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Effects ofthe diversolive harvesting systems on oil quality
L.M. Abenavoli andA.R. Proto

Department of AGRARIA, Mediterranean University of Reggio Calabria, ltaly;
"Correspondencdaben@unirc.it

Abstract. Three olives harvesting systems from the tree have been compared (rfauilitated

and mechanical) through experimental trials carried out respectively in three plots of a Calabrian
olive orchard in the Province of Crotone. The grove is traditional and monovarietal, composed of
Caroleacultivar with a planting density of alt 150 planthia®. In this study, wik productivity

in three diverssites where harvesting was achieved according to different systems has been
examined, as well as their effects on produced oil quality. Olives have been harvested by mean
of sticks and ats in the manual harvesting (system 1), by mechanical aids and nets in the
facilitated harvesting (system 1), and finally, by mean of trunk shaker and nets in mechanical
harvesting (system IIl).The different work sites have been examined in terms of work
productivity, as well as in terms of impact on final product quality, through the withdrawal of a
series of oil samples extracted separately and analyzed in laboratory. From the effectuated trials,
it has emerged that the site operating with mechanicabbting has achieved the best results,
both from quantitative and qualitative points of view. Indeed, olives harvested mechanically,
certainly more intact than those harvested with other systems, produced oil with the best
organoleptic parameters.

Key words: olives, mechanical harvesting, oil quality
INTRODUCTION

With about 3,300,000 tones, Italian production of olives is situated at the second
place in the world after Spain, and it is concentrated for almost 80% in three southern
regions: Apulia, Calaria and Sicily (FAOSTAT, 2009 & ISTAT, 2002008).

The high economical value assumed by such cultivation in the territories where it
is spread justifies the numerous researches aimed to solve problems related to the
production. The main one is represenitgdolives harvesting and its economical and
management aspects. For example, in traditional groves, the cost of manual harvesting
only at times exceeds 60% of the entire production cost (Zimbalatti, 2004). To promote
more suitable harvesting systems wite of trunk shakers or other modern machinery,
it is necessary therefore, to encourage new intensive plants, able to be fully mechanized,
utilizing new trunk shakers that through a correct use improve olive harvesting and
subsequently oil quality.

Currenty in Calabria mechanical harvesting is quite diffused, especially in some
areas. Indeed, date the exceptional rusticity of the plant, the orographic conditions of the
area where traditionally it has Péhmadiel ope
GioiaTaurd ) ar e characterized by sl oping or
inaccessible to machines of great sizes (as are the shakers). Are widespread, according
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to the size of the trees, other forms of mechanization: the rods shakers portable and/or
t he mechanical pick up from ground. (Abe

Despitethe persistence of the economic crisis, there is a consolidated part of
consumers that prefers to acquire high quality oil. This purchase tendency would
certainly be reinforced in thiuture if accompanied by lower prices, therefore lower
production costs. This is possible only through a larger spread of modern machinery such
as trunk shakers that preserve furthermore product quality. (Giametta & Pipitone, 2004)

In this context, Mechaos Section of the Department of Agriculture of Reggio
Calabria carried out a number of harvesting trials in a Calabrian olive farm situated in
the Province of Crotone. In this study, work productivity in three divers sites where
harvesting was achievedading to different systems has been examined, as well as
their effects on produced oil quality.

MATERIALS AND METHODS

The research was conducted in the harvesting period during the years 2012 and
2013. In particular, the harvesting tests were performiedng the last week of
November in which were analyzed three different systems of harvesting of olives and
for each yard was picked an oil sample for analysis in a specific laboratory analysis to
determine the quality organoleptic properties.

The olive firm, subject of this study, is located in the Calabria territoGodfonei
at 500meters above sea level, in the province of Crotondl{mMarchesath and in
addition to having a surface with about 2@0of olive trees, has its own oil mill for the
processing of olives.

Based on the data collected for half a
Hydrographic Service of the Stated and n
(ARPACAL, 2009), is apparent that the station weathglrological of Catonei is
interested by average annual rainfall including between 800 and iy20distributed
on average on 73 rainy days. In particular in the 2011 (1n7# and in the 2012
(1,647 mm) there has been an increase of mean annual precipitation, distréouted
average of about 100 rainy days per year. The average annual temperatures vary between
16AC amldcC,1&ith absolute minimum temperatu
and those maxims that reach theMg .

By virtue of this brief analysis, for th&tation of Cotronei, can be attributed the
climate to the type Mediterranean, with a period of aridity variable from 4 to 5 months
(May to September) and precipitation of stormy character generally confined to the
autumn and winter.

In the correspondinglive campaign, the total production of olives in the farm
concerned by the trials was equivalent to 1,300KgQQvith about 240,00Rg of extra
virgin oil obtained with an average yield of 18.46%.

The farm, the subject of this work, consists of a trad#iononovarietal grove of
Caroleacv, and is composed of three plots (indicated in the following as: a, b and c),
not homogeneous in ground topography and planting distance. In each of these plots, it
has been adopted a harvesting system retained moablsuibr the specific features
(Tablel and 2).



Table 1. Studied plots with respective ground topography utilized harvesting system

Plot Ground topography Harvesting system
a plane mechanical

b declivous facilitated

C high slope manual

Table 2. The three harvesting organizations

Workersfor 5 ot 4p| ot 6bPl ot
activities

Mechanical shake 1 0
Vibrating rod
Wood sticks
Harvesting nets
Moving boxes

N 00O O
NNWOO

2
2
4
2

The three harvesting organizations utilized in the threes gl described in the
following:

Mechani cal h ar (pasetgiound): i n pl ot G6abd

The site of the first trial is made up of a level ground and the olive trees are the
cultivar Caroleawith groves are planted of 010 m and an average age of about
100years (Figl). The trees are grown vaskaped and have a framework composed of
three or four main branches. The latter have the characteristic trend assurgent (typical of
this cultivar) while the height of the trunk average bf.20m. Accordingly, therees
are even consi der i ngyof thé feuit, padtieulany suitable fprh t (:
mechanical harvesting with the employment of the trunk shaker.

The harvest was performed using g®ibpelled vibratory shakelS(CMA F3)
wheel drive on three whexthe singleis posterior and steering axhedraulic
transmission. The warheadrrying arm is telescopic and the commands for the
handling of machine and the vibrations are carried out by a joystick; the vibrating head
is at very high frequencies andfskbfaking. The engine is a superchargecyénder
IVECO that packs a punch of 88V at 2,300y min-motor? (Fig. 2).

Figure1l.P1 ane ground ( pl Figure2.Mechanical harvesting



The collection began with the drawing up of the networksutitk foliage of the
olive trees and along the between rows and after the shaker proceeded along the line
directing the head of the vibrator to the trunk of each tree (usually abam b@low
the point of insertion of the main branches). In the meantmehich the machine
shaking trees already provided with networks, some workers continue to drawing up the
other networks under the olive trees yet to shake, in order to ensure a certain continuity
of the work, while the fallen olives in networks wereaated into the cassettes by other
workers. The free networks were then dragged under the following trees, while the
olives, after clearing them from leaves and twigs, were initiated at the oil mill.

The main critical issues were reported by this phase Iynaioncerned the
difficulties of combining the action of the shaker with the movement of networks by the
workers for the burden of managing them (due to the weight and size), plus some
downtime of the vibrator during the maneuvers of approach and degdestarihe trunk
of the trees.

Facilitated haf(deckiveggroond): i n pl ot Obé

The site of the second test he was in a declivous ground, with an average slope at
around 22% and the majority of olive trees were arranged in terracing. The tree$ were o
cultivars Carolea with groves are planted of 2010 m and an average age of about
100years (Fig3). The trees are grown polyconic va®ped and had an average height
of the trunk of about in. The orographic conditions of the terrain does not hiswed
to execute the harvest with the vibrators-petfpelled (given the dimensions that have
the machines) and so this was made with portable mechanical devices fitted with hooks
shakers of boughs.

The machine used is the Cifarelli SC800 which is mtediwith a motor of 52n?,
singlecylinder twostroke aircooled. The rod is of the telescopic type with variable
length (from 3 to &£m), and is provided with terminal hook. The whole device weighs
about 15g and can produce more than 2,000 oscillatioims' (Fig. 4).

Figure3.Decl i vous ground ( ¢ Figure4. Facilitated harvesting
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In this second yard after you have spread networks manually under the trees, two
workers with facilitators devices were starting to shake up the singlbdaring boughs
of each tree. The operations of shaking are completed with the manual down hearting by
two workers fitted with wooden rods for dropping the remaining drupes. Finally, the
fallen olives were being transferred from the nets in crates &rdcédaring them from
leaves and twigs, promptly sent to the oil mill.

During the tests of harvest were observed some dead times determined both by
fatigue of workers in the use of the shaking portable because of the vibrations transmitted
in the arms, ashthe difficulties encountered in networks drafting along the rows because
of the slope of the ground and of the irregular terracing.

Manual har v e s(groundgwith high stpopept 6 c 6

In the third test site the ground was strongly declivous, witivenage gradient of
32% and the majority of the plants were disposed in terraces. The trees were reared free
form and they had an average height of the trunk of aboutrd.(Fdg. 5). In this case
the orographic conditions of the ground and the difficoltgisplacement of workers
had not allowed to perform the harvest with no mechanical device also of portable type.
Harvesting was therefore carried out only manually utilizing the wooden pole$)Fig.

Figure 5. Groundhith a high slope (plotd. Figure 6. Manual harvesting (beating)

In this yard, once the networks were drawn under the foliage of the olive trees, three
workers equipped with wooden poles started to beat the fruiting boughs. The olives have
fallen into the nets were collected ¢gnates and, after clearing them from leaves and
twigs, sent directly to the oil mill.

The high slope of the ground and the irregular terracing, made it difficult the
working conditions especially in the movements of the workers when they spread forth
their nets along the rows. The olives for more were falling away from them for the action
rather vigorous of the wooden poles on fruiting boughs.

After having examined productivity in the three different work sites, the study
focused on the characterizationaif quality influenced by harvesting system. Indeed,
olives harvesting techniqgues and delivery time to the extraction unit may affect
organoleptic properties of the transformed product. Therefore, olive oil samples have
been extracted for each harvestisgstems adopted according to the following
parameters:
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1 3 samples of olive oil pressed after 8 hours from harvesting, identified with the
|l etter OAOQ.

1 3 samples of olive oil pressed after 24 hours from harvesting, identified with the
|l etter O0BO.

1 3 samples oblive oil pressed after 48 hours from harvesting, identified with the
|l etter 6CO.

o i . o

Figure 7. Some of the oil samples used for the analysis

Each oil sample of 25@nl has been labelled according to the corresponding
harvesting system and extractittime (Fig. 7) and it has been sent to an appropriated
laboratory to be analyzed. The laboratory analyses are aimed at determine acidity
percentage and peroxide quantity present in each sample of oil. Acidity represents a
fundamental indicator for olive lojjuality because it defines commaodity classification.
Peroxide quantity; however, indicate oxidation level of unsaturated fatty acids that
provide a characteristic rancid smell to the oil, especially, if it is subject to high
temperatures, light and oxyme_ess is the number of peroxide, better is olive oil quality
and its sheHife. The oxidative processes may be revealed through measurement of
spectrophotometric constants:

1 K232 (value of specific extinction at 238in, the wavelength corresponding te th
maximum absorption of conjugated dienes);

1 K270 (value of specific extinction 27m, the wavelength corresponding to the
maximum absorption of conjugated trienes).

1 DK (trend of the absorption curve in the range ofiZ&2 nm; sheds light on the
presencef the compounds of secondary oxidation).

