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Analysis of the relations between some physical 
indicators of market eggs

R. Gálik, Z. Poláková, Š. Boďo, M. Denker

Faculty of Engineering, Slovak University of Agriculture in Nitra, Nitra, Slovak Republic

Abstract

Gálik R., Poláková Z., Boďo Š., Denker M„ 2011. Analysis of the relations between some physical indicators 
of market eggs. Res. Agr. Eng., 57 (Special Issue): S1-S6.

The paper discusses the relations between some physical indicators of market eggs of laying hens housed in conventional 
and enriched cage batteries. The measured results were evaluated by the multiple regression dependence method. They 
show that in the case of both the conventional as well as the enriched cages a statistically significant dependence exists 
between the eggshell deflection (dependent variable) and thickness, or the force needed for the eggshell destruction 
(independent variable). The respective P values are given in brackets (0.002 < 0.05; 0.03 < 0.05; 1.16 x 10"10 < 0.05; 
8.31 x 10-4 < 0.05); in the case of the conventional cage and enriched cage also a statistically significant dependence 
existed (3.81 x 10"91 < 0.05; 3.86 x 10"81; 1.27 x 10"97 < 0.05; 3.46 x 10"57 < 0.05) between the shell weight (dependent 
variable) and shell thickness, or egg weight (independent variable); in the conventional cage, statistical dependence also 
occurred between the eggshell weight and egg shape index, (1.07 x 10"6 < 0.05), in the enriched cage this was on the 
verge of statistical significance (0.062 > 0.05); if in the conventional cage the eggshell thickness was increased by 1 mm, 
the shell deflection decreased by 0.08 mm, and if the force necessary for the eggshell destruction was increased by 1 N, 
the shell deflection decreased by 0.0003 mm; if in the conventional cage the shell thickness was increased by 1 mm, the 
shell weight increasee by 15.509 g and if the egg weight was increased by 1 g, the shell weight increased by 0.061 g. Our 
work brings further knowledge concerning the monitored characteristics and their mutual relations.

Keywords: conventional cage; enriched cage; physical indicators of market eggs

Alongside the efficient production of eggs, cur­
rent rearing of laying hens also requires a gradual 
shift to new housing technologies, introduced by 
the European Union Directive 1999/74 EC, which 
says that as from January 1, 2012 only enriched 
cage systems should be used in the rearing of laying 
hens. In addition to new enriching elements, they 
have to comply with the requirement of a larger area 
per hen - from the current 550 cm2 to 750 cm2. The 
requirement to increase the area per hen decreases 
the number of hens in a battery, which results in 
the increase of the number of batteries - that is, the 
number of halls.

The results of experimental measurements of 
some foreign researchers, especially in the begin­
nings of the introduction of enriched cages, show 
that, as far as the quality of eggs is concerned, less 
favourable results were achieved by using the en­
riched cage technologies than those in the conven­
tional cages (Appleby et al. 2002; Leyendecker et 
al. 2005). The authors mentioned reached lower val­
ues, for example, for the shell strength, egg weight, 
and shell weight in the enriched cages compared 
to the un-enriched ones. Similar results were also 
arrived at by Lichovníková and Zeman (2008). 
Walker et al. (1998) compared conventional cages
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with enriched cages in terms of the weight of laid 
eggs. They found that the average weight of eggs in 
the conventional cages was 63.5 g, in the enriched 
cages 62.9 or 63.0 g. The lower weight of eggs from 
the enriched cages did the authors attribute to the 
fact that the hens rest on the perch or in dust bath 
during the dim light and at night while in the con­
ventional cage they devote to feeding.

These facts demonstrated the need to compare 
the individual technologies, especially from the as­
pect of the physical features of eggs.

MATERIAL AND METHODS

The research was conducted under laboratory 
conditions on the Slovak University of Agriculture 
premises in Nitra, equipped with a three-floor classical 
(un-enriched) cage technology and with a three-floor 
(enriched) cage technology. The given batteries were 
placed in one hall, which ensured identical conditions 
for both technologies as regards the lighting, ventila­
tion, or the warmth of animals, which influences the 
quality of the animal environment (Karandušovská 
et al. 2009; Lendelová, Pogran 2009; Pogran et 
al. 2009). The classical cages housed 18 laying hens 
(2 hens per cage), 33 hens were housed in the comfort 
cages (11 hens per cage).

In both rearing technologies, the laying hens 
were of the same hybrid (ISA Brown), the same age, 
and were fed with the same complete feed mixture. 
The egg samples intended for analyses (in the total 
amount of 30 pieces) were taken during the whole 
laying cycle (7 times in total), always 10 pieces from 
every floor and at the same time; the laying hens 
were weighed. The influence of different stabling

Fig. 1. Instrument for the measuring of eggshell deflection

systems on the weight of hens is dealt with in the 
work by Gálik et al. (2009). The following quanti­
tative indicators of market eggs were analysed and 
evaluated:

Weight of eggs and weight of eggshell (g)

To determine the weight of eggs and that of egg­
shell, the laboratory scales Chirana P3-200, type 
397, No. 1627-85 with the 0.1 g precision (Chirana 
Strašnice, Prague, Czechoslovakia) was used.

Thickness of eggshell (mm)

The eggshell thickness was measured after the 
removal of the undershell membrane by the slot 
gauge, type R-4-0247 (Somet CZ, Ltd., Hradec 
Králové, Czech Republic) on both poles as well as 
on the equator of the egg. It was expressed as an 
average of these three values.

ITV - Index of egg shape (%)

The egg dimensions were determined with an 
electronic digital slide calliper. The ITV was ex­
pressed as the quotient of the egg width and length 
in % (Halaj 1999). It was assessed according to the 
following relation:

ITy _ width of egg (mm) x ^ QQ № (1)
length of egg (mtn)

Force needed for eggshell destruction

The force needed for the eggshell destruction was 
determined with the egg crusher (Veit Elektronics, 
Ltd., Brno, Czech Republic). This portable instru­
ment is powered by a battery. Its simple operation al­
lows fast measuring of a large number of samples. The 
measured values may be read directly from the instru­
ment display (or stored on a chip card). They may be 
consequently loaded into PC for further processing.

Deflection of eggshell (mm)

The eggshell deflection was determined with the 
instrument described in the work by Gálik et al. 
(2004), to which the digital gauge, type ID-N112, 
(Mitutoyo, Kawasaki, Japan), was added (Fig. 1). The
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deflection was determined on the egg equator while 
using a non-destructive load (500 g) on the longitu­
dinal axis of the egg (Bainová 2004).

The results measured were processed and evalu­
ated using suitable statistical methods (Poláková 
2007). The dependence of the values of the depend­
ent variables (deformation of eggshell in mm, or 
weight of eggshell in g) on several independent 
variables (force needed for the destruction of egg­
shell, or the ITV, eggshell thickness, egg weight) 
was assessed through a multiple regression analysis 
method. The model formula used is as follows:

У = b0 + blXl + b2X2 + b3X3 ®

where:
у - value of dependent variable
Z>0 - intercept
bv..b3 - regression coefficient expressing the influence of 

the unit change of independent variable on the 
value of the monitored dependent variable

xv..x3 - value of independent variable

The calculations were done in Microsoft Excel.

RESULTS AND DISCUSSION

The aim of the analysis was to determine the 
functional relations between the eggs qualities, 
i.e.: the eggshell deflection, eggshell thickness and 
force needed for the eggshell destruction. Table 1 
shows the results of the dependence of the depend­
ent variable (eggshell deflection) on the independ­
ent variables (eggshell thickness and force needed 
for eggshell destruction). Thus, for example, in the 
case of the conventional cage [KK (whole)], the 
correlation coefficient R (0.328) shows statistical 
dependence; according to the determination coeffi­
cient R2 (0.108), however, only 10.8% of the eggshell 
deflection variability can be explained through the 
regression model chosen.

In the case of the enriched cage, the correlation 
coefficient R has a markedly higher value (0.538), 
and according to the coefficient of determination,

Table 1. Results of multiple dependence between eggshell deflection and some physical indicators of market eggs

_ Dependent
Cage variable

Independent RR2 p Result Model’s equation
variable

KK (top) deflection
thickness 0.616 no dependence

0.117 0.014 j = 0.048 - 0.024x - 0.0002x„
force 0.568 no dependence

KK (centre) deflection
thickness 0.055 no dependence

0.390 0.152 у = 0.077 - 0.09x - О.ОООЗх,
force 0.173 no dependence 1 1

KK (bottom) deflection
thickness 0.000 dependence

0.616 0.379 у = 0.117 - 0.197л:. - 0.0003x9
force 0.121 no dependence

OK (top) deflection
thickness 0.000 dependence

0.470 0.221 у = 0.093 - 0.133л:. - 0.0002л:„
force 0.265 no dependence

OK (centre) deflection
thickness 0.000 dependence

0.497 0.247 у = 0.116 - 0.189x. - О.ОООЗх.
force 0.095 no dependence

OK (bottom) deflection
thickness 0.000 dependence

0.655 0.429 у = 0.11 - 0.168л:. - 0.0004л:„
force 0.004 dependence 1 2

KK (whole) deflection
thickness 0.002 dependence

0..328 0.108 у = 0.072 - 0.08x, - О.ОООЗх.
force 0.030 dependence

OK (whole) deflection
thickness 1.16 x 10"10 dependence

0..538 0.289 . у = 0.105 - 0.158x, - О.ОООЗх.
force 8.31 x 10 dependence

KK - conventional cage; OK - enriched cage
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KK - conventional cage; OK - enriched cage

Table 2. Results of multiple dependence between eggshell weight and some physical indicators of market eggs

Cage Dependent 
variable

Independent 
variable R R1 P Result Model’s equation

KK 
(top)

eggshell 
weight

ITV 
eggshell thickness 

egg weight
0.9899 0.960

0.734
2.30 x IO"35
1.51 x 10"35

no dependence 
strong dependence 
strong dependence

у = -4.87 + 0.002«, + 16.098«2 
+ 0.074«3

KK 
(centre)

eggshell 
weight

ITV 

eggshell thickness 
egg weight

0.966 0.932
3.64 x IO"5
1.38 x IO"34
3.46 x IO"29

strong dependence 
strong dependence 
strong dependence

у = -1.889 - 0.024«, + 15.82x2 
+ 0.059«3

KK 
(bottom)

eggshell 
weight

ITV 
eggshell thickness 

egg weight
0.931 0.867

0.00071
3.63 x IO"26
3.08 x IO"19

strong dependence 
strong dependence 
strong dependence

у = -0.878 - 0.0265«, + 15.335«2 
+ 0.052«3

OK 
(top)

eggshell 
weight

ITV 
eggshell thickness 

egg weight

0.969 0.940
0.072

1.19 x 10"35
7.45 x IO"22

no dependence 
strong dependence 
strong dependence

у = -3.096 - 0.0144«! + 16.042«2 
+ 0.065x3

OK 
(centre)

eggshell 
weight

ITV 
eggshell thickness 

egg weight
0.923 0.852

0.682
1.99 x IO"25
5.89 x IO"17

no dependence 
strong dependence 
strong dependence

у = -3.479 - 0.0028«,+ 15.645«2 
+ 0.059«3

OK 
(bottom)

eggshell 
weight

ITV 
eggshell thickness 

egg weight
0.952 0.907

0.430
8.07 x 10 34
2.30 x IO19

no dependence 
strong dependence 
strong dependence

у = -4.406 - 0.0068%! + 18.454%2 
+ 0.062%3

KK 
(whole)

eggshell 
weight

ITV 
eggshell thickness 

egg weight

0.963 0.926

1.07 x IO"6

3.81 x IO"91
3.86 x IO 81

strong dependence 
strong dependence 
strong dependence

у = -2.277 - 0.0019«! + 15.509«2 
+ 0.061«3

OK 
(whole)

eggshell 
weight

ITV 
eggshell thickness 

egg weight

0.953 0.908
0.062

1.27 x IO"97
3.46 x IO"57

no dependence 
strong dependence 
strong dependence

у = -3.629 - 0.008«! + 16.784«2 + 
0.06 lx3

through the given regression model, up to 28.9% of 
variability is explained by the eggshell deflection. 
By comparing the P values and the significance 
level a = 0.05, it was determined that a statistically 
significant dependence exists between the deflec­
tion and eggshell thickness, as well as between the 
deflection and the force needed for the eggshell de­
struction.

The equation of the linear model of multiple de­
pendence for KK is as follows:

у = 0.072 - 0.08x, - 0.0003«2 (3)

The regression coefficient for x^ (value 0.08) re­
veals that: if in KK the eggshell thickness increas­

es by 1 mm, the eggshell deflection decreases by 
0.08 mm. The regression coefficient for x2 (value 
0.0003) says: if in KK the force needed for the egg­
shell destruction thickness increases by 1 N, the 
eggshell deflection decreases by 0.0003 mm. Table 2 
shows multiple dependencies between the depend­
ent variable (eggshell weight) and the independ­
ent variables: ITV («:,), eggshell thickness (x^ and 
egg weight (x^. The correlation coefficient (for KK 
whole) R (0.963) shows a strong statistical depend­
ence. The determination coefficient value (f?2) was 
0.926 (92.6% of eggshell weight variability is ex­
plained by the selected regression model). By com­
paring the P values and the significance level a = 0.05, 
it was found that a statistically significant depend-
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ence occurs between the eggshell weight and the 
ITV, between the eggshell weight and eggshell 
thickness, as well as between the eggshell weight 
and egg weight.

The equation of the linear model of multiple re­
gression is as follows:

у = -2.277 - 0.001% + 15.50% + 0.06% (4)

From the regression coefficient values it follows 
that if the ITV increases by 1%, then the eggshell 
weight decreases by 0.0019 g, if the eggshell thickness 
increases by 1 mm, then the eggshell weight increases 
by 15.509 g, and if the egg weight increases by 1 g, 
then the eggshell weight increases by 0.061 g.

The most frequent indicators of the eggshell 
quality evaluation include its weight, thickness and 
strength. There are many works dealing with these 
issues and the possibility to compare the individual 
rearing methods, their advantages and shortcom­
ings, which have become the objects of monitoring 
and comparison by many professionals in the field. 
The acquired overall view of these systems helps in 
the search for optimum distribution of the individ­
ual enriching elements, which gradualy brings the 
enriched cages to the level of conventional cages also 
from the aspect of the acquired utility. If we man­
age to decrease the number of non-standard eggs 
below the level achieved in the case of conventional 
cages, this system will prove to be a suitable substi­
tution as regards its economic aspect as well as the 
aspect of welfare. However, the results achieved in 
the field are so far not unified. Thus, for example, 
according to Karkuli'n and Chmelničná (2004), 
the enriched cage technology positively influenced 
the eggshell quality. A statistically evident difference 
IP < 0.05) was recorded between the technologies; 
in the force needed for the eggshell destruction, a 
statistically highly evident difference (P < 0.01) ex­
isted in the eggshell thickness. The eggshell weight 
was not influenced by the technology. In contrast 
to these results, it follows from the work of Pok- 
ludová et al. (2008) that the housing technologies 
do not have any significant influence on the egg 
quality. A lower weight of eggs in the convention­
al cage technologies (as opposed to the enriched 
cage technologies and the housing on bedding) 
is equalised by a higher laying intensity. This was 
partly confirmed also by Gálik et al. (2009) who 
did not record any evident differences between the 
weight of laying hens and the weight of eggs of the 
hens housed in enriched or conventional batter­

ies. In another work, however, Gálik et al. (2010) 
determined a statistically significant difference in 
the force needed for the eggshell destruction and 
a statistically not evident difference in the eggshell 
thickness and eggshell deflection between the en­
riched and un-enriched cage batteries. Karkuli'n 
et al. (2005) claim that there have been just a few 
experiments so far which could lead to concrete 
conclusions.

CONCLUSION

The analysis of the relations between some physical 
variables of consumer eggs shows that between the 
shell deflection (dependent variable) and the thick­
ness of the shell, respectively the force needed to de­
stroy the shell (independent variables), statistically 
significant dependence exists for the batteries of both 
conventional and enriched cages. If the shell thick­
ness was increased by 0.1 mm, the deflection of the 
shell was reduced by 0.008 mm in the conventional 
cages and by 0.0158 mm in the enriched cages. If the 
force to destroy the shell was increased by 1 N, the de­
flection of the shell was reduced by 0.0003 mm in the 
conventional as well as in the enriched cages. Statisti­
cally significant dependence was also found between 
the shell mass (dependent variable) and egg shape 
index, shell thickness and egg weight (independ­
ent variables) in both the conventional and enriched 
cages. Between the shell weight and egg shape index 
statistical dependence close to the limit of signifi­
cance was observed with the enriched cage. If the egg 
shape index increased by 1%, the shell weight was re­
duced by 0.0019 g in the conventional and by 0.008 g 
in the enriched cages. If the shell thickness increased 
by 0.1 mm, the shell mass increased by 1.550 g in the 
conventional and by 1.678 g in the enriched cages 
and if the egg mass increased by 1 g, the shell weight 
would increase by 0.061 g in the conventional as well 
as in the enriched cages. The results obtained are a 
contribution benefits to scientific knowledge, charac­
teristics observed and their interrelationships.
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Using satellite navigation for seeding of wide-row 
and narrow-row crops

M. Macák, M. Žitňák, L. Nozdrovický

Faculty of Engineering, Slovak University of Agriculture in Nitra, Nitra, Slovak Republic

Abstract

Macák M., Žitňák M„ Nozdrovický L„ 2011. Using satellite navigation for seeding of wide-row and narrow­
row crops. Res. Agr. Eng., 57 (Special Issue): S7-S13.

The present paper is aimed at the use of satellite navigation of field machinery during seeding, this operation belonging 
to the most important field practises. Our attention was focused on the determination of the accuracy of the satellite 
navigation system based on using the correction signal real-time kinematic and its correct application for planting a 
wide-row crop (sunflower) and seeding a narrow-row crop (spring barley). The aim of the field experiment was also 
to specify the level of the necessary accuracy of satellite navigation systems during planting and seeding. The length 
of seeding/planting equipment was confronted with the accuracy of navigation of individual passes, especially when 
turning on the headlands. In the conclusion, the importance is highlighted of the automated tractor headland control 
during satellite navigation of combined field machines in the crop production.

Keywords: precision farming; satellite navigation; accuracy; quality of seeding

In the context of increasing competitiveness on the 
open European market, the farmers have currently 
to face an important requirement - to increase the 
production efficiency of field products. Among the 
tools that can match such requirement, the field guid­
ance systems are considered. Tillett (1991) nearly 
twenty years ago tried to classify automatic guidance 
sensors for agricultural field machines. Zuydam et 
al. (1994) have conducted test of an automatic pre­
cision guidance system used for guidance of culti­
vation implements. Fulton et al. (1999) analysed a 
variable-rate spinner spreader, equipped with DGPS 
and a variable rate control system to assess its dis­
tribution accuracy using a 13 by 13 matrix of collec­
tion pans and following the test procedures outlined 
in ASAE Standard S341.2. They performed uniform 
and variable rate tests to characterise the applica­
tion variability of the spreader and test the effect of

the rate changes via GPS control. From the collected 
data, a uniform and a variable rate application mod­
els were developed. The authors found that the mod­
els can be considered as an efficient tool for project­
ing the actual application rates for the uniform and 
variable-rate applications. The quality of the fertiliser 
application depends upon the accuracy of the guid­
ance system used. Ehsani et al. (2002) studied im­
portant issues related to testing and comparing the 
guidance systems which they defined and explained, 
and a method of evaluating GPS guidance systems 
while following a straight line was introduced. Ac­
cording to their results, comparing the performance 
of the guidance systems with a real-time kinematic 
(RTK) GPS is the easiest method and probably the 
most accurate way of field-evaluating guidance sys­
tems. The advantage of this method is that it reflects 
the overall performance of a guidance system on the

The paper reflects the results obtained within the research, Project NFP No. 26220220014: “Application of the information 
technologies to increase the environmental and economical sustainability of the production agrosystem (Activity 3.1 Creation 
of the department of transfer of innovative technologies to the practice)" (OPVaV- 2008/2.2/01-SORO).
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farm and the results can be used directly by the end 
user. It is possible to agree with Fadel (2004), who 
stated that, due to the environmental concerns in 
addition to economical considerations, the variable 
rate of fertilisers is widely applied in the agricul­
ture. Granular fertilisers broadcasting is one of the 
most growing applications employing variable rate 
technologies (VRT) and GPS guidance technolo­
gies. Such systems are commercially produced. For 
the performance assessment ASAE Standard S341.2 
can be used which provides a standard procedure 
for broadcasters performance testing. Anyway, this 
standard does not cover the testing of broadcast 
spreaders used within the variable-rate technology. 
According to Griffin (2009), the use of the guid­
ance systems to guide the farm machines during their 
work on the field brings several benefits including 
the reduction in overlap, increased working speed 
during the field operations, workday expansion, and 
appropriate placement of spatially sensitive inputs. 
During recent years, many researchers studied dif­
ferent effects of using the guidance systems in view 
of accuracy, economical efficiency, etc. Lawrence 
and Yule (2007), developed a model within a geo­
graphic information system (GIS) environment us­
ing the transverse spread pattern and GPS driving 
track during spreading to map the actual fertiliser 
application at any point in a paddock. The spreading 
vehicle required a GPS of sufficient accuracy to pro­
vide the proof of placement and guidance assistance 
to the driver. The method was used to assess the ef­
fects of the field size and shape on the actual appli­
cation rate and application variation. Macák et al. 
(2009) developed a methodology for the evaluation 
of the accuracy of the satellite machine guidance for 
fertiliser application in the field conditions. Accord­
ing to Macák, Žitňák (2010), this methodology 
was practically used for the evaluation of satellite 
guidance accuracy with centrifugal and pneumatic 
fertiliser spreader, and minimal accuracy require­
ments were determined.

