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Comparison of thermal and rheologic properties 
of Slovak mixed flower honey and forest honey

M. Božiková, P. Hlaváč

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

Abstract

Božiková M., Hlaváč P., 2013. Comparison of thermal and rheologic properties of Slovak mixed flower honey 
and forest honey. Res. Agr. Eng., 59 (Special Issue): SI -S8.

The article deals with the comparison of thermal and rheologic properties of two types of honey - mixed flower honey 
and forest honey made in Slovak Republic. All honey parameters were measured during temperature manipulation in 
the temperature interval from 5 to 45°C. Two series of thermal and rheologic parameters measurements were done. 
Firstly samples of both types of fresh honey were measured at the beginning of storage and then the same samples of 
honey were measured again after one week of storage. The measuring of thermal parameters i.e. thermal conductivity, 
thermal diffusivity and specific heat was performed by the instrument Isomet 2104, which uses Hot Wire method, and 
the principle of measuring being based on the analysis of time-temperature relation. The measurements of dynamic 
viscosity were done by the viscometer Anton Paar (DV-3P), the principle of measuring being based on the dependence 
of the sample resistance on the probe rotation. Other rheologic parameters as kinematic viscosity and fluidity, were 
also determined. For the rheologic parameters measurements exponential relations are typical while for the thermal 
parameters linear relations were obtained.

Keywords: samples of honey; temperature; thermophysical properties; rheological parameters; time of storage

Controlled processes in manufacturing, handling, 
and holding require precise knowledge of physical 
quantities of materials. For the quality evaluation of 
food materials it is important to know their physi­
cal properties particularly, mechanical, rheologic 
and thermophysical (Božiková, Hlaváč 2010).

In this article are presented theoretical parts from 
thermophysics and rheology, thermophysical and 
rheologic measurement methods and the results 
of thermophysical and rheologic parameters meas­
urements for different types of honey. Some rheo­
logic and thermophysical properties of honey are 
mentioned in literature. Bhandari et al. (1999) ex­
amined rheologic properties of Australian honeys.

They found out that rheologic properties of honey 
depend on the composition of individual sugars, 
and the amounts and types of colloids present in 
honey. Zaitoun et al. (2000) examined rheologic 
properties of selected light-coloured Jordanian 
honeys. They found out that the viscosity of honey 
decreases with the water content. The water con­
tent is the major factor that influences the keeping 
quality or storability of honey. Chirife and Buer a 
(1997) described a simple model for predicting the 
viscosity of sugar and oligosaccharide solutions. 
They found out that disaccharides, composed of 
two monomeric monosaccharides, give rise to a 
higher viscosity than monosaccharides when com-
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pared in the same mass fraction. Junzheng and 
Changying (1998) were interested in the rheo­
logic model of natural honeys in China. They and 
many other authors reported that honeys behave as 
Newtonian fluid. Honey viscosity was Newtonian, 
even in reduced-calorie varieties, and adhered to 
the Arrhenius equation, the viscosity exponentially 
decreasing with the temperature (Cohen, Weihs 
2010). White et al. (1964) examined the effect of 
storage and processing temperature on the honey 
quality. In their investigation they found out that 
dark-coloured types of honey tend to be affected by 
heat faster than the light-coloured types. It is natu­
ral for many types of honey to granulate or crys­
tallise upon storage. Since the retail honey market 
largely favours liquid honey, some types of process­
ing are necessary to maintain the liquid state. This 
is most commonly done by straining, heating, or 
filtration (White 1999). In honey processing, heat­
ing is applied for the following reasons: to warm 
it sufficiently to facilitate straining, handling, and 
packing; to delay granulation. Other reason for 
honey heating is to destroy yeasts that may be pre­
sent; hence, the keeping quality of the honey re­
spective is assured (White 1975).

Generally, physical properties of honey are influ­
enced by various factors such as: the type of flow­
ers, way of processing and most of all area of origin, 
etc. The research of honey physical properties in 
Slovak Republic is at the beginning and particular 
properties are not known. Our research was orient­
ed on measuring the rheological and thermophysi­
cal properties of honey.

MATERIALS AND METHODS

According to Codex Alimentarius of the Slovak 
Republic (2004) honey is a natural sweet substance, 
produced by honeybees from the nectar of plants 
or from secretions of living parts of plants, or ex­
cretions of plant-sucking insects on the living parts 
of plants, which the bees collect, transform by 
combining with specific substances of their own, 
deposit, dehydrate, store and leave in honeycombs 
to ripen and mature.

Honey is the primary product of bees and belongs 
among natural sweeteners; it is also known for its 
health promoting effects. The main parts of honey are 
nectar and honeydew. Nectar is the secretion of the 
plant organs and it consists of concentrated solution 
of sugars (glucose, fructose, sucrose, and maltose).

Honeydew is plant juice, which passed through the 
part of the bee digestive tract. Its main ingredients are 
also sugars, but in more varied composition. Honey is 
a mixture of sugars, water, and other components. The 
specific composition of a honey depends mostly on the 
mixture of flowers visited by bees producing the hon­
ey and it is different in relation to locations, terms and 
particular colony of bees. Honey in general consists 
of fructose (approximately 38%), glucose (about 31%), 
sucrose (around 1%), other sugars (about 9%), water 
(approximately 17%), ash (around 0.17%), and other 
substances (Hlaváč 2010).

Two different types of honey were measured - 
mixed flower honey and forest honey. The general 
composition of both samples has been presented 
above; however there were some differences be­
tween the samples. For example, the colour of 
honey made the greatest difference, but it did not 
influence the thermophysical and rheological prop­
erties. The next difference was in the water content: 
forest honey had 17.86% and mixed flower honey 
had 16.33% of water.

All honey samples were analysed in laboratory 
settings (laboratory temperature 20°C, atmospheric 
pressure 1,013 hPa and relative air humidity 45%). 
Rheologic properties were measured in the temper­
ature range (20-45”C), thermophysical properties 
were measured in the temperature range of (5-45°C). 
Temperatures higher than 20°C were obtained by 
heating in the water bath and lower temperatures 
were obtained by cooling in the refrigerator. The 
honey samples were without bubbles, lest the preci­
sion of the measurements should affected by them. 
The state of the samples during the measurements 
was different according to the sample temperature.