RESULTS AND DISCUSSION

Wor k analysis in the threeadhgmeaeshtansic
harvesting) has a higher yield, with a work capacity equal to 80 plants a day (during an
8 hours working day. Bltb dtacilitated harvesting) has instead presented a work
capacity of 36 plants a day with about 4,6@@ay’ of harvested olives. Such capacity
resulted two tim@s(maghalr hdawestn) pltloat or
2,000kg day™.

Finally, elaborated data show how the use of mechanical aids and shaker machines
during harvesting guarantees an important increasing of productivity, compared to the
site where harvesting was effectuated manually (Taul8iametta & Zimbalatti, 1997)

12



Table 3. Summarized scheme of obtained yields with the three harvesting systems
Site capacity Work productivity ~ Variation with

Harvesting Utilized machine Lgb./ manual harve:
system site  Plantday! kgday! plantaylab:l kgdaylab:! (%)
y?w??smm&mm%ll 80 7,000 7.3 636 143
Facilitated mechanical aids

(Pl ot Cifarell 10 36 4,000 3.6 400 20

Manual

(Pl ot 7 20 2,000 3.0 300 0

Moreover, there is another aspect to consider that concerns damages undergone by
olives with the employment of divers harvesting systems. Particularly, olives from plot
@0 , obtained by mechanical harvesting, a
mean of facilitated harvesting appear partially damaged because of beatinginThus,
order to avoid that oxidative and fermentative processes affect qualitative features of oil,
a fast transport to the extraction unit is necessary for an immediate transformation.
Effectuated analyses in a renowned regional laboratory demonstratedrtipés have
different characteristics between them, although, they fulfil all requirements of UE
Regulation about extra virgin olive oil qualicidity, peroxide number and UV
spectrophotometric (K232, K270 and Delfp are parameters determined in the
laboratory. The measure of acidity is the oldest parameter used to assess the quality of
olive oil and its product classification. As it can be noted in Taplbtained oil from
olives harvested mechanically, has the best parameters in the three apaimpbek.

The following figure (Fig. 8) shows acidity and peroxides tendency in the three extracted
samples for each harvesting system.

Table 4. Results of the analyses on olive oil sampléER e ¢ . nA 1531/2001)

UE Reg. nA 153
Acidity Peroxides

Sample Harvesting  Acidity Peroxdes

system (%) (meq G/ kg?) @) (meq G kg?) Classification
1A mechanical 0.42 9.2 <0.8 <20 Extra virgin olive oil
2A facilitated 0.49 10.4 <0.8 <20 o}
3A Manual 0.56 13.0 <0.8 <20 0
1B mechanical 0.49 9.4 <0.8 <20 o}
2B facilitated 0.56 11.8 <0.8 <20 o}
3B Manual 0.63 13.9 <0.8 <20 0
1C mechanical 0.59 104 <0.8 <20 o}
2C facilitated 0.64 13.8 <0.8 <20 o}
3C Manual 0.77 14.3 <0.8 <20 0
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Figure 8.Acidity and peroxides tendency inalyzed samples

Al ways according to the forward regul af
UV-spectrophotometric analyses effectuated on the same samples are reported in
Table5. In this case also the analyses complete and confirm the previalis ad®ut
the best quality of oil obtained from olives harvested mechanically.

Table 5. Results of spectrophotometric analyses on extracted samples
UE Reg. nA 153

Harvesting Acidity Peroxides

Sampl(system (%)  (meq Gkg?) A((:(')g |)ty ( mP eeqr Oc(;ldkegi) Classification
1A Mechanical 0.42 9.2 <0.8 <20 Extra virgin olive oil
1B (plot « 049 9.4 <0.8 <20 6

1C 0.59 10.4 <0.8 <20 o]

2 A Facilitated 0.49 10.4 <0.8 <20 o]

2B (pl ot « 0.56 11.8 <0.8 <20 0

2C 0.64 138 <0.8 <20 o]

3A Manual 0.56 13.0 <0.8 <20 o]

3B (plot « 0.63 13.9 <0.8 <20 0

3C 0.77 14.3 <0.8 <20 o]

The analyzes carried out on the chemical quality of olive oil, have shown that the
collection system can influence the compositionlofiov e o | (Giuffr
Louadj, 2013).
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CONCLUSIONS

From the effectuated trials, it has emerged that the site operatingwith mechanical
harvesting has achieved the best results, both from quantitative and qualitative points of
view. Indeed, olies harvested mechanically, certainly more intact than those harvested
with other systems, produced oil with the best organoleptic param&enpdtta &
Zimbalatti,1994).

Despite this, olive harvesting in Calabria is still effectuated almost exclusgiitbly
manual systems or facilitated ones, from the tree when possible or worst from the
ground. All these problems engender unfortunately a product mostly characterized by a
scarce quality. Consequently, Calabria although being the second region irr ltdilyefo
oil production, as well as particularly devoted to such cultivation, occupies the last places
for high quality olive oil production (Giametta & Zimbalatti, 1991).

The studied case demonstrates that also in Calabria, as in other Italian regson, ther
are excellent farms which adopt harvesting and extraction techniques that guarantee a
product of high quality, obtaining recognition at National and International levels. Such
farms found however difficulties to emerge in extra regional markets bechtise o
reputation of the local sector (Zimbalatti et al., 2009).Innovative mechanized harvesting
operations represent a real watershed in the process of modernization of world olive
growing. The use of mechanized system of harvesting, which respondsewliskad
to chronic shortage of labor and to the need to contain production costs, is likely to
revamp that portion of obsolete and remsteffective practices which are no longer
competitive in the olive growing sector.

The Calabrian oliviculture, excepsporadic innovative examples, remains
substantially related to traditional systems of production characterized by high costs, low
unitary productivity, and a low index of mechanization.

For more competitiveness, it is necessary to have in the entienradiurther
spread of more modern and dynamic orchards, easier to mechanize and therefore more
productive. Such innovations would certainly allow to lower production costs,
particularly those of harvesting which remain very high. (Giametta & Morabit@)200

Quality, transparency and orchards accurate management through an appropriate
and rational use of innovative machines as trunk shaker, that permit a deep
restructuration of the orchards are important goals to consider for olive farms
competitiveness.
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Abstract. Properlyperformed preventive maintenance is one of the basic conditions for ensuring
the operability of the mobile machines. There are basically two types of preventive maintenance:
scheduled maintenance with gietermined intervals and maintenance by the teahrmitate.
Common practice shows that maintenance intervals are often determined only by a qualified
estimate of the machine manufacturer or maintenance manager, which results in costs increase.
The authors proposed new method of using the modern teclraflGdobal Positioning System,

in order to reduce costs of preventive maintenance. Mentioned technologies allow users to
monitor a number of operational parameters of mobile machinery in real time. Collected data
obtained from the operation can be used decisioamaking of maintenance activities. For
ensuring the availability of mobile machinery it is important to determine the optimal
maintenance interval. The authors proposed method for using data from satellite monitoring using
the criterial functionin order to determine the optimal interval for performing preventive
maintenance. Proposed method is demonstrated on the example of accurate determination of
preventive maintenance intervals for several mobile machines. Using data from satellite
monitoring and subsequent data processing contribute to better maintenance planning and
consequently to economical operation.

Key words: maintenance interval, preventive maintenance, maintenance costs, satellite
monitoring.

INTRODUCTION

There are two basic maim&nce systems for ensuring preventive maintenance
(CSN EN 13306, 2002) of vehicles and mobile machimeaintenance by the technical
state (conditiorbased maintenanceé onboard diagnostic) (Honig et.al., 2014) or
maintenance according predetermined afieg time intervals (general uni;
examples: travelled distance (km), operated hours (hrs) measured by hour meter, etc.)
(Drozyner & Mikolajczak, 2007). Amount of the specific fuel consumption is possible
indicator used as an overall diagnostic signathie maintenance system according to
technical state of mobile machines (Lan & Kuo, 2003; Jin et al., 2009). Monitoring of
specific fuel consumption faces several probléraselatively accurate measurement of
the roller bed test is very expensive, amdtfermore, there are problems with the
measurement of combustion engines with high power and engines of some construction
machinery. Significantly cheaper acceleration methods are not without problems too,
especially when measuring the nowadays convegititirbocharged engines, where
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delay of turbocharger during engine acceleration must be eliminated by various
correction methods. For these reasons, second system (i.e. maintenance according
predetermined operating time intervals) is mostly applied foummf construction
machinery and machines with high power engines (Pexa & Marik, 2014)

Maintenance intervals are often determined only by a qualified estimate of the
machine manufacturer or maintenance manager, which results in costs increase of
operatingmachined if the intervals are too short, it leads to unnecessary increase in
maintenance costs, on the other hand, if the intervals are too long it also leads to increase
of costs resulting from the poor technical condition of machines (Wiest, 1998). In
addition, predetermined intervals do not precisely reflect operational utilization of a
particular machine; the interval is set for the entire group of machines of the same type.
Attempts to use known methods of mathematical optimization of preventive
maintenance is problematic (Kucera et al., 2013). Known stochastic models are based
on knowledge of the probability of failure in different periods of durability of technical
object. This way of determination of optimal preventive maintenance interval require
usage of statistical methods and monitoring of a number of other machine operational
indicators (dependability characteristics). The required stochastic model of renewal
could be described and formulated after analysis of the history of machine opgtttion
et al., 2006; Jardine & Tsang, 2006; Jurca & Ales, 2007)

One of the other options how to determine the optimal preventive maintenance
interval is the application of renewal theory using data from satellite monitoring
equipment (Darnopykh, 2010). 8hHite monitoring of mobile machinery is now
relatively common, but companies use it in a very limited Wwapyactically only for
monitoring of machines (operational state, position, etc.). Transmitted data recorded via
satellite monitoring can be utilizéd more sophisticated way. In order to achieve such
a goal, authors propose to set up and apply proper algorithm for data processing. Based
on data of fuel consumption it is possible to determine the optimal preventive
maintenance interval of a particulmachine and determine the losses which result from
not complying with optimal maintenance interval.

Algorithm of determination of optimal preventive maintenance interval is based on
the known value of preventive maintenance costs and slope of lineaiofrepécific
fuel consumption, which is obtained by processing data from a satellite monitoring of
machinery. Calculated optimal preventive maintenance interval is corrected according
to increasing operating time. In addition, it is possible to verifygffous maintenance
interval was chosen correctly and how effectively operator of machinery contributes to
production efficiency and effect of change in operating conditions, etc (Jurca et al.,
2008)

MATERIALS AND METHODS

Principle of operational monitimg using GPS (Global Positioning System) of
machinery is widely known (Geske, 2007; Cai et al., 2011; Grieshop et al., 2012),
therefore there are only briefly described issues related to this paper. After turning on
the ignition system of vehicle, contnanit starts up from sleep mode and starts to track
and store data into its memory and connects to the server (Kans, 2008). After connecting
the control unit quickly sends the recorded data and subsequently data sends at specified
intervals, for instancm 120 second intervals. Data is processed in the device according
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to the configuration file. Obtained data is in a various form: immediate values, maximum
or minimum for the recorded period, the average, statistical parameters and it is also
possible to pply various filters, and all data is conveniently available from user web
application.