Ehsani et al. (2004) investigated the potential 
use of RTK GPS receiver for seed mapping with a 
high level of accuracy. Their hypothesis was based 
on the presumption that high-accuracy seed map­
ping can be potentially used in the weed control 
and plant-specific crop management. Findura and 
Maga (2006) stated that the accuracy of the seed­
ing machine passes during the seeding operation 
significantly affects the crop establishment and 
subsequently also the yield of the field crop. The 
use of the field guidance systems has some specific

economical consequences, and therefore Griffin 
et al. (2008) and Griffin (2009) used a linear pro­
gramming model to compare 5 types of the guid­
ance system:
(1) a baseline scenario with foam, disk, or other 

visual marker reference,
(2) lightbar navigation with basic GPS availability 

(+/-0.3 m accuracy),
(3) lightbar with satellite subscription correction 

GPS (+/-0.1 m),
(4) automated guidance with satellite subscription 

(+/-0.1 m),
(5) automated guidance with a base station RTK 

GPS (+/-0.01 m).
The results obtained indicate that RTK automat­

ed guidance becomes the most profitable alterna­
tive when farm size is increased while maintaining 
the same equipment set. The results also indicate 
that the relative profitability ranking is sensitive to 
years to depreciate the technology.
The specific objectives of this research were:
- to verify the function of the navigation system 

Trimble EZ Guide 500 RTK (Trimble Naviga­
tion, Ltd., Sunnyvale, USA) based on using the 
correction signal RTK for planting a wide-row 
crop (sunflower) and seeding a narrow-row crop 
(spring barley),

- to test the effect of the length of the combined 
field machine (rotary harrow + seeding machine) 
on the accuracy of navigation during the field 
operation.

MATERIAL AND METHODS

The field experiments were conducted on the Co­
operative farm in Vrable, district Nitra, Slovak Re­
public. The satellite navigation systems were used 
for the guidance of the tractor-machine set used in 
sunflower planting and spring barley seeding.

Characteristics of the machine 
used in the experiments

The experiments were focused on the measure­
ment of the guidance accuracy during the field 
operation when the seedbed preparation was com­
bined with the seeding. For this operation, we used 
a tractor John Deere 7820 (John Deere Tractor 
Works, Waterloo, USA) (with dual tyres on the rear 
axle) and combined machines (Table 1).
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a) for sunflower planting:
rotary harrow Amazone KG 452 (Amazonen­
Werke H. Dreyer GmbH & Co. KG, Hasbergen, 
Germany) with vertical tines driven by power 
take-off shaft and a horizontal compacting roller, 
precision planter Kuhn Planter 2 (Kuhn S.A., Sa­
verne, France) with a unit allowing the applica­
tion of granular fertilizer containing nitrogen, 
phosphorus and potassium and micro-granules, 

b) for spring barley seeding:
rotary harrow Amazone KG 452 + tyre roller, 
drill seeder Amazone AD 452 (Amazonen-Werke H. 
Dreyer GmbH & Co. KG, Hasbergen, Germany).
The above combined machines were assembled 

directly on the farm.
The planter Kuhn Planter 2 and drill machine 

Amazone AD 452 (Table 2) were equipped with me­
chanical markers used only on the field headlands 
in order to obtain more accurate guidance for the 
next pass without skips as the field was cultivated 
in runs parallel to one another (one way pattern). 
The machine started to move at one boundary of 
the field and ended on the opposite side with turns 
being made on the headlands.

In ordinary conditions (using the satellite navigation 
system with the autopilot), there would have been no 
need to use markers. In our case, the markers were 
used due to insufficient experience of the operator.

Characteristics of the navigation system 
with autopilot used in the experiments

During seeding, the satellite navigation system 
Trimble EZ Guide 500 RTK (Trimble Navigation, 
Ltd., Sunnyvale, USA) with the autopilot was used. 
The system consisted of the following parts: 
a) ightbar with the colour monitor and control 

unit EZ Guide 500,
b) receiver of the satellite and correction signals,

Table 1. Specifications of the tractor John Deere 7820

Parameter Value

Engine power (ECE-R24) (kW) 147

Number of gears (F/R) 20/20
Number of cylinders/displacement 
(-/cm3) 6/6,780

Max. forward speed (km/h) 50

Power-take-off shaft (rpm) 54O/540E or 
1000/1000E

Max. lift capacity of hydraulic (kN) 90

, tractor with
" seeder/planter

d - measuring distance 
of guidance system

• seeding rows

Fig. 1. Principles of measuring the navigation accuracy in 
the inter-rows by using the metric measure

c) control unit,
d) electric stepper motor EZ-Steer T2.

Principle of measuring the accuracy of the 
satellite navigation RTK during seeding

During experiments, we used a guidance sys­
tem using the correction signal RTK with the ac­
curacy ±2.5 cm. The method used for measuring 
the guidance accuracy should be highly accurate in 
order to reduce the measurement error. We tried 
to use a laser range-finder (distance meter) but 
after some experience we decided to use a new 
method. This method was based on measuring the 
distance between the outer rows of the crop after 
the crop emergency. The first planter/seeder pass 
was marked with a wooden peg. As we knew the 
number of the planter/seeder rows, it was suffi­
cient to find the wooden peg marking the first pass. 
Then, the next passes were identified according to 
the number of the crop rows. In the inter-row area 
between the neighbouring passes, we measured the 
distance between the individual plants during the 
machine navigation. For the measuring, we used 
the metric measure (Fig. 1).

The required (theoretical) row spacing was giv­
en by agronomy requirements related to the given 
crop. The final values of the skips and overlaps were 
calculated using the difference between the meas­
ured values and the row spacing required for the 
given crop.

The row spacing for sunflower was 75 cm and for 
spring barley 12.5 cm. Statistical data processing
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Table 2. Basic specifications of the used machines

Parameter Value

Vertical rotary harrow Amazone KG 452

Working width (m) 4

Requested tractor power (kW) 140

Type of drive Tractor PTO

Machine weight (kg) 1,500

Precision planter Kuhn Planter 2

Number of seeding units 6

Weight of planting unit (kg) 55

Hopper capacity (1) 25

Row spacing (cm) 38-80

Seeding drill Amazone AD 452

Working width (m) 4.5

Number of rows (-) 36

Row spacing (cm) 12.5

was done using the analytical module spreadsheet 
MS Excel 2003 and also by software Statistica 6.0 
(StatSoft CR, Ltd., Prague, Czech Republic).

RESULTS

Using the given methodology, we conducted the 
measurements of the guidance accuracy of the 
tractor-machine sets:
- tractor John Deere 7820 + rotary harrow Ama­

zone KG 452 + horizontal compacting roller +

Table 3. Basic parameters of descriptive statistics of meas­
ured deviations of the satellite navigation with the RTK 
correction signal

Statistical parameter

Calculated value
sunflower 
planting

spring barley 
seeding

Average (cm) 2.76 2.62

Error of average value (cm) 0.224 0.231

Median (cm) 2.5 2.5

Mode (cm) 1 1.5

Minimum (cm) 0 0

Maximum (cm) 7.5 7.5

Sum (cm) 191 170.5

Number of values 69 65

RTK - real-time kinematic

planter Kuhn Planter 2 for sunflower precision 
planting,

- tractor John Deere 7820 + rotary harrow Ama­
zone KG 452 + tyre roler + drill seeder Amazone 
AD 452 for spring barley seeding.
The guidance system Trimble EZ-Guide 500 

with the correction signal RTK was used. For the 
evaluation of the guidance accuracy, the devia­
tions were measured of the individual points from 
the ideal trajectory which was determined by the 
initial “zero pass”. From the methodology point of 
view, the negative values represented the overlaps 
and the positive values represented the skips. For 
the correct evaluation of the results obtained, all 
data were t. In terms of a fair evaluation, all data 
obtained were converted to absolute values, which 
were further evaluated in a spreadsheet MS Excel 
2003. The deviations measurements were done for 
two types of crops: sunflower (wide-row crop) and 
spring barley (narrow-row crop).

Bar graphs in Figs 2 and 3 present the distribu­
tion of the deviations during the sunflower plant­
ing and spring barley seeding. Table 3 present the 
basic descriptive statistics indicators, which were 
determined by statistical data analysis module in a 
spreadsheet MS Excel 2003.

During sunflower planting, the average value of 
the deviations was 2.76 cm (total number of meas­
urements was 69). 52.2% of the values were found 
in the interval from 0 to 2.5 cm, and 88.5% of the 
values were found in the interval from 0 to 5 cm.

During spring barley seeding, the average value of 
the deviations was 2.62 cm (total number of meas­
urements was 65). 66.15% of the values were found 
in the interval from 0 to 2.5 cm, and 89.23% of the 
values were found in the interval from 0 to 5 cm.

For both crops, maximal value of deviation found 
was 7.5 cm. Histograms of the measured deviations 
are shown in Figs 2 and 3.

According to the navigation system producer, 
the navigation accuracy is ±2.5 cm the producer 
guarantees such accuracy for parallel passes within 
15 min. The average values of deviations found in 
our measurements were higher by 0.12-0.26 cm. 
It is possible to state that within the guaranteed 
range from 0 to 2.5 cm, only a few data were located 
which did not reach the statistically significant lev­
el. When analysing the range 0-5 cm, we achieved 
in both cases a high proportion of the measured 
deviations, which approached 90%. Thus, we can 
conclude that the satellite navigation using the au­
topilot works correctly in view of the basic agro-
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Fig. 2. Frequency distribution bar chart presenting the de­
viations of the satellite navigation with the RTK correction 
signal (planting of sunflower)

nomic requirements. In the next step, we analysed 
the insufficient proportion of the measured values 
within the range 0-2.5 cm and the reasons for such 
results. After the consultations with the produc­
tion manager, we found out that as the main reason 
could be considered the action of the clearance of 
the clamping of the three-point hitch. There was 
also an adverse effect of the articulated joint be­
tween the rotary harrow and the planter/seeder as 
a combination for tillage and seeding. The angle of 
the swing of the low arms of the three-point hitch 
matched the requirements and the clearance of the 
three-point hitch clamping was small. For the to­
tal length of the combined machine (6.5 m), even 
a small angle of swing was sufficient to deflect the 
side seeding units for 5-8 cm.

As the field where the seeding experiments were 
conducted was almost completely flat (with maxi­
mal slope 0.5° in some marginal areas), the effect of 
the clearance of the three-point hitch clamping was 
not very evident. When working on the fields with 
a higher slope, the inaccuracy was much higher. 
The slope effect can be compensated by changing 
the driving direction so that the machine should be 
more inclined in the longitudinal direction than in 
the transverse direction. On the basis of the experi­
ence gained, we recommend not to use long com­
bined machines when satellite navigation guidance 
systems with RTK are used. It is also necessary to 
reduce the mechanical clearance between the linked 
machines. The length of the combined machines 
(6.5 m), has also an adverse effect when starting 
a new pass on the field headland. Small skip areas 
having a triangular shape have occurred (Fig. 4). 
This phenomenon was best observed first of all in 
the case of spring barley but also in the case of the 
wide-row crop - sunflower. The length of skips var­
ied from 6-32 m and their initial width on the side

nearer to the field border varied from 25 to 75 cm. 
The skips where the seed was not applied occurred 
during the run-out of the machine when the ma­
chine after completing the turn on the headland 
was directed to the approximate direction for the 
next parallel pass.

During the machine start-up, it was necessary to 
engage the correct gear, to lower the rotary harrow 
to the requested depth, to engage the power-take­
off (PTO), to lower the seeding units to the working 
position, to switch on the fan, and finally to activate 
the autopilot for it to start to guiding the machine ac­
curately in the requested direction. All these opera­
tions had to be done during the machine movement, 
and it was necessary at the same time to navigate the 
tractor in order to reach the next parallel pass as ac­
curately as possible. The machine operator tried to 
make all these operations easier by indicating the axis 
parallel to the next drive with a mechanical marker, 
which was mounted on the drill. The marker was ac­
tivated manually from the cab on the headland in the 
distance of 20-40 m from the field boundary. Such 
solution was not sufficient from our point of view, 
thus the headland management system (HMS) was 
used which greatly reduces the operator's fatigue in 
row-cropping and tillage applications through the 
automatic sequencing of the tractor functions nor­
mally associated with headland turns. HMS was pro­
grammed to control the following tractor functions: 
mechanical front-wheel drive on/off, rear PTO on/off 
and hitch raise/lower.

In the case of HMS not being available on the 
tractor, it is necessary at the beginning to engage a 
lower gear to set the tractor in motion on a lower 
forward speed. This will give the operator more 
time to carry out all operations manually. The ac­
tivation of the autopilot should be done as the first 
step as the machine must be correctly navigated

Statistic groups of measured deviations (cm)

Fig. 3. Frequency distribution bar chart presenting the de­
viations of the satellite navigation with the RTK correction 
signal (seeding of spring barley)
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seeding rows

tractor with 
seeder/planter

d - measuring distance 
of guidance system

Fig. 4. Skips area of the field near the headland (the area 
of the field without seeding) - emerged crop stand of 
spring barley

from the field boundaries and the operator has time 
enough to control the tractor/machine functions in 
the correct order. In the next step, it is possible to 
increase the working speed to the level required.

In Fig. 5 are Box-and-Whisker diagrams to show 
the spread of the data. The diagrams show the quar­
tiles of the data, using these as an indication of the 
spread of deviations (skips and overlaps) from the 
ideal machine trajectory when planting/seeding both

crops. The diagrams also display the upper quartile, 
lower quartile, and inter-quartile ranges of the data 
set. It can be seen in the diagrams that among the 
data obtained, there were no extreme values (out­
liers), which could have been caused either by the 
measurement error or a failure of the correction and 
satellite signals. Regarding the planting of sunflower, 
the medium was on the level of 0 cm. As it can be 
seen from Fig. 5b, the value of median reached the 
level of 0.5 cm during spring barley seeding and it 
means that the difference between the seeding of 
both crops was small.

On the basis of the results obtained, we can state 
that, if there is the same number of deviations above 
and below the value of the median, we can confirm 
that the guidance navigation system has the same 
tendency to create skips and overlaps in the ideal 
trajectory.

The negative values represent the overlaps of the 
working widths while the positive values represent 
the skips. That means that if the row spacing was 
12.5 cm and we measured 14.5 cm, the skip value 
was 2 cm.

In the case of spring barley seeding (Fig. 5b), the 
value of the lower quartile (25%) was at the level of 
-2.5 cm and that of the upper quartile (75%) was 
at the level of 2.5 cm. According to these data, we 
can state that there were 50% of the data within 
the range ±2.5 cm. In the case of sunflower plant­
ing (Fig. 5a), the values of the lower and the upper 
quartiles were on the level from -2.5-3.0 cm.

10
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Fig. 5. Box-and-Whisker diagram of a deviations 
from ideal trajectory
(a) sunflower planting, (b) spring barley seeding
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CONCLUSIONS

We can state that the use of the satellite navigation 
system with the RTK correction signal is suitable for 
the planting of wide-row crop (sunflower) and seed­
ing of narrow-row crop (spring barley). The accuracy 
and work quality claimed by the manufacturer (de­
viation ±2.5 cm) were observed only with minor de­
viations. The average value of deviation was 2.76 cm 
with sunflower planting and 2.62 cm with spring 
barley seeding. The above deviations were caused 
due to the clearance in the articulated joint between 
the rotary harrow and seeder/planter, which created 
one unit - combined machine. In view of the agron­
omy requirements for wide-row crops planting and 
narrow crops seeding, the accuracy of the satellite 
navigation at the level of ±5 cm is sufficient.

On the basis of the results obtained, we recom­
mend to join the seeder/planter only with a tractor. 
The creation of combined machines is connected 
with the occurrence of clearances in joints which 
cause the deviations in the machine trajectory, es­
pecially when working on the slope.

There may be cases needing to use a combined 
machine together with the satellite navigation with 
automatic machine control. From the point of view 
of the process technology, it is necessary in such 
cases to use a tractor with the automatic HMS. If 
the HMS in not available on the tractor, it is neces­
sary to use the above mentioned procedure.

References

Ehsani M.R., Sullivan M., Walker J.T., Zimmerman T.L., 
2002. A Method of Evaluating Different Guidance Systems. 
St. Joseph, ASAE Paper No. 021155.

Ehsani M.R., Upadhyaya S.K., Mattson M.L., 2004. Seed 
location mapping using RTK GPS. Transactions of the 
ASABE, 47: 909-914.

Fadel M.A., 2004. Performance assessment of VRT-based 
granular fertilizer broadcasting systems. CIGR e-Journal, 
6: 1-12.

Fulton J.P., Shearer S.A., Chabra G„ Higgins S.G., 1999. 
Field Evaluation of a Spinner Disc Variable-Rate Fertilizer 
Applicator. Toronto, ASAE Paper No. 991101.

Findura P„ Maga J., 2006. Vplyv spósobu sejby na tvorbu 
biomasy (Effect of seeding technology on the biomass crea­
tion). Acta Technologica Agriculturae, 3: 75-78.

Griffin T„ 2009. Whole-farm Benefits of GPS-enabled 
Navigation Technologies. St. Joseph, ASABE.

Griffin T.W, Lambert D.M., Lowenberg-Deboer J„ 2008. 
Economics of GPS-enabled navigation technologies. In: 
Proceedings of the 9th International Conference on Preci­
sion Agriculture, July 21-23, 2008. Denver, USA.

Lawrence H.G., Yule I.J., 2007. A GIS methodology to cal­
culate in-field dispersion of fertilizer from a spinning-disc 
spreader. Transactions of the ASABE, 50: 379-387.

Macák M., Žitňák M., 2010. Efektivně využitie satelitnej 
navigácie v systéme přesného polnohospodárstva (Effective 
using of satellite guidance in precision farming system). 
1st Ed. Nitra, SUA in Nitra: 124.

Macák M„ Nozdrovický L„ Krupička J., 2009. Vplyv 
fyzikálno-mechanických vlastností priemyselných hnojív 
na funkciu rozhadzovačov z pohladu požiadaviek přesného 
polnohospodárstva (Effect of physical and mechanical 
properties of the fertilizers from the point of view of 
precision farming requirements). 1st Ed. Prague, Czech 
University of Life Sciences: 209.

Tillett N.D., 1991. Automatic guidance sensors for agri­
cultural field machines: A review. Journal of Agricultural 
Engineering Research, 50:167-187.

Zuydam R., Van P., Sonneveld C„ 1994. Test of an automat­
ic precision guidance system for cultivation implements. 
Agricultural Engineering Research, 59: 239-243.

Received for publication January 17, 2011 
Accepted after corrections June 22, 2011

Corresponding author:

prof. Ing. Ladislav Nozdrovický, Ph.D., Slovak University of Agriculture in Nitra, Faculty of Engineering, 
Department of Machines and Production Systems, Tr. A. Hlinku 2, 949 76 Nitra, Slovak Republic 
e-mail: ladislav.nozdrovicky@uniag.sk

S15

mailto:ladislav.nozdrovicky@uniag.sk


Vol. 57, 2011 (Special Issue): S14-S23 Res. Agr. Eng.

Evaluation of efficiency of precision irrigation for potatoes

J. JOBBÁGY, J. SlMONÍK, P. FlNDURA
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Abstract

Jobbágy ]., Simoník J., Findura P„ 2011. Evaluation of efficiency of precision irrigation for potatoes. Res. Agr. 
Eng., 57 (Special Issue): S14-S23.

The objective of the presented paper was to verify in practice the methods of precision irrigation, defined theoretically, 
under the employment of reel hose irrigation machines. The surface area of the field was 22 ha. The basic soil hydro­
logical coefficients were measured in 19 monitoring points, specifically the field capacity and the wilting point. The 
field capacity ranged between 28.83% and 32.11% by vol., and the wilting point was in the interval between 8.40% and 
12.40% by vol. At the conclusion, the soil moisture as a factor decisive for determining the irrigation rate was measured 
in these monitoring points. The irrigation rate ranged from 0 to 40 mm for the specific date of the soil moisture deter­
mination. During the whole growing season, five irrigation rates were applied according to the principles of precision 
irrigation. As compared to conventional water application, precision irrigation contributed to water saving in the amount 
of 478.56 m3/ha. The electric power saving reached 249.68 kWh/ha. The cost saving was characterised by the value of 
9.1 EUR/ha and this represented 23.8%. The results have shown that precision irrigation is a fully effective system of 
precision farming, although the procurement and implementation of new technology and software requires at first a 
significant financial cost. There is also an increased need for the education and skills of the operating staff.

Keywords: precision irrigation; soil hydrological coefficients; soil moisture

As compared to conventional farming, precision 
farming perceives the within-field conditions in a 
different manner. Precision farming takes into ac­
count the fact that the field as a whole together with 
the soil and its properties, the content of nutrients, 
soil moisture, etc. represents an environment that 
is spatially variable (Nozdrovický et al. 2008).

Precision irrigation, as part of precision farming, 
is at the beginning of investigation and represents 
water application in a specific place and at a specific 
rate. That concurrently takes into account a reduc­
tion in irrigation water consumption and contributes 
in this way to the fulfilment of a world-wide trend 
resulting from the shortage of this strategic element 
(Sourell 2003).

The implementation of precision irrigation re­
quires additional equipment to control the irriga­
tion rate, information on soil properties and on the 
condition of a crop stand. The potential of variable 
rate irrigation is in the increase of the yields, qual­
ity and economic rate of return (King et al. 2006).

The use of precision irrigation is restricted by the 
lack of basic knowledge on spatially variable crop 
and soil properties. The experiments resulted in a 
positive assessment as regards the implementation 
of precision farming in the management of irriga­
tion (Sadler et al. 2002).

Fraisse et al. (1995) simulated variable rate irri­
gation with a subsequent verification of the results 
in practice.

Supported by the Scientific Grant Agency VEGA of the Ministry of Education of the Slovak Republic and the Slovak Academy 
of Sciences, Grant No. 1/0082/09.
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Fig. 1. Strategy of precision agriculture

Irrigation practice often uses the conventional 
method of irrigation. However, there are very few 
homogeneous fields in practice as regards the granu­
lometric composition of soil. Therefore, a field must 
be divided into individual sub-units that are mutually 
independent in terms of the need for tillage, nutrition 
and irrigation (Sourell, Al-Karadsheh 2003).

Research connected with precision irrigation and 
soil hydrological coefficients was conducted, inter 
alia, at Idaho Agricultural Experiment Station (Kim­
berly, USA). The experiments were based on meas­
uring the field capacity (25.0-44.6% by vol.), wilting 
point (10.0-18.4% by vol.), and available water ca­
pacity (13.9-28.4 cm/m) (King et ah 2006).

The mapping of spatial variability concerning the 
field capacity, wilting point, and reduced available 
water capacity was performed in 9 zones and subse­
quently used as an input parameter for the manage­
ment of precision irrigation. In the first three zones 
was a pasture, the following three zones contained

Fig. 2. Moisture meter HH2 with Wet sensor

potatoes, and the last three zones contained maize. 
The values of the field capacity ranged between 10% 
and 37% by vol., those of the wilting point were in 
the interval between 3% and 11% by vol., and the 
values of reduced available water capacity ranged 
from 7-31% by vol. (Hedley et al. 2009).