For the quality protection in practice, we need 
many series of measurements in a short time, so the 
current research prefers non stationary - dynamic 
methods for thermophysical and rheologic param­
eters measurements to the stationary methods 
which usually take a long time. On the basis of the 
facts presented, dynamic methods of thermophysi­
cal and rheologic parameters measurement were 
chosen and are described in the following text.

Thermophysical parameters and method of 
measurement. For thermophysical parameters 
measurements a dynamic method Hot Wire meth­
od (HW method) was used. HW method is a stand­
ard transient dynamic technique which is based 
on the measurement of the time - temperature re­
lation in a defined distance from the heat source 
(hot wire) (Davis 1984). The heating wire as well
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as the temperature sensor (thermocouple) is en­
capsulated in a probe that electrically insulates the 
hot wire and the temperature sensor from the test 
material (Wechsler 1992). Heat flux is generated 
for an appropriate time interval through a long thin 
uniform wire buried in the sample and the tem­
perature response is measured by the change in the 
wire resistance. The response is analysed in accord­
ance with a model characterised by the particular 
formula found by the solution of the partial differ­
ential equations using boundary and initial con­
ditions corresponding to the experimental set up 
presented in the literature Božiková and Hlaváč 
(2010). By HW method, we can obtain the value of 
thermal conductivity and we can calculate the ther­
mal diffusivity and specific heat.

According to Krempaský (1969), thermal con­
ductivity X, thermal diffusivity a and specific heat c 
belong among thermophysical characteristics.

Thermal conductivity X is the property of a ma­
terial which relates its ability to conduct heat. The 
heat transfer by conduction involves the transfer of 
energy within a material without any motion of the 
material as a whole. Conduction takes place when a 
temperature gradient exists in a solid (or stationary 
fluid) medium. Conductive heat flow occurs in the 
direction of decreasing temperature because high­
er temperature equates to higher molecular energy 
or more extensive molecular movement. Energy is 
transferred from the more energetic molecules to 
the less energetic ones when neighbouring mol­
ecules collide. This thermophysical parameter de­
pends on many factors (Krempaský 1969). Ther­
mal conductivity is defined by Fourier's law, Eq. (1):

^ = -XgradT (W/m2) (1)

where:
X - thermal conductivity (W/m.K)
q" - vector of heat flow density (W/m2) 
T - thermodynamic temperature (K)

Thermal diffusivity a characterises the velocity 
of temperature equalisation in the material dur­
ing-non stationary processes. In numerical view 
it, equals the temperature change of unit volume 
caused by heat, which is transferred in unit time, by 
unit surface of the coat with unit thickness, in unit 
temperature difference on its facing side.

During the measurement of thermal diffusivity, 
it is estimated, how quickly a body can change its 
temperature; it increases with the ability of the body

to conduct heat and it decreases with the amount 
of heat needed to change the temperature the body.

X ,
a-— (nr/s) (2)cp

where:
a — thermal diffusivity (m2/s) 
c - specific heat (J/kg.K) 
p - density of material (kg/m)

Specific heat c is defined as the heat which is nec­
essary for a heating material of unit mass per 1 K; 
and by Eq. (3):

c = ^ = -^- (J/kg.K) (3)
m m di

where:
C - heat capacity (J/K)
Q - heat (J)
T - thermodynamic temperature (K) 
m - mass of material (kg)

This physical parameter is important for different 
technical and practical applications. The measuring 
of thermal parameters was performed with a digi­
tal instrument Isomet 2104 (Applied Precision SAS, 
Bratislava, Slovak Republic). Principle of measuring 
with this instrument is based on recording the time 
- temperature dependence during the sample heat­
ing. Thermal parameters of the measured sample are 
calculated from the dependence obtained. The meas­
urement is based on the analysis of the temperature 
response of the analysed material to the heat flow im­
pulses. If we use needle probe for the measurements 
of thermophysical parameters, the experimental ar­
rangement is modelled by HW method, which is de­
scribed by Liang (1995) and Assael et al. (2002).

Rheologic parameters and method of meas­
urement. Dynamic viscosity is defined as the re­
sistance of a fluid to flow. Viscosity changes with 
temperature. The difference between the effects of 
temperature on the viscosity of fluids and gases is 
related to the difference between their molecular 
structures. Viscosity of most of the liquids decreas­
es with increasing temperature. Theories have been 
proposed regarding the effect of temperature on 
viscosity of liquids. According to Eyeing’s theory, 
the molecules of liquids continuously move into 
the vacancies (Bird et al. 1960).

This process permits flow but requires energy. 
Activation energy is more readily available at high­
er temperatures and the fluid flows easily. The tem-
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perature effect on viscosity can be described by an 
Arrhenius type equation:

Ед
q = q<, e "' (Pa.s) (4)

where:
q - dynamic viscosity (Pa.s)
q(| - reference value of dynamic viscosity (Pa.s) 
Ea - activation energy (J/mol)
R - gas constant (J/mol.K)
T - absolute temperature (Figura, Teixeira 2007) (K)

Liquid molecules are closely spaced with strong 
cohesive forces between them. The temperature de­
pendence of viscosity can also be explained by co­
hesive forces between the molecules (Munson et 
al. 1994). As temperature increases, these cohesive 
forces between the molecules decrease and the flow 
becomes freer. As a result the viscosities of liquids de­
crease as the temperature increases. In liquids, the in- 
termolecular (cohesive) forces play an important role. 
The viscosities of liquids show little dependence on 
the density, molecular velocity, or mean free path. In 
most liquids, viscosity is constant up to a pressure of 
10,134 MPa, but at higher pressures it increases as the 
pressure increases (Sahin, Sumnu 2006).

Kinematic viscosity v is defined as a ratio of dy­
namic viscosity q to the density of the fluid p at the 
same temperature:

V = - (m2/s) (5)
P

Fluidity <p is defined as the reciprocal value of dy­
namic viscosity q:

cp = — (1/Pa.s) (6)
П

The measuring of dynamic viscosity was per­
formed with a digital viscometer Anton Paar DV-3P 
(Anton Paar GmbH, Graz, Austria). Digital visco­
simeter Anton Paar DV-3P is a rotational viscome­
ter, which measures the torque of a spinning probe 
embedded into the sample. The spinning cylinder 
or spindle is interconnected through a spring to the 
engine shaft, which is rotating at defined velocity. 
The angle of the angular rotation shaft is measured 
electronically. From the measured values, on the 
base of internal calculations are directly displayed 
the values of dynamic viscosity. This instrument 
works with several types of spindles and uses a 
wide area of velocity, which allows the measure­
ment of viscosity in a large extent.