In order to use the theory of renewal to determine the optimal maintenance interval
of machinery it is important to measure fuel consumption with sufficient precigsan.
of the CANBUS information is not suitable because the accuracy is determined by the
fuel float up to 10% according to CARUS standard. For this reason, capacitance probe
CAPOQO4 (Partner mb.) were mounted into fuel tank.

Capacitive probe CAP04 consististwo tubes of different diameter, which are the
electrodes of capacitor. The dieléctis composed of electrically naronductive
material, specifically with a fadedurina@nd ali
refuel ling the air is replaced w2dnhduai es e
to this fact the capagitof the capacitor increases. The capacitive sensor measures the
position of the boundary between air and diesel fuel.

The probe is also equipped with thermometers to sense temperature of fuel and the
surface temperature of the fuel tank. The processduaes data according to the actual
capacity of the probe to match the measured volume of diesel at a reference temperature
1I5AC. This method ensures that the report ¢
expansion of diesel. Furthermore, the grabeasures the tilt of the tank in two axes.

While driving terrain when the level of diesel fluctuates rapidly and strongly, the probe
indicates stable signal by means of appropriate filters of the signal.

General criterial function of renewal (replacemesgeks the minimum of mean
unit costs of renewal and operatibthe minimum of the function marks the optimum
time for renewal (see Equation 1). It is obvious, that the costs of maintenance itself act

in the way of prolonging the standard preventive magnn ance peri od. Co
costs of operation, which rise due to wo
mai ntenance period, make the preventive

sum curve u(ot) mu st h adsdo ba founa io artler tmi ni
determine the optimum period of preventive maintenance. Specific fuel consumption is

a comprehensive diagnostic signal indicating instantaneous extent of wear of machine.
(Legat et al. 1996)

u(t) = NO+NP(D - min (1)

where: NOT Costs of renewal (CZKNp( 4 €opsts of operation (CZK¥li mean time
of operation (w)p O T mean unit costs of renewal and operation (GiZK.

Aut hords proposed method for optimizing
information about fuel consumptionthatsaessed f or each day of
in unit [,200km™ or | hrs?.

For the calculation of the local minimum of a function of mean unit costs, its first
derivative set equal to O, thus:
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The right side of equation (4) &fa@ual s
optimum of operating time for renewal. The left side of the equation (4) equals to the
intermediate immediate operation unit cost6é at optimum of operating time for
renewal. The equation describes that the optimal moment of renewal, i.e. a local
minimum of the criterial function when immediate operation unit costs equal to the mean
unit costs of operation and renewal.

Consequently, in order to find the minimum ofsikinm nct i on gssénotd ) it
know two basic values renewal costs dl(the costs of performed maintenance) and
mean unit costs of operatiom(uo t ) , which are based on t|

consumption (therefore, it is necessary to deterntieeeguation of growth trend of
specific fuel consumption).

RESULTS AND DISCUSSION

Proposed algorithm for determining the optimum of maintenance interval is using
MS Excel spreadsheet. Imported data on specific fuel consumption of the machine are
listed in the table by date and time of their recording and from these data it is necessary
to select only the data which characterize the utilization of machinery. The algorithms
for data filtering are different according to different groups of machines and their
utilization. For example, when filtering data on fuel consumption of truck the algorithm
filters out data on fuel consumption at idle mode of engitie engine consumes fuel,
but the distance travelled is zérthe value of specific fuel consumptioitrgs100km™)
is reaching the infinity. Specific fuel consumption of construction equipment is
evaluated in litres per operating hourshanging position of the machine cannot be used
for filtering data, on the contrary for some machines (e.g. excayatwnge of position
has to be excluded from data processing because machinery does not perform intended
work. A properly designed algorithm for filtering data affects the entire primary data
processing and results of optimal maintenance interval oftigydar machine.

After selection, the mean specific fuel consumption is calculated for each day and
linear trend is constructed.

Specific fuel consumption is a comprehensive diagnostic signal and depends on
many operational factors and therefore therarigd variance in monitored specific fuel
consumptions.

20



The unit costs of operationuot ) are determined by a |
slope of specific fuel consumption trend and the average price of diesel fuel
(1.2 EUR I i November 2014) duringehicle operation. Slope of specific fuel
consumption trend is calculated from the cumulative fuel consumppiotyrfomial
function of second degree, Fib.divided by operational time.
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2

2 12,000

o e

Q et
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@ 4,000 R?=0.9994

B e

E 0 =

E 0 200 400 600 800 1,000 1,200 1,400 1,600 1,800
o

Operational time t (hrs)
Cumulative fuel consumption sse«-- Polynomial function of cumulative fuel consumption

Figure 1. Cumulative fuel consumption wittolynomial function osecond degree

The function of the mean unit costs is determined by the sum of two funttions
unit operational costs function and unit costs of replacement function. The optimal
maintenance interval is determined by a local minimum of the mean unifwostien.
In this case, the functionfuo t ) i s | i near, the | ocal mi ni
the same spot as intersection of both forming cunefsaut )p( ahl. uThe sp
examples of the graphic solution are shown in Eig.

5
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Figure 2. Determination of maintenance intervals of TATRA 81§raphic interpretation.
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Proposed method is applied for truck TATRA 815 operated in construction site.
The costs of renewal (maintenance) for this truck are estimated at 2,110.14 EUR. In this
partiaular case, the amount of 2,110.14 EUR represents costs of diagnostic maintenance
of motor vehicle TATRA 815. Maintenance is performed within one working day and

during this day the maintenance costs are calculated as follows:

1) The driver generates a finaal loss during the day when the maintenance is
carried out because transport of vehicle to the service shop and back does not generates
any profit, but the driver has to be paid anyway. The financial loss can be calculated as

follows: 1,000 EUR month* ( dr i ver 0s

20 (working days) = 67.50 EUR.
2) The financial loss due to downtime of the vehicle is calculated: ELIBkm™*
mat er i al kmtdaya(thes gverage disthncdy v

(the

price of

travelled per day) = 275 EUR.
3) The financial loss occurred due to fuel consumed on a journey into and back:

421100km*( aver age
ntenance

to the

ma i

speci fic
sléx1V.64EER. a n d

salary) 1T 1.

4) Costs of diagnostic maintenance = 750 EUR
5) The price of labour after diagnostic maintenance and the average price of spare
parts (e.g., fuel, air and oil filter, injector, pump alignment, oil change, etc.)

=1,000EUR.

35

Cc 0 nlenyavgrage distanceo f t |

back) T 1

This practical example shows thagtbptimal preventive maintenance interval is
1,939 hrs for vehicle TATRA 815 (Fid). After rounding to the nearest hundred hours
the maintenance interval is set to 2,000 hrs.

For the calculated procedure, it is clear that the maintenance intervahisieamd
can be influenced by:

- Maintenance costs,

- Function of mean unit operational costs (influenced by fuel costs).

Specific fuel consumption is influenced by the conditions of operation of the
machine and therefore determined maintenance intervabhaes ¢ontinually updated.
Data analysis of plenty same types of vehicles will help determine the intervals for
maintenance for a particular type of machine and use it for simplédomgmaintenance
planning of mobile machines in the enterprise (see ebesnfyelow in Table 1).

Table 1. Determination of the mean maintenance interval for TATRA 815 and Renault Kerax

Operational Polynomial Trend of slope of Determined

Vehicle time (hrs) function specific fuel maintenance
consumption interval b

01 TATRA 815 1,692 0.00046% + 10.9x 0.0005612894 1,939 hrs

02 TATRA 815 1,856 0.00042% + 9.6x  0.0005108268 2,032 hrs

03 TATRA 815 1,848 0.00051%+9.8x  0.0006150768 1,852 hrs

01 Renault Kerax 1,765 0.00026% + 9.1x  0.000322144 2,559 hrs

02 Renault Kerax 1,986 0.00031%+ 8,8x  0.000375100 2,372 hrs

03 Renault Kerax 1,848 0.00028% + 8,9x  0.0003414192 2,486 hrs
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Table 1 provides data on vehicle type, monitored time of operation (hrs),
polynomial function, slope of linear trend of specific fuel consumptiorda dat a o
speci fied ma i not (Bre).a Slopee of linedr drend af specihia fuel
consumption is different for each particular vehicle. Such a fact is due to different
operational conditions of certain vehicles and also due to different stdevofg of
drivers. For example, slope of trend for vehicles Renault Kerax rang®fe@d322144
to 0.0003751 Determined optimal intervals were calculated withN2,110.14 EUR
and average fuel costs ERIR per litre. Mean maintenance interval for ieéds Renault
Kerax was 2,500 hrs and for TATRA 815 was 2,000 hrs.

The same algorithm can be used for any type of machinery (transportation,
construction, mining, railroad, agricultural, etc.), but with the difference of operational
time unit (kilometrestones, hectares, volumes, etc.).

CONCLUSIONS

The paper presents proposed methodology for optimization of planned preventive
maintenance, which is based on the use of data from satellite monitodata
collection, their final selection and algorithngimcessing and therefore finding optimal
preventive maintenance interval for a particular machine or group of machines.
Algorithm of determination of optimal preventive maintenance interval is based on
renewal theory and its modification for solving partar problem. Principle of this
algorithm is based on minimization of operational and renewal costs.

The proposed methodology for determining the optimal maintenance interval is
particularly suitable for companies that already use satellite monitoringndstity in its
elementary form for the current position of the vehicle, construction equipment
downtime monitoring, etc. It is obvious that the observed specific fuel consumption
relatively largely varies, which is influenced by variability of operatingditions, load
weight, driver's driving style, nature of extracted material within construction
machinery, etc. This variance is eliminated by large quantities of raw data and therefore
processing of raw data allows for a precise determination of the alppiraventive
maintenance interval for a specific machine, its current operational conditions and the
changes of their technical state during deterioration.

Algorithm of data processing from satellite monitoring provides timely reports on
individual machie maintenance requirements and enables continuous refinement of
maintenance intervals during operational time. Suspiciously different maintenance
interval of particular machine (calculated optimal maintenance interval deviates from
the average) might belfowed by detailed diagnostics in order to determine the causes
of short maintenance interval. Proposed algorithm may contribute to better maintenance
planning and consequently to economical operation of machinery.

ACKNOWLEDGEMENTS. Paper was created witie grant suppoit CZU 2014: 31190/1312
/ 3128i Utilization of satellite monitoring for detection of operational parameters of machines.
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Determination of power loss of combine harvester travel gear
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Abstract. This contribution aims at determining the power loss in hydraulic térafithe John

Deere S680i combine harvester travel gear. The individual elements of the circuit were measured,
followed by an energy intensity analysis. The analysis includes the calculation of pressure losses
in direct piping, local resistance, as wedl aressure losses in the individual elements of the
circuit. Subsequently, power loss was calculated based on pressure losses. In the case of the John
Deere S680i combine harvester, the power loss equals 16.95 kW.

Key words: combine harvester, hydrostatiavel, pressure loss, power loss.
INTRODUCTION

Combine harvesters are machines in which we require, in terms of the content of
their work, sensitive control and continuous travelling speed variation. Consequently,
hydrostatic transmission is the mostduently used in combine harvester travel gear
(Kutzbach, 2000).

Hydrostatic transmission is a transmission mechanism with a pump and hydraulic
motor as its basic elements. The principle of mechanical energy transfer through the
hydrostatic transmissiorests in the transformation of mechanical energy pressure
energy of the fluid in the pump and, vice versa, pressure energy of the fluid into
mechani cal energy i n 8he 8§ p§2000.eTkedransnmissionot o r
consists of a closed hydraulic circuit and an auxiliary open hydraulic tcfteui Xi-

Yin, 2014) The auxiliary hydraulic circuit fulfils the following tasks:

9 it cleans the fluid;

9 itrefills the fluid in a closed circuit;

I it maintains the required pressure of the fluid in afessure branch of the closed
circuit;

it cools the fuid down;

itis a source of required energy when controlling regulation piston converters (Roh,
1992).