Based on the research conducted abroad (Federal 
Agricultural Research Centre FAL, Braunschweig, 
Germany), the lowest costs amounting to 191 EUR/ 
ha were achieved in the case of centre pivot irriga­
tion with the total irrigated area of around 57.6 ha. 
During the irrigation season, the highest costs 
amounting to 911 EUR/ha were obtained with sta­
tionary drip irrigation. Mobile drip irrigation fell 
between these extremes with the cost amounting to 
267 EUR/ha (Debrala, Sourell 2002).

MATERIAL AND METHODS

The objective of the presented paper was to ver­
ify the elaborated methods of precision irrigation. 
The solution of the work followed the methodical 
procedure shown in Fig. 1. The field boundaries 
were determined using a hand-held GPS navigator 
- Garmin eMAP. The soil moisture was measured 
by HH2 Moisture Meter and WET Sensor (Delta-T 
Devices, Ltd., Cambridge, UK) (Fig. 2). The applica­
tion maps were prepared after the determination of 
the soil moisture and soil hydrological coefficients. 
Irrigation was performed using reel hose irrigation 
machines distributed within the field. The map of 
spatially variable soil moisture contained the zones 
of delineated within-field variability.
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Fig. 3. Localised field and moni­
toring points

The tables of the irrigation schedule were pro­
duced after preparing the application map.

In conclusion, the crop yield was determined, 
and the use of precision irrigation was evaluated 
in terms of its economical benefits. The methodol­
ogy suggested by the Department of Machines and 
Production Systems (Slovak University of Agricul­
ture in Nitra) was used for determining the soil 
moisture. This methodology involves taking a crop 
sample from the area of 10 m2 (in each monitoring 
point). The samples were placed into bags marked 
with a relevant numerical code.

The algorithm according to Rataj (2005) was 
used to determine the operating costs. This algo­
rithm enables to change the input parameters (irri­
gation water requirement, tractor insurance, diesel 
fuel price, electrical power price, water price, hour 
rate for an employee and field size) that are associ­
ated with the selected field and year in which the 
experiment is undertaken.

In terms of law, water for irrigation is provided 
free of charge but the price of services for the water 
supply is subject to payment. In our case, the agri­
cultural holding had its own wells and pumps. The 
costs were computed for such case when the entity 
had not obtained water subsidies.

In the case of variable rate irrigation, the value of 
labour costs will be increased by the value of costs 
incurred by the employee who changes the irriga­
tion rate.

Annual costs for the change of irrigation rate un­
der variable rate irrigation (this equation shall ap­
ply if the work is performed by one worker):

N = .N x 1.352 x W (1) r zm h zp r zm x '

where:
hN - hour rate of the employee for changing the irri­

gation rate (EUR/h)
1.352 - coefficient of insurance contributions 
rW - total time of all changes in irrigation rates (h/year)

The time required for the change of the irrigation 
rate depends on:
• field size;
• number of irrigation machines;
♦ time required for one shift;
• time required for transport between irrigation 

machines;
♦ number of shifts during the whole irrigation pe­

riod on all of the irrigation equipment used.
As compared to precision irrigation, convention­

al irrigation will show a change in the total cost. 
The following costs will be changed:
♦ variable costs per irrigation machines (higher 

annual employment of electric motor with the 
pump);

♦ costs of water (higher amounts of water consumed).

RESULTS AND DISCUSSION

By virtue of good experience gained over the 
years from cooperation, the agricultural holding 
Agrocoop Imel, Ltd. (Imel', Slovak Republic) was 
chosen for the experiments. This holding is situ­
ated in south-western Slovakia, in the district of 
Komárno. The area is characterised by a flat terrain, 
with a gradient ranging between 0° and 2°.

As regards the soil and weather patterns, the 
holding is classified as belonging to the maize pro­
duction area. In terms of precipitation, the area can 
be included into arid, very dry area with an average 
long-term annual precipitation total of 547 mm (for 
the period from 1951 to 1980). The precipitation is 
not distributed uniformly. The average annual tem­
perature is 9.9°C, the average temperature in the 
growing season is 16.6°C, and the precipitation in 
the growing season is 355 mm. The elevation of this 
area is 107-110 m a.s.l. The total area of agricultur­
al land in this holding amounts to 1,822 ha, out of 
which arable land is 1,730 ha with the preponder­
ant type of loamy sand to loamy soils. Potatoes take
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Fig. 4. Maps of field 
capacity
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Fig. 5. Map of wilting 
point (BV)
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Fig. 6. Maps of soil 
moisture content 
(7. 6. 2006)
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(28. 6. 2006)
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Soil moisture content, 13.07.2006, %-vol. 
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(15.42- 17.97) on 6.88 ha 
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j ( 23.08 - 25.63) on 0.67 ha

|__J Localized field

Fig. 8. Maps of soil mois­
ture content (13. 7. 2006)

up a specific position in the crop production; this 
crop is grown on the area of about 200 ha.

The position of the field under investigation 
is shown in Fig. 3, with the surface area of 22 ha 
and with 19 monitoring points (output from the 
ArcView 3.2; Esri, NY, USA). The crop grown: po­
tatoes - Victoria variety; soil: alkaline (pH 7.4).

Soil moisture and soil hydrological 
coefficients

The resulting map of the field capacity (FC) is 
shown in Fig. 4. The field capacity ranged between 
28.80% and 30.88% by vol. The dominant inter­

val was that from 29.22% to 29.63% on the area of 
8.75 ha. As regards the wilting point (WP), its varia­
tion on the surface is displayed in Fig. 5 and ranged 
between 8.49% and 11.44% by vol. The interval 
from 8.49% to 9.08% occupied the area of 7.86 ha. 
All of the soil hydrological coefficients determined 
in percents by volume corresponded to the water 
content in millimetres in the soil layer of 10 cm.

Fig. 6 shows the spatial variability map of the 
soil moisture dated June 7, 2006. The soil moisture 
ranged between 13.79% and 26.63% by vol. The 
measured values of the soil moisture were in the 
range of limit values determined by the soil hydro­
logical coefficients. The least represented were the 
intervals of the soil moisture ranging from 21.50%

■ Water resource
Location of irrigators 
Line of spray-gun

I Localized field

Fig. 9. Water resource and location of irrigators

A Location of irrigators

First irrigation depths, mm 
ПТГП|35

15

0

Fig. 10. First irrigation rate
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Fig. 11. Second irrigation rate
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0
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Fig. 12. Third irrigation rate

A Location of irrigators
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0
0
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Fig. 13. Fourth irrigation rate

A Location of irrigators 
/A^/ Line of spray-gun 
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mm 35 

25 
15 
о

□0
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Fig. 14. Fifth irrigation rate
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Fig. 15. Overall evaluation of the result

to 24.05% on the area of 1.4 ha (5.7% of the field) 
and from 24.06% to 26.63% on the area of 1.3 ha 
(5.5% of the field). The most represented was the in­
terval from 16.36% to 18.93% on the area of 12.2 ha 
(55% of the field). Based on the resulting map of 
the soil moisture, it is possible to state that approxi­
mately 19.4 ha (88.18% of the field) require to be 
irrigated.

The subsequent date of soil moisture measur­
ing was fixed on June 28, 2006. The resulting map 
is shown in Fig. 7. The soil moisture ranged from 
9.79% to 26.32%. The most represented was the in­
terval from 16.41% to 19.71% on the area of 10.8 ha 
(46.6% of the field). The least represented was the 
interval from 23.02% to 26.32% on the area of 0.8 ha 
(3.4% of the field). It is evident from the resulting 
soil moisture map that 100% of the field requires to 
be irrigated (22 ha) in the range from 10 to 40 mm 
at the graduated irrigation rates.

The spatial variability map of the soil moisture 
(dated July 13, 2006) was determined at repeated 
irrigation rate. The individual values of the soil 
moisture, as resulting from Fig. 8, ranged between 
12.87% and 25.63% by vol. The measured values 
were in the range of limit soil hydrological coeffi­

cients. The most represented was the soil moisture 
interval from 17.97% to 20.52% on the area of 8.7 ha 
(39.3% of the field). The least represented was the 
interval between 23.08% and 25.63% on the area of 
0.7 ha; this represents 3.18% of the field. The result­
ing map of the soil moisture revealed the need for 
irrigation water on 19.2 ha (87.27% of the field).

Preparing application maps and possibility 
to implement irrigation

The pumping station consisted of an electric mo­
tor with the output of 55 kW and pump flow of 
144 m3/h. According to the technical parameters of 
the irrigation machines monitored, the water flow 
of 26.6 m3/h was determined for the use of noz­
zle diameter of 20.0 mm and nozzle pressure of 
0.3 MPa. To achieve the required flow, only five irri­
gation machines could be connected to one pump­
ing station. The spacing between the positions of 
the irrigation machines was 60 m (Fig. 9). One ir­
rigation machine wetted a strip of the field covering 
a total area of 60 x 318 m. All of the 12 positions of 
irrigation machines were utilised.

Table 1. First position of irrigation machine

Irrigation 
machine

Zone 1 Zone 2 Zone 3 Zone 4

ABC ABC ABC ABC

9 285 1,068 25 27 148 35 - - - - - -

10 266 998 25 42 230 35 - - - - - -

11 235 881 25 69 377 35 - - - - - -

12 128 480 25 98 535 35 _ _ - - - -

A - stage length (m); В - time of irrigation (min); C - irrigation rate (mm)
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Table 2. Second position of irrigation machine

Irrigation 
machine

Zone 1 Zone 2 Zone 3 Zone 4

ABCABCABCABC

5 141 326 15 172 645 25 - - - _ _ -

6 104 240 15 207 776 25 - - - - - -

7 67 155 15 241 904 25 - - - - - -

8 291 1,092 25 21 115 35 - - - - - -

For abbreviations see Table 1

Table 3. Third position of irrigation machine

For abbreviations see Table 1

Irrigation 
machine

Zone 1 Zone 2 Zone 3 Zone 4

ABC ABC ABC ABC

1 170 0 0 64 148 15 85 319 25 - - -

2 150 0 0 38 88 15 131 492 25 - - -

3 83 0 0 141 326 15 89 334 25 - - -

4 19 0 0 295 681 15 - - - - - -

When determining the irrigation rate, the soil 
moisture map and the soil hydrological coefficients 
determined for the relevant part of the field were 
taken into account. Irrigation started on the spots 
where it was needed at the most - i.e. the spots 
with the lowest soil moisture contents.

The first irrigation rate ranged between 0 and 
35 mm (zone rates of 35, 25, 15 mm; Fig. 10, Table 
1-3). It was applied on the area of 19.4 ha (88.18% 
of the field). The irrigation rate of 35 mm was ap­
plied to the area of 1.6 ha. The area of 12.1 ha re­

ceived the irrigation rate of 25 mm. The remain­
ing part of the field obtained the irrigation rate of 
15 mm (2.7 ha) and 0 mm.

The second irrigation rate ranged between 
10 and 40 mm (zone rates of 40, 30, 20, 10 mm; 
Fig. 11). It was applied to the whole of the field 
(22 ha). The most represented was the irrigation 
rate of 20 mm on the area of 10.8 ha. The least rep­
resented was the irrigation rate of 40 mm (on the 
area of 1.1 ha). The irrigation rate of 30 mm was 
applied to the area of 6.1 ha.

Table 4. Cost of uniform and precision irrigation rate

Indication Item
Value

uniform irrigation rate variable irrigation rate

Annual cost

NmC annual cost of irrigation (EUR/year)

NeV annual cost of water (EUR/year)

Sum (EUR/year)

2,011.35 1,709.83

2,469.56 1,491.85

4,480.92 3,201.68

Saving of cost (EUR/year) 1,279.23

Unit cost

NmC unit cost of irrigation (EUR/year) 18.28

NeV unit cost of water (EUR/year) 19.92

Sum (EUR/year) 38.2

Saving of cost (EUR/year) 9.1

15.54

13.56

29.1
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The area of 19.2 ha (87.27% of the field) received 
the third irrigation rate within the range from 0 to 
35 mm (35,25,15 mm; Fig. 12). The figure shows that 
the irrigation rate of 35 mm (on the area of 3.6 ha), 
the irrigation rate of 25 mm (on the area of 6.8 ha), 
and the irrigation rate of 15 mm (the remaining area) 
were applied. Part of the area remained with no ap­
plication of irrigation water (3.2 ha).

The fourth irrigation rate ranged between 0 and 
35 mm (Fig. 13). The irrigation rate of 25 mm was 
applied to the area of 2.4 ha. The irrigation rate of 
15 mm remained unchanged.

The last irrigation rate was applied to the area 
of 19.2 ha (87.27% of the field), that is, in the range 
from 0 to 35 mm (Fig. 14). The irrigation rate of 
35 mm was applied to the area of 3.7 ha. The irriga­
tion rate of 25 mm was applied to the area of 6.8 ha.

Crop yields and cost assessment

The yield of potatoes was determined accord­
ing to the specified methodology. Only one variety 
(Victoria) with the average yield of 41.89 t/ha was 
grown in the field under investigation (22 ha).

In terms of irrigation accuracy, there are two basic 
methods for the application of the irrigation rate: 
♦ conventional irrigation with a uniform rate ap­

plied to the whole field;
♦ precision irrigation with a variable rate applied 

to the whole field.
The method of applying irrigation significantly 

influences the size of the cost incurred.
When precision irrigation was implemented, it 

was possible to use only the machines available to 
the holding, namely: tractor Z 7211 (Zetor, Martin, 
Slovak Republic) and reel hose irrigation machines 
Bauer 90/300 (BAUER Gesellschaft, Voitsberg, 
Austria) with an on-board computer equipped with 
the basic software.

Cost calculation under precision irrigation and 
under uniform water application was done accord­
ing to the introduced methodology. Moreover, var­
iable rate irrigation requires to take account of the 
following input costs (they were neither taken into 
account in the work nor calculated):
♦ price of the program for the preparation of maps, 

for example ArcView 3.2;
♦ price of the GPS navigator, for example eMAP;
♦ costs for laboratory analyses, the determination 

of soil hydrological coefficients (FC, WP) in a 
laboratory;

♦ costs for the determination of the soil moisture, 
for example soil sample rings (for undisturbed 
soil sampling), HH2 Moisture Meter and WET 
Sensor;

♦ labour costs for the maps preparation.
A constant irrigation rate of 30 mm was consid­

ered under conventional irrigation.
The measurements were undertaken in the in­

vestigated field in the year 2006. The average die­
sel fuel price during this year was 0.83 EUR/1. 
The insurance for the tractor Z 7211 amounted to 
42.62 EUR/year. The hourly rate for the tractor op­
erator was 2.65 EUR/h, and the hourly rate for the 
irrigation operator was 2.65 EUR/h. The irrigation 
rate was changed by the irrigation operator, and 
his wage for this work amounted to 2.65 EUR/h. 
The cost for garaging the machine represented 
2.16EUR/m2.

There were consumed 1,021.44 m3/haof water in 
the field of 22 ha in the experiment with precision 
irrigation. The electric power consumption to drive 
the pump was 560.9 kWh/ha. At a uniform irriga­
tion rate, the consumption would be 1,500 m3/ha 
of water. When applying such amounts of water 
(33,000 m3), the planned electric power consump­
tion was 17,832.65 kWh (810.58 kWh/ha). Water 
saving represented 478.56 m3/ha (1,500 to 1,021.44; 
31.9%). The electric power saving was 249.68 kWh/ 
ha. The total cost for irrigation implementation 
was in the value of 1,709.83 EUR/year (with no 
energy subsidies, with no water cost). The unit 
cost amounted to 15.54 EUR/ha. The cost of con­
sumed water was 1,491.85 EUR/year (without any 
consumed water subsidies). The unit cost of water 
reached 13.56 EUR/ha. Therefore, the total unit 
cost amounted to 29.1 EUR/ha. In the investigated 
agricultural holding, the total unit cost under uni­
form irrigation rate was 38.2 EUR/ha, thus showing 
the saving of 9.1 EUR/ha (23.8%; Fig. 15, Table 4). 
In favour of precision irrigation.

The obtained knowledge was confirmed by the 
research into precision irrigation conducted in the 
world. Hedley et al. (2009) identified preciously 
the performance indicators of variable rate irri­
gation; in their work, they described in detail the 
methods for soil conditions mapping with respect 
to soil hydraulic properties. That enabled to deter­
mine accurately the amount of the consumed wa­
ter, water losses, nitrogen depletion from the soil 
depending upon concrete conditions of the select­
ed fields. Water saving was from 9% up to 19% with 
an adequate reduction of energy consumption. It
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follows that water saving in our experiments was 
higher.

Perry and Pocknee (2003) also achieved water 
saving when an agricultural crop was irrigated pre­
cisely. They transformed the application map into 
the Canlink 3000 control unit.

Hedley et al. (2009) evaluated the benefits of us­
ing variable rate irrigation for selected crops (dairy 
pasture, potatoes, maize grain). They reached wa­
ter saving of 9% (dairy pasture), 13% (potatoes) 
and 19% (maize grain). That enabled to save the 
operating costs in the value of NZD 35 1/ha (po­
tatoes), NZD 88 1/ha (pasture) and NZD 149 1/ha 
(maize). The maximum water saving was revealed 
in the location of maize.

CONCLUSION

The practical implementation of the presented 
methodology supported the possibility to apply 
precision irrigation. Experimental measurements 
confirmed the economic effectiveness of the sug­
gested method. Under variable rate irrigation, the 
total cost was reduced by 9.1 EUR/ha and this 
represented the saving of 23.8% to the benefit of 
precision irrigation. The water saving amounted 
to 478.56 m3/ha, the same expressing the value of 
31.9%. The implementation of information tech­
nology in the given case enabled to process graphi­
cally the variability of input and output conditions 
needed for the implementation of precision irriga­
tion in practice.
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Abstract

Vitázek I., Havelka J., 2011. Drying medium - modelling and process evaluation. Res. Agr. Eng., 57 (Special 
Issue): S24-S29.

Natural gas is used as a heat source in the majority of modern drying plants in agriculture. The input gas is a mixture 
of natural gas and atmospheric air. With burning, the composition of this mixture changes. Drying medium is a mix­
ture of hot combustion gases from natural gas and atmospheric air added. The thermic parameters of natural gas and 
atmospheric air are permanently constant. The authors present their method of the calculation of thermodynamic 
parameters of the drying medium. They elaborated two computer programmes in Q-Basic for the calculation related 
to the drying medium with temperatures in the range 100-200°C.

Keywords: natural gas; drying medium; computer program

Drying is a necessary process in agriculture for 
the final treatment of forages and grains.

In modern drying appliances, mixtures of com­
bustion gases from natural gas with added atmos­
pheric air are used as the drying medium.

The process of drying is explained in detail in spe­
cific literature by the authors Maltry and Pötke 
(1966), Valchař et al. (1967), Imre (1974), Pabis 
(1965,1982). In this, Pabis (1965,1982) presented his 
special knowledge gained in USA from Henderson. 
In the paper by Imre (1974), a computer program is 
given for the drying process modelling.

In their work, the authors try, to reach the most 
precise calculations of the drying medium param­
eters by using the gas mixtures thermodynamics 
according to Havelka et al. (1989) and Vitázek 
(2006), and precise parameters of individual gases 
coming from the tables by Ražnjevič (1969). The 
authors constat the best oldish description of fuel 
gases combustion by Kasatkin (1957).

Natural gas is used as a heat source in the ma­
jority of modern drying plants in agriculture. The 
source of the drying medium is a gas burner with

a mixing chamber. The input gas mixture consists 
of natural gas and atmospheric air. With burning, 
the composition of this mixture changes as given 
by Vitázek (2008).

The quality parameters of natural gas are peri­
odically published by SPP Bratislava (2010), Slovak 
Gas Industry in Bratislava. The quality parameters 
of atmospheric air and natural gas are permanent­
ly constant. Therefore, the authors state that one 
comprehensive elaboration suffices in many cases 
of research and practice.

The authors present here their method of the 
thermodynamic parameters calculation for the 
drying medium concerned. For this calculations, 
a computer program in Q-Basic was elaborated.

MATERIAL AND METHODS

The authors present the basic quality parameters of 
natural gas from the year 2009, the basic quality pa­
rameters of atmospheric air, stoichiometric relations 
for the oxidation of natural gas. With this knowledge,
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Fig. 1. Scheme of the mass flow in the burner chamber 

they elaborated an analytical model of ideal burning 
of natural gas and of drying medium as a mixture of 
combustion gases with added atmospheric air.

For this analysis, they used the thermodynamics 
of ideal gases, thermodynamics of gas mixtures, 
and tables of quality parameters of individual gases 
as gived in the publication by Ražnjevič (1969).

They derived the relations for characteristic in­
dexes of the drying medium analysed.

Model of drying medium

The scheme of the source of the drying medium, 
which is a gas burner with a mixing chamber, is 
shown in Fig. 1. The process of the drying medium 
creation is demonstrated in i-x diagram of wet air 
(wet gas) in Fig. 2. An air fan supplies atmospheric 
air mQ in quality state, point 0. In the gas burner the 
first part of this air, stoichiometric part mQi, is mixed 
with natural gas mngl state point 1. The quality of this 
mixture changes with burning into ideal combustion 
gases ng, state point 2. These ideal combustion gases 
ng are mixed in the mixing chamber with the sec­
ond part of the atmospheric air, added atmospheric 
air m , by which the final mixture is created, i.e. hot 
drying medium ng, state point 3.

Fig. 2. Scheme of i-x diagram of wet air

Natural gas

SPP Bratislava published on the internet the aver­
age quality characteristics of natural gas in the year 
2009.
Basic quality values:
Trade unit of natural gas:
1 m3, t = 15°C,p = 101.325 kPa, ф = 0
Density p = 0.7048 kg/m3
Relative density pn = 0.5751
Heat value Q. = 9.563 kWh/m3 =

34.427 MJ/m3 = 48.98 MJ/kg
Heat of combustion Qs = 10.6077 kWh/m3 =

38.188 MJ/m3 = 54.32 MJ/kg

Average Molar concentrations (%):
Methan (CH4)
Etan (C2H6)
Propan (C3H8)
Carbon dioxyd (CO2)
Nitrogen (N2)

x = 96.806
x = 1.4617
x = 0.6575
x = 0.2258
x = 0.8558

Average Mass concentrations: 
Carbon c = 0.7378
Hydrogen h = 0.24279
Carbon dioxyd co2 = 0.006
Nitrogen n2 =0.0145
Average value of Molar mass Mn = 16.56 kg/mol
Average value of Gas constant rj^ 502.04 J/kg К

Atmospheric air

Quality parameters from Chyský (1977). Atmos­
pheric air serves as a source of oxygen for natural 
gas burning.
Average Mass concentrations:
Nitrogen crnN = 0.75524
Oxygen ^o2 = 023144
Carbon dioxyd ^co2= 0.01282
Argon et add. aaAr = 0.0005

RESULTS

Stechiometric relations

Ideal combustion of natural gas is described with 
basic chemical equations for the burning of 1 kg of 
natural gas.