RESULTS

Results of thermophysical parameters 
measurements

Samples of mixed flower honey and forest honey 
were stored at laboratory temperature and were 
measured in different days during storage. Tire 
measurements were performed in the tempera­
ture interval ranking from laboratory temperature 
(22°C for rheologic measurements) respectively 
(from 5°C for thermophysical measurements) to 
43°C. Dependencies of thermophysical and rheo­
logic parameters on temperature and also on the 
storage time were examined. The graphical rela­
tions show two measurements: the first measure­
ment (at the beginning of storage) and next meas­
urement (after one week of storage). The results 
obtained with mixed flower honey are showed in 
Figs la-6a. As to the sample of forest honey the 
results are presented on Figs lb-6b.

Temperature dependencies of thermal conduc­
tivity and specific heat can be described by linear 
increasing functions (Eqs 7 and 9) and in the case 
of temperature dependence of thermal diffusivity 
linear decreasing function (Eq. 8) can be used:

X = A + B^ (W/m.K) (7)

a = C-D\— I (m2/s) (8)
V ^o /

c = E + F^~ ] (J/kg.K) (9)

where:
t

X
a
c
А, В, C, D, E, F

- temperature (°C)
- equals to ГС
- thermal conductivity (W/m.K)
- thermal diffusivity (m2/s)
- specific heat (J/kg.K)
- constants dependent on kind of 

material, and on ways of processing 
and storing

In all cases were the coefficients of determination 
very high (Table 1).

Figs 1-3 demonstrate linear relations between 
thermophysical parameters and temperature dur­
ing temperature stabilisation of honey samples. The 
study of the relationships between thermal conduc­
tivity, thermal diffusivity, specific heat and temper-
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Temperature (°C)

Fig. 1. Effect of temperature changes on thermal conductivity of (a) mixed flower honey and (b) forest honey

Temperature (°C) Temperature (°C)

Fig. 3. Effect of temperature changes on specific heat of (a) mixed flower honey and (b) forest honey

Fig. 2. Effect of temperature changes on thermal diffusivity of (a) mixed flower honey and (b) forest honey

ature showed that increasing temperature of the 
honey had a linear increasing effect on thermal con­
ductivity and specific heat. The second measured 
thermal parameter - thermal diffusivity revealed 
linear decreasing progress during the temperature 
stabilisation process (Fig. 2). All results obtained

for thermal conductivity and thermal diffusivity are 
in a good agreement with the literature Ginzburg 
(1985) and White (1975). From the presented re­
sults for thermophysical measurements it is clear 
that the thermal conductivity of high viscosity liq­
uids or suspensoid materials can be measured with

S5



Vol. 59, 2013 (Special Issue): S1-S8 Res. Agr. Eng.

Fig. 4. Effect of temperature changes on dynamic viscosity of (a) mixed flower honey and (b) forest honey

Fig. 5. Effect of temperature changes on kinematic viscosity of (a) mixed flower honey and (b) forest honey

Fig. 6. Effect of temperature changes on fluidity of (a) mixed flower honey and (b) forest honey

HW method. For the data reliability protection, a 
series of one hundred measurements were done for 
every point in the presented graphic relations. Each 
point in the graphics characteristics was obtained 
as the average of the values measured.

Results for rheologic parameters 
measurements

The temperature dependencies of dynamic and 
kinematic viscosities can be described by decreas-
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Table 1. Coefficients A, B, C, D, E, Fof regression Eqs 7-9 and coefficients of determination (f?2)

A (W/m.K) В (W/m.K) R2 C (mm2/s) D (mm2/s) R2 £(J/kg.K) F(J/kg.K) R1

Flower honey measurement

First 0.337917 0.00087 0.999428 0.1167 0.00092 1 1,895.35 34.21 0.985916

Next 0.341472 0.00103 0.991152 0.1242 0.00101 0.987847 2,001.91 32.13 0.976848

Forest honey measurement

First 0.347000 0.00124 0.994138 0.1166 0.00087 0.988398 1,899.44 35.04 0.983495

Next 0.347889 0.00141 0.987057 0.1261 0.00104 0.987225 2,015.64 36.24 0.978808

Table 2. Coefficients G, H, K, L, M, N of regression Eqs 10-12 and coefficients of determination (R2i

G (mPa.s) H(D R1 К (mm2/s) 1(1) R2 M (1/Pa.s) N(l) R2

Flower honey measurement

First 202,185 0.104 188 0.969056 130,067 0.101353 0.967424 0.004975 0.104037 0.968316

Next 270,597 0.110 972 0.996520 174,024 0.108127 0.996333 0.003646 0.111313 0.996425

Forest honey measurement

First 60,147.9 0.096 11 0.974692 41,287.8 0.09412 0.978836 0.016612 0.09614 0.974640

Next 91,376.4 0.102 37 0.984745 60,520.7 0.09983 0.984745 0.010924 0.10244 0.985470

ing exponential functions (Eqs 10 and 11) and in 
the case of temperature dependencies of fluidity 
increasing exponential functions (Eq. 12) can be 
used:

where:
q - dynamic viscosity (Pa.s)
v - kinematic viscosity (m2/s)
<p - fluidity (1/Pa.s)
t - temperature (°C)
tQ - equals to ГС
G, H, K, L, M, N - constants dependent on kind of 

material, and on the ways of pro­
cessing and storing

q = G e ' (Pa.s) (10)

v=Ke (m2/s) (H)

ф = M e '“2 (1/Pa.s) (12)

The influence of storage or storage time on rhe­
ologic properties of both types of honey was also 
examined.