)l
T

The diagram of hydraulic circuits of the hydrostatic transmission of the John Deere
S680i combine harvester is shown in Hig.

The auxiliary circuitmcludes a gear pump (P16), which draws in the fluid from the
tank (R1). The fluid runs both into the semvalves (Y119 and Y126) and the servo
cylinders (C40 and C41), when adjusting the position of the swing plate of the pump and
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of the hydraulic motorand into the closed circuit through rogturn valves (V160) or
(V161), depending on which branch of the closed circuit currently has low fluid pressure.
The auxiliary circuit is protected against overload by a pressure valve (V198).
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Figure 1. Diagramof hydraulic circuits of the hydrostatic transmission of the JD S680i combine
harvester.

The valve block of the hydraulic motor is equipped with a hydraulically controlled
distributor (V199), which connects the lgavessure branch of the closed circuithvithe
discharge pipe. The fluid, however, must pass through the bypass valve (V200)
maintaining the required charging pressure in the closed circuit. The fluid passes from
the filling pump (P16) through the axial piston pump (P17) and axial piston hydraul
motor (M21) and it exists the hydraulic converters through the hydraulic elements (V199
and V200). The cooler (H1), through which the fluid flows back to the tank, is placed
separately. If the fluid is cool, it runs through the bypass valve (V164) vghoitshup
lesser resistance than the cooler. The discharge fluid is joined by wast]eso
leakage, fluid, leaking around the moving parts of the pump and the hydraulic motor.
The pressureelief filling valve of the circuit (V198) is usually adjustexld pressure of
4.2 MPa, the bypass valve (V200) is usually adjusted to a pressure of 2.8 MPa and the
high-pressure valves (V160 and V161) are usually adjusted to a pressure of 49 MPa.

The presented complex hydraulic circuits clearly indicate the occerrehc
pressure losses and, consequently, power loss. We classify pressure losses occurring in
hydraulic circuits into three types:
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losses in direct piping;
losses in local resistances;
losses in the individual elements of the circuit (Roh, 1989).

= =4 =9

Calculatons performed in this article provide a better understanding of hydraulic
losses of combine harvester travel gear. At the same time, these values will be used in
future for comparison with the real measured values. And for comparison of the energy
intensiy of travel gear of combine harvesters with wheeled and tracked chassis.

MATERIALS AND METHODS

Measurements were carried out on the John Deere S680i combine harvester owned
by the Agricultural BusinessGoper ati ve Z8l ab2 wOvw Bryts r

Materials for measurement were prepared based on the obtained diagram of
hydraulic circuits of the combine harvester hydrostatic transmission. We measured all
the necessary external dimensions of the hydraulic circuit (piping length, diameter),
ascetained the number of elbow pipes, tees, etc. The internal dimensions of these
elements have been ascertained from the catalogues of manufacturers based on the
external dimensions measured. The parameters of the pumps and hydraulic motor, such
as geometrizolume, working pressures, speeds and efficiencies, have been ascertained
from the machinebés technical manual . The
calculated based on these parameters. For subsequent calculations in-gredsigte
circuit, we asgme a maximum flow rate at which the combine harvester reaches the
maximum travelling speed. The technical manual also provided the set pressures of
pressureelief valves, pressure losses of some elements (cooler, filter). It was also
necessary to asceiriathe specifications of the working fluid (kinematic viscosity,
density) which were obtained from the materials of the fluid manufacturer.

Each el ement is registered under a 6co
piping, the hoses are designatsxH and steel pipes are designatedrag\ number of
items can also be indicated before the letter. The letter is followed by a number indicating
the internal diameter of the element in millimetres; the number after the slash indicates
the length of thelement in millimetres. For examp@R30/200means that the circuit
contains3 steel pipes with an internal diameter3®mm and a length 0200 mm. In
local resistances, the number of items is designated similarly, before the name of the
element. The ame of the element is followed by a number indicating the internal
diameter of the element in millimetres and the figure after the slash represents the
bending of the element in degrees. For examwle,b o w p i preangdh elio® 0 A
pipe element with amternal diameter &5 mm and a bending of 0 0 A

To calculate the power loss,Rve use the equation (1), where we multiply each
element of the pressure loss at the given point of the circuit by the flow rate at the given
point of the circuit.

P, =p, @ (1)

where: P21 power los§W); Q1 working fluid flow rate(m?s?); pz1 pressure losé3).
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The flow rate at the given point of the circuit was calculated using the parameters
of the pump indicated by the manufacturer using the equgjon

Q= Yy 0 2)
~ 1000

where: QT working fluid flow rate(m® s%); V4T geometric volume of the purp®);
ni pump speeds?); do i flow efficiency of the pumg-).

Losses in the direct piping, i.e. losses in hydraulic hoses and steel pipes, represent
the first component of the pressure loss. They are calculated from the equation (3) and
related formulas.

Ve .

P, :/C%—@—O (3)

where: pz T pressure los§Pg; ai coefficient of linear losse§); | i hydraulic piping
length(m); d T hydraulic piping internal diametém); v i fluid flow velocity through
piping (ms?); } 7 working fluid density(kg m3).

First, it is neessary to calculate the flow velocity of the fluid through piping (4)
using the formula for calculation of the cresection of hydraulic piping (5).

_Q
V=g (4)

where: Qi working fluid flow rate(m® s?); Si hydraulic piping crossection (m?);
vi fluid flow velocity through pipingm s?).

:pc.a12
4

S (5)

where: S T hydraulic piping crossection (m?; d 1 hydraulic piping internal
diameter(m).

For the coefficient of linear losses (7, 8, 9, 10), it is necessdingttaalculate the
so-called Reynolds number and classify it into the correct group for the given flow
situation.

Re= ﬂ (6)
u

where: Re i Reynolds numbe(-); v 1 fluid flow velocity through piping(m s?);
g1 kinematic viscositf{m? s?).
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Re< 2,300- laminar flow range
2,300 <Re< 5,000- transition range
5,000 <Re- turbulent flow range
For laminar flow in hoses:

[/ =— 7
Re (7)
For laminar flow in pipes:
64
[ =— 8
Re (8)
For transition flow range:
/= 0.316 ©)
VYRe
For turbulent flow range:
32009
/=50 (10)
¢cRe=+

Losses in local resistances, the-catled local losses, represent the second
component of pressure losses. The calculation (11) is similar to that in the case of

pressuredsses in direct piping; only the coe
direct piping length | to its internal diameter d is replaced by the coefficient of local
resistance 3 which is determined empiric:
Ve L
P, :XOZ_O (1))

where: pz T pressure los§Pg); 31 coefficient of local resistance); v i fluid flow
velocity through pipindm s?); J T working fluid density(kg m’).

The third component is represented by pressure losses in the indisfiginants
(12). They are determined based on efficiencies of the elements stipulated by the
manufacturer where the <calcul ati grForr equi
other elements, we directly indicate the pressure loss stipulated by the chameugaof
the particular hydraulic elements.

p, =@- 4,)Pp (12)
where: pz1 pressure los@Pg; do 1 pressure efficiency); pi pressure in pipingPa.

To obtain the resulting value of power loss, we add up the power losses of the
individual components.
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RESULTS AND DISCUSSION

After the substitution in the previous formulas, using MS Excel software, we calculated
the values for pressure losses and power losses in the elements of the direct piping
circuits, local resistances and the indivadielements of the circuit (tabl&és2, 3).

Table 1. Pressure loss and power losses in direct piping

Element Code pz (kP3 Pz (W)
H30/4250 1.78 8.13
H30/3855 1.61 7.38
H25/5555 13.89 12.22
H25/3500 8.75 7.70
H25/1700 4.25 3.74
H25/550 1.38 1.21
H25/450 1.13 0.99
3xR30/200 0.08 1.15
2xR30/100 0.04 0.38
R30/400 0.17 0.77
R30/660 0.28 1.26
2xR25/300 0.75 1.32
R25/900 2.25 1.98
R25/500 1.25 1.10
R25/200 0.50 0.44
R25/100 0.25 0.22
Total 39.31 50.00

Table 2. Pressure loss and power lossefoical resistances

Element Code pz (kP3 Pz (W)
3x el bow pi 26.51 364.21
el bow pipe 30.04 137.59
6x el bow pi 2.03 10.71
el bow pipe 2.30 2.02
el bow pipe 2.10 1.85
4x teepiece 25 2.03 7.14
inlet into tank 25 1.35 1.19
outlet from tank 25 1.35 1.19
Total 136.96 525.91

Table 3. Pressure loss and power losses in individual elements

Element Code pz (kP3 Pz (W)
gear pump 76.09 66.96
axial pump 1,616.49 7,403.55
axial hydraulic motor 1,616.49 7,403.55
cooler 800.00 704.00
filter 900.00 792.00
Total 5009.08 16370.05
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The resulting tables indicate that the lowest losses occur in the direct piping. By
contrast, the highest losses are in the individual elements of the circuits which is 96.6%
of the tdal losses in the circuits of the travel gear hydrostatic transmission.

We can find out the total power losses by adding up the power losses of all
components of the circuits specified in Tables 1, 2, 3. This indicates the power that is
taken from the comistion engine of the combine harvester to overcome the losses in
the circuits of the travel gear hydrostatic transmission at its maximum travelling speed.

Pz=150.00 + 525.91 + 16370.05 = 16945.96 W6-95 kW

Taking into account the fact that the contiours engine of the combine harvester
has a rated power (according to ECE RIR&) 353 kW, the percentage representation
of hydrostatic transmission according to the formula (13) equa®. This is reflected
in the energy performance and the fuel constongJokiniemi et al., 2012).

P (1695 0.048Y 4.8% (13)
P 353

From the results it is clear that the proposal to improve the direct piping and the
local resistances of the hydraulic system is unnecessary. The losses are negligible. The
biggest losses occimrthe individual elements which have given construction, thus given
losses.

CONCLUSIONS

After measuring all elements in the circuits and their calculation, we have
determined the pressure losses and power losses in the direct piping, in local resistance
and in the individual elements of the circuit. Losses in the individual elements of the
circuits, i.e. 16.3 kW (96.6%), constitute the greatest fraction of the total losses. The
total losses in the circuits of the travel gear hydrostatic transmissitive afombine
harvester equal 16.98N. This value applies to the maximum flow rate in the high
pressure circuit at the maximum travelling speed of the combine harvester. With
declining travelling speed and, consequently, also the flow rate in theptagiure
circuit, the losses in this circuit would also decline.

Calculations presented in this article will be used for comparison with the real
values which will be measured in the future.

ACKNOWLEDGEMENTS.This contribution has been drawn up on the basiBesolution of

project 2014: 31160/1312/3118 financed by the Internal Grant Agency of the Faculty of
Engineering of th&€zech University of Life Sciences Prague

31



REFERENCES

Jokiniemi, T., Rossner,H., Ahokas,J. 2012 Simple and cost effective methddr fuel
consumption measurements of agricultural machinregyonomy Research)(1), 97 107.

Kutzbach,H.D. 2000. Trends in power and machinedgurnal of Agricultural Engeneering
Researclty6, 237 247.

Kul Pk, St Ir28ap.elydmdic Transferof Energyyni ver si t yGof ippggal i 8@
(in Slovak).