C + O2 = CO2 (1)
1 kg C + 2.6642 kg O2 = 3.6642 kg CO2
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2 H2 + O2 = 2 H2O (2)
1 kg H2 + 7.9381 kg O2 = 8.9381 kg H2O

Mass of oxygen necessary for ideal combustion of 
1 kg of natural gas:

mo^ = 2.6642 x c + 7.9381 x h = 3.9049 kg O2 (3) 

The smallest mass of atmospheric air necessary for 
ideal combustion of 1 kg of natural gas:

m = ^ = ——°49 = 16.8722 kg (4)

New gases produced by natural gas burning:

Carbon dioxyd mCQ = 3.6642 x c = 2.700 kg CO2 (5) 

Water steam Amy = 8.94567 x h = 2.1881 kg H2O (6) 

The residual mass of intacted gases from natural 
gas after combustion of 1 kg of natural gas:

Carbon dioxyd ^'CO2 = 0.00433 kg CO2 (7)

Nitrogen т'^2 = 0.0142 kg N2 (8)

Analytic model of combustion

Ideal combustion of 1 kg of natural gas: the air fan 
supplies atmospheric air mQ from which a stechio- 
metric part m x is completed with 1 kg of natural 
gas and the mixture changes by burning into ideal 
hot combustion gases.

Atmospheric air - mass flow:
Dry part mass mod = mai (9)

Moist part mass mow = mai X ^0 (10)

Whole mass m6C = mai X f1 + X^ (ID

Inflammable mixture of atmospheric air and natu-
ral gas:
Natural gas mass m = 1 kg 

ng °

Dry part mass тл ,=+ m Id Od ng (12)

Moist part mass mYW=m0W (13)

Whole mass mxc=mxd*mxw = ma. x (1 + xQ) + 1
(14)

Specific humidity x] = mxw!mxd (15)

Ideal hot combustion gases:
Dry part mass ™2d = mid-mo2i + mco2 (16)

Moist part mass m2w"""-m0W*Amw (17)

Whole mass Ж2С = m2d + m2W (18)

Specific humidity X2 = m2^m2d (19)

Enthalpy of the inflammable gas mixture:

Л = (mm XCP= + m™xxo xcPw + "^ xc„„g)xt0 (20)

Enthalpy of ideal hot combustion gases:

Л =/2+тЛгхйхП;, -> Ч=Е1т1с (21,22)

Drying medium

Drying medium is a mixture of hot ideal com­
bustion gases from natural gas m^ and added at­
mospheric air mp which is the second part of the 
atmospheric air flow supplied with the air fan. The
calculation is given for 1 kg of natural gas.

Atmospheric air - mass flow:
Inflammable gas mixture - dry part mass 
m., = m . + m , (23)CW ai pa x '

Added atmospheric air - coefficient of added air 

a = modlmai (24)

Added atmospheric air - dry part mass 

mpd =mmx(a-l) (25)

Added atmospheric air - moist part mass 

mpW =maix(a.-X)xx0 (26)

Added atmospheric air - whole mass

mpC=moix(a-l)xO+x0') (27)

Hot drying medium:
Dry part mass

™3d = m2d + mpd = mrn X « - mOj + mCO2 + mCO2 + 42 (28)

Moist part mass

m3№ = m2w +mpw = mQixa.xx0 +Amw (29)
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Whole mass

тзс = m^+mw (30)

Specific humidity

A =mw/m3d (31)

From this relations the authors derived the mass 
concentrations of individual gases in this hot dry­
ing medium
Nitrogen

Оз^=<тшха-Х0«и2),тзС (32)

Oxygen
Ö3O, =(тшх(а-1)хо1102)/тзс (33)

Carbon dioxyd

^3CO2 = ^mai X 01 X &aCO2 "*~ mCO2 "*" mCO2 ) ^ m3C (34)

Argon et add.

^ = ('”., x«x^r)/m3c (35)

Humidity

°3W = (maixaxx0-vAmw)lm3C (36)

Drying medium - Molar mass

M3 = 1/(^0,JM^ (37)

Drying medium - Gas constant

r3=8,314.4/M3 (J/kgK) (38)

Heat balance of the drying medium: on combustion 
of 1 kg of fuel gas the reaction heat is released - heat 
value Q - and the enthalpy of combustion gases com­
pared to the ambient neighbourhood increases by:

^3 ="i„gxß,xT]6 =1x0x1],, (kJ) (39)

Ražnjevič (1969) tables for gas enthalpy are 
composed in such manner that the values i. = 0 
are assigned to the temperature t = 0°C. When us­
ing these tables, it is necessary to add a conversion 
amendment that represents the residual difference 
of enthalpy between the temperatures tQ and 0°C:

А/зо = ZX xi3i = ZX xCpiXt, (kJ) (40)

The enthalpy of the combustion gases from 1 kg 
of fuel gas to 0°C is then:

I3=M3+M3O (kJ) (41)
and specific enthalpy:
i3=I3!m3C (kj/kg) (42)

By means of linear regression, the authors have ob­
tained linear regression relations from Ražnjevič 
(1969) tables for all individual gases in the given 
fuel gas for temperatures 100-300°C with excellent 
regression coefficient r as follows:

13=Ь,х1-а1 (43)

The enthalpy of the gas mixture (hot drying me­
dium) is

'"3 = Zz3,x^ = £^х0з/х'з - Z".XCT3, (44)

From this relation, the relation is derived for the 
temperature of the hot drying medium

<з = Оз" Eaixa3i^УЛ*a3i (45)

The enthalpy f3(1+2c) for the work with i-x diagram 
of wet air is the sum of the enthalpy of 1 kg of dry 
gases and that of x3 kg of moisture with its specific 
heat of evaporation

Í3o«'l=i3dg+x3x(2,5OO+iw) (kj/kgdg) (46)

That is to be calculated using the relation:

*3(1«) = z"3x(l+x3)+x3x 2,500 (kj/kgdg) (47)

Characteristic indexes

In this chapter, the measured natural gas con­
sumption Vng m3/h is the basis for the calculations 
of the characteristic indexes.
Natural gas - Mass flow

^„g =KgxP„g (kg/s) (48)

Atmospheric air (input volume flow)

Ио = (ma/xax(l + x0)xrfing)/p0 (m3/s) (49)

Gas burner performance

P = mngx Q, x n„ (W> kW, MW) (go)

Hot drying medium (output volume flow)

Ёз=(тзсхт„гхг3хТ3)1ра (m3/s) (51)

Hot drying medium (volumetric concentrations of 
oxygen and carbon dioxide)

з°2 зо2 3 o2 (52j 53)

Ac’O2 = CT3CO2 X^3 /^co2

Hot drying medium (mass concentrations of indi­
vidual gases)

rh3i = тзс X mng X a3; (kg/s) (54)
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Drying medium example

The authors present the drying medium param­
eters, calculated for the drying of cereals at about 
120°C.
Given values:

Given coefficient of added air a = 26
Average consumption of natural gas 10 m3/h
Atmospheric air: t = 15°C, p = 100 kPa, <p = 60% 
Efficiency of gas burner q^ = 98%

Calculated values:
Performance of the gas burner P = 93.9 kW 
Atmospheric air, input volume flow 0.717 m3/s 
Drying medium, temperature t3 = 121.2°C 
Drying medium mass flow 0.866 kg/s 
Drying medium volume flow 0.982 m3/s 
Drying medium enthalpy i3(1+x) = 153.3 kj/kgdg

Program in Q-Basic

The authors elaborated two computer programs 
in Q-Basic for the modelling of a specific drying 
medium and evaluation of the measured process 
values in a drying appliance, for drying medium 
with temperatures 100-200°C. They enable a quick 
and precise calculation of the parameters for the 
given drying medium.

These programs consists of three parts:
1. Introduction part. The user introduces the basic 

parameters of the process. This is a very simple 
activity not requiring the knowledge of the theo­
ry and of the thermodynamic parameters of the 
gases;

2. Program for the realisation of calculations, in 
which all necessary parameter values are intro­
duced coming from thermodynamic tables;

3. Calculation report. This is a particular report 
with all initial information and input values, and 
with the calculated characteristic values and in­
dexes.

DISCUSSION

The authors divided the whole process of drying 
into two parts:
1. hot drying medium creation,
2. reduction of the moisture content in the dried 

material by means of evaporation.
In this work, the authors present a method for 

precise mathematical modelling of hot drying me­

dium with temperature 100-300°C for drying agri­
cultural products in food quality.

SPP in Bratislava presents perfect information on 
internet on the composition and thermodynamic 
parameters of the natural gas delivered. The authors 
used it in this work. The drying medium is a mix­
ture of five individual gases: N , O2, CO2, H2O, Ar + 
inert, gases. The authors used the enthalpy tables 
presented in the publication by Ražnjevič (1969). 
In this work, they used the relations from linear re­
gression for temperatures 100-300°C, where all the 
regression coefficients were better than 0.999. The 
authors have used and presented special literature 
from recent time, which means all the time really 
significant.

The authors prepare a complex monograph “The­
ory of drying” in which they will present all their 
work done in this scientific branch.

CONCLUSION

The presented method enables precise calcula­
tions of the thermodynamic parameters of the hot 
drying medium consisting of a mixture of combus­
tion gases from natural gas and added atmospheric 
air, in which the changes of the parameters with 
temperature are respected.

This calculation is very laborious. Therefore, 
practical use of this advantageous method is con­
nected with a computer programme.

The presented method of the calculation of the 
thermodynamic parameters of the drying medium 
with natural gas is to be used with a great advan­
tage in practice for the evaluation of the control 
measurements in drying plants and also for pre­
cise modelling of the drying medium parameters in 
the research into the drying processes. Using the 
computer program, this calculations are quick and 
precise.
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Abstract

Cviklovič V., Hrubý O., Olejár Mo Lukáč О., 2011. Comparison of numerical integration methods in strap­
down inertial navigation algorithm. Res. Agr. Eng., 57 (Special Issue): S30-S34.

The numerical mathematical theory provides a few ways of numerical integration with different errors. It is necessary 
to make use of the most exact method with respect to the computing power for a majority of microprocessors, because 
errors are integrated within them due to the algorithm. In our contribution, trapezoidal rule and Romberg’s method 
of numerical integration are compared in the velocity calculation algorithm of the strapdown inertial navigation. The 
sample frequency of acceleration and angular velocity measurement was 816.6599 Hz. Inertial navigation velocity was 
compared with precise incremental encoder data. Trapezoidal method velocity error in this example was 1.23 x 10~3 m/s 
in the fifteenth-second measurement. Romberg’s method velocity error was 0.16 x 10-3 m/s for the same input data.

Keywords: Romberg's method; trapezoidal rule; accelerometer; gyroscope; micro electro-mechanical systems (MEMS)

The utilisation of navigations has recently expanded 
to various scientific and engineering departments. We 
encounter the GPS system support most frequently, 
with it being increasingly available to general public. 
This system is used in such spaces, where the recep­
tion of the satellite signals is possible. However, there 
are some examples when we need to use navigation in 
closed spaces, for instance a storage house, where this 
signal is not available. In such cases, it is possible to 
use the advantages of inertial navigation, which does 
not require any input electric or magnetic signals, be­
cause the information about the position is obtained 
through the acceleration and gyro data from acceler­
ometers and gyroscopes.

Two basic principles exist of inertial navigation. 
The first principle utilises gimbal suspension with 
a gyroscopically stabilised platform for balancing 
the sensors with predefined reference casing. Some 
advantages of the presented navigation include: 
a lower power strain of the sensor and a simpler 
calculation of the actual position. The navigation

system without gimbal suspension is placed on a 
surface which is tightly connected to a vehicle (Tit­
terton, Weston 2004).

We utilise the integrated circuit sensors in this 
principle, which causes inclination towards this 
technology. It concerns a combination of electron­
ics and the 3D mechanical microelements, which 
convert the measured variable into an electrical 
signal. Consequently, this signal is quantified and 
sampled. The digital value is available on the out­
put. The common title for this sensor subgroup is 
micro electro-mechanical systems (MEMS).

MATERIAL AND METHODS

The most important knowledge by inertial navi­
gation is the acceleration value in a correct period 
(at the exactly defined moment). The acceleration is 
measured in each axis of the 3D Cartesian system. 
The accelerometer axes are consistent with the axes
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Fig. 1. Block diagram of the accelerometer 
ADIS16405 (Analog Devices 2009)
RST - device reset, D1O1-4 - digital gen­
eral purpose pins, CLK - synchronisation pulse, 
GND - ground, Vcc - supply voltage, CS - chip 
select, SCLK - communication clock, DIN - data 
input, DOUT - data output

of the relative system by way of illustration. Thus 
we avoid complicated mathematics, which does not 
affect the position determination and the position 
error, if the information from the gyroscope and in­
clinometer are not taken into account.

In our example of inertial navigation, MEMS 3 
axial inertial sensor ADIS16405BMLZ (Analog 
Devices, Inc., Norwood, USA) with digital output 
was used. Block diagram of the sensor is shown in 
Fig. 1. The capacitance sensors are sensitive parts 
of the accelerometers. In the case of the correctly 
calibrated sensor being in the rest position, the ab­
solute value of the gravity acceleration is available 
at the output (Analog Devices 2009).
Acceleration is a second-order derivative of trajec­
tory by time. The point position is calculated (can be 
expressed) by the position vector of the mass point:

j dp = jv0 *dt + J(a/)xt/Z = Vo jdt + ajtxdt (1) 
r0 о о oo
The position change is then the difference be­

tween the vectors:

_ _ _ at2
r-ro=vot + — (2)

where:
F* - position vector (m)
V — velocity vector (m/s) 
a" — acceleration vector (m/s2) 
t — time (s)
1U - initial velocity vector (m/s)

It follows that the acquired information on the 
position is set by double integral acceleration, con­
sequently the global position error will integrate in

time. To minimise these errors, a properly config­
ured Kalman’s filter is used. All but one integrated 
methods bring errors into the calculations. The in­
tegrals for the actual position calculation cannot be 
calculated analytically, neither can they be defined 
by elementary functions. In some cases symbolic 
solutions exist, but this is more demanding than 
the numerical integration (Grewall et al. 2007).

By numerical integration, we may select from two 
basic alternatives. Either the interpolating polyno­
mials are integrated or other integration methods 
are used. The interpolating upper (higher) degree 
polynomials are integrated with a greater error.

To calculate the definite integral of function Дх) 
given by the functional values in the equidistant 
points the Newton-Cotes quadrature formulas are 
most frequently used. The best known applicable for­
mulas are the trapezoidal rule and Simpson’s rule. The 
outstanding feature of the trapezoidal rule is a slow 
convergence of the numerical process at relatively low 
accuracy and high error h2 (MošovÁ 2003):

Rl =
kb-a? 
\2n2 f'k^ (3)

where:
ý e (a, 6/ - derivation of function in interval la, 6)
Rl - method error
a, b - integral range
n - samples quantity in the interval (a, b')

Simpson’s rule approximates the selected function 
more precisely. The integral value of/(x) is calculat­
ed in the node points. This method is characterised 
by a small error h4. Geometrical interpretation is 
the sum of the areas above triplet of node points
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Fig. 2. Relative error compari­
son of the integration methods 
according to the amount of the 
points used (Vicher 2003)

лм
= (^ ~ й)У ^Sm+2 +

2. \ ' om+o
with the common (collective) threshold point for 
the adjacent parabolas. The error of the calculation 
method is:

(7)

К5="^Д-^ (4) 
12«

The precision of calculation depends on quantize 
step h. This is valid generally, not only for the trap­
ezoidal and Simpson’s rules. The calculations with 
the highest point count (amount) in the range (a, b) 
are the most exact. Since in this case is it needed 
to calculate the integrate area using algorithm in a 
microcontroller, the Romberg's method, that uses 
the calculation way of definite integral on the basis 
of trapezoidal rule, shows to be the most efficient 
and the most exact. Romberg showed by means of 
this method that it is possible to utilise the meth­
ods with greater errors for the formulation of more 
precise approximate integral value when using ap­
proximation for equal integration range with vari­
ous partition steps. By combining the result with a 
higher error, the result with a lower error is reached 
(Vicher 2003).

With this method, we approximate first of all the 
integral in the interval a < x < b, that is split into 8^ 
parts (Vis integer, which is defined by the number of 
nodes) with step h = lb - aJSN. With the aid of the 
node points Jia + khY where к = 1, 2,..., 8V-1, non­
precision approximation is obtained when using Eq. 5. 
According to Eqs 6 and 7, other approximations of 
the integral are calculated, by means of which the step 
value gradually decreases from 8/z to h for value T.

Тх=^Е8тЦЬ-а§Х Ю 
m=0 m=0

U, = 8 А У A. t4 = (b - а)У A, (6)
m=0 m=0

^-l

U4 ЦЬ-aWF. . +A. 3 + R , +F„ , (8)H om+i em+j ът+э вт+/ ' '

T2=T1+U1,T4 = T2+U2, T8=T4+U4 (9)

U and T are rough approximations of the calcu­
lated integral with the error rank h2. Further, the 
more precise approximation using equations is 
sought (Kačeňák 2001):

s2=T,+bz31 d°)
2 2 22 -l

T -T
S'=T^^ (11)

^4=^+^^ (13)

S and V are more precise approximations with er­
ror h*. Thus the process continues up to calculated 
R, W with error h6 and Q with error h8. Consequent 
approximated value of the calculated integral is 
represented by parameter Q:

Q^M^F^ (14)

The final value Q is the result of the calculations 
whose results are written down into the scheme. As 
the Romberg's method is in reality the numerical 
calculation of the approximation results for different 
divided interval steps, it is possible to use another
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Fig. 3. Velocity course used for 
our example

approximation instead of the trapezoidal method, 
for example Simpson's rule. This method is simple 
but very precise. The errors comparison of the indi­
vidual integration methods is showed in Fig. 2.

RESULTS AND DISCUSSION

Input acceleration and angular velocity data were 
measured for fifteen seconds. The velocity curve 
was optimised to exclude other errors (Fig. 3) and 
it was controlled by autonomous robot, whose navi­
gation was based on incremental encoders. The 
calculations were evaluated by MATLAB applica­
tion (MathWorks Inc., Natick, USA). The sample 
frequency of 816.6599 Hz and the properly selected 
course line of velocity for it enabled to minimise 
the error caused by the content of higher harmonic 
components in the signal (according to the criterion 
of Shannon 1949). The acceleration course meas­
ured by ADIS16405BLMZ is shown on Fig. 4.

This change can be seen also on the final errors in 
their decrease. It is due to the selected type of ap­

proximation. It is not possible to describe the con­
tinuously modifying common phenomenon and 
changes by means of the trapezoidal method. The 
most exact results are obtained if concavity and 
convexity of the course change and when the posi­
tive and negative errors compensate each other.

Slightly better is the use of Simpson’s rule in the 
Romberg’s method that uses polynomial approxima­
tion, most frequently of the second rank. However, 
this calculation is more complicated because the final 
area can not be calculated from two values only, but 
from several measurements in the selected interval. 
The deviation course of the calculated velocity to 
real velocity for the Romberg's method and the 
trapezoidal approximation refers to the significant 
difference between the methods listed. The use of 
Romberg's method with trapezoidal approximation 
shows a significantly smaller deviation when com­
pared with trapezoidal rule itself.

On Fig. 5, the velocity error course is shown. Romb­
erg's method is caused by the trapezoidal approxima­
tion used. In the time interval between the fourteenth 
and fifteenth seconds the error decreases in Romb-

-10

Time (s)

— x axis 
— у axis 
— z axis

16 Fig. 4. Acceleration course 
used for our example
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6 x 10 3 Fig. 5. Velocity error course according
—Trapezoidal rule to time
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0 2 4 6 8 10 12 14 16

Time (s)

erg’s method. The trapezoidal rule is inaccurate for the 
use in the algorithm of strapdown inertial navigation 
systems. The trapezoidal method velocity error was in 
this example 1.23 x 10-3 m/s in the fifteenth-second 
measurement. Romberg's method velocity error was 
for the same input data 0.16 x 10-3 m/s.

CONCLUSION

The application of numerical integration methods 
to inertial navigation demands high attention and 
knowledge of various course specifications of the in­
put values, from which the final integral is calculated. 
These values are the acceleration and time difference 
between the individual samples. Acceleration varies 
continuously, it does not jump. Therefore, it is prefer­
able to use polynomial approximation in connection 
with an appropriate interpolation method. The reason 
resides in more precise description of the real func­
tions by parabolas rather than lines. The intent of time 
belongs to the most exact values measured, therefore 
the projection of the time error is negligible.

The final actual position is defined by the acceler­
ation calculation onto velocity and the velocity cal­
culation onto trajectory. Acceleration is integrated 
two times together with the error, which accumu­
lates in time. This error can be eliminated by filter­
ing, but cannot be completely removed. Therefore, 
it is needed to pay attention to this problem, which 
should lead to general inertial navigation accuracy

improvement. Navigation of higher quality may 
find very broad utilisation in the future, for ex­
ample in the storehouses, where danger materials 
(substances) or heavy machine parts are used.
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Abstract

Müllerovä D., Landis M., Schiess I., Jablonický J., Přístavka M., 2011. Operating parameters and emission 
evaluation of tractors running on diesel oil and biofuel. Res. Agr. Eng., 57 (Special Issue)-. S35-S42.

