=1.51gcm> The penetrometrical
resistance was measured by mechanical penetrometer and showrdin Fig.

3.00 -
&
S 2.50 - ;
)
(8]
C J/
8 2.00 - A
R P
7] e
8 A
5 1.50- T
-i§ L //’a\\' ,
: o
$ 1.00 - /
o /
0.50 - /,\,'l —Soil moisture 14 %
o ----Soil moisture 22 %
0.00 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Depth, cm
Figure 4. Penetrometrical resistance in the same field at diferent soil moisture.
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Figure 5. The comparison of special wheels and standard tyres on the basis of drawbar pull
measured at soil moistuve= 14%.
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Figure 6. The comparison of special wheels and standard tyres on the basis of drawbar pull
measured at soil moistuve= 22%.
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The measurements of drawbar pull at soil moisture14% andw = 22% shows
the increase in drawbar pull due to the use of special wheels equipped with auto
extensible steel blades.

4,000
8 Wheels equipped with auto-extensible 3 g53.1
bledes

3,500
BTyres
1 3,025.3

3,000

2,544.2

2,500 -

2,000 -

Drawbar pull, N

1 16258

1,500 -

1,000

Soil moisture, %

Figure 7. The final comparison of special wheels and tyres instafi¢chctor

The measurements were realized on October in year 2010 and 2012 because the
soil is prepared to autumn tillage in this time. Tillage is the one of the operation
requiring the high drawbar pull of tractor. Figand 6 shows the course of drawbar
pull at diferent soil moistures. The measured data and mean of drawbar pull are listed
in table3. The final comparison of special wheels and tires is shown ir7 Fithe
results show that the increase of drawbar pull reached value 17.2% at the soil moisture
w = 14% and 36.1% at soil moisture= 22%. Therefore, at higher soil moisture the
special wheels show the better properties in compare with standard tyres. The special
wheels can be used to increase drawbar pull or eliminate the wheels slip and therefor
reducethe fuel consumption and soil damage.

14



Table 3.The measured values and mean of drawbar pull

Special wheels Standard tyres

Soil

. 14% 22% 14% 22%
moisture

3042.4 3591.0 2073.8 2445.0 2940.1 3100.9 1503.8 1520.0
3576.0 3401.5 2340.0 2568.8 2923.7 3095.3 1793.8 1535.0
40499 34164 2583.8 25575 2940.1 3077.0 1767.5 1531.3
3980.0 3461.3 2632.5 2505.0 3011.3 2962.0 1752.5 1520.0
37257 3501.2 2538.8 25425 3044.1 28744 1741.3 1501.3
3446.4 34214 2497.5 2700.0 3033.2 2874.4 1730.0 1512.5
3591.0 3446.4 2520.0 2700.0 3027.7 2923.7 1722.5 15425
3855.3 3640.9 2493.8 2726.3 3055.1 2994.8 1700.0 1583.8
36259 38404 24675 2726.3 3087.9 3033.2 1692.5 1595.0
3331.7 3810.5 2351.3 2557.5 3027.7 3027.7 1681.3 1613.8
3376.5 3710.7 2340.0 2568.8 2978.4 2967.5 1692.5 1628.8
3625.9 3725.7 2370.0 2673.8 3016.7 29784 1711.3 1666.3
3556.1 3880.3 2433.8 2726.3 3131.7 29784 1711.3 1680.0
3416.4 3955.1 2456.3 2538.8 3098.5 3093.4 1688.8 1665.0
3401.5 3880.3 2441.3 2505.0 3075.2 3098.2 1666.3 1608.8
36259 38105 2508.8 2726.3 3095.8 3060.1 1651.3 1563.8
3745.6 3800.5 2685.0 2700.0 3087.9 3075.3 1658.8 1526.3
36259 3755.6 2790.0 2737.5 3016.7 3077.0 1681.3 1548.8
3591.0 35711 27375 2775.0 3093.4 2962.0 1688.8 1556.3
37257 3501.2 2591.3 2700.0 3186.5 2874.4 1681.3 15225
3980.0 3591.0 25725 23775 3181.0 28744 1670.0 1503.8
3970.1 3640.9 2253.8 2591.3 3077.0 2923.7 1640.0 1575.0
3780.5 3591.0 26325 2235.0 2978.4 2994.8 1613.8 1590.0
36459 3591.0 26025 2688.8 2978.4 3033.2 1583.8 1586.3
3715.7 3591.0 24525 22125 3093.4 3027.7 1553.8 1631.3

The measured values of drawbar pull, N

Mean, N 3653.10 2544.19 3025.29 1625.76
Cv, % 4.94 5.89 2.51 4.80
CONCLUSION

The comparison of special wheels equipped with-antensible steel blades and
standard tire was realized on the basis of drawbar pull measurement. The
measurements were carried out in October in the year 2010 and 2012 on chernozem
soil type in the samerea of botanical gardens SPU The year 2010 was extremely dry
while the year 2012 was an average year. The drawbar pull of small tractor type Mini
070 equipped with standard tyres and special wheels was measured at slip due to
braking by using the secondattor type T4K10. The special wheels can be used on
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larger tractors too. The main advantage of the special wheels is the easy using in case
of tractor wheel slip. Backward driving after the field operation returns the special
wheels to the base positioor ftransportation on the route. In case of soil moisture 14%
the increase in drawbar pull of tractor equipped with special wheels reached the value
17.2% in compare with standard tires. Using the special wheels on the same field with
higher level of soil misture 22% the increase in drawbar pull reached the value 36.1%

in compare with standard tires.
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Light tractor simulator
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Abstract. A tractor simulator was made for hard tillage work. The aim of the simulator was to
have it in national language and that it is easy to use. There are tractor simulators available but
they aremainly made for different conditions than we have and they are also in languages not
common to our farmers. The simulator user can interactively experiment how working depth
andi width, soil conditions, ballasting and driving speed effect on wheelffigig,capacity and

fuel consumption ha'. The simulator also shows how complicated a tractaémplement

system is. Because the soil conditions and implement conditions are varying there can be large
scatter in the results.

Key words: tractor, implementfield capacity, fuel efficiency.
INTRODUCTION

The purpose of the simulation was to demonstrate how tractor performance
changes in heavy tillage work. With this simulator farmers and students can
experiment how tractor size, implement size, workihgpth, driving gear, soil
conditions and ballasting effect on fuel consumption, wheel slip and work rate.

There have been several tractor simulators available but these are focused on
special subjects, for instance tyres-(Admed et al., 1994) arghllasting (Evans et al.,
1989). There are not many simulators available to simulate the tractor performance
during heavy draft work. Grisso et al. (2007) made software, which selects either
suitable implement for a tractor or a suitable tractor for alement. The software is
done with spreadsheet program and it calculates field capacity and fuel consumption in
| ha'. Also it includes tyre inflation and ballast options. A simulator based on this can
be downloaded at http://www.bae.ksu.edu/precisionag/index_files/Page832.htm
(31.1.2014) and a Google Android Application is also available at Google Store.

Buckmaster & Beheshi Tabar (2013) made for educational purposes a spreadsheet
program, where laboratory work and modelling allow virtual experimenting tractor
implement performance. Abdulrahman & Saad (2002) made a program, which
calculates the performance of traetmplement system. It was developed to use in
farm machinery manageant and educational and research purposes. The program
calculates the optimum field speed that matches to the pull of a tractor and shows the
performance of the system.

The aim of this study was to develop a tool, where the user could interactively
changethe implement parameters and choose in this way the optimum parameters for
the work. It also includes fuel consumption figures so that the user can see besides field
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capacity also fuel consumptiom®. The program was done in Finnish language and
also atranslation in English and Estonian languages are available. The simulator was
done with a spreadsheet program, and the aim was to keep the file size small and the
interactivity high.

MATERIALS AND METHODS

Implement draft forces

The simulator was donenty for heavy tillage work. In practice, if the size of the
tractor and the implement are matched correctly, tillage is done with engine throttle set
to full speed. Normally tractor engine performance measurement in tractor tests is only
done with full sped and this information from test reports can be used in the
simulation.