Lou Xi-Yin, 2014. Application of Tracked Combine Harvester Stsgs Speed Regulated
SystemAdvanced Materials Resear®d0, 128 131.

Roh,J. 1989.Hydraulic Mechanisms of Agricultural Machin€gst 8t n2 zemRDdNI|I sk® n
Prague, 344p. (in Czech).

Roh, J. 1992.Management and operation of combine harvestdraversity of life sciences
Prague. Prague, 24p. (in Czech).

32



Agronomy Reseeh 13(1), 33'4 52015

Use of Euler equations in research into threglimensional
oscillations ofsugar beet rootduring its vibration -assisted lifting

V. BulgakoV, V. Adamchuk, J.OIt3" andD. Orszaghovh

INational University of Life and Environmé& Sciences of Ukraine, 15, Heroyiv
Oborony Str., 03041 Kyiv, Ukraine

Nati onal Scientific Centre O6lnstitute fo
11, Vokzal nal, \@sykkiv Distri@, 08681aKE\nRegion, Ukraine

SEstonian University of Life Sciences, Institute of Technoloyeutzwaldi 56,

EE51014 Teu, Estonia;"Correspondencgyri.olt@emu.ee

“Slovak University of Agriculture in Nitra2, Trieda Andreja Hlinku, 9496 Nitra,

Slovakia

Abstract. Following the results of the research into the physical procéskeovibratory
interaction between the digging tool and the beet root, it has been found that the latter, while
standing in soil, i.e. amid an elastic medium, has strong attachment to the soil in its lower (the
densest and driest) part, which virtuallygles one conventional fixed point. This finding
provides the basis for examination ofthethdlee me nsi onal moti on of t he
its lifting from the ground in case of its asymmetric interaction with one of the shares of the
vibratingdigi ng t ool . We have studied the gyration
by its interaction with the inclined face of the vibrating digging tool share that makes oscillatory
movements in the longitudinal vertical plane. The aim of the sttty establish the values of

the angul ar displacements of the rootds body
with the vibrating digging tool followed by the breaking of its bonds with the surrounding elastic
medium, i.e. to develop a newathematical model of the vibratieassisted digging of a beet root

out of the soil. Basing on the use of the original equations of Euler, a new differential equation
system has been obtained, which facilitates the analytical treatment of the mentioned work
process. That system of differential equations for the {tirmensional oscillations of the root
caused by the action of a perturbing force comprises three dynamic and three kinematic equations.
It is a determined system, which makes possible its saolut®. the numerical modelling of the
process of root lifting from the ground under differdiggging conditions, because it includal
necessary parameters of the vibrating digging tool, the sugar beet root and the soil
surrounding it

Key words: sugar beet root, vibrating digging tool, thrdémensional motion, lifting, modelling.
INTRODUCTION

The theoretical and field research into the work processes and the use of its results
for the development of improved tools for digging sugar beet rootsf ¢lue ground are
critically important tasks for the sugar beet growing industry, because just this final
operation is the most complex and eneirggnsive work process in the cultivation of
sugar beet (Bulgakov & Ivanovs, 2010; Lammers, 2011; Lammershntmann,
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2013; Gu et al., 2014). The extensive use of vibrating digging tools for the digging out
of beet roots observed recently is stipulated by the lowest energy input for theipreak

of the soil surrounding roots, the reduced loss and damage tsfinothe harvesting
process in this case. However, the described advantages are achieved under relatively
favourable harvesting conditions, especially when the soil has low hardness indices and
a sufficient moisture content. Under all otlwenditionsvibrating digging tools do not
display the said advantages.

Hence, that is exactly the work process that needjith theoretical and field
research followed by the development anmtplementationof improved vibrating
digging tools.

Study (Dubrovski, 1968hould be regarded as the first analytical treatment of the
vibrationassisted process of sugar beet root digging out of the soil. Still, the paper did
not offer a mathematical model of the vibrat@ssisted lifting of the root from the
ground. The osc#itory process of the interaction between the vibrating digging tool and
the rootds body was assumed to take pl ac
not be implemented later in any digging tool employed in any commercially produced
root crop havester.

The further analytical study of the o0s
presented in publication (Vasilenko et al., 1970). As the paper itself states, the process
of lifting sugar beet roots from the ground per se is analysed hdrahgituse of the
generated kinetostatic equations, whi ¢ h,
conditionsfor the complete lifting of a sugar beet root from the soil. However, the
detailed analysis of the mentioned equations has proved that thetiveffedo not
characterise the work process of digging roots from soil.

Publication Pogorely et al. (2004) features the setting up of the Ostrogradsky
Hamilton functional that characterises the natural transverse oscillations of a sugar beet
r oot 6 soddilenl dsya fixad low end bar. Meanwhile, it considers the case when the
perturbing force is applied to the root crop in the transverse horizontal plane, which has
also never been implemented in any real vibrating digging tool.

Paper (Pogorely et al., 138 which is an essentially first published study on sugar
beet harvesting machinery, adopts the main provisions and assumptions stated in the
previous studies (Vasilenko et al., 1970). It should be pointed out that this work also
does not furnish a modef the vibratiorassistedifting of a sugar beet root from the
soil.

The further elaborations on the theory of the vibratiesistedsugar beet root
digging out of the soil with application of the perturbing forces exactly in the
longitudinal vertical mne were highlighted in studi€Bulgakov, 2005; Sarec et al.,

2009; Bulgakov et al., 2014). Nevertheless, to advance further on it is necessary to
consider separately and i n nmoibraingdliggng h t he
t ool 6, inalysedotidtieemprodess of @scillations of the beet root itself in the soil

and the very process of lifting of the root as a solid body from the soil, the latter taking
place under the effect of the vibrating digging tool that oscillates inotiggtudind

vertical plane and also due to its translational motion.

The analysis of many literary sources (Vermeulen & Koolen, 2002; Lammers,
2011; Wang & Zhang, 2013; Wu et al., 2013; Gu et al., 2014) makes it evident that the
research into nevsugar beet harvesty technologies attracts substantial attention
worldwide.
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MATERIALS AND METHODS

In order to explore the processsufgar beetroat i ggi ng, | et ds star
first stages in this work process, when the beet root is still sufficiently stromatyed
to the soil. The vibrating digging tool, advancing linearly at a preset running depth in the
soil and at the same time oscillating in tbagitudinal vertical plane, approaches the
beet root from one side and breakssbeounding soil. The bondetween the beet root
and the soil in the immediate zone of movement of the work faces of the vibrating
digging tool (on that side, from which the tool linearly advances and on which it starts
making contact with the root), can be considered almost brokére the soil
surrounding the root in its upper part (within the tool running depth in the soll) is already
sufficiently loosened (longitudinal fissures are possible in the soil layers across the
whole thickness of the upper part). Meanwhile, the adiftialg of the beet root from
the ground has not yet begun, even if the vibrating digging tool work faces have already
started making contact with the rootés b
work process of root digging out of the sthik root has already started carrying out its
motions in the ground as a solid body with one fixed attachment point or a solid body
pivoting about a fixed axis. It is to be stressed in the first instance that the soil
surrounding the beet root providesre st ance t o the |l atterds |
whole conic surface, because the root gets sufficiently strongly embedded in the soil in
the process of its growth.

Thus, during the straining of top soil by the work faces of the vibrating diggirhg t
that move at a certain running depth and the subsequent breaking of bonds between the
beet root and the soil at the upper part, the lower part of the root continues to reside in
the unstrained and very dense layer of soil. The said circumstancemtatestine
assumption that this is exactly the part
axis, which can be conventionally considered the fixing point of the root in the soil, is
located. But, this stage of digging the root out of soil cwas only for a short while
and is succeeded by the second stage, where the vibrating digging tool actually starts
imparting its forces to the root body. Therefore, the motions of the beet root at the second
stage can be characterised with the use of kitienand dynamic Euler equations
considering it as a symmetrical solid body with one fixed attachment point or a solid
body pivoting about a fixed axis in the longitudinal vertical plane. At the same time, the
beet root begins oscillating in the soil asedastic medium, because just at this stage of
the lifting the soil surrounding the root
direction) can be with good reasons considered an elastic medium.

To facilitate the analytical treatment of thepess of digging the beet root out of
the soil by the vibrating digging tool, we build first the equivalent schematic model,
where the beet root is approximated by a regular cone, point O being its only
(conventional) point of fixation in the ground. Thiénating digging tool comprises two
digging shares, which can be represented by two conventional wedBeS: And
A2B>C,, their wedged forward parts and lower parts moving in soil (figeach of the
said wedges has angles of tilting in space desighafeando, which are determined so
that the share faces form an angled working passage, which necks in rearwards.
Structurally, the vibrating digging tool is a usual share lifter, but kinematically it is
connected to a drive (not shown in the schematidet), which induces its oscillations
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in the longitudinal vertical plane at preset frequency and amplitude. The digging tool as
awhole advances linearly at a preset veloditydown the direction shown by an arrow.

<1

hy

Figure 1. Equivalent schematic model of the force interaction between the vibrating digging tool
and theb e e t root during the | atterdéds gyration a
ground.

Further, we have to show in the equivalent schematic model the adopteihate
systems. First, we relate to the vibrating digging tool the orthogonal Cartesian coordinate
system GX1y1z1 with the centre ©in the middle of its neckenh passage. In this system,

theaxis@aui s i n | ine with t hsatiodal mogoo,theaxisi@ of t h
is vertically pointing up, anthe axis Qy: is pointing to the right (Figl). The vibrating
digging toolds oscillatory movements in

examined in reference to just that coordingstem Qxiyi1z:.
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We also introduce the moving coordinate system Oxyz rigidly connected with the
beet root and having an origin at the point O, which is the point of fixation of the beet
root in the ground, its axi s a®andpentngg al |
upwards, the axes Ox and Oy placed in the plane that is perpendicular to the axis Oz.

Besides, to characterise the gyration of the root about the fixation point O it is
necessary to introduce one more orthogonal Cartesian coordinaten S9stgy/.z,
which is shown in Figl.

Since the vibrating digging tool at the moment of its getting in contact with the beet
root advances linearly along the axisxQ(Oix2), the root deflects from its vertical
position (effectively from the axis @zthrough some anglg unidirectionally with the
motion of the tool. In the most general case, the initial contact between the beet root and
the tool is asymmetric meaning that one of the digging shares gets into direct contact
with the root body, while the o#h one makes contact through some thickness of the
broken soil. This results, following the deformation of the said thickness of soail, in the
beet rootds deflection from its vertical
Moreover, the difference ohe torques produced by the direct contact of the root with
one of the shares and its contact with the other share through the thickness of soil can
result in the rotation of the root through some arjglabout the axis Oz. Overall,
summing up the abowmertioned physical conditions, we have good reasons to believe
that the beet root in its interaction with the vibrating digging tool immediately during its
lifting performs simultaneously the rotation about some line OH (nodal line) through the
angle g, the otation about the axis @through the anglgr and the rotation about the
axis Oz through the angje Hence, the introduced angular displacements in space of
the root during its lifting from the ground are Euler angles, the ayggeing a name of
nutaton angle, the anglg 1 precession angle, the anglé intrinsic rotation angle.