This work is aimed at the evaluation of the operating parameters and emission of two tractors: Hürlimann H-488 DT 
and Hürlimann XB Max 100. The measurements were done on a test bench in the laboratory of the Agroscope Reck­
enholz-Tänikon Research Station ART, Ettenhausen, Switzerland during February 2010. The goal of this paper was to 
evaluate the operating parameters of the two models of tractors by using classical diesel oil and biofuel, as well as to 
evaluate the emission (greenhouse gases, dangerous exhaust gases and carcinogens), to make statistical analysis of the 
results and the conclusion about the samples used and the impact on engine parameters, environment and human 
health. From the results achieved, it is possible to state the following facts. In each way, the emissions of rape seed 
methylester (RME) and diesel are equivalent. The values of CO and HC and also particles are lower for RME. But NOX 
values are lower for diesel oil. It is liquid that the newer engine of Hürlimann XB Max 100 decreases emission of CO, 
HC and NOX significantly.

Keywords: environment; biofuels; tractors; parameters; greenhouse gases (GHG)

Presently, diesel oil and petroleum products be­
long to the most utilised fuels. Because of its un­
coverability, the crude oil is often called 'the black 
gold’. Unfortunately, fossil fuels are not renewable 
or inexhaustible sources of energy. By the progno­
sis of Europe’s energy portal, the real exhaustion of 
oil will be - 22nd of October 2047. The supply of 
natural gas is estimated to last up to the year 2068 
(Europe’s energy portal 2008). The society really 
depends on the gas and oil supply and their deple­
tion may cause total collapse.

In the European Union, strategy was made for 
the utilisation of the renewable sources of energy 
whose use should grow until the year 2010 by up to 
12%. The expanded utilisation of biofuels in trans­
portation is also included in the strategy and the

aim is the substitution of 20% of fossil fuels by bio­
fuels until the year 2020 (Anonymous 2007).

The aim of this paper is to perform the operating 
parameters and emission tests to achieve the results 
on the changes of these parameters by specific fuels 
including alternative fuel. A lot of work has been done 
on different fuel characteristics. Scientists found out 
which alternative fuel could be the most appropri­
ate to replace diesel oil. Considering the character 
of agricultural production, the transport in agricul­
ture significantly affects the economic effectiveness 
of the agricultural production (Korenko, Žitňák 
2008; Žitňák, Korenko 2008). The most used fuels 
tested are crude vegetable oils made from rape seed, 
sunflower seed, soybeans, palm fruit and their esters. 
The power and torque of the engine performance are
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Fig. 1. Tractor Hürlimann H-488 DT Fig. 2. Tractor Hürlimann XB Max 100

about 3-6% lower for biodiesel. Fuel consumption is 
about 5-12% higher for biodiesel. Also, a great smoke 
reduction (50%) and lower CO and HC take place 
with biodiesel. If biodiesel is used, NOX values are 
higher. Generally, vegetable oils and their esters have 
a strong potential to be used as an alternative fuel. Es­
ters provided good results even if they were blended 
with diesel oil (Checchio-Grotta et al. 2008). Rape 
seed methylester (RME) can be also used as fuel for 
diesel engine without the addition of various compo­
nents or additives (Walter, Schäfer 1990).

MATERIAL AND METHODS

To measure the operating parameters, two mod­
els of agricultural tractors were used: Hürlimann 
H-488 DT and Hürlimann XB Max 100.

Hürlimann H-488 DT (Fig. 1)
Producer: Hürlimann/Same (I.)
Engine: S. L. H 1000.4 WT

Number of cylinders: 
Capacity of cylinders: 
Bore/stroke:
Rated revolution:
Rated power:
Injector pump:
Year:
Runtime:
Emission class:

4
4,000 cm3
105 mm/115.5 mm
2,500 1/min
65 kW
Bosch/Kolbenpumpe PFR
1994
3,273 h
Stage 0

Hürlimann XB Max 100 (Fig. 2)
Producer: Same-Deutz Fahr
Engine: Deutz 2012, TCD 2012 L04 2V
Number of cylinders: 4
Capacity of cylinders: 4,038 cm3
Bore/stroke: 101 mm/126 mm
Rated revolution: 2,300 1/min
Rated power: 72.5 kW
Injector pump: Bosch Steckpumpen
Year: 2009
Runtime: 200 h
Emission class: Stage IILA

Fig. 3. Sight of the test bench
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loading in % 

^point of cycle

Fig. 4. Characteristics of 8-points cycle by 
ISO 8178-4 (2007), C,

Specific: 100% biodiesel

The measurements were done on a test bench in 
Agroscope Reckenholz-Tänikon Research Station 
ART, Ettenhausen, Switzerland. The following meas­
urement devices were used:
♦ Brake Schenck W700 (Schenck RoTec GmbH, 

Darmstadt, Germany) - measured torque and 
power, through output shaft;

♦ Filtermethod BOSCH (Bosch Rexroth Schweiz 
AG, Büttikon, Switzerland) - measured smoke, 
utilisation of filter layer with photo-element 
adapter, information in SZ Bosch (number/ 
smoke places), smoke sonde on exhaust pipe;

• AVL 733S (AVL Graz, Graz, Austria) - measured 
fuel consumption, regulation (kg/h);

• Matter Engineering NanoMet C with particle 
counter CPC 3010D from TSI (Matter Aerosol

AG, Wohlen, Switzerland) - measured particles 
in number/cm3 in diluted exhaust gases, then 
calculated values (number/kWh);

♦ AVL SESAM FTIR 4 Fourier Transform Infra-Red 
gaseous analyser emission test system (AVL Graz, 
Graz, Austria) - measuring of limited and unlim­
ited emission, values (ppm), calculated to g/kWh.

The measuring devices used were connected on the 
test bench. Fig. 3 is showing specific connection of the 
measuring devices with the parameters denoted.

Two different fuel samples were used for the 
measurement: diesel oil (SN 181160-1 2009) and 
RME (STN EN 14214 2009) - from EcoEnergie 
Etoy, produced in Switzerland. In Table 1, the anal­
ysis is given of the samples used. Obviously, there 
were just small differences between both samples. 
Oxidation stability of RME could be min 6 h but its 
value 5.2 h was good and should not have caused

Table 1. Analysis of used samples

Analysis Abunit Limit Diesel oil1 Rape seed methylester (RME)2

Density by 15”C kg/m3 845.0 831.3 880.0

Carbon mass. % X 86.2 76.6

Hydrogen mass. % X 14.3 12.2

CFPP °C -20 -30 -17

Flamepoint °C X 67.0 X

Coldpoint °C -10 -10 X

Sulphur contain mg/kg 10 7.4 X

Oxidability h min 6 X 5.2

Acid value MgKOH/g sample 0.5 X 0.19
Water contain PPm 500 X 256
Glycerol contain % 0.02 X 0.0035

'Analysis by Intertek Caleb Brett, Switzerland (No. 109026/02);2Analysis by CleanPal, Ltd., Slovak Republic (No. 180110/D007)
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и (1/min)

Fig. 5. External revolution curve for Hürlimann 
H-488 DT (for abbreviations see Fig. 6)

any problems. Also, the water and glycerol contents 
of RME were in the limits. They met the norm and 
both products could be used as engine fuel.

As the measuring method, the norm (EN ISO 
8178-4 2007) was used. This norm is an international 
standard which is used for non-road engines. By the

International Organization for Standardization (ISO), 
this norm specifies the test cycles for the measure­
ment and the evaluation of gaseous and particulate 
exhaust emissions from reciprocating internal com­
bustion engines, and is applicable to engines for mo­
bile, transportable and stationary uses (Fig. 4).

65

60

55

50

Fig. 6. External revolution curve for Hürlimann XB 
Max 100
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Table 2. Values of limited emission

Particle CO №x HC

number/kWh g/kWh

Hürlimann H-488 DT

Diesel 3.93E+14 1.8 11.13 0.77

RME 3.33E+14 1.61 12.42 0.6

Hürlimann XB Max 100

Diesel 4.31E+14 1.05 5.09 0.19

RME 2.66E+14 0.91 5.92 0.13

‘average value, based on PTO (power take-off) power; RME - rape seed methylester

RESULTS AND DISCUSION

In Fig. 5 is presented the external revolution 
curve for Hürlimann H-488 DT, while the results 
obtained for Hürlimann XB Max 100 are presented 
in Fig. 6. Generally, there was no significant differ­
ence in the external revolution curve between both 
tractors but there were slight differences between 
diesel oil and RME characteristics:
• power and torque were lower with RME com­

pared to diesel by about 5% at the rated power,
♦ fuel consumption was higher with RME by about 

10% compared to diesel.
This was caused by the lower thermal capacity of 

methylester (37.3 MJ/kg) in comparison with the 
thermal capacity of diesel oil (42.5 MJ/kg). It was 
lower for RME by about 12%.

However, the fuel density should be also referred 
to, being with methylester (0.88 g/cm3) and with 
diesel oil (0.82 g/cm3), thus methylester density be­
ing higher by about 7%. This is also the reason for 
increasing fuel consumption and decreasing the 
power, and all this has to be taken into account if 
the individual results are compared. Based on these 
facts, the fuel tested may be marked as convenient 
for the motor engines.

Measurement of limited emission

Measurements were done with both tractors for 
limited emission which comprised - CO, HC, NOX 
and particle by EN ISO 8178-4 (2007). In Table 2, 
the average values are given for each fuel based on

Table 3. Values of unlimited emission (in ppm)

Hürlimann H-488 DT carbon dioxide nitric oxide nitrogen dioxide nitrous oxide ammonia methane

Diesel 55,867 845 40 0.5 0.13 0.52

RME 56,769 890 43 0.66 0.21 1.27

1.3-butadiene hydrogen 
cyanide aromatics HC sulphur 

dioxide formaldehyde acetaldehyde

Diesel 0.97 0.57 2.1 4.6 8.1 2.7

RME 1.98 0.57 1.19 1.40 9.95 0.57

Hürlimann XB Max 100 carbon dioxide nitric oxide nitrogen dioxide nitrous oxide ammonia methane

Diesel 64,426 378 16.9 0.43 0.12 0.1

RME 66,040 431 16.8 0.57 0.13 0.1

1.3-butadiene hydrogen 
cyanide aromatics HC sulphur 

dioxide formaldehyde acetaldehyde

Diesel 0.44 0.59 0.77 5.0 2.23 0.49

RME 0.90 0.45 1.19 2.9 2.08 0.73

RME - rape seed methylester
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power take-off (PTO) power. The graphic descrip­
tion for Hürlimann H-488 DT is in Fig. 7 and for 
Hürlimann XB Max 100 in Fig. 8.

Also, statistical analysis was carried out of limited 
emission using software Statistics (StatSoft, Tulsa, 
USA). Based on the results achieved, the method 
of regulatory diagram was chosen for average and 
standard deviations. This diagram works with the 
data measured on the output of the process. Stand­
ard deviation is a more effective indicator of the 
process variability, especially for larger subgroups. 
But it is more difficult for the calculation and less 
sensitive in the detection of determinable causes 
of instability introduced by the individual unusual 
values in the subgroups (Hrubec 2001).

Measurement of unlimited emission

Measurements were also done of unlimited 
emission which can be measured by AVL SESAM 
FTIR 4: CO2, NO, NO2, N2O, NH3, CH4, C4H6 
HCN, AHC, SO2, HCHO and MECHO. In Table 3,’ 
the average values are shown for each fuel based on 
PTO power.

Measurement of smoke

The values of smoke in the exhaust gases are usu­
ally considerably lower with RME than with diesel 
oil. For the older tractor Hürlimann H-488 DT, the 
value of smoke was by more than 50% lower with 
RME than with diesel oil. From Fig. 9, it is evident 
that the newer tractor Hürlimann XB Max 100 had 
about 90% lower value of smoke than the tractor 
Hürlimann H-488 DT at maximal torque (MaxD). 
These values approached zero by using RME or die­
sel oil. The value of the emitted smoke was also de­
termined at 95% and 70% of the rated revolution.

As for the operating parameters of the engine run 
on vegetable oils methylester as given by Walter 
and Schäfer (1990), the consumption and power 
are similar to the conventional fuel and there is not 
needed for the engine modification. Methylester can 
be used as fuel without using additives. Also accord­
ing to Krahl et al. (1992), there is no need for the 
engine modification. Based on our results, we can 
confirm these theories and our results can be in­
tegrated into the existing information system. We 
have identical attitude to the emitted smoke meas­
urements. As given by Sahoo et al. (2009), by us-

g Diesel

Fig. 8. Limited emission 
values for Hürlimann XB

Particle Max 100
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ing biofuel and full blends containing it, a significant 
emitted smoke reduction is reached. In our case, the 
reduction was up to 50%. By the biofuel utilisation, 
we also achieved limited emission reduction (CO, 
HC and particles), but also an increase of NOX emis­
sion, similarly as presented by Thuneke and Em- 
berger (2007), Thuneke et al. (2009). This evalu­
ation can be affirmed by our results published. The 
significant unlimited emissions reduction can be 
monitored in the sphere of aromatic hydrocarbons, 
formaldehyde, sulphur dioxide, and hydrocyanic 
acid by using biofuel. These results agree with the 
publication by Wörgetter and Wurst (1990).

CONCLUSION

The measured values are based on PTO power, 
thus they can not be evaluated by the Emission 
Standards for Off-Road Vehicles. If these measure­
ments had been done on the engines, both tractors 
would have met the emission norm for CO and HC 
of RME and diesel. The values of NOX were higher 
by about 21% for both fuels with Hürlimann H-488 
DT, and by about 25% with Hürlimann XB Max 100 
than the determined emission limit.

The values of unlimited emission for both fuels 
are equivalent. The tractor which used RME re­
vealed not only higher values of NOX (NO, NO2 
and N2O) but also by almost 50% higher values of 
ammonia, methane, and 1.3-butadiene which are 
considered dangerous substances. With the newer 
tractor Hürlimann XB Max 100, higher values of 
NOX, 1,3-butadiene, and acetaldehyde were ob­
tained with RME use but the difference was not 
too great. On the other side, lower values were ob­
served with RME for sulphur dioxide and acetalde­
hyde with Hürlimann H-488 DT, and for sulphur

dioxide, hydrogen cyanide, and formaldehyde with 
Hürlimann XB Max 100. Nevertheless, the values 
of unlimited emission are negligible, except carbon 
dioxide where higher values could be seen for RME 
with both tractors. Statistical analysis shows the 
standard deviation from the determined value by 
the norm for emission - CO, HC and NOX. From 
the graphs, it is evident that a higher value of the 
standard deviation occurred in the 4th point. That 
means at maximal revolution without loading.

The purpose of this work was to evaluate the oper­
ating parameters of two models of tractors by using 
classic diesel oil and biofuel. It is possible to state 
that the differences between these two tractors are 
inherent in their engines construction, the year of 
production, and specification (Hürlimann XB Max 
100 is specified as 100% biodiesel). On the evalua­
tion of the emission [greenhouse gases (GHG), dan­
gerous exhaust gases and carcinogens] it can be de­
clared that it is very important to study not just the 
limited but also unlimited emissions which can be 
very dangerous, although it was discovered in this 
work that the values of unlimited emission did not 
exceed the lethal limit.
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Department of Transport and Handling, Faculty of Engineering Slovak Agriculture University 
in Nitra, Nitra, Slovak Republic

Abstract

Majdan R„ Kosiba J., Tulík J., Kročková D., Šinský V., 2011. The comparison of biodegradable hydraulic fluid 
with mineral oil on the basis of selected parameters. Res. Agr. Eng., 57 (Special Issue): S43-S49.

The paper presents a comparison of two fluids quality. The first one was mineral oil type UTTO which is commonly used 
in the transmission and hydraulic systems of agricultural tractors. The second one tested was biodegradable hydraulic 
fluid type ERTTO which could replace the toxic mineral oil. Both fluids were tested under the same test conditions 
using a special test device. The selected parameters of the hydrostatic pump were evaluated. The tests were evaluated 
according to the parameters describing the technical state of the hydrostatic pump as follows: flow efficiency, decrease 
of flow efficiency and cleanliness level of the fluid tested. This additional measurement verifies the test results. On the 
basis of the results achieved, we can state that the biodegradable hydraulic fluid exerts no harmful influence on the 
technical state of the hydrostatic pump. Therefore, the biodegradable fluid tested can be applied to the agricultural 
tractor. Has been demonstrated that the selected parameters are suitable for the evaluation of hydraulic fluid during its 
working performance. Therefore, these parameters will be used in the next examination of the fluid under operational 
conditions of an agricultural tractor.

Keywords: cleanliness level; hydrostatic pump; flow efficiency; agricultural tractor

The durability and reliability of hydraulic systems 
depend among others on the hydraulic fluid used. 
Hydraulic fluids are used for the transmission of 
energy and control the hydraulic components. An­
other significant role is the lubrication in the op­
erational system. In practice, it is often needed to 
integrate new and often contradictory properties of 
hydraulic fluids resulting from the increasing use 
of hydraulic systems in more and more extreme 
conditions, e.g. temperature, pressure, military en­
gineering, space research etc. (Jobbágy et al. 2003; 
Petranský et al. 2003; Tkáč et al. 2005).

This article presents a comparison between bio­
degradable hydraulic fluid and mineral oil. The tests

were realised in the laboratory of the Department 
of Transport and Handling of the Faculty of Engi­
neering, Slovak University of Agriculture in Nitra.

MATERIAL AND METHODS

The tests were carried out as follows:
- test was realised on a special test device accord­

ing to the standard STN 11 9287 (1983) and the 
work published by Radhakrishanan (2003),

- hydraulic pump was loaded with cyclically chang­
ing pressure from 0.1 MPa to the nominal pressure 
of the hydraulic pump 20 MPa during the test,

Supported by the Scientific Grant Agency VEGA of the Ministry of Education of the Slovak Republic and the Slovak Academy 
of Sciences, Grant No. 1/0462/09.
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Fig. 1. Test device for realisation of laboratory durability test of hydrostatic pumps (Tkáč et al. 2008)
M - electric motor, n 1 - rpm sensor, HG 1 - tested hydrostatic pump, TV 1 - two stage pressure relief valve, 
TV 2 - two stage sequence valve for adjusting nominal pressure in the hydrostatic pump outlet, pl- pressure gauge of 
pressure in the inlet, p 2 - pressure gauge of pressure in the outlet, KI- spherical plug valve, PR - gear box, OB - control 
block, T - tank, RV - tree-positions, four-port slide valve with closed center which is operated electro-hydraulically, 
CH 1, CH 2, CH 3 - coolers, V 1, V 2, V 3 - fans, HG 2 - hydrostatic pump for cooler, 11 - temperature sensor for tank, 
R - thermostatic regulator which controls switching on of cooling fans

- the criteria of quality of the tested fluids comprised 
the flow efficiency, decrease of flow efficiency and 
fluids contamination (Sloboda, Sloboda 2002; 
Mihalčová, Al Hakin 2008, 2009),

- fow efficiency was calculated from the flow char­
acteristics measured,

- flow characteristics and the selected parameters 
were determined every 250,000 cycles until end­
ing the test after 106 pressure load cycles.

Mineral oil MOL Traktol NH Ultra

MOL Traktol NH Ultra is a UTTO-type (Univer­
sal Tractor Transmission Oil) lubricant which can 
also be used in the gears and hydraulic systems of

Table 1. Technical parameters of mineral oil MOL 
Traktol NH Ultra

Parameter Value

Kinematic viscosity under 100°C (mm2/s) 10.7

Kinematic viscosity under 40°C (mm2/s) 60

Specific weight under 15°C (g/cm3) 0.888

Viscosity class SAE 80W

Performance level API GL-4

the tractors fulfilling the requirements generated 
by heavy loads in a wide range of the operating 
temperature. The fluid was made by the company 
Slovnaft, Ltd. (Bratislava, Slovak Republic). The 
product is suitable for use in wet brakes as well a 
long drain lubricant for cog-wheel gears, equalising 
gears, Power-Shift transmissions, wet break- and 
hydraulic control systems of agricultural and forest 
off-road machines and tractors. This oil belongs to 
the group of universal tractor oils UTTO. The tech­
nical parameters are listed in Table 1.

Biodegradable hydraulic fluid 
MOL Traktol ERTTO

The hydraulic fluid is of an ERTTO-type (Envi­
ronmentally Responsible Tractor Transmission

Table 2. Technical parameters of biodegradable fluid MOL 
Traktol ERTTO

Parameter Value

Kinematic viscosity under 100°C (mm2/s) 10.38

Kinematic viscosity under 40°C (mm2/s) 47.89

Viscosity index VI (-) 213

Congealing point (°C) -39
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Table 3. The evaluation of mineral oil test

Cycle count
Rotation speed (n = 1,500 rpm)

flow Q (dm3/min) flow efficiency q (%) decrease of flow efficiency A q (%)

0 35.98 0.959 95.9 0

250,000 36.46 0.972 97.2 -1.33

500,000 36.85 0.983 98.2 -2.42

750,000 36.91 0.984 98.4 -2.58

1,000,000 36.05 0.961 96.13 -0.19

Oil) and is biodegradable tractor oil. The fluid was 
made by the company Slovnaft, Ltd. The oil is made 
from vegetable natural oil and special additives. The 
oil is destined for use in the gearbox and hydraulic 
circuit of agricultural and construction machines. 
Primary biodegradation per CECL-33-A-93 is 90% 
within 28 days and test method OECD 301 В is 65%. 
The technical parameters are listed in Table 2.

The test device designed to tests 
of hydrostatic fluids

The designed test device (Fig. 1 shows the schema) 
enables to test the hydraulic fluids on the ground of 
the evaluation of the technical state of the hydro­
static pump which is tested with the fluid. In this 
case, the load of the hydrostatic pump and fluid is 
realised by cyclic pressure loading under pressure 
changing from p = 0.1 MPa to the nominal pres­
sure p = 20 MPa, frequency/= 1.1 Hz, and velocity 
of pressure increasing v = 340 MPa/s. Radhakris- 
hanan (2003) also presented this type of fluid test. 
The cyclic pressure loading is technically realised 
by the cyclic change of the slide valve position RV. 
This valve changes its state from the central posi­
tion to the left position. The nominal pressure on 
the pump outlet is limited by the sequence pressure

valve TV 2. The test device was designed according 
to the works published by Tkáč et al. (2001, 2003, 
2006), Horka et al. (2005).