In heavy tillage the implement draft force depends on soil conditions, tillage
depth, implement width and driving speed. The implement draft force was calculated
with equation 1, wherF, is the draught force§ is a coefficient for the soil typ#, B
andC are implement related coefficients and v is the driving speedhfn is the
working depth (m) and (m) is the working width. This equation is widely used in
implement drafand power calculations and it is given in standard ASAE D497 (ASAE
D497). Also coefficient values can be found in the standard.

F,=S(A+B@+Cc@?)dd (1)

The coefficients used in the simulation can be found in table 1. The ploughing
coefficients weragaken from ASAE D497 standard. Thetife coefficients are based
on own experiments. ASAE D497 coefficients were not used HimeSbecause they
do not include working depth information. Thetige harrow can have different
options, such as levelling pé or roller. Also it has normally supporting wheels. For
the calculations only supporting wheel resistance was included and valuekbif 15i3
was used.

Table 1. Draft coefficients in ploughing arfdr one stine

Implement A B ¢ s
kN m? KN h (m km)'* kN h? (m? k)

Si=1
Moldboard plough -
(ASAE D497) 51 =45
Stine (single), 0.96 0.081 0
organic soils
Stine (single), 0.86 0.347 0 !
loamy soils

'S, is fine clay soil S, is medium texture loamy soils aSglis coarse texture sandy soil

It is assumed that-the harrow is pulled with horizontal force, which means that
there is no weight transfer from the harrow to the tractor. Plough, on the other hand,
may be mounted, sermiounted or pulled. The amount of weight transfer depends on
the gough condition, mounting type and so il resistance and only an estimate can be
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given. The simulation can be calculated with four different estimates from zero to 30%
weight transfer from the plough on the tractor. For the plough weight transfer
calculatians it was assumed that a mounted reversible plough was in use. The weight of
the plough and weight transfer is taken into account with this type of plough.

ASAE D497 standard states that the variation of the force can be quite high. For
instance in plouging it can be 50% from the calculated value depending on the
implement type, condition and soil condition.

Tractor pulling force

The implement requires a pulling force from the tractor and also the tractor
requires its own rolling force. The soil in tremulation was divided into three
different categories, hard, normal and soft. The corresponding rolling resistance
coefficients were 0.06 on hard soil, 0.1 on normal soil and 0.15 on soft soil (Renius,
1999). The traction coefficients depend on wheel atig the values were taken from
the values given by Renius, Fi.
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Figure 1. Coefficient of traction as a function of slip on three different soil tyResiQs 1999.
In the simulation we calculate first the necessary traction coefficient andHetm

we solve the wheel slip. This was done using an exponential equation 2 Avdrel8
are soil dependant coefficients, which were calculated fronilFggrves.

s= Ae”” (2)

The pulling force of a four wheel driven tractor is given in equation 3, whisre
the coefficient of tractiorf,is the coefficient of rolling resistan€gis the weight of the
tractor andJis the slope.

F, =(m f)Gcosa ° Gsina 3)
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In calculations we mmst first calculate the traction coefficient value, which means
that we have to solve equation 3 fOr After that we can calculate wheel slip with
equation 2. In four wheel driven tractor we assume that traction of every wheel is about
the same. The frordnd rear wheels are in agricultural tractors mechanically connected
without differential between the axles. This means that we can consider the tractor as
one traction unit and we do not have to calculate traction for each wheel independently.

Traction cefficient Ois the wheel traction forcg, divided by the wheel loaR.
Because we are handling tractor as one unit, traction coefficient can be determined
with equation 4, wherd-, is the sum of wheel traction forces (four wheel driven
tractor) andG is the weight of the tractor.

Fn
m= G (4)

F, is the sum wheel traction forces a@ds the weight of tractor. We must solve
the wheel traction forcE, from this equation. With this force and wheel driving radius
r we can calculate therque of the driven axles and with the transmission gear ratio
| we can calculate the engine torguesquation 5.

T=F00=mROO (5)

Extra ballast will increase the tractor weight and increase traction force, which in
turn decreases wheel simd improves performance. In four wheel driven tractors rear
wheel or front weights act on the same way when front and rear wheel traction is
assumed to be equal. For this reason the simulator needs only the total ballast amount
regardless if it is on rear front of the tractor.

Engine characteristics

When the needed engine torque is known (equ&jionve can calculate the
engine operating point. For this we need the tractor power curve. These we can find in
different tractor test reports. For insta@&CD tractor test results can be found at
http:/www2.0ecd.org/agroddb/index_en.asp, Nebraska test reports can be found at
http://tractortestlab.unl.edu/testreports.htm and DLG test reports at
http://www.dlg.org/tractors.htmiBeside these some agricultural journals also publish
their own test data. We need in minimum six data point from the power curv@, Fig.
shows an example tractor power airv

The operating point is found after we have calculated the engine torque. Example
in Fig. 2 shows that if we need a torque of 38M, the corresponding engine speed is
1,9001 min™ and the fuel consumption is 2B™. Also we can see that the power
taken from the engine is &8V and the specific fuel consumption is 2p(kwh)™.

In simulation the operating point falls in most cases between two measured
points. Then the point is calculated from the adjacent measured points with linear
interpolation.
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Figure 2. Example of tractor engine characteristics (Valtra T 140).

Work rate and work specific fuel consumption
The driving speed and fuel consumptiprfl h*) do not reveal how efficiently the
work is done. The work rate can be calculated fthenimplement width and driving

speed, equation 6.
A
a.ran]= ket 1) Skt ©

Fuel consumption per worked argagn now be calculated with equation 7.

ql h?|

q [I ha‘l]: o lhan’ (7)
A
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The simulator was done with Excel spreadsheet progBesides spreadsheet
calculations also user defined functions were used and they were done with visual

RESULTS

basic. Fig.3 shows the tractor information fill in form.
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Figure 3. Tractor information is given by filling in the green coloured cells.

When the tactor information is filled in it is possible to choose from the
spreadsheet tab if ploughing ottiSe harrowing is simulated. Fig.shows an example
of simulation in ploughing. Different conditions can be tested by changing the plough,
soil and tractocharacteristics. If the tractor gear is improper and the engine stops, then
a message is shown on the left side of the results. On the last column is shown the slip
value importance. Normally 1Q0% slip gives best traction efficiency. If slip exceeds
20% there is a danger of rut deformation on the field, which will destroy the soil

structure.

22




Soil condition  Share width Number of furrow: Working depth cm Soil traficability  Slope * Extraballastkg  Weighttransfer Working width
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Figure 4. Simulation of ploughing.

Fig.5 shows an example of ploughing result. The minimum fuel consumption is
gained with gears M3L and M2H while the maximurariwrate is gained with gears
M4L, M3H or H1L. Wheel slip is however high with these gears, which means that the
tractor needs more ballast. It is also common that the minimum fuel consumption and
maximum work rate do not occur with the same gear.
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Figure 5. Result from ploughing simulation.
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CONCLUSIONS

Tractor simulator was programmed in Excel spreadsheet. Users can experiment
with their own tractor and implement and see how different adjustments and conditions
affect on the operation parameterdiard tillage work.

The spreadsheet program was chosen because it is commonly used and it is easy
to make calculations in it. However, simulation in this environment has some
restrictions and it would be easier to make it in normal programming language. The
restrictions in the spreadsheet programming occur especially when there are several
choices to make or the results should be chosen depending on different conditions.

There can be lot of variation in the soil conditions as well as in implement type
and function. This means that the assumptions and simplifications made in the
simulator calculations do not have much influence on the results because more
variation is caused by the soil, implement and tractor parameters.
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Abstract. The articlefocuses on the selection of constructive and kinematics parameters of the
picking device intended for picking lowbush blueberry, cultivated on milled peat fields. The
constructive parameters of the picking device are reel radius, the height of the pickingi c e 6 s
axis of rotation from the ground, the number of picking rakes (or the displacement angle of
neighbouring rakes) and the angle of inclination of rake teeth in relation to the upward
direction. The kinematics parameters include the angular spebd picking reel, the machine
velocity and the kinematics number.