We also have to take into account that, since the root body has a conical shape, the
direct contact between the digging shares and the root body is lost in case of thegvibrat
digging tool going down. As a result, the perturbing force stops acting on the beet root,
therefore, the root under the effect of the elasticity of the soil surrounding it on the front
and the root bodyds own el aaertical equilipriumm p e r t i
position. With the following upward motion the digging shares resume their contact with
the root body, take hold of the root, impart to it first of all the perturbing force and the
mentioned process of rootds rotations r e

Thus, thebeet root performs oscillations about the line of nodes OH, about the axis
Ozand about the axis Oz. Actwually, the rc
from the ground comprise the longitudinal linear oscillations of the point of the Go®
fixation in the ground O and the angular oscillations of the root relative to the point O
characterised by the variation of the Euler anglgsand; .

THEORY AND MODELLING

We have assumed that the beet root is in direct contact with only onevaebithe
faces of vibrating digging tool, specificallyiB;C: at the point K, while the face AB,C»
acts on the root body surface via some thickness of the soil and this contact can occur at
the point k (Fig. 1). Certainly, the contact between the vibratotigging tool and the
root body at the point Kis made throughout some area surrounding the pajritu€ in
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our further considerations we are going to assume that the pgiist tke point of
application of the forces imparted to the beet root.

Besidesthe asymmetry of the contact with the beet root is also due to the fact that
its symmetry axis (axis Oz) can be offset aside relative to the centre line of the sowing
rows (due to the requirements of the agricultural sowing and plant handling
technologies)We assume that prior to the commencement of the direct contact between
the beet root and the digging tool, the axis Oz is parallel to the g@is O

Also, we have to designate some representative points in the equivalent schematic
model. Thus, the rigHines drawn via the points:Bind B perpendicular to the wedge
sides AC: and AC,, respectively, generate at their intersections with the said wedge
sides the respective points;Mnd M. Hence,d is the dihedral anglel BiMiD1)
bet ween t heloweribass fD:Cwandl theewdrk face M8:C; and also the
dihedral anglel(B:M2D2) bet ween t he secoh@Gandtbedvgrk 6 s |
face wedge AD,C,. Angle 2xis the apical angle of the cone used as a model of the beet
root. The meaning of othéimensions can be understood from the equivalent schematic
model (Fig.1).

No w, | et 6s consider t he forces origin
vibrating digging tool and the beet root.

Since the digging tool, as it has been stated, is a vibratiooklit imparts the
vertical perturbing force(jL » Which varies under the following harmonic law:

Q. .= Hsinut, (1)

where: H'i amplitude of the perturbing force;i frequency of the perturbing force.

That force plays # primary role in the process of soil breaking in the zone of the
digging tool s work passage and the dir et

perturbing forceQ, | is applied to the beet root or the soil surrounding itvemdides,
therefore, it is represented in the equivalent schematic model by two comp@jeqts

and 6L g+ Which apparently have the following values:

1 .
Q4=Q QB=21 sinw 1 (2)

Further considerations require carefutalysis of the relation between the
oscillations of the vibrating digging tool and the concurrent action of the perturbing force

Q Lon the root. It is sufficient to carry out the analysis only for one oscillation period,

from ut = 0 towt = 2p. In all other oscillation periods the process is repeated. As we
already mentioned above, the perturbing fagceacts on the beet root only when the
digging shares of the toohove up from their lowermost position to their uppest
position, making in this process contact with the conical root body.

For this reason, during the movement of digging shares of the toolp on the
interval(0, p), the perturbing forcg; _acts on the beet root following the ssoidal law
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(2). In this process, on the intervé?(b, it increases from the zero val@ =0 at

2
the pointWt = 0 to the maximum valug) .=H atthe pointyt = p.
2

On the inteval e,'g, p it decreases from its maximum val@ =H to the
2

minimum oneQ, ,=0. On the intervalp, 2p) the digging shares of the toohove

down, therefore, the perturbing for(‘.§L ¢ doesnot act on the root on this leg. On the
interval (2p, 4p) everything recurs. Thus, in general on the inter{@dp, (2k + 1)p), k
= 0, 1, 2, é , Qt laes op the beat modi following the sinaseidal

law (1), and on thentervals((2k - 1)p, Z&kp), k= 0, 1, 2, € , it has
root, since it is equal to zero.

As the cutting edges 1&; and AC; of the digging shares are located below the
contact points Kand K, the soil in the area of the contact betweenbeet root and the
vibrating digging tool is already sufficiently much broken, but the soil breaking occurs
primarily in the front part of the tool 6¢
root and the toadl in the middle and rear parts thfe work passage. Therefore, in case
of asymmetric contact with the beet root at the poirthi root is under the direct effect
of the perturbing forc€)_,, while at the contact pointhe perturbing forc€) , act

only on the thickness of broken soil, which makes us assume that this latter force is
virtually not imparted directly to the root body. Hence, at the first contact between the
root body and the vibrating digging tool, the effect of perturbing f@pe]2 on the beet

root can be ignored and it can be assumed that the root is under the effect of only the
perturbing forceQ, , acting from the side of the faceB\C;, i.e. only one digging

share.

In addition, it is to be poied out that the interesting aspect of the asymmetric
contact with the beet root is that it makes possible the rotation of the root about its axis,
promoting the intensive brealp of the bonds between the root and the soil
(phenomenon o fngihtheground duting its diggimg onth So, in case of
asymmetric contact between the beet root and the vibrating digging tool we are going to
take into the differential equations for
face AB.C, of ore digging share. For this purpose we decompose the @rgeinto

two componentsN, , normal to the face 8:Cy, and T, , tangential to the same face,
as shown in the equivalent schematic modelign E This force is equal to:

QL H = N1 +-T-1 (3)

Apparently, the'ITl force vector is parallel to the right lina8..
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As the vibrating digging tool advances linearly along the axis @lative to the
beet root fixed in thground, we have a driving forcE) that acts along the course of

the translational movement (along the axix:Pand also acts on the root along that axis
at the moment, when contact is made between the beet root and digging taol. Now t 6 s

decompose the forC(F_’1 also into two componentsEi, normal to the wedge face

A:B:C; and §1 tangential to the same face, i.e.:

BR=L+S. (4)

Thus, at the contact poir, the beet root is under the effect of the force applied
by the wedge M.C1, which is equal to:

N, =N, . (5)

and points along the normal to the surface of the wedBeCA

Apparently, the magnitude of this force is:

N =N +L, (6)

Also, at the contact pointiKhe force of frictionlfKl is applied, which counteracts

the slipping of the beet root on the work face of the wedd®a @ during its contact
with the vibrating digging tool. Theector of this force is in opposition to the vector of
the relative velocity of the wedgeds sli

weight force(?k is applied vertically at the centre of mass of the beet root. Also, during

the contact bet ween the beet root and the
move upwards, the root is under the effe

along axis Oz, designated % in the equivalent scherti@a model.
The tangential componeﬁf1 of the perturbing force(jL 4 and the tangential
componentS of the driving forcels1 do not act directly on the beet root, they only

causdhe breaking of the soil around the beet root, therefore, they are not included in the
differential equations of the movement of the root as a solid body. Then, it is possible to
derive from the equivalent schematic model (Elgthe expressions for deteining the

normal Nl and tangentiaTITl components of the perturbing for@L 4 as well as the

expressions for determining the nornh_ail and tangentias conponents of the driving

force ISl .
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Meanwhile, the forces, generated by the straining of the soil as an elastic medium
during the displacement of the beet root in it, need to be determined.

The moment of the elastic soil deformation fodte to the angular displacement
of the beet root through the angleis equal to:

h 2p c o2 .. 0
M, = cﬁzzdzsm gd a_c¢c B s .
oo | 2pcos g 3cos g

(7)

wheref i elastic stiffness of the soil that determines the increase of the force acting on
the contact surface in casé displacement of the contact surface for a contact area
unit (N m3).

Similarly, it is possible to determine that the elastic forces in the soil resulting from
the angular displacements of the beet root fixed in it about the@gzisthrough the

angley i 6{1 @ and about the line of nodé9H through the anglg i 611 i are
equal to, respectively:

o :ri,pc_,;_ingk)d Zdz _c fpsin ] -
i 'l cosg 3cod g

00

o :hﬂ’cgngk g AZdz c fsin,
1 "I cosg, 3cod g

(9)

00

where i elastic stiffness of the soil (ratio of the first coefficient of Winkler to the
contact area) (M3).

Apparently, the vectoréq % and qf g point along the normal to the surface of

the beetroot. The forces determined by the expressiong(®) act as the restoring
forces in the oscillatory process under consideration.

TheforceR i's the resultant of the load dis
with an unbroken tlckness of soil and the intensity vectors of this load point downwards
parallel to the axis Oz. Therefore, the for% acts along the axis Oz and points
downwards.

The magnitude of the forcEZ is determined with these of the following formula:

h2p .
_~ Cztgdadz ¢ gsin, g 10
RZ (')10 Ilhl.cosgk CO§ Ig ( )
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Further, we proceed to the generation of differential equations for the gyration
about a point of the beet root as a solid body during its asymmetric contact with the
vibrating digging tool. Inthis case, according to what was said earlier, the beet root
moves as a solid body with one fixed point, the position of which is determined by the

variation of the abovenentioned Euler angles, )/ and § under the #ect of the
described forces and moments of forces acting on the root and characterised with the use
of dynamic and kinematic equations of Euler.

In this case, if the moving coordinate sys®ryzis chosen in such a way that the
coordinate axes are theinqripal axes of inertia for the poir®, then the dynamic

equations of Euler will take the foll owi
dw, e O
L (1, 4, )w,w ™ o
I
dw, 1
yd—ty+(|X 1,)w, M S (11)
I
)
[
y

where: W, Wy andw,iproj ecti ons o felotithauringitsartgldas a n g

displacement about the instantaneous axis of rotation on the axes of the moving
coordinate systeroxyz, |, Iy and | , 7 the moments of inertia of the beet root in

reference to the coordinadxesOx, Oy and Oz (principal axes of inertia of the root),
respectively;M ¢, M and M¢ T principal moments of all external forces acting on

the beet root in reference to the coordinate &eyandOz, respectively.

As shown in the equivalent schematic model (Rig.the axes of the moving
coordinate syster@xyz are the principal axes of inertia of the beet root. Indeed, the axis
Ozis the rootdés mat er iOadndQy flenmiletplane that isi s .
perpendicular to the axi®z According to (11), if a body has a material symmetry axis,
it is a principal axis of inertia at all its points. The other two principal axes passing
through any point of the symmetry axisqudingthepoinf ) | i e in the pl
perpendicular to that axis.