The relations between the temperature and rheo­
logic parameters like: dynamic viscosity and kin­

ematic viscosity of the mixed flower honey and 
forest honey had a decreasing exponential shape 
which is in accordance with Arrhenius Eq. (4) while 
and temperature dependencies of fluidity had an 
increasing exponential shape for all measurements 
(Figs 4-6). The coefficients of determination were 
very high in all measurements, approximately in 
the range (0.97-0.99) (Table 2). Generally, the vis­
cosity values of the mixed flower honey were high­
er than those of the forest honey sample and, on the 
contrary the values of fluidity were higher with the 
forest honey sample. The effect of the storage of the 
honey samples was also found.

From the presented results it is clear that dynam­
ic and kinematic viscosity values were a little bit 
higher after storage due to the loosening of water 
during storage. The values of fluidity were a little 
bit smaller after storage, which was caused by the 
loosening of water respectively by crystallisation 
during the storage. Similar results were obtained 
by authors Sahin and Sumnu (2006), Figura and 
Teixeira (2007), and Cohen and Weihs (2010).

DISCUSSION AND CONCLUSION

Very specific are food materials possessing vari­
able chemical and physical properties depending
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on the manipulation, external conditions and other 
factors which determine their behaviour. This arti­
cle presents selected physical properties of honey. 
Out of many parameters of honey, mainly rheologic 
and thermal properties are very important in view 
of its mechanical and thermal manipulation. Based 
on facts presented, thermal and rheologic proper­
ties of selected Slovak honeys were examined, i.e. 
mixed flour honey and forest honey.

Thermophysical properties i.e. thermal conductiv­
ity, thermal diffusivity and specific heat and rheolog­
ic properties like dynamic viscosity, kinematic vis­
cosity and also the fluidity of flower honey and forest 
honey were measured, analysed and also effects of 
temperature and storage time were examined. The 
results presented is clearly show that physical prop­
erties of all types of honey depend mostly on the 
temperature, time of storage, honey composition, 
and mixture of flowers visited by bees producing the 
honey and that they are different according to the 
locations, terms, and particular colony of bees.
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Abstract

Dubeňová M., Gálik R., Mihina Š., Sima T, 2013. Ammonia concentration in farrowing pens with permanent 
limited range of motion for lactating sows. Res. Agr. Eng., 59 (Special Issue): S9-S14.

Livestock production significantly contributes to emissions of polluting gases emissions like ammonia (NH^ and 
greenhouse gases. Pig production is globally responsible for about 15% of ammonia emissions. The aims of this paper 
were the comparison of the ammonia concentrations in the farrowing pens with permanent limited range of motion 
between the zones of lactating sows and piglets and the impact of the day hour on ammonia concentration in this 
place. Photoacoustic infrared measuring devices INNOVA were used. The average values of NH3 concentration ranged 
from 0.787738 ppm (0.547478 mg/m3) to 0.818091 ppm (0.568573 mg/m3). The minimum concentration of NH3 was 
measured in the second lactating sows zone (0.262535 ppm, 0.182462 mg/m3) and the maximum concentration was 
measured in the piglets zone (1.61803 ppm, 1.124531 mg/m3). Values measured met the requirements of the Decree 
No. 230/1998 of the Ministry of Agriculture and Rural Development of the Slovak Republic which allows the maximum 
concentration of NH3 in the pig building 20 ppm (13.9 mg/m3). There were no differences between the concentrations 
of the greenhouse gases (GHGes) in the zones of lactating sows and piglets.

Keywords: gas; farrowing pen; pig; piglet

Livestock production significantly contributes 
to the emissions of polluting gases like ammonia 
(NH3) and greenhouse gases (Philippe et al. 2012). 
Ammonia is an important pollutant gas that accel­
erates fine particulate formation in the atmosphere 
and plays a crucial role in the acidification and eu­
trophication of ecosystem (Krupa 2003). Ammo­
nia largely originates from agriculture representing 
about 95% of anthropogenic emissions (Galloway 
et al. 2004). The livestock sector is responsible for

about 65% of global NH3 emissions (Steinfeld et 
al. 2006), and pig production is globally responsi­
ble for about 15% of ammonia emissions (Olivier 
et al. 1998). By 2050, the global emissions of NH3 
are expected to double, principally owing to the 
demographic growth, changes in food preferences 
and the agricultural intensification (Clarisse et al. 
2009). The main factors influencing NH3 produc­
tion are the floor type, the manure removal system 
(Mihina et al. 2011), the climatic conditions inside

Supported by the Scientific Grant Agency VEGA of the Ministry of Education of the Slovak Republic and the Slovak Academy 
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the building, diet composition, and feed efficiency 
of animals (Philippe et al. 2011a). Ammonia emis­
sions are clearly correlated with the behaviour, am­
bient temperature, animal density (Guingand et 
al. 2010), ventilation system (Topisirovic et al. 
2010a, b), and floor system (Philippe et al. 2006, 
2010,2011b; Cabaraux et al. 2009). The ventilation 
systems are mostly used to reduce and control dust 
concentration in pig houses (Topisirovic, Radi- 
vojevic 2005; Ecim-Djuric, Topisirovic 2010). 
The Decree No. 230/1998 of the Ministry of Agri­
culture and Rural Development of the Slovak Re­
public allows maximum concentration of NH3 in 
the pig building to be 20 ppm.

The aims of this paper are the comparison of the 
ammonia concentrations in the farrowing pens with 
a permanent limited range of motion between the 
zones of lactating sows and piglets, and the impact of 
the day hour on ammonia concentration in this place.

MATERIAL AND METHODS

Three farrowing pens with permanent limited 
range of motion in the same barn were monitored. 
Samples of air were collected in each pen both in 
the lactating sows zone and the piglets zone. Moni­
toring was conducted during 24-h intervals with 
five repetitions (и = 5).

Characteristics of animals. Sows of Large White 
breed with their piglets were used in the experi­
ment. Basic characteristics of the pigs are shown 
in Table 1.

Research place. Pigs were housed in farrowing 
pens with permanent limited range of motion of 
lactating sows. Measurements were done in the Ex­
perimental Centre for Livestock of the Department 
of Animal Husbandry, Faculty of Agrobiology and 
Food Resources, Slovak University of Agriculture in 
Nitra, Nitra, Slovak Republic. Pens were 2 m wide 
and 2.4 m long. Natural ventilation and a fully slat­
ted floor were used. The slurry was removed twice 
a month, and excreta was manually mechanically 
removed twice a day. The lactating sows were fed by 
a valve for feed wetting. The piglets had their own 
nipple drinkers. The sampling points in the piglets 
zone were placed in the corner of the bedded sys­
tem for piglets, at the height of 0.25 m. The sam­
pling points in the lactating sows zone were placed 
in the middle of the pen, at the height of 0.5 m.