Key words: agricultural engineering, blueberry harvester, picking reel, constructive and
kinematics parameters.

INTRODUCTION

Lowbush blueberries, t he tocmickegending anf whii
the variety and the berries of which ripen more or less at the same time (Starast et. al,
2005; Strik, 2009), could be harvested most reasonably with a machine, where the
functional working unit i s a dickingraker a
contains teeth attached to the axis of rotation (Olt & Arak, 2012). Blueberries do not
ripen after harvesting and therefore the berries have to be picked at their full maturity
(Albert et al., 2009). Ripened blueberries do not defoliate easdycould thus stay on
the bush ca 10 days when ripened (Starast et. al, 2009).

The principle layout of the blueberry harvester has been presented in Fig
the soecalled rough harvester, i.e. the additives of the blueberry harvester (leaves,
piecesof stems and peat, etc) and bruised berries are not separated from the berry
mixture. Thus, the technological operations of the blueberry harvester comprise
removing the berries harmlessly from the stems and collecting the berries into berry
boxes or cordtiners, meant for handling.

Picking reel 3 contains picking rakes 12 that have been attached to the axes
between side discs; rake teeth 13 have been rigidly attached to the picking rakes.
Berries are separated from the stems with the help of rake tedttatl&re put into
motion through the blueberry stems. The diameter of the rake teeth I8ns&dnd
their interval from each other on the picking rake 6 fisr8.
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Figure 1. Main assemblies and parts of a motobltgbe harvesterRatent EE05488 B1) 1
engine, 4 power transmission elements; icking reel, 4 conveyor, 5 chute, 6/ berry
box, 71 copying unit, & frame, 9i steering levers, 10wheels, 11 reel shaft, 12 picking
rake, 13/ rake tooth, 14 hook springtine.

MATERIALS AND METHODS

The article studies the constructive parameters of the picking reel of the blueberry
harvester: radius,, the height of the picking reel shaft from the grotthdFig. 2) the
number of picking rakes(or the angle of displacement of neighbogriakes) and the
angle of inclination of the rake teeth of the picking rgkie relation to the vertical
direction, as wel |l as the angul ar v»'speed
velocity of the machines,,, and the selection principles of thnematic indication
numberax

The picking reel 3 is a parallelogram reel, which is characterised by the fact that
the rake tooth 13 of the picking rake 12 is located with a permanent (constant) rake
angle toward the ground, and, thus, the following camuias to be followed

$§ $ 1 h (1)

where: ¥, i the angular speed of the picking reel+3;i the angular speed of the
picking rake 12.

The rake anglgy of the rake teeth 13 of the picking rake 12 can be changed
according to need.

The picking rake 12 participates in unitary movement: linear moving with the
machine and rotary relative movement around the horizontal axis. According to the
scheme presented Fig. 2, the coordinates of point B, the free tip of the rake teeth of
the piking reel are expressed as follows:

X(t) = VpO+ ra@og 7 | sino; (2)

y(t) =0; 3
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Z(t) = i ra6iry i 1,co8; (4)

where: v, T speed of the blueberry harvestex;i radius of the picking reel 3 (the
distance of the centaxle A of the picking rake from the axis of rotation O of the
picking reel);; = ¥t T angle of rotation of the picking reef; i angular speed of the
picking reel; o7 rake angle of the picking rake teeth;= const; b1 the angle
characterising the position of the picking raké; ¢ olyi &ngth of the picking rake
teeth;ti time.
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Figure 2. Calculation scheme for compiling equations of the trajectory of pickir e el 6 s r a
and for determining the height of the picking reel shaft from the grounghicking reel, 12
picking rake, 13 rake teeth, 15 blueberry plant.

The trajectory of the picking reel has been studied by Heinloo (2007), but in this
case v are not interested in the trajectory of the picking reel and the picking rake.
Nevertheless, some important analytical relations for the technological calculation of
the picking reel can be indicated with the trajectory equations (2, 3, 4). Firstly, this
includes a relation for the selection of the rotational speed of the picking reel. So that
the picking of berries could at all occur, the following condition has to be met:

. Qw .
V] 00 mh
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Thus, after differentiation of the first equation (2) accordntinet, the result is
O 1 1 OElo ™ (5)

Dividing the inequality (5) with the machine velocity and markingg-  3ra/vi,
which indicates the kinematic indication number of the picking reel, the result is

p
- BETS°

That is, calculating that the maximum value of sine is 1, &ed, whereas the
value ofa-changes practically in the limit a2 é 2 . 5, and the absol
the picking reel is expressed as follows:

O 0 p _ ¢ OETlon (6)
and the angular velocity of the picking reglis expressed thus:

e}
1 _1—8 (7)

As this is a motoblockype machine, the machine velocity is limited with the
operator 6s vw lors tThe, velocity aftthe imachine prototype is
changeable in the interval af =0 . 3 0 ér@s". DBring tests, most suitable working
velocity iSVin o= 0.55m s™.

The task of the picking reel 3 is to remove blueberries from the stems without any
damage. 1 real working conditions, during the rotation of the picking reel 3, the
movement direction of the rake teeth tips has to be vertical, directatbvap when
the rake teeth 13 tips of the picking reel (point B) reach the top of the blueberry plant;
in this way the picking rake teeth can penetrate between the blueberry plants 15, that is,
at the moment of penetrating between the stems carrying berries the absolute speed
vector of the rake teeth tips (FR) has to be directed vertically tofown. In thiscase,
the heightH of the picking reel 3 shaft from the ground is expressed as follows:

H = hs + | Qosg+ ra&imy t (8)

where:hsT the average height of the blueberry plant from the ground to the top, as
&= 2.5, then it is reasonable to implement the condifj@n ©,.. 5

RESULTS AND DISCUSSION

Analysing equatiorf8), it is evident that except for the angtgt all other
parameters can be determined. Thus, for the purpose of being able to use the
equation(8), an unknown angle has to be expressg¢dThis is possible if we express
the fictive radiusrg from the triangle @QAB (Fig.2), using a cosine sentence as
follows:
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i @ CdaATO 101 8 )
Considering that
Z\'l';é 1ot OBior  OEIOGAITO AN GODER
the relation (9) can be expressed as follows
i 1 & ¢i d OETOATTO A1 OGOXDEIS (10)
Also, the following relation can be drawn from the Eg.
i ANNO i DETO a AIlro (11)
by squaring both sides of the relation (11) and formulating from this fictive radius

i J0EN 0 ¢ci a OETOAITO a Al Dﬁ

T30 (12)

wherelii positional angle of the rake tooth tip B.

If we apply a sine low for the triangle formed from velocity vectors (Fig. 2):

OET OEY | (13)
0 0
and considering relation (6) as well as the fact &+ | AT110, then we can
express it after the conversions as this

p AR
iTo = G=OElo ¢8 (14)
When solving together relations (10), (12) and (14), grouping the units and after
squaring and converting of both sides, we can formulate the following equatioe for th
angley t:

_i OEfN o i _i ta c OEl oo
10 AT Oi i i+
‘,,Ap”=‘ ‘=C ~ oz . (15)
i OENl OEIl o-a _ ¢ Al O p 1 ™

If we mark

OENl o0 «a
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We can write the relation (15) in this form
G & ban
that is,

¢ =0 =a = T8 (16)
[ R MR

If we mark A= b/a; B=c/a and C=1d/a, then the satisfactory result of the
equation (16) is expressed in the following form:

R - , 0 .
OEIO lWa 0 o 0 h a7)
where
o 6 0 00 060 0600 006ﬁ
¢X T CX pmMY o X ¢ C
o .
o 28 L §
o o
0
V] —8
o

Because in different plantations the height of the blueberry pldtite length of
the stems) (Starast et. al, 2005) can differ, then the position of the axis of rotation of
the picking device shall be changeable, so as to ensure harvesting without any loss.
Considering the fact that the average height of the bluebemy fstbm ground to
top ishs = 0.2m and the technical parameters of the picking reel correspond to the ones
indicated in Tabld, then the angle of rotation of the picking rakeris=8, and we
get the minimum height of the picking reel shaft accordiogrelation (8) as
Hin = 330mm.
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Table 1. Technical characterisation of the picking reel

Parameter Symbol Unit Value
Radius of the picking reel ra mm 165
Length of the picking rake teeth |, mm 135
Rake angle of the picking rake teeo degree 30

If we consider that the working speed of the maching,s:= 0.55m s then
according to the relation (7),the angular speed of the picking reeki$.33rads™.