Further, to express the angular velocity projectiagsiy and 1z in terms of the
Euler angles and their derivatives, we have to add to the dynamic equations of Euler the
kinematic Euler equatior(d1), which are of the following form:

w, = ysin gin j+ cags
w,= jsin gos jf+ sip
w, = jycos g+ J

(12)

K e O
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RESULTS AND DISCUSSION

It is possible to derive from the equivalent schematic model {ffithe moments
of the external forces acting on the beet root during its contact with théngodayging
tool about the axes Ox, Oy and Oz. After the substitution of the necessary axial moments
of inertia and the derived magnitudes of the principal moments of all external forces into
the system of differential equations, we obtain the followipstesn of differential
equations for the thredimensional oscillations of the beet root fixed in the ground in
the form of dynamic and kinematic equations of Euler:

dw, —
(0.48+ 0,150°g )m =+ £ 0.15¢" g +0.5pm K w, w =
:g—lii(htggk h § #O0,5Hcos sin t nR-sin) cy(s K, ma@ SINT )
* sj = -
*(htgg, -h ¥ cpoh'sin g gggoq - g) +ap§ , +)ggsinysjn ;
4cosS g, &

+€ 0,5H htgg, sin & WP sin y f{ 0,54 codsin b4 B sin )g3

S
s ) : 2 coh'sin g aps @y .
cos(aKlmax sinw - bsm hy E’:G‘(h‘ ¥ Zcodg U cos ,J/
k u

(0.48+ 0,189%g, ) m i d(:'/

. {048 -0187 gmKi ww=

PR P . J —§—) - =y

o

D = =) =) =) =) =) =) =) ) =) ) =) =) =) =) =) =) =) =) i) —) —) —) —) =)

:g—Pl(htggk h § #O0,5Hcos sin t uR-sin) cy(s K, max@ SNt )

s(htgg, -h ¥

cph'sin g gagos(g, - § +cof g +) ’gsinqsin J-
4cos g, a (13)

e
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We have obtained the system of differential equations (b8)ttHie three
dimensional oscillations of the beet root caused by the perturbing force, which is a
determined system that allows to carry out the multivariate modelling of the beet root
digging process, because it contains the parameters of the vibraggdiool,sugar
beet rootand the soil surrounding the root.

The solution of the differential equation system allows to determine first of all the
law of the threadimensional oscillations of the beet root about the conventional point of
fixation in theground, i.e. find the function&= (i(t), y = y(t) andd = d(t). According
to the results of calculations, if we assume the following averaged initial data: mass of
rootme = 0.9kg; mass of soil surrounding root; = 0.4kg; length of rootw = 0.25m;
angles of trinedral wedges ofvating diggingtoob=1 4#=s52A; fricti on ¢
of steel on root body surfade= 0.45; amplitude of perturbing forcg = 500 N;
magnitude of lateral driving forger = 400N; maximum angle of deviation of friction
force vector from the vectoof this force at minimum magnitude_ .. = 3 0 A;

frequency of oscillations of digging shares of vibrating digging $oel 10 Hz; cone
angle of therootk=15A; el ast i cn=48 AN np=S2sA®INOMZ s 0 i |
current timet = 0.025s, then the Euler angles obtain the following valies: 105,
y=95d=7 A

It is to be noted as well that the system of differential equations (13) characterises
not only the threelimensional oscillatory process, but also the angular displateshie
the beet root about its own axis (spinning phenomenon), which has an especially notable
effect on the process of breaking up the bonds between the root and the soil during the
first stage of its lifting from the ground.

The results of the accomplisth analytical treatment have been used in the design
andengineeing of new vibrating digging tools for staté-the-art sugar beet harvesting
machines.

CONCLUSIONS

1. The physical process ofsaigar beet root standing in soil as an elastic medium
and its hteraction with a vibrating digging tool at the first stage of its lifting from the
ground has been investigated.

2. It has been established that, for the purposes of analytical treatment of the
process of sugar beet root lifting from the ground, the rootbearepresented by an
elastic conical body residing in elastic medium and having one fixed point at its bottom.
All necessary conditions for the use of kinematic and dynamic equations of Euler in the
research into the root lifting have been obtained.

3. The rew mathematical model of the vibratiassisted beet root lifting from the
ground with the use of the theory of the body motion about a fixed point has been
developed.

4. Using the original kinematic and dynamic equations of Euler, the system of
differential equations has been set up for the oscillations of the beet root during its
vibration-assisted lifting in the case, when the root interacts only with one digging share
at one its point, i.e. when an asymmetric contact with the root body occurs.

5. Following the solution of the system of Euler differential equations, particular
values have been obtained for the angular displacements of the beet root about the
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coordinate axes, at which its efficient lifting from the ground is achieved. Specifically,
for the averge values of the parameters of the vibrating digging tool, root body and the
soil surrounding it included in the equations, the Euler angles have the following numeric
valuesi=1 0 A59 AI=7 A.

6. The obtained mathematical model allows to carry out the multivariate modelling
of the process of vibratieassisted root digging out of the soil under various conditions
of harvesting.
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Abstract. Conventional impact grassitting and chopping is energy intensive and therefore it is
important to reduce energy demands of such a device. In the paper the energy demands of three
rotor mulcher with vertical axis of rotation was measured and analyzed in dependence on the
mass pedrmance of the mulcher. Different mass performance was achieved by different ground
speed and yield of the grass cover. The measurement was performed ofgEdesemeadow

hay, from which the samples were taken and analyzed in order to determine thegigldisture
content of the vegetation. The results showed relatively high energy demands of the mulcher. In
dependence on the mass performance of the mulcher it is necessary to deliver in aveiage 10.4
22.6kwW m! of the width of the machine. Specific €gg consumption varied in average from

3.35 to 6.34&Wh t'* of the processed material and unit fuel consumption varied in average from
2.56 to 0.94%g t™.

Key words: mulcher, energy consumption, grass cutting, meadow hay.
INTRODUCTION

The power requimaent of the rotary mower and the mulching machine is usually 2
to 4 times greater than in case of the finger mower with the same width range. Concrete
values of the required power per one meter width cut differ in various scientific sources,
e.g. the powerequirement XW mt and the required power requirement for the mower
with the conditioner &W m™* (ASABE D497.7., 2011), the power requirement 11 to
16 kW m? on the mower at speed ¥n h' (Srivastava et al., 2006), the power
requirement 10 to 18W m! with a worn out blade (Tuck et al., 1991), the power
requirement for mower conditioners 3.5 to &% m™ and the power requirement for
mowing without the conditioner is BW m?* (McRandal & McNulty, 1978b). Other
scientific sources state that the ageraequired power for mowing and treatment of
grass is 8 kwn'l, with the range 5i6.0.4kW m (Srivastava et al., 2006) and when the
patency is 120t h?, the energy intensity of the rotary mower is approximately
6.67kW mr* and when sharp knives are dsthe energy intensity is 5.6Wm?*( Sy r ov |
et al., 2008).
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The typical cutting speed of the disc and rotary mowers ranges frogd wis?
(O'Dogherty, 1982). Optimization of the cutting speed, the knife shape, the blade oblique
angle and the blade rakangle can significantly reduce the energy consumption and
increase the efficiency of mowing and crushf{kigpsseini& Shamsi, 2012Johnson et
al., 2012;Kakahy et al., 204 The power requirement depends not only on the cutting
speed, knives, blades wethe type of the mower and patency, but also on the kind of
processed cropChen et al., 2004lgathinathanea et al., 2010; Ghahraei et al., 2011,
Johnson et al., 2012; Jasinskas et al., 2013; Kronbergs et al. P2@EBika et al. 2014
The power requement also depends on the moisture and stems inclination
(lgathinathanea et al., 2010; Kakahy et al., 2013).

The identified energy losses in case of rotary mowers are caused by air flow (so
called ventilation effect), pulling of the mower, friction in tdegve mechanism and
friction with the stubble under the knivgd/cRandal & McNulty, 1978b). The
experiments with the mowers with the vertical rotation axis proved that 50% of the input
energy is used for the transport of the plants, while only 3% ofthé energy is used
for cutting the plant stems (McRandalMcNulty, 1978a). The power requirement of
the rotary mowers can be calculated according to the relation nur(®ersson, 1987).

|:>mow = (PLS + ESC®f )(Bf (1)

where: Pnow T total power requirenmd (kW); P.s 1 losses (air, stubble, gear loses)
(KW mY); Esci power of cut (kdn?); v i ground speed (1s%); Bp T range width (m).

The goal was to determine the energy demands of the mulching machine with
different patency of the material. Other jeas to evaluate impact of the material
patency on the unit fuel consumption. It can be expected that the unit fuel consumption
reach values between ¥®5l hat( Syrovi et al ., 2013).

MATERIALS AND METHODS

The main goal of the measurement was tordetee the input power taken from
the PTO shatft of the tractor during mulching thevergrass cover. The measurement
was done on selected | and, south of the t
16. 4375197AE). The working set consistec
mulching machine MULCHER MZ6000 (Tabld. The testednulching machine with
the range width @n is part of the current production programme of the company
BEDNAR FMT, s.r.o.

Table 1. Basic parameters of the mulcher MZ6000

Total weight kg 3,300
Rotor diameter m 2
Number of rotors pcs 3
Number of blades peotor pcs 4
Rotations per minute mint 1,000

Recomended tractor power kW  110{ 150
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The torque sensor MANNER Mfi 2508m_2000U/min (accuracy 0.25%) was
installed on the PTO shaft of the tractor and the flowmeter AIC VERITAS
4004 (measurement error 1%,00 pulsel™) was placed into the fuel system of the
tractor. The flowmeter served for monitoring of the fuel consumption and determination
of the energy intensity of the mulching machine. In order to determine the location of
the working set and its spé, the GPS receiver was placed on the roof of the tractor. All
sensors were connected with the measuring computer (netbook) by means of the analog
digital converter LabJack U6. The netbook was placed to the tractor cab. Data were
recorded with the frequeg of 2Hz.

Seven measuring sections were marked out on the chosen land, each approx.
100/ 180m long (1 7). These sections were used to perform the measuring rides, using
the working speed of Bm h, 6 km h'* and 9km h? to cover the range of working
ground speed used in praxis. The mass performance of the mulching machine was
calculated according to the relation (2).

W, =0.10, B v 2)

where: W i mass performance of the mulching machinb™{ v, i working speed
(km h'); BT actual rang width of the mulching machine (my1 yield per hectare of
grassland (hal).

The actual range width of the mulching machine was B,/®e average speed of
PTO was 998.Imin* with standard deviation 11 min. This corresponds with the
cutting sped approx. 105 s™.

Altogether three samples of mown vegetation were taken from each test section in
order to determine the yield of the grass mater and its moisture. The average moisture
was 72.8% with standard deviation 4.5%.

The measured data from thmalividual measuring sections (01 to 07) were loaded
into the programme MS Excel and further processed.

RESULTS AND DISCUSSION

The evaluated results of the measurement within the individual sections are
presented in the TabBand 3. From the Tabgit can be seen that values of mean power
reaches up to approx. 1RW. Also it can be seen that at speed of apprdm®* the
unit fuel consumption in | hais up to 7% higher than it was expected. At speed of
approx. 6km h* the unit fuel consumptiom | ha' is approx.9% higher than it was
expected and at speed of approxkr® h?' the unit fuel consumptioequals to the
expectations.

Fig. 1 shows the performance requirement for one meter of the machine range. It is
obvious that this requirement me@ses with the increasing mass performance of the
machine, as it might be expected, when the performance of the mulching machine is
greater than 30hit is taken up to 22.8W m™.
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Table 2. Measurement results summarpart 1
Speed Yield Peformance Mean torque Mean power

Section

kmh! that tht Nm kw
1 3.4 11.2 22.06 890.3 92.55
2 9.34 6.2 33.52 1,272.05 130.96
3 6.66 9.2 35.46 1,194.79 125.9
4 6.47 6.7 25.12 870.35 89.9
5 6.42 7 26.37 841.7 89.32
6 9.28 55 29.56 948.78 98.89
7 3.49 4.7 9.58 576.68 60.8

Table 3.Measurement results summarpart 2

. Pow_er Specific ENeTYY" Unit fuel consumption

Section requirement consumption

kw m? kwh t? | hat kghat kgt?
1 15.99 4.2 16.27 13.5 1.21
2 22.62 3.91 7.94 6.59 1.06
3 21.74 3.55 10.37 8.61 0.94
4 15.53 3.58 10.05 8.34 1.24
5 15.43 3.39 10.33 8.58 1.23
6 17.08 3.35 8.47 7.03 1.28
7 10.39 6.34 14.48 12.02 2.56

24 -

22

R?=0.9166
18 -

16 - 2 2

14 -

Power requirement (kW m-1)

1 0 T T T T T T T

0 5 10 15 20 25 30 35
Mulcher performance (t h-1)

Figure 1. Mulcher power requirement.
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Fig. 2 presents the specific energy consumption depending on the perforofiance
the mulching machine. It is obvious that the specific energy consumption decreases
along with the increasing mass performance of the mulching machine up to
approximately 3@ h™* where the lowest value of the specific energy consumption was
reached.