Measuring devices. Devices of INNOVA (Lu­
maSense Technolgies, Inc., Ballerup, Denmark) 
were used for the measurement of the gases con­
centration. The measuring system consists of three 
main parts. The first part is INNOVA 1412 - Pho­
toacoustic field gas-monitor. The measurement 
system is based on the photoacoustic infrared de­
tection method. Gas selectivity is achieved through

Table 1. Basic characteristic of lactating sows and piglets (Dubeňová et al. 2012b)

Sample point Sow weight 
(kg)

Piglets age 
(days)

Piglets weight (kg) Farrowing No. of piglets 
(pcs)range average

1 303 8 1.26-2.69 1.99 5 14

2 333 15 2.35-7.50 6.03 4 6

3 304 14 3.97-5.06 4.62 3 9

Table 2. Summary statistics of ammonia concentration in lactating sows zones (LSZ, number) and piglets zones (PZ, 
number); n (number of measurement repetitions) = 5

Sample Count Average (ppm) SD (ppm) Coeff. of variation (%) Min. (ppm) Max. (ppm)

LSZl 216 0.810339 0.309596 38.21 0.290528 1.44897

LSZ2 216 0.787738 0.324091 41.14 0.262535 1.82

LSZ3 216 0.818066 0.326329 39.89 0.317265 1.52001

PZ1 216 0.801471 0.318229 39.71 0.268961 1.61803

PZ2 216 0.789686 0.337314 42.72 0.271418 1.47976

PZ3 216 0.818091 0.339658 41.52 0.32529 1.60998
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Time (h)
Fig. 1. Values of the ammonia concentration in lactating sows zones (и = 5)

Time (h)

Fig. 2. Values of the ammonia concentration in piglets zones (и = 5)

the use of optical filters. The detection limit is typi­
cally in the ppb (parts per bilion) region. The sec­
ond part is INNOVA 1309 - multipoint sampler. 
This device is a 12 channel multiplexer, enabling 
gas samples to be drawn from up to 12 different 
sampling locations and delivered to the gas moni­
tor INNOVA 1412. The third main part is a com­
puter with the software supplied by the manufac­
turer, in which the data were saved (Dubeňová et 
al. 2012a, b).

Statistical analysis. The data were analysed by 
using Kruskal-Wallis test after the normality test 
using Kolmogorov-Smirnov procedure and the ho­
mogeneity of variance by using Levene’s test. The 
software used was Statgraphics Centurion XVI.I 
(Statpoint Technologies, Inc., Warrenton, USA). 
Kruskal-Wallis test tests the null hypothesis that 
the medians within each of the six samples are the 
same. Since the P-value is greater than or equal to 
0.05, no statistically significant difference occurs 
between the medians at 95.0% confidence level.

RESULTS AND DISCUSSION

Three farrowing pens with permanent limited 
range of motion in the same barn were monitored. 
The monitoring was conducted during 24-h inter­
vals with four repetitions. The samples of air were 
collected in each pen both in the lactating sow zone 
(LSZ, number) and in the piglets zone (PZ, num­
ber). The temperature and air humidity were meas­
ured every hour. The average value of temperature 
was 23.9°C and ranged from 20.3 to 27.1°C. The 
average value of air humidity was 58% and ranged 
from 44 to 67%.

The P-value in Kruskal-Wallis test was greater 
than 0.5 (P-value = 0.723974). No statistically sig­
nificant difference was found between NH3 con­
centrations in the lactating sows zones and piglets 
zones at the 95.0% confidence level.

The average values of NH3 concentration 
ranged from 0.787738 ppm (0.547478 mg/m3) to 
0.818091 ppm (0.568573 mg/m3)(Table 2). The min.
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Table 3. Average values of ammonia concentration from 0 to 12 h/day in lactating sows zones (LSZ) and piglets zones 
(PZ), и (number of measurement repetitions) = 5

Ammonia concentration (ppm)

Time range (h) lactating sow zone piglets zone

1 2 3 1 2 3

0-1 0.487478 0.498806 0.48815 0.51027 0.487723 0.502955

1-2 0.476792 0.498009 0.469214 0.425147 0.430193 0.432294

2-3 0.49537 0.453164 0.482297 0.452773 0.439877 0.473201

3-4 0.516359 0.492983 0.465278 0.448497 0.521809 0.5373

4-5 0.521271 0.442154 0.550766 0.478919 0.454481 0.482604

5-6 0.888893 0.626173 0.825715 0.730717 0.754871 0.732422

6-7 0.878973 0.902006 1.030439 0.964943 0.974023 0.94646

7-8 0.973921 1.016716 1.051974 0.945156 0.992164 1.125776

8-9 0.967766 1.085553 1.044719 0.954427 1.051929 1.062095

9-10 1.111477 1.106205 1.123325 1.144718 1.184368 1.111543

10-11 1.111386 1.064309 1.078154 1.087887 1.095204 1.165268

11-12 1.111491 1.097197 1.240652 1.099056 1.051559 1.156441

concentration of NH S was found in the second lac­
tating sows zone (0.262535 ppm, 0.182462 mg/m3) 
and the max. was detected in the piglets zone 
(1.61803 ppm, 1.124531 mg/m3). The values meas­
ured met the requirements of the Decree of the

Slovak Ministry of Agriculture No. 230/1998 which 
allows the max. concentration of NH3 in the pig 
building of 20 ppm (13.9 mg/mJ). They also met 
the requirement of the reference document on 
best available techniques for intensive rearing of

Table 4. Average values of ammonia concentration from 12 to 24 h/day in lactating sows zones (LSZ) and piglets zones 
(PZ), n (number of measurement repetitions) = 5

Time range (h)