Rake teeth tips B of the picking rake have to reach the ground in their lower
postion. Deducing from this, we can check the distance of the picking rake axis from
the shaft centre, with the following relation:

O aAIro 'Qﬁ (18)

where:d. is the thickness of the copying unit runnei, the angle characterising the
position of the picking rakdy | const;p=0 é 3 6.0

Thus, if H=330mm, the rake angle of the picking rake teethyis30, the
thickness of the runned.=30mm of the copying unit 7 (Fid.), the angle
characterisinghe position of the picking rake=20 if v;t="/ 2 and consi de
the fact that the berries may be located close to the ground, then the maximum radius
of the picking unit according to relation (19) has torp®173mm. The radius of the
picking reel of the blueberry harvester prototype (Bigis 165mm, which prevents
clutching peat pieces and other litter from the ground during the harvesting process.

Figure 3. Prototype of the blueberry harvester.

The number of rakes depends both on the kinematics of the picking reel as well as
the positioning of its shaft. During design, it would be most reasonable to choose the
number of the reel rakes inthe limitnf4 é6 ( Landt echni k, 1999)
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these recommendations, the number of rakes has been @wdenwhen designing the
prototype of this machine.

CONCLUSIONS

The article has pointed out methodology and explanation for the selection of the
most important part of the motoblotype blueberryharvester- the constructive and
kinematics parameters of the picking reel. The constructive parameters of the prototype
of the blueberry harvester (Fig) are the following:

1) the diameter of the picking reel2= 330 mm,

2) the height of the axis of rotation of the picking reel from the ground
H =330mm,

3) the number of picking rakes= 4.

Kinematics parameters are the following:
1) angular speed of the picking regl= 8.33 rad 3,
2) machine movement speeg ¥ 0.55 m &,

3kinemati c indication number & = 2.5,
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Abstract. Elaborated test results concerning two technologies of corn beairesting using

grain harvesters. One technology called ZKP was using a mill crusher unit with direct filling
system of a plastic bag and the other one was using a mill crusher connected to a silo press and
was called ZKG. Provided research and calcutatienabled evaluation of the values of critical
coefficients, which were the following: unitary fuel consumption and unitary labour cost
requirement. Because of different corn grain yields, these values referred to a unitary area of
crop and also unitary ass of corn grain. It has been proved that the total costs of harvesting
and conservation of corn grain with the technology ZKP equalled 32h&3 but the same

costs with the technology ZKG equalled 245(A%’. However, when taking into
consideratin the unitary mass of harvested grain, lower costs appeared with the technology
ZKP at t he tYcaolmpea r2eld. 8 9'fdt thegech®dlogylZRG. U

Key words: maize, harvesting technology, grain ensilaging, plastic bag, costs, labor,
harvesting, transportation, fuel consumption.

INTRODUCTION

Increasing demand for maize, but especially for corn grain, designated for feed as
well as for other goals, such as the needs of distillery industry and energy production,
leads to dynamic growtbf the cultivated area of this graiBdgkhansanij et al., 2002;
Kowal czy k & R.Hewevedgssage of coln@dHgh energetic feed for all
animal groups is of the highest importanGach & Kowalski, 2010; Gach et al., 2011

Maize can be grown for silage as whole plants, for silage using corn cobs only
(LKS T corn cobs with leafs or CCM) as well as for grain itselfohly (e d zi - § k a , i
Podk: - wka & Michal ski , 200 3; Bul ghakov et

Making silage using chaff from wholmaize plants is quite rational, because it
utilizes all food components and can be used as a fundamental base for feeding of
rumi nant ani mal s. ( Pod Kstivoksa& Iv&novdfi2@0B;a | s Kk i
Weinberg& Ashbell, 2003Gach & Kowalski, 2010; KowalskR010.

Growing maize for corn grain also holds an important position, but requires quite
a high energy input for the drying process. The moisture content of the corn grain for
storage must be loweE¢kl, 2003) Because of the high energy prices, thetlgos
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drying is replaced by grain ensiling usi
Chlebowski et al., 2008).

Ensiling of maize for feeding purposes is effective from the perspective of small
losses of food components and silage can be storexb¥eral month, so it can solve
the problems of feeding animals. Grain silage contains lessiitrogen extraction
compounds, but it contains more protein and is characterized by higher digestibility of
food compounds by animals compared to dried graid Pe wk a & Mi chal sk
Total utilization of the components contained in feed is possible by using proper
methods of harvesting and ensiling (Niedemaier, 1998; Gach et al., 2011).

Harvesting is usually done by using properly adapted grain harvestgnsaisak
et al., 2008), however, before storage, grain is crushed by using special mill crushers,
the operation of which is known as thecadled Mursk method (Plonka, 2002). It is
possible to use different variations of the technology, such as utilizafianill
crushers in a separate operation and then filling the crushed grain into a plastic bag
using a silo press or utilization of an aggregate performing both of these operations
together (Gach et al., 2011). There are not many research results puibliktezdture
concerning harvesting and ensiling of corn grain in a plastic bag (Csermley et al.,
2000).

It shows that evaluation of the exploitation parameters concerning preparation of
crushed corn grain silage is very important as a research taslcdageimption, labor
input, the costs involved according to the elementary area of maize designated to
ensiling, or taking into account the dry matter involved can be good parameters to
compare when evaluating different technologies. It can also be ufiizeerification
of elaborated models of similar processes, during simulation for better knowledge and
for development and modelling the technology for ensiling of whole maze plants
(Zal i wski & Hogaj, 2006; Kowal ski & Gach

The goal of this elabotian was evaluation of exploitation parameters, as well as
to discover the material and cost inputs during harvesting and ensiling of corn grain
using field test results taken directly from the production activity in a farm.

MATERIAL AND METHODS

The regarch work and evaluation of the whole process were provided for two
technologies of maize harvesting for corn grain named ZKP and ZKG. A scheme of
these technologies is presented on Eig.

The tests for the technology ZKP were performed during 200%®iAdhnicultural
Experiment Research Station of the Warsaw Agricultural University (SGGW) in Obory
near Warsaw. Corn grain harvesting was carried out using an adapted grain harvester
Claas MEGA 360. The harvesting assembly was replaced by a six row adapter
Conspeed &5FC for corn cobs separation from maize plants. After separation of corn
cobs, maize stalks were shredded and left on the field, where the process of
decomposition of the green mass could begin easily. This situation helped to prepare
the fieldfor afterharvest growing of other cultures.

During corn grain harvesting using high capacity harvesters, it is essential to
prepare a proper amount of means of transport for delivering the corn grain. In the case
of the present technology, the corn gr&iom the harvester was transported to the
reloading area wusing a trailer PP14 Met
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14tons, which transported the corn grain to the main truck SCANIA 114L with the
capacity of 29n°. Reloading of the trailer wasrovided by using a screw conveyor
located on the trailer. Then, the corn grain was transported to the place of storage and
ensiling located 1&m from the field. Unloading of the corn grain from the truck was
performed by tripping of the carrying body.