The calculation of flow efficiency decrease

The standard STN 11 9287 (1983) determines the 
way of the test evaluation. The fluid must be evalu­
ated by flow efficiency decrease of the hydrostatic 
pump as follows:

Дл 2V»z21=.xioo % (i)
n„o

where:
Aqpr- the flow efficiency decrease (%)
qpKD - the flow efficiency at 0 cycles (start of the fluid test) 
9prm "" l^e ^ow efficiency after 106 cycles (end of the fluid 

test)

Then, the flow efficiency is expressed by the Eq.:

q =^-xl00 % (2)

where:
Q2 - flow of hydrostatic pump (dm3/min)
VG - geometrical volume of hydrostatic pump (dm3) 
n - nominal rotation speed of hydrostatic pump (1/min)

Table 4. The evaluation of biodegradable fluid test

Cycles count
Rotation speed (и = 1,500 rpm)

flow Q (dm3/min) flow efficiency q (%) decrease of flow efficiency A q (%)

0 36.549 0.975 97.5 0

250,000 37.035 0.988 98.8 -14

500,000 36.634 0.977 97.7 -0.2

750,000 35.337 0.942 94.2 3.2

1,000,000 33.958 0.906 90.4 7.3
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RESULTS AND DISCUSSION

Fig. 2. The comparison between the 
biodegradable fluid (ERTTO) and the 
mineral oil (UTTO) on the basis of flow 
efficiency

culated from the measurements of the flow rate

Test of mineral oil MOL Traktol NH Ultra

Table 3 shows the calculated flow rate, flow efficien­
cy, and decrease of flow efficiency coming from min­
eral oil test at the rated speed n = 1,500 rpm. All values 
have been calculated from the measurements of the 
flow rate characteristics of the hydraulic pump UD 25 
(Jihostroj Ltd., Velesin, Czech Republic). The flow rate 
characteristics were measured every 250,000 cycles 
during the fluid test.

Test of biodegradable hydraulic fluid

In Table 4 are the calculated values of flow rate, 
flow efficiency, and flow efficiency decrease of bio­
degradable fluid at the rated speed of the hydrau­
lic pump n = 1,500 rpm. All values have been cal-

characteristics of the hydraulic pump type UD 25. 
The flow rate characteristics were measured every 
250,000 cycles during the fluid test.

The comparison of biodegradable fluid 
with mineral oil

In Fig. 2 can be seen the comparison between the 
biodegradable fluid and mineral oil based on the 
tests performed with the test device (Fig. 1). The 
value of the flow efficiency of the biodegradable oil 
was decreased after the test as compared to the val­
ue measured before the test, while with the mineral 
oil no decrease was recorded.

In the case of the mineral oil test, the flow effi­
ciency at the end of the test (q = 96.1%) was higher 
than at the beginning (q = 95.9%). Fig. 2 shows that 
no decrease of the flow efficiency occurred (dashed

Fig. 3. The Comparison between the 
biodegradable fluid (ERTTO) and the 
mineral oil (UTTO) on the basis of 
flow efficiency decrease
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Fig. 4. The device CS 1000 intended for the 
measurement of fluid cleanliness level in 
the test device
N - tank of test device, S - contamination 
sensor, F - filter, HG2 - pump which trans­
ports fluid through contamination sensor, 
M - electric motor

line). During the mineral oil test, the hydraulic 
pump was just running-in, which is expressed by 
the negative values listed in Table 3 and Fig. 3.

In the case of the biodegradable fluid, the flow ef­
ficiency at the end of the test (q = 90.4%) was lower 
than at the beginning (q = 97.464%). Fig. 2 shows this 
flow efficiency decrease (solid line). During the test of 
the biodegradable fluid, the hydraulic pump was only 
running-in to 500,000 cycles, which is expressed by 
the negative values listed in Table 4 and Fig. 3.

The cleanliness level of biodegradable fluid

The cleanliness level was measured with the help 
of the device type CS 1000 (Fig. 4; Hydac GmbH, 
Sulzbach, Germany), which enables to evaluate the 
fluids according to ISO 4406 (1999).

During the machine operation, all the particles 
resulting from wear and tear are collected in the 
fluid. The standard ISO 4406 (1999) evaluates the

fluid pollution on the basis of three quantitative 
classes measurements. The classes are destined by 
the numbers of particles bigger that 4 pm, 6 pm and 
14 pm. The classes are depicted in the form of col­
umns in the graphs (Figs 5 and 6). Biodegradable 
fluid contamination is shown in Fig. 5.

The cleanliness level of mineral oil

Mineral oil contamination is shown in Fig. 6. 
In this case, the same test device was used for the 
evaluation of the cleanliness level by the standard 
ISO 4406 (1999).

CONCLUSION

This article presents a comparison between a new 
type of biodegradable hydraulic fluid ERTTO and the 
conventionally used mineral oil type UTTO. These

Count of cycles (1999)
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Fig. 6. Cleanliness level of min­
eral oil evaluated as per ISO 
4406 (1999)

fluids have been evaluated on the basis of the tech­
nical state of the tractor hydraulic pump type UD 25 
used during the test. The evaluation parameters 
were the flow efficiency and decrease of the flow effi­
ciency; these were calculated based on the measured 
and statistically processed values of the flow rate. All 
results were transposed to graphs and tables.

The flow characteristics inform us about the proc­
ess of deterioration during the tests of both fluids. 
In the case of the biodegradable fluid test (Figs 2 
and 3), it is obvious that the flow on the output of 
the hydrostatic pump rose to 500,000 cycles. The 
parameters of the hydrostatic pump were improv­
ing. It is possible to explain it by the running-in at 
the beginning of the test. After 750,000 cycles, the 
flow started to decline, and at the end of the test the 
flow declined under the rated one measured within 
0 cycles (new hydrostatic pump). The described de­
velopment of the hydrostatic pump deterioration 
was confirmed also by the thermo-visual and fluid 
contamination measurements.

The particles arising from wear and tear are cap­
tured in the oil. The oil may also serve as the indi­
cator for the evaluation of the deterioration proc­
ess. Figs 5 and 6 describe the process of hydrostatic 
pump deterioration in view of fluid contamination 
evaluation. The number of particles rose until the 
end of the running-in. The running-in is character­
ised by the speeding-up of the deterioration proc­
ess and a higher production of particles. At the end 
of the biodegradable fluid test (106 cycles), the de­
cline in the particles count was observed only with 
big particles above 14 pm. In the case of mineral 
oil test, the decline of the particle count was found 
with particles above 14 pm and 6 pm.

On the fluids comparison, we can state that the 
mineral oil has better attributes than the biodegrada­
ble oil. While during the mineral oil test the hydraulic 
pump was just running-in, during the biodegradable 
oil test we recorded 7.3 per cent decrease of the flow 
efficiency (Fig. 3). This value is lower than maximum 
limit 20 per cent given by the standard STN 11 9287 
(1983). Therefore, the biodegradable fluid tested can 
be applied to the agricultural tractor.

As mentioned above, all the parameters selected 
describe the deterioration process of the hydrostatic 
pump with which the fluid test was realised. There­
fore, these parameters will be used to observe the 
application of the new biodegradable fluid under 
conditions of the agricultural tractor operation.
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Abstract

Číčo P„ Kalincová D., Kotus M., 2011. Influence of welding method on microstructural creation of welded 
joints. Res. Agr. Eng., 57 (Special Issue): S50-S56.

This paper is focused on the analysis of the welding technology influence on the microstructure production and quality 
of the welded joint. Steel of class STN 41 1375 was selected for the experiment, the samples were welded by arc welding 
including two methods: a manual one by coated electrode and gas metal arc welding method. Macro and microstructural 
analyses of the experimental welded joints confirmed that the welding parameters affected the welded joint structure 
in terms of the grain size and character of the structural phase.

Keywords: thermal field; arc welding; coated electrode; gas metal arc welding GMAW (method); metallographical analysis

Welding is a production technology of non-de­
mountable joints of two materials, whose principal 
mechanical or structural attributes succumb to the 
changes of the temperature influence from molten 
weld metal. The welded joint becomes heterogeneous 
part of the construction. Manufacturing degradation 
is brought into the parent material by welding; there­
fore, the individual welded joints have to be control­
led by the standard STN EN ISO 15614-1 (2005) for 
the proposal of the welding way and parameters.

The tests of the joint welding, following this 
standard, are divided into non-destructive and 
destructive. The integrity, mechanical properties, 
and structure are mostly controlled. Every welding 
method is characterised by specific effects on the 
parent material in terms of the heat generated the 
welding process. The impact of the thermal chang­
es resides in the changes of the properties in the

welded joints zone. These depend on the chemical 
composition, material thickness, joint shape, weld­
ing conditions, but also on the physical characteris­
tics of the welded materials (heat conduction, spe­
cific heat, etc.).

Heat input, heat field and heat cycle

Heat source causes changes of the joint materials 
temperature depending on the time and location in 
relation to the heat source in welding. The temper­
ature distribution depending on time is called heat 
field. It can be calculated by means of differential 
equations of the heat conductance in solid bodies.

Rosenthal (1946) and Rykalin (1957) suggested 
its calculation for point linear movement of the source 
by Eq. (1) of the heat conductance in solid state.

Supported by the Scientific Grant Agency VEGA of the Ministry of Education of the Slovak Republic and the Slovak Academy 
of Sciences, Grant No. 1/0511/08.
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where:
x, y, z - coordinates of the location
T - temperature (K)

X
a =------- 

pxc

whre:
Л - coefficient of heat conductance
pxc- volume heat capacity (J/m3 K)

(1)

(2)

or three dimensional. The cooling speed of the weld­
ed sheet metal at two-dimensional heat dissipation 
(Fig. 2) depends on the thickness. The cooling speed 
at three-dimensional heat dissipation (Fig. 2) does 
not depend on the thickness of the sheet metal. The 
time of cooling tg/5, which is calculated by means of 
Uwer and Degenkolbe (1976) equation for the in­
dividual ways of welding, is very important within 
the structural formation in HAZ.

For example, for three-dimensional heat dissipation:

4,5 = K3xQx(
1

500-To
--- VF3800-Т/ 3

(3)

Thermal changes caused by electrical arc welding 
are characteristic by high speed of heating and cool­
ing and the temperature gradient depending on the 
distance from the weld. The temperature changes 
of one spot of the welded joint depending on time 
characterise the heat cycle of the welding, that is 
the time change of temperature (Fig. 1) (Brziak 
et al. 2003). The structure formation of the welded 
joint significantly relates to the welding method se­
lection because the given heat input increases pro­
portionally with voltage and welding current which 
depend on the way of welding.

Different combinations of voltage and current 
(e.g. II = 24 V, I = 82 A) are used in manual electri­
cal arc welding as compared to the welding method 
gas metal arc welding (GMAW) (e.g. LI = 18-35 V, 
I = 120-380 A). There are also differences in the 
welding speed.

The thickness of the welded materials affects the 
speed of the weld cooling and also the transforma­
tional processes in austenitic structure of the heated 
heat affected zone (HAZ) of the parent material. 
Therefore, the final structure of the welded joint as a 
unit depends on whether the heat dissipation is two

where:
F3 - factor of the weld shape
K3 - proportional coefficient of heat dissipation
Q - heat input
Тц - parent material temperature
tg/5 - time of cooling

The boundary between two-dimensional and 
three-dimensional heat dissipation is formed by 
the so called transition thickness.

Structure of welded joint

Primary crystallisation of low-carbon and me­
dium-carbon steel appears at a larger degree or a 
smaller degree peritecticly. The fact that secondary 
crystallisation can also develop in the dendrites and 
can get within the dendrites to boundary movement 
immediately after their formation leads to connec­
tions, which are not observable at the first sight. The 
structure of HAZ welded steel connects to phase bal­
ance in system Fe-Fe3C. Fig. 3 illustrates the scheme 
of the heat field created in the joint vicinity at weld­
ing. Significant heat intervals 1-7 effective for low- 
carbon steel are derived from Fe-Fe3C diagram. Ac­
cording to the initiate scheme for low-carbon steel 
welding, the following zones are distinguished in the 
heat impacted area (Štifner 2004):

Weld metal - its structure formats by cooling of 
the melt at a temperature of about l,500°C, crystals 
of columnar type are formatted preferentially in the

Fig. 2. Scheme of two-dimensional (left) and three-dimen­
sional (right) heat dissipation
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Fig. 3. Scheme of heat field of welded joint 
(Stiener 2004)

line of the heat dissipation. The welded metal has 
the structure of cast steel.
1. Partial melting-down zone - is a sharp-edged 

boundary between the welded metal and overheat 
zone. Partial melting-down zone usually presents 
more significant Widmannstätten structure.

2. Overheat zone - corresponds to the overheated 
material up to temperatures of the solid (l,050°C). 
The overheated coarse-grained austenitic struc­
ture and coarse-grained ferrite-perlitic structure 
after recrystallization are formed in realisation of 
more dimensional joints in this zone. Ferrite is 
commonly disengaged along the boundaries of 
the initial austenitic grains Widmannstättenicly.

3. Normalisation zone - includes the zone of tem­
peratures above A 3 max 100-150°C. Complete 
austenitic initial structure is formed in the zone 
of normalisation annealing and according to the 
speed of cooling, the final structure is formed: fer­
rite-perlitic structure at slow cooling, bainitic at 
accelerated cooling, bainitic-martensitic at quick 
cooling, and martensitic at very quick cooling.

4. Incomplete recrystallization zone - heating of the 
ultimate material between A and A in low- 
carbon steel in the range of 725-900°C can cause 
very interesting changes of microstructure. Tem­
peratures closely under A create spheroidal per­
lite while those above Ad cause in ferrite-perlitic 
steel the melting of perlite and subsequently also 
ferrite. Spheroidal perlite (in the case of a higher 
content of carbon and quick cooling hardening 
can occur in this zone) is formed by cooling.

5. Recrystallization zone - recrystallization can occur 
only on precondition that the welded material is in

work hardening state. The zone of the heat recrys­
tallization is in range from 500-725°C. Quantita­
tive picture analysis of the welded joint structure 
(Martinkovič, Šugár 1994) could help with 
more detailed description of the phenomena that 
run the structure formation at welding.

6. Blue brittle zone - the temperature reaches up to 
500°C. The heating of the parent material does 
not cause microscopic changes at the above 
mentioned temperature. However, significant 
sub-microscopic changes may occur.

The object of the experiment is the comparison of 
the microstructure of welded joints manufactured 
by two welding methods.

MATERIAL AND METHODS

Characteristics of sample and filler materials

The welding of the samples was carried out by fol­
lowing the standard STN EN ISO 15614-1 (2005), 
which determines the welding procedure. The ma­
terial of the samples was low-carbon, fine-grained 
steel of class STN 41 1375 (1989). Chemical com­
position and mechanical properties of the parent 
material are shown in Table 1. The sample dimen­
sion were t = 8 mm, b = 350 mm, a = 150 mm.

The data presented in Tables 1-3 have been given 
by the producer.
Sample No. 1 - welded by manual arc welding 
method: Filler material - basic electrode EB-121 
(ESAB Slovakia, Bratislava, Slovakia) with the diam­
eter of 2.5 mm. Its chemical composition is shown
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Table 1. Chemical composition and mechanical properties of steel STN 41 1375

C (%) P (%) S (%) N (%) Fracture limit Yield limit

max 0.17 max 0.045 max 0.045 max 0.09 340-470 MPa 215 MPa

Table 2. Chemical composition of electrode EB-121

C (%) Mn (%) Si (%) P(%) S (%) N (%)

0.05 0.80 0.40 - - -

Table 3. Parameters of welding wire OK Autrod 12.58

C (%) Mn (%) Si (%) Gas Rm (MPa) Re (MPa)

M21 515 420
0.10 1.10 0.65

Cl 485 375

in Table 2. The electrode is one of those most used 
for the welding of significantly stressed components 
of energy pipes of devices, transport, pressure vessels, 
shipping and building constructions of up to R = 
480 MPa. Welding parameters: U = 24 V, I = 82 A.
Sample No. 2 - welded by GMAW method: Filler 
material - welding wire OK Autrod 12.58 (ESAB 
Slovakia, Bratislava, Slovakia), with the diameter 
of 1.2 mm. Chemical composition and mechanical 
properties are shown in Table 3. The wire is used 
for welding of the most common non-alloy and 
fine-grained structural steel with the yield strength 
limit of up to 380 MPa. It is suitable for the weld­
ing of constructions, pressure vessels, shipping 
components, and also parts from galvanised sheet 
metal. It allows welding by high-voltage current 
(spray transfer) and also by short arc in all posi­
tions. Welding parameters: U = 30 V, I = 220 A.

The drafts of the ample shape and location of sam­
pling for the tests according to STN EN 15614-1 
(2005) are illustrated in Fig. 4.

RESULTS AND DISCUSSION

Figs 5 and 6 illustrate the documented mac­
rostructure of the monitored samples.

The boundary of the melting-down was not very 
noticeable; the root was overheated but the weld ex­
ceed was not sufficient in sample No. 1 (Fig. 5). The 
boundary of the melting-down was sharper; the sam­
ple root was not overheated in sample No. 2 (Fig. 6).

Figs 7 and 8 illustrate the documented micro­
structure of the welded metal sample.

The structure of sample No. 1 was more coarse­
grained than that of sample No. 2. This was caused 
by acicular ferrite (AF), fine acicular ferrite (CAF) 
was bordered by more coarse ferrite at the bound­
aries of the initial austenitic grains, which grew 
along the heat dissipation (Figs 7 and 8).

Figs 9 and 10 illustrate the comparison of the 
boundary zones of the samples melting-down.

The boundary of the sample No. 1 melting-down 
was not so noticeable as with sample No. 2.

Fig. 4. (a) Sample disc with butt joint with 
re-weld; (b) example of sampling for test ac­
cording to standard (6 - spot of sampling for 
microscopic analysis)

S55



Vol. 57, 2011 (Special Issue): S50-S56 Res. Agr. Eng.

Fig. 5. Sample No. 1 (Mag. 12.5x)
1 - weld metal, 2 - melting-down boundary, 3 - HAZ, 4 - HAZ

Fig. 6. Sample No. 2 (Mag. Юх)

Figs 11 and 12 illustrate the documented high- 
heated zone affected after transformation.

The microstructure of this part of HAZ was 
formed by upper bainite (UB) and acicular ferrite 
(AF) along the boundary of austenitic grains after 
austenite disintegration, which had locally Wid- 
mannstättenic character. In sample No. 1, this zone 
was more coarse-grained than in sample No. 2. 
The roughness of austenitic grain in HAZ heated 
in the zone of high temperatures formats the more 
coarse structures after its transformation at cooling, 
which was noticed in lower values of the mechanical 
attributes, particularly ductility in this part of joint.

Figs 13 and 14 illustrate the documented zones 
affected by the heat closely above A y The structure 
was more fine-grained than with high-heated HAZ, 
and was formed by acicular ferrite (AF, CAF) and 
lower bainit (LB).

Sample No. 1 shows also non-metallic inclusions.
Figs 15 and 16 show the comparison between the 

sample zones after heating at a temperature below 
Ap where the structural changes were not noticed 
to origin state (in comparison with the original 
state).

The structure of the parent sample material was 
fine-grained, ferrite-perlitic. The divergences in the 
grain size related to small inhomogeneity of the plate 
sheet metal, from which the samples were taken. The 
results of the structural analysis of micro-scratch 
pattern samples of welds made by manual electrical 
arc welding and GMAW method and the evaluation 
of macro-scratch pattern of welds correspond to the 
knowledge of the welding method used.

The amount of heat brought into the weld in the 
course of manual electrical arc welding is higher 
than that GMAW method. The welding speed in 
manual electrical arc welding is lower, therefore a 
greater volume of the weld metal, deeper penetra­
tion, a wider zone of the overheated material, and 
higher heat inertia of the heated material volume 
are noticed. Cooling is slower and that formats grain 
coarsening with the related mechanical attribute 
decrement of the material in the welding zone. From 
this point of view, we can assess GMAW meth­
od as positive. The range of HAZ is about 20% to 
30% narrower with GMAW method by using opti­
mal parameters of welding at manual electrical arc 
welding and GMAW.

Fig. 7. Microstructure of welding metal - Sample No. 1 Fig. 8. Microstructure of welding metal - Sample No. 2
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Fig. 9. Microstructure of melting-down boundary - Sample
No. 1

Fig. 10. Microstructure of melting-down boundary — Sam­
ple No. 2

Fig. 11. Microstructure of high-heated HAZ - Sample
No. 1

Fig. 12. Microstructure of high-heated HAZ - Sample
No. 2

Fig. 13. Microstructure HAZ - Sample No. 1 Fig. 14. Microstructure HAZ - Sample No. 2

The boundary of melting-down at manual arc 
welding is not noticeable and geometric, which is 
caused by the character of the manual electrical 
arc welding, electrode diameter, and movement 
of the electrode spike, possibly due to electric arc

blowing. In consideration of the controlled electric 
arc in GMAW method and better geometry in the 
process kinematics, the geometry of the weld bead 
is symmetrical, the welded metal bound, and the 
welds geometry univocally definable.
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Fig. 15. Microstructure HAZ - Sample No. 1 Fig. 16. Microstructure HAZ - Sample No. 2

CONCLUSION

The paper was focused on the analysis of the ef­
fects of welding technologies on the welded joint 
microstructure quality and formation. The samples 
tested came from the material class STN 41 1375 
(1989) and were welded using the technologies of 
the manual electrical arc welding and of GMAW. 
The analyses of macro and microstructures of the 
welded joints confirmed that the technologies and 
technological parameters of welding influence the 
structure of the welded joint and range of the mate­
rial affected by welding. From this point of view, the 
differential approach to the selection of progressive 
welding method is very important, particularly 
considering the heat input and other factors posi­
tively affecting the results of the welding process.
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Abstract

Rusnák J., Zeleňák M., Valíček J., Kadnár M., Hloch S., Hlaváček P„ Kušnerová M., Čep R., Kadnár J„ 2011. 
Measurement of titanium surface roughness created by non-conventional cutting technology. Res. Agr. Eng., 
57 (Special Issue): S57-S60.

The paper evaluates the surface roughness quality of the titanium samples created by abrasive waterjet (AWJ) and by 
CO2 laser beam cuttings. The introduction describes the principle of the mechanical (contact) method as well as the 
roughness parameters used for the experiment results evaluation. The following parts summarise the experimental con­
ditions and the measurement methodology. The emphasis of this work is laid on the comparison of machined surfaces 
final quality for the selected traverse speeds.

Keywords: surface properties; metrology; titanium alloy; roughness measurement

The surface quality control is a very important 
part of the surface preparation in all types of tech­
nologies that are used for their creation (Valíček 
et al. 2009). Since 1930, when topography meters 
were invented, great progress has been made in 
both the methods and measuring equipment. The 
digital methods implemented in 1960s have ena­
bled the surface evaluation by 3D method (Bum­
bálek et al. 1989).