Ammonia concentration (ppm)

lactating sow zone piglets zone

1 2 3 1 2 3

12-13 1.095182 1.219488 1.19968 1.231693 1.182331 1.297738

13-14 1.253888 1.135958 1.148514 1.158282 1.111679 1.174325

14-15 1.145947 0.997191 1.078778 1.122504 1.216717 1.097822

15-16 1.153326 1.151786 1.174474 1.066754 1.092502 1.153028

16-17 1.134495 1.15721 1.053999 1.14801 1.163978 1.100929

17-18 0.947033 0.934847 0.980677 0.952193 0.882172 0.922263

18-19 0.577381 0.559231 0.571519 0.579131 0.562518 0.59465

19-20 0.513617 0.501596 0.524763 0.47322 0.468905 0.464848

20-21 0.53179 0.481313 0.489552 0.547354 0.437169 0.538188

21-22 0.539549 0.471461 0.492947 0.508673 0.438531 0.50466

22-23 0.483928 0.501226 0.50399 0.585442 0.443094 0.493801

23-24 0.530826 0.511125 0.563999 0.619535 0.514656 0.563569
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poultry and pigs (IPPC Directive 2003) for ammo­
nia the concentration with max. value of 10 ppm 
(6.95 mg/m3). This result corresponds with our 
previous study where concentrations of the green­
house gases (GHGes) CO2, N2O (Dubeňová et al. 
2012a), and CH( (Dubeňová et al. 2012b) were 
measured in farrowing pens with permanent lim­
ited range of motion for lactating sows. No differ­
ences occurred between the concentrations of GH­
Ges in the zones of lactating sows and piglets. The 
differences between the min. and max. values were 
0.062755 ppm (0.043615 mg/m3) and 0.16906 ppm 
(0.1175 mg/m3). They may be caused by an in­
creased restlessness of the lactating sows.

The differences between the NH3 concentrations 
during all day are shown in Figs 1 and 2 and Ta­
bles 3 and 4 (showing the average values from all 
the repetitions of the measurement). The changes 
in concentration are shown depending on the time­
table of routine day works and animals activity. The 
feeding started at 6:30 a.m. However, the activity 
of the lactating sows started about one hour before 
feeding and the activity of piglets started about 
30 min after increasing activity of the lactating sows 
increased. With the lactating sows it may have been 
caused by the feeding time habit. The activity of the 
piglets depended on the sows activity. The last daily 
control was at 4 p.m. upon which about one hour 
the concentration of NH ; decreased. This may have 
been caused by the decreasing activity because the 
animals were not disturbed by personnel.

CONCLUSION

The aim of this paper was the comparison of am­
monia concentrations in the farrowing pens with 
permanent limited range of motion between the 
zones of lactating sows and piglets and the impact 
of the day hour on ammonia concentration in this 
place. There was no difference between the concen­
trations of GHGes in the zones of lactating sows 
and piglets. The average values of NH3 concentra­
tion ranged from 0.787738 ppm (0.547478 mg/m3) 
to 0.818091 ppm (0.568573 mg/m3). The min. con­
centration of NH3 was measured in the second lac­
tating sows zone (0.262535 ppm, 0.182462 mg/m3) 
while the max. concentration was measured in the 
piglets zone (1.61803 ppm, 1.124531 mg/m3). The 
measured values found meet the requirements of 
the Decree No. 230/1998 of the Ministry of Agricul­
ture and Rural Development of the Slovak Republic

which allows the maximum concentration of NH; 
in the pig building to reach 20 ppm (13.9 mg/m3). 
They also meet the requirement of the reference 
document on best available techniques for inten­
sive rearing of poultry and pigs (IPPC Directive 
2003) for ammonia concentration with max. value 
10 ppm (6.95 mg/m3).
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Abstract

Šíma T, Dubeňová M., 2013. Effect of crop residues on CO2 flux in the CTF system during soil tillage by a disc 
harrow Lemken Rubin 9. Res. Agr. Eng., 59 (Special Issue): S15—S21.

Carbon dioxide is one of the most important greenhouse gases. Agriculture, especially soil tillage, contributes to CO2 
emissions significantly. The aim of the paper was the comparison of the amounts of carbon dioxide emissions released 
from the soil into the atmosphere depending on the controlled traffic farming (CTF) and crop residues. Three variants 
of the experiment were realised: before the soil tillage, immediately after the soil tillage, and seven days after the soil 
tillage. The soil tillage was carried out after the harvest of winter wheat by disc harrow Lemken Rubin 9 with a tractor 
John Deere 8230 on the loamy soil. The monitoring points were selected in parts of the field with and without the crop 
residues and in trafficked and non-trafficked areas. The CTF system affects CO2 flux, the amounts of emissions from 
the non-trafficked areas being higher than those from the trafficked areas. The crop residues left on the field cause a 
decrease of CO2 flux. The incorporation of crop residues causes an increase of CO2 flux.

Keywords: carbon dioxide; emissions from the soil; controlled traffic farming; soil compaction

Agriculture causes some environmental prob­
lems, mainly the greenhouse effect, contamination 
of water resources, and soil erosion. Carbon diox­
ide (CO2) is one of the three most important green­
house gases (Reicosky, Lindstrom 1993; Insels- 
bacher et al. 2011). Atmospheric concentrations 
of CO2 are increasing at a rate of approximately 
0.6% per year (1PCC 2007). Since this increase con­
tributes to the changes in the Earth’s climate, the 
interest in quantifying significant sources and sinks 
of CO2 is growing and the international community 
has taken steps to reduce these emissions (Flessa 
et al. 2002; Reicosky e t al. 2005). The emissions re­

leased from the arable soil into the atmosphere are 
relatively small when compared with other sources, 
but the total area of the agricultural land is a source 
of a huge amount of emissions. The intensification 
of agriculture and continued upward pressure on 
the food production in sufficient quantity and ade­
quate quality result in environmental aspects being 
side-lined (Sima et al. 2012). The controlled traffic 
farming is facilitated by the integration of informa­
tion and communication technologies in farming 
(Auernhammer 2001; Chamen 2007) and that 
is a technology which minimises the compacted 
area of the field. It has the potential to increase the
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economic (Kingwell, Fuchsbichler 2011) and 
environmental benefits (Zhang et al. 2002). The 
controlled traffic farming (CTF) confines all field 
traffic and compaction to permanent traffic lanes 
and reduces field trafficking (Majdan et al. 2011), 
improves the soil porosity and infiltration (Kristof 
et al. 2012; Smith et al. 2012). The soil compaction 
is one of the most important factors which influ­
ences the aeration of the soil, nutrient uptake ef­
ficiency, emissions of greenhouse gases like CO2 
and NOx, and affects the quality of the soil tillage 
(Frančák et al. 2004; PÁLT1K et al. 2007; Poničan, 
Korenko 2008; Findura et al. 2009). Precision 
agriculture increases the crop production efficien­
cy (Krištof, Hašana 2007; Liška et al. 2008). The 
incorporation of the crop residues into the soil has 
been widely accepted to maintain soil fertility and 
enhance crop productivity. The incorporation of 
residues supplies additional C and N into the soil 
(Zou et al. 2004) and affects CO2 flux (Reicosky et 
al. 2002). The soil tillage causes an accelerated flux 
of carbon dioxide emissions released from the soil 
into the atmosphere (Reicosky 1997, 2001; Buc et 
al. 2010; Krištof et al. 2011; Macák et al. 2011).