MATZE HARVESTING WITH CORIN GRAIN STORAGE
IN APLASTIC BAG
[

AN ZKG
] ¥
. HARVESTING
HARVESTING .
Grain harvester Claas Mega 360 Grain harvester Claas Mega 204
¢ CORN GRAIN COLLECTION
CORN GRAIN COLLECTION Tractor 7T 1014 + trailer T 610
Tractor Ursus 1634 +trailer Metaltech PP14 +
¢ CORN GRATN TRANSPORTATION
CORN GRAIN TRANSPORTATION Serew conveyor model T 206/2
AND UNL OADING
Scania Truck 1141 + selfunl oaded semitralier ‘
Zastaw CORN GRAIN CRUSHING
Tractor New Holland TL 100 + corn grain
* milling crusher MURSEA 700 32 HD
CORIN GRAIN LOADING TO THE +
Telﬁgg;fi;f}%@% 6 CORN GRAIN TRANSPORTATION TO
h THE PRESS
¢ Tractor UESTS 3512 + trailer 17227
GRATN CRUSHING ANDFILLING OF A *
PLASTIC BAG CORN GRAIN LOADING TO PLASTIC
Tractor URSTS 1634 + com grain milling BAG
crusher New Foncept MNC4210 Tractor U 1224+ silo press AG-BAG G6700

Figure 1. Scheme of the technology for corn grain ensilaging in a plastic bag.

Transportation and loading of corn grain to the mill crusher were performed by
using a telescope loader JCB 53D equipped with a bucket for loose materials. For
corn graincrushing, a roller mill crusher NC4210 New Concept Co. driven from a
tractor Ursus 1634 using the PTO system were utilized. Crushed corn grain was
compressed into a plastic bag. The size of the plastic bag wasi®@® and 2.4n in
diameter.

The technolgy ZGK was presented as follows:

Corn grain harvesting and corn cubs separation were performed directly on the
field using an adapted grain harvester CLAAS Dominator 204 Mega. The grain
harvester was adapted by replacing the header unit withroav Sadapte which
separates corn cobs from plants. Further, some changes were made to the harvester
shredding and cleaning units.

Utilization of stalk rotation shredders working in vertical position and placing
them under corn cobs separation unit. All chaff |[&&raseparation and shredding were
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spread on the ground behind the harvester and made good material for developing
organic fertilizer.

The obtained corn grain was loaded on ty&lU trailers and transported with U
902 tractors to the shredding and emgilg area, where it was filled into a plastic bag.

Unloading of the corn grain was performed directly on the entry table of the
milling crusher MURSKA, equipped with a magnetic and rock separator. The mill
crusher had two rollers #n long each. The distae between the rollers was set on
0.3mm. The mill crusher was powered by the PTO unit of a New Holland tractor. The
crushed grain was charged through an unloaded pipe on the transporter, which directed
it into a press. The transportation process wasopedd by using two sets of tractors
C-360 and trailers type N227. Unloading of the trailer was performed using a flour
conveyor powered by the PTO system of a tractor.

The corn grain from the charging hopper was fed into a plastic bag type B 820 by
a silopress type A@BAG, which was powered by a tractor Zetor 1211. The size of the
plastic bag equalled 2m width and 60 m length and had the capacity from 180 to 220
ton depending on the grain moisture content.

The exploitation tests of the machinery utitize this technology were performed
according to the requirements of the relevant standards and methodology developed at
the Warsaw Institute of Technology and Life Sciences (ITP) (Barwicki et al., 2011).

On the basis of tests results described aboveyighe per ton of corn grain was
calculated. Moreover, the cost structures of the presented technologies were calculated
taking into account: fuel costs, material costs, labor input and machinery costs.

RESULTS AND DISCUSSION

The main parameters of tpeovided experiments are presented in Tablas we
can see, plants were harvested at a proper moisture content and the corn grain yield
was quite high compared to the average yields on a country scale.

The values of exploitation and economical parameters evaluated on the basis
of typical standards and methodology, taking into account the actual prices of farm
machinery (Barwicki et al., 2011).

Table 1. Characteristics of test conditions

Description of parameter Units Value

Tested material - Corngrain

Technology - ZKP ZKG

Variety - PIONEERi PR39D23 PIONEERi PR39D81
Yield t ha' 14.70 7.92
Moisture content % 36 314

Row spacing m 0.75 0.75

Number of plants on fn Piecem? 8.2 6.02
Average height of plants m 291 2.43

Average height ofcorn

cobs location 1.23 1.08

The yield of different technologies of the utilized machinery and aggregates were
different,and are presented in table 2.
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Table 2.Values of performance indicators

Technology
Description of parameters ZKP ZKG
Yield [t h] Yield [t h™]

Harvester Claas Mega 360 13.50 7.56
Tractor U1634 + trailer Metaltech PP14 13.5 -
Truck Scania 114L + selfunloaded semitrailer 10.9 )
Zasgaw '

Telescopic loader JCB 53D 8.9 -
Trailer U1634 + milling crusher NC4210 8.9 -
TractorNew Holland TL 100 + milling crusher i 8.0
MURSKA 700 S2 HD '
Tractor U 1224+ silo press ABAG -G 6700 - 8.39

The calculated values refer to a specific area and also to a specific mass, because
the yields for both technologies were consideratiifferent. Fuel consumption is
characterized in connection with a specific area or a specific yield and is presented in
table3. Taking into account the higher yield for the first technology when looking for a
mass of the harvested corn grain, lower fuelsmption was present in the case of the
technology ZKR 3.42dm’t*i compared to the technology ZKiG4.10dn? t™.

Table 3. Fuel consumption during harvesting and ensilaging of corn grain using different
technologies

Technology

Description of parameters ZKP ZKG

dn? t* dn t*
Harvesting 1.55 2.24
Loading and transportation 0.78 0.38
Loading of corn grain to milling crusher 0.35 -
Grain crushing and filling of plastic bag 0.74 -
Grain crushing - 0.36
Transportation and loading silo press - 0.18
Plastic bag filling using silo press - 0.94
Total 3.42 4.10

In the case of both technologies, fuel consumption was highest during harvesting
with the following results: technology ZKP1.55dm®t?, technology ZKG
2.24dm’ t,

In the case of the technology ZKP, the lowest fuel consumption was related to
loading of the corn grain to the milling crushie®.35dnt* i, but in the case of the
technology ZKG, transportation and loading of the corn grain to the silo press
0.18dm’* t™.

The total labour input values concerning specific areas in both technologies were
quite close and were as follows: ZKR.66rbht*, ZKGi 6.89rbht™. However,
concerning the specific mass of corn grain, for the technology ZKP, it equalled
0.45rbht™ and 0.87&bht™, which is almost twice higher because of different yields as
shown Tablet. The highest labour consumptions during operations were those related
to loadingunloading and transportation, the lowest one, however, was related to
hanesting as a very efficient operation.
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Table 4.Labour input for harvesting and ensilaging using different technologies

Technology
Description of parameters ZKP ZKG
rbht! rbht?
Harvesting 0.07 0.13
Loading and transportation 0.16 0.26
Loading ofcorn grain to milling crusher 0.11 -
Grain crushing and filling of plastic bag 0.11 -
Grain crushing - 0.12
Transportation and loading to silo press - 0.12
Plastic bag filling using silo press - 0.24
Total 0.45 0.87

When taking into account thepecific mass of collected grain, lower costs \
obtained with the technol o'y gomparEdPto t
technology ZKG with the value of 31.@&™, as presented in Tabie

In the cost structures of the tested technologies, incéise of the technolo
ZKP, corn grain harvesting had the highest impact on final experiditse at'* i
but for the technology ZKG, the result equals 1511'8.

Besides that, a considerable share of the costs is related to grain crust
filling of the plastic bag: ZKR 7.360t™; there is a similar situation in the case of
technology ZKG, where filling of the plastic bag using a silo press consumeg ©":
The costs related to transportation and loadinipading operations are consider:
lower.

Table 5. Specific costs of harvesting and ensilaging of corn grain in different technologie

Technology
Description of parameters ZKP ZKG

att att
Harvesting 7.50 15.18
Loading and transportation 5.08 2.07
Loading of corn grain to milling

1.95 -
crusher
Grain crushing and filling of plastic

7.36 -
bag
Grain crushing - 3.30
Transportation and loading to silo i 110
press '
Plastic bag fillingusing silo press - 9.37
Total 21.89 31.02

In addition to the above, the costs of some other analysis were provided, taking
into account the following costs: machinery, fuel consumption, labour consumption,
additional materials. All this is presentedTiable 6.