MATERIAL AND METHODS

The standardisation of the surface roughness is 
both a technical and an economic task. Thus, its im­
portance is increasing with the requirements for the 
precision, efficiency and reliability of the machine 
components and equipment. All the requirements 
mentioned depend on many parameters of roughness, 
mechanical characteristics of the functional surfaces

Supported by Student Grant Competition, Project No. SP2011/78, SP/201058, Czech Science Foundation, Grant 
No. 101/09/0650, Ministry of Education, Youth and Sports of the Czech Republic, Project No. MSM 6198910016, Regional 
Research Center of Materials and Technology, Project No. CZ.1.05/2.1.00/01.0040, Institute of Clean Technologies for Extraction 
and Utilization of Energy Resources, Project No. CZ.1.05/2.1.00/03.0082.
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Fig. 1. The profiles according to ČSN EN ISO 4287 (1999) 
(a) P - profile, (b) W - profile, (c) R - profile

and the method of assembling. The main reason is to 
improve the lifetime and operational characteristics 
of the engineering products (Bumbálek et al. 1989).

According to the ČSN EN ISO 4287 (1999) standard, 
the following surface profiles are distinguished; the 
basic surface profile P (Fig. la), the surface waviness 
profile W (Fig. lb) and the surface roughness profile R 
(Fig. 1c). The basic profile is an ideal smooth surface. 
The waviness profile is characterised by low frequen­
cies and high amplitudes of the surface roughness. The 
roughness profile is characterised by high frequencies 
and low amplitudes of the surface roughness.

The middle arithmetic aberrance of the Ra profile 
is the primary parameter of the surface roughness. 
It is the average arithmetic value of absolute profile 
aberrances in the length range. It reflects the time 
and dimensional dependence of the surface rough­
ness and is determined by the following Eq. 1:

^«=7-f|Tto|^ or ^~-Z|t(a)| (1)
lP о " -=i

where
I - measured length (m)
y(x) - profile dependence (Bumbálek et al. 1989) 
y(x.) - coordinates of n points (Bumbálek et al. 1989) 

in the length range, i = 1, 2... и

The mechanical (contact) method is currently the 
most used method mainly in engineering (Fig. 2). Its 
advantage is the direct measurement and the pos­
sibility of its use for all surface types (Hlaváček et

al. 2009). The analogue recording of the surface to­
pography which is the result of this method can be 
transformed into digital recording. The values meas­
ured by this method are also used in other types of 
methods (for comparison, etc.). The method also al­
lows measuring the geometric profile of the surface 
repeatedly and identically (Zeleňák et al. 2009). 
However, the pressure generated on the prick sensor 
causes elastic and plastic deformation in the surface 
layer. The total deformation depends on the surface 
hardness. Thus, the prick sensor damages the meas­
ured surface which influences not only the evaluated 
surface but also the whole measuring.

As the initial material for the experimental pur­
poses, unalloyed titanium was used with the speci­
fication ASTM B265-99 (1999), supplied in the 
annealed condition. The chemical and mechanical 
parameters of the titanium are given in Table 1.

Fig. 3 illustrates the cutting heads of the abrasive 
waterjet (AWJ) and CO2 laser beams. The technologi­
cal parameters for the cuttings are given in Table 2.

The surfaces created by AWJ and CO2 laser beam 
cutting technologies were measured with a contact 
profilometer Surftest SJ 401 (Mitutoyo America 
Corporation, Aurora, USA) (Fig. 4). Each sample 
was measured in 19 depth traces. The results of 
the surface irregularities from each trace were ob­
tained, analysed and statistically processed. The 
measurement was performed on five consecutive 
fundamental lengths (Z = 2.5 mm) and the average 
value of the surface profile roughness Ra was deter­
mined from the results obtained.

RESULTS AND DISCUSSION

The comparison of the roughness parameters ob­
tained by the AWJ and CO2 laser cutting technolo­
gies (Fig. 5) shows that the AWJ technology achieved 
five times lower Ra values than were those obtained 
with CO2 laser cutting, thus indicating that the AWJ

Fig. 2. The principle of sensor contact profilometer
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Table 1. Chemical a mechanical parameters of ASTM B265-99

Fe C о H N

0.2% max 0.08% max 0.18% max 0.015% max 0.03% max

Yield strength 0.2% Yong's module Elongation %

172-310 MPa 103 GPa 25-37

Table 2. Experimental parameters of abrasive waterjet (AWJ) and CO2 laser beam cuttings

AWJ CO2 laser

Technological parameter Sign Unit Value Technological parameter Sign Unit Value

Liquid pressure P MPa 370 pressure of inert gas Pg MPa 1.7

Water orifice diameter do mm 0.3 power P W 3,500

Focusing tube diameter df mm 0.8 traverse speed V mm/min 350, 450, 550

Focusing tube length la mm 76 standoff distance z mm 1.5

Abrasive mass flow rate ma g/min 250 diameter of beam d mm 2

Standoff distance Z mm 4 output speed of gas V 
p

mm/min 800, 500, 500

Traverse speed V mm/min 350, 450, 550 type of inert gas N2 - nitrogen

Abrasive size - MESH 80 frequency f Hz 0

Fig. 3. Details of the cutting head with the target material (a) abrasive waterjet cutting (b) CO2 laser beam cutting

(b)

Fig. 4. (a) Contact profilometer SURFTEST SJ 401, (b) photo of the surface measured in 19 lines

/ (mm)
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h (mm)

Fig. 5. The dependence of the surface roughness parameter Ra on the depth of cut h for AWJ and CO2 laser beam cuttings

technology provides a significantly higher quality of 
the machined surfaces. The CO2 laser beam cutting 
technology shows significant differences in the curve 
behaviour as compared to AWJ technology.

According to Fig. 5, the surface roughness increas­
es with the increasing traverse speed. The behaviour 
of the curve in AWJ technology shows minimal dif­
ferences and smooth behaviour at particular speeds, 
which indicates good optimisation of the cutting 
process and an appropriate setup of the input.
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Abstract

Žitňanský J., Žarnovský J., Mikuš R„ Kováč L, Andrássyová Z„ 2011. Material machining for friction knots 
of moving parts for agricultural machines. Res Agr. Eng., 57 (Special Issue): S61-S68.

The study deals with the effect of the cutting parameters such as the cutting speed, feed and cooling on the quality 
of machined surfaces in the process of hole drilling for the sliding bearings used in agricultural technique. This ef­
fect has been studied on various metals such as copper, brass, dural and leaded bronze, which are commonly used 
for their friction knots of the moving parts for agricultural machinery. The results suggest the use in the design 
of collection parts, scything strips, as well as lifting equipment of agricultural technique, where particular linear 
and rotary movements of the friction parts are slow, as well as for the design of appropriate drilling procedures.

Keywords: friction knot; sliding bearing; cutting speed; cooling; quality of machined surfaces

Quality and efficiency of the agricultural equip­
ment machining depend on the methods, devices 
and parameters that affect the work piece and so 
change its initial properties into those required. 
Finishing processes are also included, affecting the 
required shape, precision and surface of the com­
ponent (Audy 2008, 2009).

Various machining procedures are used. Drill­
ing process is one of the most used manufacturing 
techniques. Precision of the holes made and quality 
of machined surfaces after drilling can be addition­
ally increased by subsequent roughing or reaming. 
The selection of the convenient drilling procedure 
can influence the manufacturing economics, ma­
chined surface quality, productivity and total tech­
nological cost of machining (Stephenson, Aga- 
piou 2006). This effect is studied for various metals 
such as copper, brass, dural, and leaded bronze, which 
are commonly used for the preparation of the friction 
knots for the moving parts of agricultural machinery.

MATERIAL AND METHODS

Single-circuit detector Utilcell-M120 was used for 
obtaining the data on the changes of cutting forces 
in the process of drilling (Fig. 1). The crush element 
of this detector is made of beryllium-copper alloy 
made by the Utilcell Co., Barcelona, Spain.

The cutting force measured is the force acting on 
the arm, therefore it was recalculated for the real 
cutting force of the drill - following the equation:

OF x TF = L (N) (1)
z D

where:
Fz - real cutting force (N)
F - measured force (N)
L - distance between the detector and drill axis (mm) 
D - diameter of the drill (mm)

Detector of temperature - a thermoelectric seg­
ment operates on the basis of Seebeck feature. Two

Supported by the Scientific Grant Agency VEGA of the Ministry of Education of the Slovak Republic and the Slovak Academy 
of Sciences, Grant No. 1/0813/10.
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Fig.l. Detector of cutting force Utilcell M120 (Utilcell 2007)

line wires of different metals are linked on one end. If 
the ends of the circuit made have different tempera­
tures, it incurs the proportional tension of tempera­
ture difference between them. The thermoelectric 
segment used in this study consists of two line wires 
of copper and of constantan (Stephenson, Agapi- 
ou 2006). The most accurate information about the 
temperature flow in the process of drilling can be ob­
tained by measuring the temperature always at the 
level of the cutting spot. This position can be adjusted 
by displacement of the fixing holder on zero-sequence 
withdrawable part of the spindle. The position of the 
temperature detector is illustrated in Fig. 2.

Sample preparation

The samples were made of soft metals such as 
copper, dural, brass and leaded bronze for the ef­
fect assignment of the machining material type and 
cutting conditions on the process of drilling. Three 
samples were made of each metal, one for each par­
ticular rotation. All samples were in the shape of 
cylinder with the dimension 0 30 x 30 mm. The

precise measuring of temperatures was ensured by 
convenient surface quality. The samples were made 
by lathe-turning. The drilling was conducted with­
out any cooling fluid.

Drill Poldi HSS 02 0 16 mm STN 22 1140 (1977) 
was used as the cutting tool; it had been made of 
high-alloy high-speed steel (Anonymous 2003).

Procedure of measuring

The rotation of 85 1/min was used for the first 
measuring. The feed was constant for the whole 
measuring process. Four snapshots were taken 
with thermography video camera throughout drill­
ing. The first snapshot was taken when the drill 
reached the scope by whole cutting edge. The rest 
of snapshots were taken at periodical intervals. The 
last snapshot was taken in the position of close run 
out of the drill from the sample. Next two samples 
were measured at higher rotations of 150 1/min 
and 265 1/min. This procedure was repeated with 
other materials (Bátora, Vasilko 2000).

RESULTS AND DISCUSSION

Particular samples were measured within the pa­
rameters illustrated in Table 1.

The data on the average temperatures on the 
work-piece surface and cutting forces are illustrated 
in the following tables (Tables 2-5). The measured 
values were selected according to the gradation of 
the drilling tool track (Anonymous 2007).

Table 2 shows the data on the average tempera­
tures on the work-piece surface and cutting forces 
for dural. The flow of the cutting forces in the de­
pendence on the rotation change of dural is illus­
trated in Fig. 3.

Table 3 shows the data on the average tempera­
tures on the work-piece surface and cutting forces 
for leaded bronze. The flow of the cutting forces in 
the dependence on the rotation change of leaded 
bronze is illustrated in Fig. 4.

Table 1. Applied parameters of drilling

Rotation 
(1/min)

Feed 
(mm)

Cutting speed 
(m/min)

Sample 1 85 0.1 4.27

Sample 2 150 0.1 7.54

Sample 3 265 0.1 13.32
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Table 2. Applied measured average temperatures and cutting forces for dural

Tool track — 
(mm)

Sample 1 Sample 2 Sample 3
temperature 

(°C)
cutting force 

(N)
temperature 

(°C)
cutting force

(N)
temperature 

(°C)
cutting force

(N)

0 22.9 0 28.5 14 32.0 0

3 27.8 3,489 36.1 3,099 37.4 3,465

6 35.4 4,524 40.1 3,994 43.3 4,490

9 42.0 3,277 49.7 4,110 50.3 3,576

12 48.5 3,609 54.1 3,133 56.5 3,821

15 51.0 3,446 58.9 3,677 61.8 3,301

18 54.7 4,750 58.9 2,912 65.3 3,215

21 57.7 3,754 61.8 3,056 69.2 3,162

24 59.5 3,735 64.1 3,508 73.6 3,191

27 59.5 4,096 67.0 3,277 76.3 3,499

30 51.6 1,554 54.7 4,009 54.7 10

Table 4 shows the data on the average temperatures 
on the work-piece surface and cutting forces for brass. 
The flow of the cutting forces in the dependence on 
the rotation change of brass is illustrated in Fig. 5.

Table 5 shows the data on the average temperatures 
on the work-piece surface and cutting forces for cop­
per. The flow of the cutting forces in the dependence 
on the rotation change of copper is illustrated in Fig. 6.

Measured values of hardness

Table 6 shows the measured hardness of dural 
with all three samples measured. Hardness Ra in 
the dependence on the rotation of dural is illustrat­
ed in Fig. 7.

Table 7 shows the measured hardness of leaded 
bronze with all three samples measured. Hardness

Ra in the dependence on the rotation of leaded 
bronze is illustrated in Fig. 8.

Table 8 shows the measured hardness of brass with all 
three samples measured. Hardness Ra in the depend­
ence on the rotation of brass is illustrated in Fig. 9.

Table 9 shows the measured hardness of copper 
with all three samples measured. Hardness Ra in 
the dependence on the rotation of copper is illus­
trated in Fig. 10 (Žitňanský, Žarnovský 2010).

Geometry of drilled hole

The calculated values of ovality for each material 
studied are clearly shown in Table 10. Ovality was 
studied in the working plane A-A and B-B.

The basic prerequisite for the most suitable cut­
ting parameters detection in drilling coloured met-
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Table 3. Applied measured average temperatures and cutting forces for leaded bronze

Tool track - 
(mm)

Sample 1 Sample 2 Sample 3
temperature 

(°C)
cutting force

(N)
temperature 

(°C)
cutting force

(N)
temperature 

(°C)
cutting force

(N)
0 25.0 5 27.8 14 33.4 0

3 31.3 2,228 30.6 4,822 34.0 2,517

6 37.4 4,919 34.7 4,331 39.4 4,822

9 44.6 5,149.5 40.1 5,414 44.0 5,727

12 48.5 4,519 44.6 4,851 47.8 4,456

15 52.8 4,875 49.1 5,342 53.4 5,188

18 57.7 4,837 53.4 5,438 57.7 5,101

21 62.4 5,106 57.1 4,938 61.2 5,987

24 67.0 5,433 63.6 5,313 66.4 5,082

27 70.3 5,554 68.1 5,482 74.7 5,756

30 64.1 3,268 54.1 703 57.1 1,319

Tool path (mm)

Table 4. Applied measured average temperatures and cutting forces for brass

Tool track - 
(mm)

Sample 1 Sample 2 Sample 3

temperature 
(°C)

cutting force
(N)

temperature 
(°C)

cutting force
(N)

temperature 
(°C)

cutting force 
(N)

0 25.0 5 29.9 5 34.0 10

3 28.5 2,777 32.0 3,605 36.1 3,629

6 34.0 4,822 36.1 3,908 38.7 4,558

9 37.4 4,548 38.1 4,774 41.4 5,390

12 43.3 5,130 40.7 4,822 45.9 4,173

15 45.9 5,188 44.6 4,663 48.5 5,299

18 51.0 4,923 46.6 5,304 50.3 5,607

21 53.4 4,769 52.8 4,938 55.9 6,083

24 57.1 5,741 57.1 5,650 57.1 4,933

27 52.2 6,155 63.0 5,193 61.8 6,507

30 50.3 6,222 58.9 6,271 62.42 5,385
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Table 5. Applied measured average temperatures and cutting forces for copper

Fig. 5. Flow of cutting forces in depend­
ence on rotation change - brass

Sample 1 Sample 2 Sample 3

(mm) temperature 
(°C)

cutting force
(N)

temperature 
(°C)

cutting force 
(N)

temperature 
(°C)

cutting force 
(N)

0 31.3 10 36.7 10 39.4 14

3 32.0 4,842 44.6 8,167 41.4 9,879

6 46.6 12,143 60.1 13,343 47.2 10,835

9 55.9 11,583 73.1 12,232 58.9 14,196

12 67.0 12,076 84.9 12,623 67.0 13,936

15 69.2 11,766 92.0 12,698 76.8 14,687

18 79.9 15,621 98.7 13,109 80.9 14,365

21 80.4 12,604 100.3 13,643 93.9 11,599

24 79.4 10,974 86.9 12,574 95.6 11,798

27 77.3 14,916 89.7 14,324 84.4 14,324

30 69.8 683 72.0 154 74.7 2,233

Fig. 6. Flow of cutting forces in depend­
ence on rotation change - copper

als for friction knots of agricultural equipment was 
quality monitoring of the surfaces thus machined 
on the experimental samples. Quality of drilled 
holes was evaluated in accordance with the sur­
face hardness, geometric precision, and conform­

ity of the machined hole proportion with the drill 
diameter used. A rapid increase in cutting forces 
out of consideration to the average cutting force 
level was accomplished with dural samples drilling. 
It stayed around this value henceforth. The high-
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Table 6. Measured values of hardness - dural

Parameter (pm) Sample 1 Sample 2 Sample 3

Ra 2.02 1.33 1.72

Rq 2.45 1.61 2.03

Rt 12.4 7.3 9.4

Rv 8.7 5.5 7.3

Rz 6.1 3.9 5.1

Rp 4 2.5 3.7

Fig. 8. Dependence of Hardness Ra on rotation - leaded 
bronze

Table 7. Measured values of hardness - leaded bronze

Parameter (pm) Sample 1 Sample 2 Sample 3

Ra 0.23 1.09 1.98

Rq 0.27 1.34 2.33

Rt 2.6 6.1 10.1

Rv 1.4 5.1 8.2

Rz 0.8 4 6.4

Rp 0.5 1.9 3.2

Table 8. Measured values of hardness - brass

1.40

1.20

1.00

-g 0.80

= 0.60

0.40

0.20

0.00

Parameter (pm) Sample 1 Sample 2 Sample 3

Ra 0.83 0.7 0.95

Rq 1.3 0.88 1.13

Rt 8.3 5.2 5.6

Rv 4.2 3.8 4.5

Rz 2 2.5 3

Rp 1.6 1.4 2.1

1 1
g Samplel

g Sample 2 

g Sample 31
Fig. 10. Dependence of Hardness Ra on rotation - copper

Table 9. Measured values of hardness - copper

Parameter (pm) Sample 1 Sample 2 Sample 3

Ra 1.14 1.22 0.91

Rq 1.49 2.26 1.39

Rt 10.5 17.4 10

Rv 6.4 6.6 4.6

Rz 4.1 4.4 2.7

Rp 3 3.1 2.7
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Table 10. Calculated values of ovality

Plane (mm) Sample 1 Sample 2 Sample 3

Dural

A-A 16.09 16.09 16.11

B-B 16.13 16.12 16.12

Ovality 0.04 0.03 0.01

Leaded bronze

A-A 16 16.01 16.01

B-B 16.01 16.02 16.02

Ovality 0.01 0.01 0.01

Brass

A-A 16.02 16.035 16.02

B-B 16.04 16.04 16.03

Ovality 0.02 0.005 0.01

Copper

A-A 16.39 16.39 16.257

B-B 16.37 16.355 16.3

Ovality 0.02 0.035 0.043

est deviations were obtained with the lowest cut­
ting speed with the spindle rotation of 85 1/min. 
A higher stabilisation of the cutting forces was 
reached by cutting speed increment. Higher values 
of the cutting forces at a lower rotation could be 
caused by the mechanism of splinter production, 
when a higher plastic deformation was occasion­
ally noted. This influenced also the degree of tool 
dullness and course of temperature. The highest 
cutting speed of 13.32 m/min caused the most 
abrupt temperature flow increment, when the re­
sultant temperature flow measured on the spot of 
the cut increased almost linearly. The temperature 
was increasing from the beginning of the drilling 
process approximately evenly and then this trend 
of the temperature increase gradually deminished 
with a different cutting speed. The linear course 
of temperature at the highest rotation was caused 
by a more intensive production of the friction heat 
in short time, thus this heat could not be led away 
by the material quickly enough. The cutting forces 
and temperature decrement at the end of the drill 
track was as in all other drilled materials caused by 
the drilling surface decrement within running out 
of the drill from the material. The results suggest 
that with dural, the best values of surface geome­
try were reached at the rotation of 150 1/min with 
the cutting speed of .54 m/min. The best values of 
Hardness Ra = 1.33 pm were also reached by using

these parameters. The lowest selected cutting speed 
of 4.27 m/min with the rotation of 85 1/min was 
marked in terms of hardness as the most suitable 
for drilling the leaded bronze sample. The quality 
of machined surface with Hardness Ra = 0.23 pm 
and very high geometry precision were reached by 
the use of these cutting parameters. This hardness 
was the highest one obtained among all coloured 
metals examined. The deviation from the set drill­
ing proportion of the hole diameter of 16 mm was 
0-10 pm. The cutting speed increment caused a 
significant hardness increment to 1.98 pm with the 
rotation of 265 1/min.

The cutting speed of 7.54 m/min with the average 
spindle rotation of 150 1/min was marked as the 
most suitable for brass drilling. The best values of 
ovality and hardness Ra = 0.7 pm were also meas­
ured at the cutting speed mentioned.

The best values of the copper samples-in hard­
ness contrast to the other materials-were observed 
at the highest rotation of 265 1/min with the cut­
ting speed 13.32 m/min. The lowest deviations 
from the hole drilling diameter set was also reached 
at the cutting speed mentioned. However, ovality 
was the worst with these cutting parameters. The 
lowest ovality of the machined hole was obtained 
at the lowest rotation (Žitňanský, Kročko 2001; 
Ružbarský, Tomáš 2006).

CONCLUSIONS

In the paper, the results are described of the drill­
ing of different materials used for the manufactur­
ing of agricultural machines moving parts. These 
materials include copper, brass, duraluminium and 
lead bronze. The same parameters were used in the 
drilling of all materials.

Based on the results achieved, we can conclude 
that the quality of drilled holes in particular mate­
rial depends significantly on the cutting speed. Dif­
ferent effects of the cutting speed on the surface 
roughness and roundness were found. The lowest 
roughness values were achieved at different cutting 
speeds as those leading to the best roundness in the 
case of all materials in research.

References

Anonymous, 2003. Iljin Machinery Co., Ltd. Available at 
http://www.iljin-mc.co.kr/english/technology/quality. 
htm?qt=surface (accessed February 03, 2010).