The aim of this paper was the comparison of the 
amounts of carbon dioxide emissions released from 
the soil into the atmosphere depending on the con­
trolled traffic farming and crop residues.

MATERIAL AND METHODS

The experiment was carried out at the SUA Uni­
versity Farm Kolíňany Ltd., Kolíňany, Slovak Repub­
lic. The controlled traffic farming was implemented 
in a 16 ha field “Pri Jeleneckej ceste” The measure­
ments of carbon dioxide emissions released from 
the soil into the atmosphere were realised after the 
harvest of wheat. The soil tillage was carried out by 
disc harrow Lemken Rubin 9 (Lemken GmbH & Co., 
Alpen, Germany) with the tractor John Deere 8230 
(John Deere, Moline, USA).
There were three variants of the experiment: 
- before the soil tillage,
- immediately after the soil tillage, 
- seven days after the soil tillage. 
Four monitoring points were selected: 
- trafficked area with the crop residues (T-CR), 
- trafficked area tracks without the crop residues 

(T-noCR),
- non-trafficked area tracks with the crop residues 

(nT-CR),

- non-trafficked area tracks without the crop resi­
dues (nT-noCR).
The amount of the crop residues was 0.897 kg/m2. 

Loamy soil was studied. The soil bulk density for 
the trafficked and non-trafficked areas was 1.69 and 
1.38 g/cm3, respectively. The soil moisture content 
was measured by a gravimetric method and ranged 
from 11.54 to 12.31%, and pH in the trafficked area 
was 7.32 and 6.06 for H2O and KC1, respectively. 
The non-trafficked area pH reaction was 7.37 and 
6.11 for H2O and KC1, respectively. The soil prop­
erties were analysed at the Department of Soil Sci­
ence and Geology at the Slovak University of Agri­
culture in Nitra, Nitra, Slovak Republic.

Methodical procedure. The used method of mea­
suring CO, emissions released from the soil into 
the atmosphere was that described by Šíma et al. 
(2012). The laboratory method consists of collect­
ing soil samples from the field and their subsequent 
analysis in the laboratory. Big sampling probes 
were inserted into the soil at 150 mm depth, the 
surrounding soil was removed and the sampling 
probes were closed up from the bottom. INNOVA 
devices (LumaSense Technologies, Ballerup, Den­
mark) were used consisting of a photoacoustic field 
gas monitor INNOVA 1412 based on the photoa­
coustic infrared detection method, a multipoint 
sampler INNOVA 1309 used for the transport of 
the gas samples to the gas analyser INNOVA 1412, 
and a notebook with the operation software used 
for the control and setup of the analysis.

Statistical analysis. The data were analysed 
by using the ANOVA or Kruskal-Wallis test after 
normality test by using the Kolmogorov-Smirnov 
test and the homogeneity of variance by using the 
Levene’s test. With ANOVA P < 0.05 we contin­
ued in the post-hoc LSD test. With Kruskal-Wallis 
test P < 0.05 we continued in the post-hoc Turkey’s 
HSD test. We used the software Statgraphics Cen­
turion XVI.I (Statpoint Technologies, Warrenton, 
USA). The graphic processing of the results was 
performed using the software Statistica 7 (StatSoft, 
Tulsa, USA).

RESULTS AND DISCUSSION

The soil tillage, crop residues, and soil compac­
tion affect carbon dioxide emissions released from 
the soil to the atmosphere (Fig. 1). A multifactor 
analysis of variance for CO., emissions was used. 
P-values for the time interval, variants and their
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Fig. 1. Interactionsand 95.0% confidence 
level for all variants of the experiment 
T-CR - trafficked area with crop residues; 
T-noCR - trafficked area without crop 
residues; nT-CR - non-trafficked area with 
crop residues; nT-noCR - non-trafficked 
area without crop residues

T-CR nT-CR T-noCR nT-noCR
Monitoring points

Table 1. Multiple Range tests 95.0% LSD for monitoring points

Monitoring point Count LS Mean LS Sigma Homogeneous groups

T-CR 235 770.139 16.5052 x

T-noCR 235 778.503 16.5052 x

nT-CR 235 865.069 16.5052 x

nT-noCR 235 868.655 16.5052 x

LSD - least significant difference; LS - least squares; for abbreviations see Fig. 1

interaction were 0.0000, 0.0000 and 0.0083, respec­
tively. Both factors had a statistically significant 
effect on CO.2 emissions at the 95.0% confidence 
level. Multiple Range tests for two factor affected 
CO, flux denote statistically significant differences 
between the trafficked and non-trafficked areas 
(Tables 1 and 2). The soil compaction significantly 
affects the flux of CO2 released from the soil into 
the atmosphere at 95.0% confidence level. Ta­
bles 3 and 4 show that a statistically significant dif­
ference exists between the amounts of CO.2 emis­
sions released from the soil into the atmosphere 
in the variant immediately after the soil tillage and

Table 2. Statistically significant difference for monitoring 
points

Contrast Significant Difference +/- Limits

T-CR - T-noCR -8.36405 45.7493

T-CR - nT-CR * -94.9297 45.7493

T-CR - nT-noCR * -98.5161 45.7493

T-noCR - nT-CR » -86.5656 45.7493

T-noCR - nT-noCR * -90.1521 45.7493

nT-CR - nT-noCR -3.58647 45.7493

“denotes a statistically significant difference; for abbrevia­
tions see Fig. 1

those before the soil tillage and seven days after the 
soil tillage.