In the second place was fuel consumption with the following values for each
technology: ZKPi 3.30 Gt''i and the technology ZKG 4.0a4t''. The costs of
additional materials such as the plastic foil used for the plastic bag and the
conservatioragent supporting better development of the ensilaging process were equal:
ZKPi 3.150t'*7 and for the technology ZKG2.170t'". The lowest values were the
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costs of labour input, which equalled: ZKP1.23Gt'*i and the technology ZKG
1.81at™

Table 6. Comparisonof specific costs involved in harvesting and ensilaging of corn grain in a
plastic bag

Technology

Description of parameters ZKP ZKG

l:l tl 1 l.,,l tll
Machinery 14.21 23.04

Fuel 3.30 4.0
Labour 1.23 1.81
Other material$ plasticfoil 3.15 2.17
Total 21.89 31.02

The described experiment can be very helpful in determining values and structural
inputs of harvesting and ensiling of corn grain. This area of research is very important
and should be continued in the future, becaussheeld consider the improvement of
efficiency of each step of harvesting and ensilaging process described in this research
work. The knowledge presented in this paper can be utilized for developing new
technologies, but also for verifying elaborated medef old technologies for
harvesting and ensiling of corn grain
2009).

CONCLUSIONS

On the basis of the provided research and analysis, the following conclusions can
be made:

1. When taking into account the specific mass of the collected corn grain, lower
fuel consumption took place in the technology ZKB42dntt* i than in the technology
ZKG i 4.10 dnit™ i, because of the higher yield in the first technology compared to
the second one. The highest fuel consumption was present during harvesting, but the
lowest occurred during loading of the corn grain to the milling crusher in the case of
the technology ZKP and during transportation and loading of the corn grain to the silo
press in the case of the technology ZKG.

2. However, when taking into account the mass of corn grain in the technology
ZKP, the labor input was twice lower than in the technology ZKG, because of the
considerably higher yield of the first technology. The higgHabor input occurred
during grain loading, unloading and transportation.

3. When taking into account the specific mass of the collected corn grain, lower
costs were achieved with the technology ZKP2 1 . 8t9 i abmpared to the
technology ZKG 3 1. @2

4. In the structure of all costs for both technologies, the costs were highest for
harvesting and the results were as follows: for the technologyiZKBOut'* i and
for the technology ZKG 15.180t'". Further, the costs related to corn grain cingh
and filling of the plastic bag had a considerable influence: ZKG36ut' *i and also
for the technology ZKG using silo pres®.370t' .

5.In the cost structure related to the machinery, fuel consumption, labour
requirement and additional materjaleachinery costs had the highest share with the
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following values: for the technology ZKiP14.21u t''i and for the technology ZKG
23.040t ! Fuel consumption costs had the following values: for the technologyr ZKP
3.300t''1 and for the technolggZKG i 4.0Gt'"
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Abstract. A new theory of vibrational digging up of root crops fraime soil has been
developed. The Hamilte@strogradski variational principle is used, on the basis of which we
have received the differential equation of longitudinal oscillations of the root in the soil with an
infinite number of degrees of freedom. S@u of the given equation provided the possibility

to determine the main parameters of the tools that are used in modern beet harvesters.

Key words: root crop, digging tool, vibrational digging up, variational principle, differential
equation, constructive parameters.

INTRODUCTION

The reason for largscale use of vibrational digging tools in root harvesters of the
modern technical level is theirggiificantly lower draught level, actual ability to dig up
beetroots from the soil without damage and losses. Oscillations of the digging tool
create conditions, under which the soil that adheres to roots is intensely beaten down
when they are dugup, whidhaci | i t ates high | evel of qu
development of new constructions of vibrational digging tools, as well as research of
their operation for the purpose of determination of the optimal constructive and
kinematic parameters is aircent task of the branch of mechanisation of sugar beet
growing Sarec et al., 2009; Lammers, 2D11

Statement of the problem. Analytical research of the process of interaction
between working elements of the vibration digging tool with the root, thavslto
obtain kinematic, constructive and technological parameters, and gives the opportunity
to determine their optimal value.
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MATERIAL AND METHODS

Fundamental theoretical and experimental research of the vibrational digging up
of the root crops of gar beet was published in the paper (Babakov, 1968), in which
the root is modelled as a body having elastic properties, and it is presented as a rod
with variable cross section with one attached end. Transverse oscillations of the root
analysed in the givepaper are described using the differential equation, in particular
derivatives of fourth order. The technological process of digging up of the root from
the soil with vibrational application of forces is not actually analysed here; instead it is
stated hat using the additionally prepared equations of kinetostatics the conditions are
found for its digging up from the soil under the action of the disturbing force applied in
the cross vertical plane. It is stated in the given paper that this particuletiodiref
oscillations will be the best way to foster high quality digging up of the root crops from
the soail.

Paper (Vasilenko et al., 1970) presents the theory of the digging tool of a regular
digging share type, and states the conditions for diggingf tipeoroot from the soil
with translational motion of the digger, taking the condition of avoiding damage to the
root into account. The given paper demonstrates how the expression is obtained for
determination of the allowed velocity of translational motaf the digging tool with
its preset constructive parameters. In the given case the process of digging up of the
root from the soil is performed under the action of forces that emerge on the working
surfaces of the digging shares as a result of theiticared motion of the digging tool
along the rows of the roots.

The developed theory of own and forced oscillations of the body of the root
(Pogorely et al., 1983) is necessary for assessment of the action of the given
oscillations on the process of destian of connections of the root with the soil.

However, the given methods are not sufficient for performance of full analysis of
the actual process of diggiugp of the root from the soil.

Goal of the research. To develop a calculation and mathematozdl rand to
analytically analyse the rodttool system in order to study the process of oscillations
of the root during its vibrational diggingp from the soil.

RESULTS OF THE RESEARCH

The case where oscillatory motions of the vibration diggipdoolare applied to
the beetroot in longitudinal vertical area will now be analytically analysed. It will be
assumed that the root that is located in the soil is a complex solid elastic system with
an infinite number of degrees of freedom, also modelled a®theith variable cross
section with the attached low end.

At the same time, since the Lagrange equation of the second kind in generalised
coordinates serves as theoretical basis for most research of oscillations of holonomic
systems with a finite number degrees of freedom, for the purpose of performance of
oscillations of holonomic systems with an infinite number of degrees of freedom the so
called HamiltorOstrogradski principle of stationary action is used (Babakov, 1968).

In the theory of longitudial, torsional and transverse oscillations of straight rods
the HamiltonOstrogradski functionals are applied, which in the most generalised form
look as follows:
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where: L=T -1 is the Lagrange function] is kinetic energy of the systerh; is
the potential energy of the system.

It will be assumed that the root that is located in the soil to be the rod with
variable cross section along its length with one attdched (Figl). The Hamilton
Ostrogradski principle will now be applied for research of longitudinal oscillations of
the root that occur under the action of the vertical disturbing force that changes
according to the harmonic law of the following tyBrilgakov et al., 2005):

QLB:HSinWt’ 2)

where: H is the amplitude of forced oscillationsy is the frequency of forced
oscillations.