S69

http://www.iljin-mc.co.kr/english/technology/quality


Vol. 57, 2011 (Special Issue): S61-S68 Res. Agr. Eng.

Anonymous, 2007. Dimar Slovakia, Ltd. Available at http:// 
mtf.dattex.net/modules.php?name=Downloads&d_ 
op=getit&lid=28 (accessed April 25, 2009).

Audy J., 2008. A study of dry machining performance of the 
TiN, Ti (A1,N) and Ti (C,N) coatings and a type M35 HSS 
tool substrate material assessed through basic cutting 
quantities generated when orthogonal turning a Bisalloy 
360 grade steel work-piece material. Annals of Faculty 
Engineering Hunedoara - International Journal of Engi­
neering, 6: 59.

Audy J., 2009. Study of coatings on experimental thrust and 
torque in drilling. Annals of Faculty Engineering Hune­
doara - International Journal of Engineering, 7: 31-40.

Bátora B., Vasilko K., 2000. Obrobené povrchy (Cut­
ting Surfaces). Trenčín, GC - Tech 2000, Inc.: 131.

Ružbarský J., Tomáš J., 2006. Some results of the turning of 
hardened steel without cooling. Acta Avionica, 8: 87-90.

Stephenson D.A., Ac apiou J.S., 2006. Metal Cutting Theory 
and Practice. Boca Raton, CRC Press.

STN 22 1140, 1977. Vrtáky skrutkové s kuželovou stopkou. 
Základné rozměry (Taper shank twist drills. Basic dimen­
sions).

Unticell, 2007. Untilcell. Available at http://www.utilcell. 
com (accessed Fabruary 10, 2010).

Žitňanský J., Kročko V., 2001. Vplyv podmienok 
dokončovania predvřtaných dier na kvalitu vrtaného povr­
chu a rozmerovú presnosť (Influence of drilled holes finish­
ing conditions on drilling surface quality and accuracy of 
size). In: 6th International Scientific Symposium - Quality 
and Reliability of Machines. Nitra, SPU in Nitra: 101.

Žitňanský J., Žarnovský J., 2010. Effects of material and 
cutting conditions on the temperature of drilling measured 
by thermovision technics. Manufacturing Engineering, 
9: 34.

Received for publication March 3, 2011 
Accepted after corrections October 21, 2011

Corresponding author.

Ing. Jan Žitňanský, Ph.D., Slovak University of Agriculture in Nitra, Faculty of Engineering, 
Department of Quality and Engineering Technologies, Tr. A. Hlinku 2, 949 76 Nitra, Slovak Republic 

phone: + 421 376 414 104, e-mail: jan.zitnansky@uniag.sk

S70

http://www.utilcell
mailto:jan.zitnansky@uniag.sk


Res. Agr. Eng. Vol. 57, 2011 (Special Issue): S69-S73
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Abstract

Valíček J., Kadnár M„ Hlaváček R, Rusnák J., Hloch S., Zeleňák M„ Řepka M„ Kušnerová M„ Kadnár J., 
2011. Shadow method for the evaluation of surface created by hydroabrasive dividing of materials. Res. Agr. 
Eng., 57 (Special Issue): S69-S73.

The contribution deals with the analysis of the optical data obtained from the surfaces generated by hydroabrasive dividing 
of materials. The samples of different materials were prepared at the Academy of Sciences of the Czech Republic. The 
comparison of further results performed between the commercial contact profilometer HOMMEL TESTER T8000 and 
the contactless shadow method developed included its calibration. On the basis of the optical data analysis, the results 
evaluated especially the height irregularities of the surface topography caused by hydroabrasive cutting planes. The 
evaluation of the surface topography generated by abrasive waterjet was realised via spectral analysis. The amplitude­
frequency analysis of the signals generated on surface topography was mainly realised.

Keyword: disintegration of materials; optical method; roughness; measurements

While the engineering cutting technologies gen­
erally make mirror surface reflections, the hydroa­
brasive dividing of materials makes diffusive surface 
reflections. The topography of the hydroabrasive 
generated surfaces records significant diversity in 
the heights of amplitudes and their waves lengths. 
Thus, the development of the optical method is fo­
cused on the metrological compatibility of optical 
and mechanical profilometry methods, i.e. the op­

tical method will evaluate the basic parameters of 
the surface roughness according to the engineering 
standards. It is the shadow method which was se­
lected from all the methods to realise the experi­
ment because this method is able to fulfil the ex­
perimental demands. The experimental results of 
the commercial contact profilometer HOMMEL 
TESTER T8000 (Hommewerke GmbH, Villingen- 
Schwenningen, Germany) were used for further
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of Energy Resources, Project No. CZ.1.05/2.1.00/03.0082.
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Table 1. Technological parameters of samples

Technological parameter Value

Liquid pressure (p, MPa) 300

Water orifice diameter ^d^ mm) 0.25

Focusing tube diameter (d^ mm) 0.8

Focusing tube length (l^ mm) 76

Abrasive mass flow rate (m^ g/min) 250

Standoff distance (L, mm) 2

Material thickness (/z, mm) 8

Traverse speed (v^ mm/min) 50, 100, 150, 200

Abrasive size (-, MESH) 80

Abrasive material (-) Garnet Barton

analysis. The main aim was to use the proposed 
methodology for measuring and evaluating the 
surface topography generated by hydroabrasive di­
viding of materials with the aim of proposing semi­
automatic and automatic operations of the surface 
quality estimation. Thus, it is necessary to process 
the bank of input and output parameters of hydroa­
brasive dividing and to propose the criteria for on­
line operation (Hashish 1984; Valíček 2007a).

Hydroabrasive dividing of materials

Dividing of materials causes hydroabrasive fis­
sion of the material including possible material de­
struction. The impact of the material particles has 
elastic-plastic characterisation. In the case of the 
plastic dominance, the particles can be constrained 
in the material in the dividing flow as well as in the 
cutting plane. The dividing effect is then based on

Fig. 1. Illustration of measuring lines on steel sample (ČSN 
41 725, 1991)

the cumulated particles with certain quantity and 
traverse speed. The size and the shape of the ma­
chined particles depend on the amount of the cut­
ting planes and the trajectory of their movement. 
The parameters which influence the process are: 
the speed of element, abrasive mass flow rate, wall 
sharpness, hardness of element, size and shape of 
element, physical and mechanical properties of 
work-piece. The material removal then depends on 
the combination of the factors mentioned. Hash­
ish (1984) reported on the interdependence of the 
removal size, elements speed, wall sharpness for 
plastic and brittle materials as well as the hardness 
and size of the abrasive elements.

The creation of the machined particles is then based 
on the movement trajectory and the speed. The speed 
can be divided into translational and rotational parts. 
Hashish (1984) and other scientists Tichomirov 
and Guenko (1984), Blickwedel et al. (1990), 
Zeng and Kim (1990), Guo (1994), Brandt et al. 
(2000) worked on the scanning of the moves by high 
speed cameras. Hutchings described and defined two 
types of rotation for the rotational part of the speed, 
i.e. rotation in traverse speed and backward rotation 
towards traverse speed. He observed different behav­
iour of plastic materials and brittle materials. Brittle 
materials were plastically changed whereas plastic 
materials were reinforced. He also explained that the 
abrasive effect of abrasive water jet (AWJ) is mainly 
determined by inertial and resistant forces of the 
abrasive particles and their deformation and disinte­
gration overtake hydrodynamic forces. That explains 
the abrasive scratch of materials disintegration.

MATERIAL AND METHODS

Thirty samples of different materials were prepared 
at the Academy of Sciences of the Czech Republic. 
The size of each material was 20 x 20 x 8 mm (Fig. 1). 
The samples were made with PTV-37-60 Pump 
(PTV, Ltd., Hostivice, Czech Republic) according to 
the parameters given in Table 1. The traverse speed 
of the cutting head was the only variable parameter, 
i.e. 200, 150,100 and 50 mm/min.

Each material and each side of the samples was 
measured in 22 measuring lines. Each measuring line 
provided the information about the signal of the light 
and shadow by means of a CCD camera (ILC, Bratis­
lava, Slovak Republic) Valíček et al. (2007b).

A laser diode with the performance of W/650 nm 
was used in the experiment. The shadow visual effect
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also depends on the illumination angle. The beam 
angle allows to view clearly the elevations and de­
pressions of the surface topography which is related 
to the typical waviness of hydroabrasive dividing of 
materials. The sample illumination was realised un­
der 15° and the changes were detected by means of a 
CCD camera with 1,090 x 1,370 pixels.

Fig. 2 illustrates a typical signal obtained by in­
tensity distribution sampling from the surface as 
gained by the CCD camera.

The signals were processed by Vibroanalyser 
program (ILC, Bratislava, Slovak Republic). The 
program transfers the signals via Fourier Trans­
form (FFT) from the time area to the amplitude­
frequency spectrum. The spectrums involve the 
areas in which waviness and roughness are con­
centrated. That is why the zonal filtration of am­
plitude-frequency spectrum was realised (Fig. 3), 
i.e. the spectrum was divided into six frequency 
zones whereby the selected frequency intervals

simulated to contact profilometer cut-off to pro­
vide the topography of samples.

RESULTS AND DISCUSION

Results comparison between commercial 
method and shadow method

The results of the shadow method could be com­
pared with the results of the commercial method. The 
results of the shadow method measuring could be 
confronted with the results of the contact profilom­
eter HOMMEL TESTER T8000 according to the am­
plitude-frequency spectrums. The signal from 6 mm 
was selected to present the differences between these 
methods.

Fig. 4 illustrates a twelve times extended cutting 
plane of hydroabrasive dividing. From the signal, 
the amplitude-frequency spectrum was recorded.
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Fig. 3. Amplitude-frequency spectrum 
of the surface obtained from one repre­
sentative measured line at 6 mm depth 
from surface with distinguished fre­
quency bands

The localisation can be seen of low-frequency com­
ponents with the highest amplitude values from to 
the frequency band 0-2.5 1/mm definitely corre-

Fig. 4. Comparison of results between a) commercial 
method and b) shadow method

spending to the waviness of the machined surface. 
The average value of this zone was approximately 
11/mm which corresponded to the wave length X of 
1 mm. This can be confirmed directly on the sam­
ple and it also allowed a better understanding of 
the hydroabrasive dividing.

Calibration of the shadow method 
by contact profilometer

Based on the results and their confrontation with 
Ra and Rq parameters directly detected on the sam­
ples of the contact profilometer HOMMEL TESTER 
T8000, the RMS (Root Mean Square of reflected 
light intensity) was selected as the appropriate pa­
rameter for the surface topography of the samples 
machined by hydroabrasive dividing. The RMS pa­
rameter used in the shadow method enables to de­
tect the fluctuation of the changes developed by the 
topographical principle of the sample surface.

S74



Res. Agr. Eng. Vol. 57, 2011 (Special Issue): S69-S73

It has been confirmed that the surfaces generated 
by hydroabrasive dividing of materials are not sto­
chastic but are mostly periodical with a wide range 
of high amplitudes and their wave lengths. For the 
pitches and wave lengths, about 5,000 values of 
RMS parameters were measured and the calibra­
tion of primary signals was realised. After analys­
ing the results (Figs 2 and 3) reached by the shadow 
method and after the verification with the commer­
cial profilometer HOMMEL TESTER T8000 for 
steel ČSN 41 17241 (1980) and iron ČSN 42 2712 
(1979), the RMS value was 0.05 Ra. The calibration 
function is shown in Fig. 4.
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Abstract

Kotus M„ Andrássyová Z., Číčo P., Fries J., Hrabě R, 2011. Analysis of wear resistent weld materials in labo­
ratory conditions. Res. Agr. Eng., 57 (Special Issue): S74-S78.

The aim of the study was the evaluation of the suitability of using filler surfacing materials in abrasion resistant layers 
according to their material and tribology features. Laboratory analysis of the selected materials consisted of the tests of 
hardness, microstructure and wear resistance determination. The abrasive wear resistance was defined according to the 
standard STN 01 5084. On the basis of the results obtained, we can state that using the hard-facing for the background 
is tenable for the purpose of wear amount decrement where the abrasive wear prevails.

Keywords: abrasive wear; relative resistance; laboratory analysis; abrasion resistant layers; Fluxofilcord 58; Fluxofilcord 59

Material properties can be evaluated from the 
point of view of abrasive wear resistance by tests 
in laboratory conditions and on the basis of the 
results obtained in tests in operational conditions. 
Common methods of wear amount testing allow 
determining the relative material wear resistance 
by several quantitative methods (Kotus, Drahoš 
2010).

One of the tribological test methods is the deter­
mination of the metal material abrasive wear resist­
ance on a device with grinding fabric according to 
the standard STN 01 5084 (1973). Relative abrasive 
wear resistance (tyabr) is an elemental criterion for 
the material evaluation in laboratory conditions 
(Balla 1989).

On the basis of the indicators defined (hardness, 
microstructure) in laboratory conditions, we can 
evaluate also the suitability of filler materials for

forming abrasion resistant layers, which are abra­
sive wear resistant (Kotus 2009).

On the basis of the laboratory analysis, the object of 
this study was the evaluation of mechanical proper­
ties of filler materials Fluxofilcord 58 and Fluxofilcord 
59 (Air Liquide Welding, Lužianky, Slovak Republic) 
suitability of their use in abrasion resistant layers for­
mation. The formation of abrasion resistant layers by 
surfacing with filler materials is a possible way of re­
sistance enhancement in functional machine parts.

MATERIAL AND METHODS

The analysis of the filler materials was done in 
the laboratories of the Department of Quality and 
Engineering Technologies, Faculty of Engineering, 
Slovak University of Agriculture in Nitra. The test

Supported by the Scientific Grant Agency VEGA of the Ministry of Education of the Slovak Republic and the Slovak Academy 
of Sciences, Grant No. 1/0576/09.

S76



Res. Agr. Eng. Vol. 57, 2011 (Special Issue): S74-S78

Fig. 1. Test device with grinding fabric
1 - grinding fabric, 2 - sample, 3 - holder, 4 - weight, 5 - moving screw, 6 - rotary matrix, 7 - limit switch, 8 - stopper, 9 - rotary 
horizontal panel

device (Fig. 1) for the determination of metal mate­
rial abrasive wear resistance on the grinding fabric 
meets all conditions defined by the standard STN 
01 5084 (1973).

The parameters of the samples, as well as the pro­
cedures and conditions which need to be met in the 
test for reproducible and comparable results, are 
given in the standard. The comparative sample tested 
according to the standard STN 41 2014 (1993) was 
steel 12014.20 with the range of hardness HV = 95 to 
105. The weight loss with precision of 1 x 104 g was 
computed from the measured weights of the sam­
ples before and after the test. Minimum of four test­
ed samples were obtained from each material. The 
comparative etalon sample was regularly alternated 
by the tested material in the order 1-2-1-2-1.

Abrasive wear relative resistance (фаЬг) was cal­
culated by the following adapted equation:

(1)

where:
W - average weight loss of etalon sample body (g) 
Wh - average weight loss of samples of tested material (g)

Fig. 2. Scheme of plane and location of hardness measure­
ment HV 10:4x surfacing metal (SM), 3x heat affected zone 
(HAZ), 3x parent material (PM)

The set parameters of the test device were the fol­
lowing:
• frictional speed - max. 0.5 m/s 
♦ transverse feed per rev - 3 mm 
♦ diameter of rotary panel - 480 mm 
♦ length of frictional track - 50 m 
♦ amount of contact pressure - 0.32 MPa 
♦ grinding fabric - Globus 100
• sample length - 50 mm with diameter 10 mm

Vickers's method was used for the evaluation of 
the hardness measurement by crossing the parent 
material through the heat affected area into the sur­
facing metal. Vickers's test of hardness is given by 
the standard STN ISO 6507-1 (2006) using the load 
of 98 N, this means marking HV 10. The location 
punctures of the hardness measurement HV 10 are 
illustrated in Fig. 2. The location punctures were at 
the distance of 1.25 mm from the surface of the ma­
terial in the surfacing metal. The distance of the lo­
cation punctures was 0.50 mm in the heat affected 
zone as well as in the parent material.

The microstructure of the surfacing metal was 
evaluated on the basis of the image obtained by 
measuring chain consisting of microscope Epityp 2 
(Carl Zeiss Jena GmbH, Jena, Germany), a camera 
and a computer. Filler materials Fluxofilcord 58 and 
Fluxofilcord 59 (0 1.6 mm) are basic pipe wires for 
surfacing of resilient and abrasion resistant layers 
on machine parts. The surfacing metal shows high 
toughness and impact resistance. They are used for 
parts of the tools exposed to heavy abrasive wear 
such as components of dredgers, excavators, grabs, 
conveyors, drills, jaw crushers.

Chemical composition and hardness HV 10 (giv­
en by the producer) of surfacing filler materials are 
shown in Table 1.
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Table 1. Initial chemical composition and hardness HV 10 of the filler materials

Surfacing material Hardness HV 10
Elemental contents (%)

c Mn Ni Cr Mo W

Fluxofilcord 58 615-655 0.5 1.5 - 5.5 0.6 -

Fluxofilcord 59 596-675 0.4 1.0 1.0 5.0 0.8 2.0

Table 2. Average values of material weight loss in tests on grinding fabric

Material Weight loss (g) Standard deviation (g) Relative wear resistance ФаЬг) Standard deviation (g)

Fluxofilcord 58 0.1783 0.007597 2.10 0.110799

Fluxofilcord 59 0.1698 0.005808 2.21 0.092966

Etalon 12 014.20 0.3750 0.005199 1 -

Welding power source Optipuls 500i W (Air 
Liquide Welding, Lužianky, Slovak Republic) with 
stepless welding current and voltage was used for 
surfacing the samples. MIG surfacing was used as 
a method of filler material application on the par­
ent material in protective atmosphere of mixed gas 
[MIG - GMAW - marking 131 according to ČSN 
EN ISO 4063 (2011)]. The following are the param­
eters of surfacing: welding voltage II = 26 V, weld­
ing current / = 133 A, welding speed 0.30 m/min, 
wire feed speed 2.0 m/min, shielding gas Ferroline 
CIS (Messer Tatragas, Šala, Slovak Republic) in the 
amount of 12 1/min.

RESULTS AND DISCUSSION

The weight values measured before and after the 
test as well as the calculated weight loss and rela­
tive wear resistance are shown in Table 2. Graphi­
cal evaluation is given in Fig. 3.

The measured values of the hardness of the par­
ent material, heat affected area and surfacing metal 
are shown in Table 3. Graphical evaluation is given 
in Fig. 4.

The microstructure reached of the filler materials 
used is shown in Fig. 5.

The evaluation of the relative abrasive wear re­
sistance shows a greater wear with the hard-facing 
Fluxofilcord 58. A lower weight loss and thus a 
lower wear by about 5% were reached with the filler 
material Fluxofilcord 59.

The wear resistance is not an internal property 
of the material like e.g. some of its mechanical or 
physical properties. The comparison of the mate­
rial hardness and relative resistance shows that the 
relative resistance increases by the increments of 
hardness and thus the amount of wear decreases.

The values of hardness of the net overlay cor­
responded to those specified by the manufacturer 
of both used filler materials. The surfacing metal 
hardness decreases towards the parent material
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Table 3. Average values of hardness HV 10 of the materials tested

Surfacing metal Heat affected area Parent material
Material/Hardness nV 1U

1 2 3 4 5 6 7 8 9 10

Fluxofilcord 58 691 670 630 604 340 291 268 195 205 218

Fluxofilcord 59 718 689 702 673 327 284 270 233 214 199

Fig. 4. Behaviour of hardness HV 10 of the materials tested
SM - surfacing metal, HAZ - heat affected zone , PM - parent material

as shown by gradual measurement of hardness. 
Fluxofilcord 58 caused a more significant decrease 
of hardness than Fluxofilcorde 59. The difference 
of the hardness reduction of Fluxofilcord 58 was 
87 HV 10 and of Fluxofilcord 59 only 45 HV 10, 
which is double value.

The comparison of the heat affected area showed 
lower values of hardness with the material Fluxo­
filcord 59. The decrease of the hardness values 
was less significant with this material compared 
with the parent material. It may have been caused 
by mixing of the surfacing metal with the parent 
material. A decrease of hardness was noted also in 
the final structure of the overlay, which confirmed 
more significant mixing of the parent material with 
the surfacing material Fluxofilcord 58.

The most important element, which gives hardness 
to the material, is carbon. The critical speed of cool­
ing for the creation of martensitic structure decreas­
es by increasing the carbon content. In the terms of 
the basic effect of elements on the microstructure 
and properties of an alloy, those creating special 
carbides such as e.g. Mn, Cr, Mo, are of greater im­
portance. Fluxofilcord 59 contains more wolfram 
that increases the hardness and abrasion resistance. 
Apart from wolfram it also contains nickel that does 
not create carbide, is soluble in the basic matrix and 
increases the corrosion resistance.

Filler material Fluxofilcord 58 has a fine, pour­
ing structure with a thick netting carbide phase. 
Segregation of the new phase in space between 
dendrite was noted with some samples. Filler ma-

Fig. 5. Microstructure of the filler materials Fluxofilcord 58 (left) and Fluxofilcord 59 (right)
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terial Fluxofilcord 59 has a pouring structure with 
a significantly lower amount of carbide netting. A 
fine acicular martensitic structure with a combina­
tion of primary and secondary carbide accretion is 
mostly observed here.

The results obtained suggest that the relative 
wear resistance increases with increasing hardness 
of the materials tested in defined conditions. How­
ever, hardness is not always the decisive factor that 
affects the wear resistance at the most. An impor­
tant factor of the wear resistance is also the micro­
structure of the concrete overlay.

CONCLUSION

The lifetime of agricultural machines is significantly 
affected by the lifetime of the functional parts of the 
working tools, which are constantly worn out during 
the operation e.g. skives, shares, under-slinging skives, 
seeding base, etc. Their wear and tear adversely af­
fects the quality of the work performance and energy 
consumption of the machine (Kotus 2007).

Soil as the abrasive background causes an intensive 
wear and tear by its specific properties and therefore 
decreases the lifetime of the functional parts of agri­
cultural machines. The application of suitable hard- 
facing materials on the working surfaces of tools pro­
longs their lifetime (Hrabě, Chotěborský 2005).

On the basis of the tests carried out, we can state 
the suitability of the use of selected filler materials, 
which are resistant in conditions of abrasive wear.

The abrasion resistant materials can be one of the 
possibilities for surfacing when the wear and tear 
reduction is to be achieved.
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