Specific energy consumption
(kWh t)
(6}

* 0
3 T T T T T T T 1
0 5 10 15 20 25 30 35 40

Mulcherperformance (t h-1)

Figure 2. Specific energy consumption of the mulcher.

Fig. 3 shows the unit fuel consumptidrkilograms per ton of processed material.
As it might be expected the unit fuel consumption decreases along with the increasing
mass performance of the mulchingchine. However, contrary to the specific energy
consumption of the mulching machine (F2y, many other factors interferes in the fuel
consumption, e.g. terrain inclination, tractor acceleration etc.

2.8
2.6 -
2.4
2.2 -

2
1.8 4
1.6 -
1.4 -
1.2 4

11 *
0.8
0 5 10 15 20 25 30 35 40

Mulcherperformance (t h-1)

R?=0.9506

Unit fuel consumption (kgt)

Figure 3. Unit fuel consumption.
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CONCLUSIONS

Impact cutting and crushing of the crop material by the rotary mowers requires very
high energy consumption. This was confirmed by the measurement, during which the
mulching machine needed in average up to R&/6n! while the patency was 33tH,
which is much more in comparison with other published scientific work which states
from 11 to16 kW m? (Srivastava et al., 2006). This could be caused mainly by the
ventilation effect, which is required for mulching, and by high cutting speed{E3%

At the speed ofi® km h the unit fuel consumption inH*was also higher than it was
expected from the other studiesSy r ov 1 e Fromathe. ppint &f @idwdof the
lowest reached specific energy consumption, the optimal performance of the mulching
machine is approximatelg0t h! and is approximately equal 84 kwh t*. From the

point of view of usage of the fuel energy, the highest reached perforrariceh?
appears to be optimal, because the unit fuel consumption was 0t94lkis posdhle

to reach the required performance by the appropriate working speed of the mulching
machine based on the expected yield of the grass matter.
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Abstract. This article deals with comparison of two types of tyfedTAS VF and MITAS

AC 85) for selfpropelled sprayers in terms of their grip properties and effect on soil. The MITAS
VF tyre has a new construction allowing it to work with lower inflation pressure and in higher
speed than standard tyre. In order to compare the griprtiespihere was measured dependence

of slippage on tractive force. In order to compare the effect on soil there will be measured
footprint area of tyre, specific pressure on base (material), compaction of topsoil by means of
wire profilograph and penetrati resistance of soil by means of penetrometer. The measurement
has been taken place on medibiravy soil, on stubble after wheat cultivation. The MITAS AC
tyres showed lesser tread pattern than the MITAS VF tyres. The VF tyres showed also better grip
properties and lesser effect on the topsoil. The soil cone index showed statistically not significant
difference in comparison with nesompacted soil and it was approximately the same in case of
both variants.

Key words: tyres, sprayer, tractive force, slgge, soil compaction.
INTRODUCTION

In agricultural practice there are increasingly implemented tyres with higher
requirements for operation. To the important properties belong higher load at lower
inflation pressure and higher maximum permitted speectabe of standard tyres
(MITAS AC 85) there are required inflation pressure of 48@ and max. operating
speed of 2&km hfor a given load on sprayer, new-called VF (Very High Flexion)
tyres requires the inflation pressure of 82& and max. speeslincreased up to 6&nh
Lwhile carrying the same load. The advantages of use of these tyres are clear. By means
of comparative tests we wanted to determine the effect of VF tyres on energy intensity
and on soil in comparison with standard tyres.

The grp properties of tyres, especially dependence of tractive force or contact ratio
coefficient on slippage of wheels, have an influence on traction efficiency and fuel
consumption. The higher wheel slippage, the higher fuel consumption. The grip
properties dpend on load and soil conditions, it means moisture, type of soil or hardness

of base materi al (Abrahsg8m et al . | 201 4;
grip properties depend, of course, on parameters of tyres (Schreiber and Kutzbach,
2008),anespecially on inflation pressure (No

The soil compaction represents a negative consequence of interaction between a
tyre and base material (soil). It reduces water infiltration, retention capacity of soil,
accelerates erosion and ieases soil cone index. It consists above all in changes in
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vol ume weight of soil, porosity and air
al ., 2013: Syrovl et al., 2013; GgNb, ¢
compaction has an adverséeet on crop yields depending on kind of crop (Braunack et
al ., 2006 ; Kut h et al ., 201 2; Arvi dsson
soil compaction it can be used its dry bulk density. It should move approximately in the
range of 1.21.5gcm®( SyrovIi et al ., 2013) . The den
means of measured vertical soil stress (Eguchi & Muro, 2009). The soil compaction
depends on many factors. To the main factors belong contact pressure between tyre and
base material. This pregsuincreases with decreasing size of contact area between tyre
and soil, with increasing pressure in a tyre with increasing stiffness of a tyre and higher
normal static and dynamic load. The soil compaction increases also with decreasing
travel speed anditt higher number of passages. Furthermore, soil compaction depends
on type of soil, moi sture and density (L
2011a, b, c; Nugis & Kut h, 201 2; Rodr2guez
Kviz et al., 20%; Taghavifar & Mardani, 2014; Varga et al., 2014). In order to determine
contact area of tyre with soil it is possible to use, apart from measurement, also
mathematical models based on commonly detectable parameters such as diameter and
width of tyre, infation pressure and various empirically determined coefficients (Prikner
& Al eg, 2010; Pal ancar et al ., 2001; Mc K
more than twice greater, than specific pressure calculated from footprint area and a load
ofat yre (Lamand® & SchjRBnning, 2011a, b, c).
harvest of sugar cane with dry bulk density belowdlet® and moisture over 16%
there is a high risk of soil compaction. Braunack (2004) states, that better resukks can b
achieved at use of one wide tyre (445/65R22.5) than when using double axle and narrow
tyres (11R22.5).

The objective of measurement was to compare 2 MITAS tyres (MITAS VF and
MITAS AC 85) for selfpropelled sprayers in terms of grip properties and effiecoil.
The VF tyre has new construction, which allow it to work in higher speeds with lower
inflation pressure while carrying the same load, as mentioned above. For this purpose it
was carried out measurement of dependance of tractor tractive fordppages of
wheels, measurement of topsoil compaction by means of profilograph and measurement
of soil cone index by means of penetrometer.

MATERIALS AND METHODS

Self-propelled sprayer Challenger RoGator (see Ejghas the working width
30.2m, two contolable axles, performance 1&W and weight 17,42&g. For the
sprayer there were used tyres MITAS AC 85 with dimension 380/96, R59 A8, E8
and inflation pressuré00kPa and tyres MITAS VF with dimension 380/9@& 173D,

E8 with inflation pressur820kPa.

In order to determinate tyre loading the sprayer was weighed at first by means of
portable weighing mac kg). Deinglha eneasuremefitphee c i s
sprayer was filled by water. Then the tyre footprint area was measured and specific
pressures on base calculated. This measurement was carried out on right rear wheel due
to impossibility to lift the front axle at full sprayer.

Measurement of tyre grip properties was carried out at first without load of tractive
force and then with unbrek tractor FENDT 415 VARIO with curb weight 5,74@.
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Tractor wasnEt braked, because the spray
and sole manner of load by longitudinal forces is the uphill driving. Another reason is
hydrostatic drive of sprayr , which donkEt per mit hi gh
measurement of wheel revolutions there were used sensing elements SICK DKS 40
(360 pulses/revolution) and for measurement of revolutions of fifth wheel the speed
indicator ZME ORS 120 (120 pulses/réwtion). For measurement of tractive force
there was used tensometer sensing element HBM U10M (rated loddN)26or the
measurements there were determined 4 routes with length roughin.13Qring the
measurement there was recorded average speedl@®kan h. In order to obtain the

points for tensile characteristics there were used the average values from sections with
stable parameters.

Figure 1. Self-propelled sprayer Challenger RoGator with tractor FENDT 415 VARIO during
measurement.

For the measurement of effect on upper layer of soil there was used wire
profilograph with wire pitch 25nm. For every tyre there was determined unevenness of
soil surface by means of profilograph in the direction perpendicular to the direction of
driving. After cover of testing distance by right front and rear tyre of sprayer the
measurements of unevenness of soil surface have been repeated in beforehand
determined transversal directions. In this way there was measured the permanent
deformation of upper layer abil after driving by a given tyre. In order to measure of
effect on soil there was used digital penetrometer. Measurement by means of
penetrometer was carried out always both in track and out of track (as reference). For
each measurement 6 repetitiongavearried out. Results of measurement by means of
penetrometer were evaluated using the analysis of variance (ANOVA). The
penetrometemeets the standard of ASAE S313.3. The penetrometer has a cone angle
of 30A, em?ecane bake dibrBefer of 12.81m, driving shaft diameter of
9.53mm. The penetrating speed was according to the standard approm £

During the measurements the data has been recorded on computer hard disc HP
mini 5103 by means of analog digital converter LabJack U6 and Iiledor impulse
sensor Papouch Quido 10/1 witfrequency approximately Hz. These data was
processed by means of the MS Excel programme.
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Measurements were carried out on field

Prague, on stubble after wheat with some places with emerged cereal shedding (latitude
50. 1985325AN, |l ongitude 14.4342406AE) .
determined soil msture depending on depth. At depth50 mm the moisture was
22.27%, at the depth BO0O0 mm the moisture was 18.31%, at the depthi 160 mm

the moisture was 18.79% and at the depthi 260 mm it was 18.08%. Samples for
determination of the soil moisture vegtaken at the time when measurement was carried
out, and they were taken at eight places along the test route in approximate distance of
20 m between each other.

Furthermore, there were determined soil texture, soil type and average dry bulk
densityaccodi ng t o st a302(€hardcteliz&idh of4sBils cultivated by
implements). In soil there was prevailed the content of dust particles (average 0.002
0.05mm) in range of 53.53 up to 73.39% over the share of sandy grains (average 0.05
2mm) and clayAccording to analysis of grains it is medidmaavy soil. It is fine loam
with dusty texture. The average dry bulk density was determined tg &r&7.

RESULTS AND DISCUSSION

In the Tablel there are mentioned the loads falling on particular whedéls. T
sprayer was weighed in several combinations relating to setting of frame height and
spraying arms for determination of maximum load. The maximum load was in transport
position on left front wheel and makes 5,8&0(55.4kN) (Table3). The MITAS AC
85 tyres was inflated to the pressure recommended by produc&P4Cihd MITAS VF
tyres to 32kkPa. The total weight of full sprayer made roughly 18.3

Table 1. Load on the individual wheels at transport position

Load (kg)
Left Right
Front 5,650 4,510
Rear 3,920 4,210
Side total 9,570 8,720
Total 18,290

In the Fig.2 and in the Table 2 we can see dependence of slippage of the left front
and rear wheel on tractive force. It can be seen, that the MITAS VF tyres had with zero
tractive force in averagey 30.5% lower slippage,