As we can see from the scheme (Hig.the root having a corike body (the top
angle of which equal2g, and the top part of which is located above the level of the
surface of the soil), is modelled as the rod with variable cross section with the attached
low end (point O). In the centre of gravity, designated as pGintthe forceG is
appliedi the weight force of the rooth is its total length. Through the axis of
symmetry of the root the vertical axisis drawn, the beginning of which matches the
point O. Connection athe root with the soil is determined by the general reaction of
the soil R, which is located along the axis

Q;ﬂl! Q 30,2

CU
/]

Q)

Xy

=

Figure 1. Scheme of the forces having an action on the root at the time of gripping by the
vibrationdigging tool.
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The disturbing forceQ | stated above is simultaneously applied to the root from
two diggingup pl ough shares from its two sides
scheme by two componenty , and Q _,. The given forces are applied on the
distance X, from the origin of coordinates (point O), and they are the source of

oscillations of the root in longitudinal vertical area, that destroy connection of the root
with the soil and form conditions for digging up of the latter from the soil. The
functional S of HamiltonOstrogradski for the analysed vibrational process will now
be made. For this purpose the necessary symbols will be applied:

F(X) is the area of cross section of the root at some point located at theelista
x from the low end i E is the Young's modulus for material of the rootmi;
y(x,t) is the longitudinal dislocation of some cross section of the root at the time point

t, m; Q(x,t) is the intensity of longitudinal external load directed along the axis of
the root Nm™; {x) is the mass per length of the rootrkg.
Then kineticenergy of the oscillatory motion of the root will be:

1" \Auyd
T:_ﬁdx)%lgdx 3)
2, c t =
Potential energy of the elastic deformation is designated as follows:

1" _ . Auyd
1, =G () &8 dx (4)
20 C Xz

Potential stretching energy of the longitudinal l&@fix,t) will look as follows:

1 h
o= R(xt)ydx (5)
The Lagrange functio. will be made.
Since

L=T-1,+}, (6)

then, taking the expressions (3), (4) and (5) into consideration, we get:
178 y ye 2
:En@n( %8 E & (x %—8 +Q(x,t) yud x. (7)
o g - g
By inserting the expression (7) into the expresgignwe will have:
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Further, expressions of all values that are included in the functional (8) will be
found. Since the root has the shape of a cone, we find that its area of crossFggxtion
at the point that is located at an arbitrary distacftem the point O, will be:

F(x)=px?tartg. 9)

It is obvious that the mass per length of the root can be determined using the
following expression:

mx)=r & (x),

or, giventhe (9),

mx)=r{ptartg, (10)

where r is the density of the root in kg,

Since the valu€(x,t), included in the functional (8), is the intensity of distributed
load, that is measured in N'mthen in each specific case the disturbing force must
correspond to dimension of the intensity of the load. By using the so called impulse
function of the first ordet;(x) (Babakov, 1968) it is possible to determine the intensity
of the distributed loadand to include into the composition of the load divided along
the length the concentrated forces and moments of forces.

Respectively, ifQ, B(t) is the concentrated disturbing force applied to point
and measured in Newtons, then the function:

Q ,(x1)=Q (t)&,(x- x,) (11)

has the dimension in M and expresses intensity of the concentrated load in the
point X, .
The function sl(x- xl) equals zero for allx, except for X =X, where it is

transformed into infinity.
Let the disturbing force acting according to the law

Q, ,(t)=Hsinmt, (12)

be applied to the root at the distangg from the starting point (point O in FidL).
Then, according to (11) we can write:

Q, (xt)=Hsinmt &, (x- x,). (13)
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Since the root is connected with the soil, which is an elastic environment,
application of the disturbing force of type (12) to the root leadsntergence of the
force of resistance of the soil to movement of the root due to its oscillations. This force
also has an action on the process of own oscillations of the root in the soil, especially at
the beginning of the oscillations process, until catinas of the root with the soil are
destroyed.

It is obvious that the force of resistance of the soil (for the entire body of the root)
is the distributed | oad along the area o
we must determine its intsity as the force of resistance of the soil to movement of a
length unit of the root.

Let c be the coefficient of the elastic deformation of the soil applied to the area of
the contact measured inM?. It will now be assumed that the soil surrounding the
root, under the action of the disturbing foreksimy t performs forced oscillations
according to the same harmonic law with the amplitude that is determined by elastic
properties of the soil. Then the intensR{x,t) in N m™ of resistance of the soil to
movement of the root in poimtwill be:

P(x,t) = 20 cx@ang@inut, (14)
Respectively, we will have the following relation for longitudinal external load:
Q(x,t)=QL B(x,t)- P(x,t).

Given the expressions (9), (10), (13) and (14) Hhmilton-Ostrogradski
functional(8) will look as follows:

Lhe Ay G . Auyd
S:Efﬁr(pxztanzg?ggg-prZCDanzg%:—y§+
20l cHL = CHX <

(15)
+[Hsinmt &, (x- x)- 20cx@angGinut] y(x,t)g dxdt.
y

In order to find natural forms and frequencies of longitudinal oscillations of the
root in the soil, the Ritmethod can be applied (Babakov, 1968). According to the
given method we will need to find harmonic longitudinal oscillations of the root as
follows:

y(xt)=/ (x)sin(pt+a), (16)

where / (X) is the natural form of primary oscillations, i.e. the function that
determines continuous population of amplitude longitudinal deviations of cross section
of the root from their equilibrium positions, amal is the natural frequency grimary
oscillations.

Since natural forms and natural frequencies are related to free oscillations of the
system, in the functional (15) we must highlight the part that specifically describes free
oscillations of the system. Obviously the functional Wtk as follows:
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The expression (16) will now be inserted into the functional (17), and we will get:

thh .
Sl:%ﬁ"‘ie r ¢ x? Qart g *(x)(p? o (pt+a)-
yol (18)
2 A ;. 2 a3 2é d]
- Epx* Garf g i(x)]* sin*&pt+aoj d xdt.
¢ B
The expression (18) will be integrated overwithin the limits of one period

T=2°
P

, and we will have:

h s

S = Zﬁp ﬁer G Gart g& *(x) p - Epx2 Qart gl (X)]2[dx  (19)
ol y

The basis of the Ritz method is reduction of the variational problem to the
problem of search of extremum of function of any independent variables.

According to the Ritz method the value of the functional (19) is analysed on
population of linear combinations of functions, i.e. expressions looking as follows:

n
y (x)=&a 9(x), (20)
i=1
where:( are the parameters, variations of which enable us to obtain the required class
of allowed functionsy;(x) are the basis functions that are specifically chosen and are

known functions, that correspond to geometrical boundary conditions of the problem.
Respectively, we insert the expression (20) into the expression (19), and get:

S = zﬁ hfr(px tanzgeaay (x )u

Pof =1

2

.20 (22)
eOn ~|ﬂ»|\
-Epx® tanzgeaaa @ . (x)ou ydx
i=1 +U1
e Uy

After respective transformations the functional (21) will look as follows:
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Poé

n ik=1 (22)
- Epxtart gA i (i (¥)a, a, g
i k=1 u
The following symbols will now be entered:

h
Y @ x* Qarf g, (X) ¢k(x)dx =Ty,
. (23)
ﬁE,O X CbangQii(x) @'ll (X)dX =Uy,
0
(i,k=12...n).

By inserting (23) into (22), we will get a functional as a function from parameters

8,82 ,8,:

Sz(aliaz’""an)zﬂpzaTikaiak'Zﬁauikaiak' (24)

2P g i k=1

The extremum analysis of the functional (24) will now performed. For this
purpose we will differentiate the expressién2 4 ) wi t h respect t C

(i=1, 2,2 ,n) and equate the obtained particular derivatives to zero. As a result of

that we will get a set of linear homogeneous equations with respect to the unknowns
a,,a,,2 ,a,, from which, in tun, we can find the Ritz frequencies equation for

longitudinal oscillations of the root attached in the soil:

U11' p2T11 U12' pZle Uln' plen

U21' p2T21 U22' p2T22 Uzn' p2T2n =0 (25)

It is known, that withn >4 the given equation cannot be solved in radicals,
thatés why it is necessary to apply nume.]
However, in reality, as a rule, only the lower frequencies are determined, most
often the first and the second ones, which have the masficigt action on the
technological process that is being analysed.

Therefore, the first and the second frequencies of natural oscillations of the root
will now be determined.

For the purpose of determination of the first and the second frequencies the
equation (25) will look as follows:
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U11' p2T11 Ulz' p2T12

=0 (26)
U21 - p2T21 U22 - p2T22

As a result of the solution of the given equation we will obtain expressions for
finding the value of the first (primary) frequency:

_ 0662422 [E
p = 2502422 @)

and the second frequency:

_ 27931592 [E
, -T2 e -

Now the calculation will be performed of the values of the first and the second
frequencies for the beetroot having the following parameters (Poguiadly1983)
h=250 mm; E=184A0° Nm? r =1300kgm?. As a result of the calculations we

get:
s _
p, = 0662422 184Q0° _, o1
25000°\ 1300
— _
p, = 27931592 18400 _ o0, st
25000 130

Next, the analysis of the forced oscillations of the root will be discussed. The
exclusively forced oscillations will happ@ecording to the following law:

y(x,t)=/ (x)sinut, (29)
wherej (X) is the form of the forced oscillations.

In order to determine the form of the forced oscillations of the root the expression
(29) will now be entered into the functional (15), awe will get the following
functional:

t, h
S, = % ﬁ“‘{rp x*tarf g & 2(x) cod wt- Ep x*tarf gl/ i(x)] %sin? wt +
t, 0 ) (30)
+[Hs (x- x)- 2pextang] / (x)sin® wtfid xdt.
y

By integrating the expression (30) ovér within the limits of one period

T=2

, we will get:
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+Hs,(x- x ) (x)- 2pcxtang /(x)ad X.
y

According to the Ritanet hod | et 6s anal ysi s wi | | n
the functional (31) with respect to population of linear combinations of the following

type:

Jj (X)=ay (x) (32)
where: a is the parameter, variations of which let us obtain the class of the allowed
functions;y (X) is the basis function.

The expression (32) will now be inserted into the functional (31), and we will
obtain:

4=2£ﬁ pétart g & *(x)n? - Epx’tart g &l i(x)]*+

+Hs,(x- x)a Yx)- 2pcxtang a (p()gdx >
Thefollowing symbols will now be inserted:
I;’]rpx2C'banzg(:i)2(x)dx:T, (34)
0
hﬁp x2 Gart gy i(x)]2dx =U , (35)
0
;"’][Hsl(x- %) (x)- 2pcxtang yx)ldx=L. (36)

0

The expressions (34), (35), (36) will now be inserted into (33), and we will have:

84(a)=2’iW(W2Ta2-Ua2+La) (37)

So, in the population of functions, (32) the functional (33) is transformed into the
function of the independent varialbd® looking as (37).
The necessary condition of the stationary functional (37) (i.e. existence of the
extremum) ighat its first variation equals zero:
B, @a=0 (38)
pa
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from which we receive the following equation:
2wWTa- 2Ja+L=0 (39)
from which we find the required value of the parameterit will be:

_ L
"3 ) “

The form of the forced longitudinal oscillations of the rod with the constant cross
section with one end firmly attached, emerging under the action of the longitudinal

harmonic force of frequency, applied at the poink = X, will now be assumed as the
basis functiory (t) .

According to Babakov (1968) the form of the forced oscillations of the given rod
looks as follows:

y (x)=D,sinax  with x¢x, (41)
y (x)=D,cosa(h- x) with x>x, (42)

1 .cosa(h- x)
where, D, =- & |
' aEF  cosah (43)

1 finaxl

27" aEF cosah (44)

m
a=w|— 45
EF (45)

m is the mass per length of the rol; is the area of the longitudinal section of the

rod; Ei s the Youngo6s moduh isthd length aithe redy is a | of
the frequency of the forcemkcillations of the rod.

Having calculated the parameters of T, U and L according to the expressions (34),
(35) and (36), we obtain the required value of the paran@tesccording to the
expression (40), in case of which the functional (33) will have a stationary value.

Taking into consideration the expressions (32), (41) and (42), we get expression
for the form of the forced oscillations of the root attached in the Ebéy look as
follows:

j (x)=a@,sinax, with

x¢x,/ (x)=a®,cosa(h- x), with x>Xx,. (46)
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Having inserted the expressions (46) into (29), we get the final law of the forced
oscillations of the root attached in the soil. If we take into consideration the action of

the disturbing forceH sinut, the given law will look as follows:

y(xt)= D,asinax@inut, with x ¢ x,,

y(x,t)=D,a cosa(h- x)@inut, with x> x,.

Based on the results of the theoretical research of the forced oscillations of the
beetroot attached in the soil we will perform spedifidculations of the amplitude of

the given oscillations.
The length of the rooh, its cone angley,

(47)

Yo ung ok fomihe dhady of

the root, densityr of the root, coefficient of elastic deformation of the soiwill be

assumed to be equal, according to Pogaeedy. (1983): h=2 5 0 H1i;0=b4;
E=18. 4 Hb?% 64,800kgm?>c=1 HIiINDmM2

The amplitude H of the disturbing force will be chosen within the limits
assume

100...600N . We wi | |
(Vasilenko et al., 1970), to equat = 20Hz.

The calculation is performed using the Mathcad program in order to determine the
relations between the amplitude of the forced longitudinal oscillations of the body of

the frequency

the root and changes of the disturbing force within the range 100N.6&0different

cross sections of the root.

The result of the given calculation is the graph shown inZig.

[
(m ——
—l
0.0045 //
1
0.004 ™|
’-‘ .......
00035 =] 2 :
........ L ond=="

0.003 am=

aer® d -.a---

‘--F--

00025 | Jwamp=="

I 4 O
0.002 s

- - - -

b s om e e =
0.0015 HM

100 150 200 250 3500 350 400 450 500 550 60O

—_— 1 (x=0.15)

cer 2 (x=012)

ame 3 x=0.1)

wem 4 (x=0.07)

Figure 2. Relation between the amplitude of forced longitudinal oscillations of the body of the

root and the value of the disturbing force.

¥

As it is seen fom the given graph, increase of the value of the disturbing force

leads to the increase of the amplitude of the longitudinal forced oscillations of the body

of the root according to the linear law.
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It should also be noted, that with increase of the distaricthe area of cross
section of the root from the origin of coordinates O the amplitude is also increased. For
example, with x0.07m t he ampl i tude i s wimmhwitm t he
Xx=01Imiwi thin the | imits =0f2mi2witBnélts: libits ohm, A
2 . 8 érAm, @ith x=0.15m (the point of grippingfwi t hi n t he mm mits

Further, analysis will be presented of the calculation performed on a PC of the
amplitude of longitudinal oscillations of the body of the root attached in the soil from
the coefficientc of the elastic deformation of the soil surroumglithe root, and the
distance of the cross section of the root from the conditional point of its attachment for
the frequency of the disturbing foree=10Hz andv = 20Hz.

On the basis of the calculations we getftiilowing graphs (Fig).

0.00114

720122104

3.362741 0-4

S 0.
M0® 15108 oq8
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Figure 3. Relation between the amplitude of the forced longitudinal oscillations of the rc
an elastic body attached in the soil, and the coeffic@wf the elastic deformation of th
surrounding soil, and between the distakcef the cross section of the root and the conditic

point of attachment: aX ¢ X;,) b) X2 X,), (X,i point of gripping,V =20 Hz).

As it is seen from the graphs stated above, in case of increase of the coefficient
of the elastic deformation of the surrounding soil, the amplitude of the forced
oscillations of the root is reduced, and in case of increase of the distapicéhe cross

section of the root from the point of conditional attachmeitti w ¢ X, it is increased,

andwithXx?2 X, i t al most doesndt change.

Fig. 4 shows the given relation for a number of specific cross sections of the root,
in particular: forx =0.07m; 0.1m; 0.12m; 0.15m (point ofgripping).

On the given graph we can quite clearly see the tendency of increase of the
amplitude of the forced longitudinal oscillations in case of increase of the distance of
the cross section from the conditional point of attachment and the tenderisy of
reduction due to increase of the coefficient ¢ of the elastic deformation of the
surrounding soil.
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For example, with x 0.07m and change of the coefficient ¢ within the limits
c=0 ¢é 2 0 HNLn®35, the amplitude is changnd wi't
with x=0.1m7i wi t hi n t he | i mintwih xe0.12r0 1. WitAirethe. 6 7
i mi ts ofmmlwith 9=005nmB(fdoint of gripping)i within the limits of
1. 49érmm. 01

Figure 4. Relation between the amplitude of the forced longitudisailiations of the root as
an elastic body and the distaneg of the cross section of the conditional point of attachment

X€¢ X, 1=20Hz.

Figure 5. Relation between the amplitude of the forced longitudinal oscillations of the root as
an elastic body and the distan&eof the cross section from the conditional point of attachment

(X2 X;), v=20Hz.
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