Before soil tillage

By using the Kolmogorov-Smirnov test, we did 
not find a normal distribution for any sets of val­
ues tested. The Kruskal-Wallis test was used. The 
f^-value of the Kruskal-Wallis test (P = 0) was below 
0.05 indicating that a statistically significant differ­
ence existed between the medians at 95.0% confi­
dence level. To determine which means were sig­
nificantly different, the Multiple Range test Turkey 
HSD was used (Table 5). The carbon dioxide emis­
sions released from the soil into the atmosphere 
were affected by the crop residues on the soil sur­
face and the trafficked and non-trafficked areas in 
the field. Table 5 shows that there were statistically 
significant differences between the monitoring 
points. Leaving the crop residues on the soil surface 
positively affected carbon dioxide flux from the soil 
into the atmosphere in the untilled soil with 8.24% 
and 5.60% in the trafficked and non-trafficked area, 
respectively. A positive environmental effect of the 
crop residues on the soil surface before the soil till­
age was 2.42% higher in the trafficked area. The 
soil surface without the crop residues was a more
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Table 3. Multiple Range tests 95.0% LSD for the variants of the experiment

Variant Count LS Mean LS Sigma Homogeneous groups

Seven days after soil tillage 344 531.212 13.4008 x

Before soil tillage 360 541.035 13.0997 X

Right after soil tillage 236 1389.53 16.1791 X

for abbreviations see Table 1

Table 4. Statistically significant difference for the variants of the experiment

Contrast Significant Difference +/- Limits

Before soil tillage - right after soil tillage * -848.492 40.8015

Before soil tillage - seven days after soil tillage 9.82281 36.7296

Right after soil tillage - seven days after soil tillage 858.315 41.1755

“denotes a statistically significant difference

Table 5. Multiple Range test Turkey’s HSD of samples 
before soil tillage

Sample Count Mean Homogeneous groups

T-CR 90 494.214 x

nT-CR 90 552.04 x

T-noCR 90 534.952 x

nT-noCR 90 582.934 x

for abbreviations see Table 1

significant source of CO.2 emissions than the moni­
toring points with the crop residues. Emission flux 
from the trafficked area was lower than that from 
the non-trafficked area with 11.70 and 8.89% for 
the variants with and without the crop residues on 
the soil surface, respectively. These results (Fig. 2) 
are in agreement with the results obtained by 
Nozdrovický et al. (2011).

Immediately after soil tillage

By using the Kolmogorov-Smirnov test, we found 
a normal distribution for all tested sets of values. 
The ANOVA test was used. The P-value of ANO­
VA was below 0.05 (P = 0.036). There was a sta­
tistically significant difference between the means 
of values at 95.0% confidence level. To determine 
which means were significantly different, the Mul­
tiple Range tests LSD test was used (Table 6). The 
soil tillage had an effect on carbon dioxide emis­

sions flux. Table 6 shows no statistically significant 
difference between releasing CO2 emissions from 
the monitoring points with and without the crop 
residues incorporated into the soil. A significant 
difference was found between the trafficked and 
non-trafficked areas in the field. The CTF system 
significantly affected carbon dioxide flux. The soil 
from the non-trafficked area released more emis­
sions than the trafficked soil (Fig. 3), with 14.72 and 
14.57% for the variants with and without the crop 
residues incorporated into the soil.

Seven days after soil tillage

Using the Kolmogorov-Smirnov test, we found a 
normal distribution for all tested sets of values. The 
ANOVA test was used. The P-value of ANOVA was 
below 0.05 (P = 0.0000). A statistically significant 
difference existed between the means of values at 
the 95.0% confidence level. To determine which 
means were significantly different, the Multiple 
Range tests LSD test was used (Table 7). The meas­
urement conducted seven days after the soil till­
age showed a statistically significant difference in 
all variants of the experiment. The negative effect 
of the crop residues incorporated into the soil on 
carbon dioxide flux was 2.96 and 3.22% in the traf­
ficked and non-trafficked areas, respectively. It may 
be have been caused by organic matter decomposi­
tion. The soil compaction affected CO2 flux. There 
was a higher amount of CO2 in the non-trafficked 
area, with 6.69 and 6.68% in the variants with and
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Fig. 2. Box-and-Whisker diagram of CO2 concentration in 
monitoring points before soil tillage

Fig. 4. Box-and-Whisker diagram of CO2 concentration in 
monitoring points seven days after soil tillage
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Fig. 3. Box-and-Whisker diagram of CO2 concentration in 
monitoring points immediately after soil tillage

Table 6. Multiple Range test LSD of samples immediately 
after soil tillage

Sample Count Mean Homogeneous groups

T-CR 59 1,295.03 x

nT-CR 59 1,485.72 x

T-noCR 59 1,294.36 x

nT-noCR 59 1,483.0 x

for abbreviations see Fig. 1 and Table 1

Table 7. Multiple Range test LSD of samples seven days 
after soil tillage

Sample Count Mean Homogeneous groups

T-CR 86 521.176 X

nT-CR 86 557.443 x

T-noCR 86 506.199 x

nT-noCR 86 540.029 x

for abbreviations see Fig. 1 and Table I

without the crop residues in the soil, respectively. 
The CTF system and crop residues in the soil af­
fected carbon dioxide flux. These results (Fig. 4) 
are in agreement with the results obtained by Buc 
et al. (2011).

CONCLUSION

Carbon dioxide emissions released from the soil 
into the atmosphere are one of the most impor­
tant factors affecting the environment. The man­
agement of the crop production respecting envi­
ronmental conditions may reduce carbon dioxide 
emissions in the global perspective. This study fo­
cused on analysing the effects of the crop residues 
left on the field and those incorporated into the soil 
in controlled traffic farming on releasing carbon di­
oxide emissions. The CTF system affects CO2 flux, 
the amounts of emissions from the non-trafficked 
areas are higher than those from the trafficked 
areas. The crop residues left on the field decrease 
CO., flux. The effect of the crop residues on CO, 
emissions immediately after the soil tillage has not 
been shown. The incorporation of the crop resi­
dues causes an increasing CO, flux, which may be 
caused by organic matter decomposition.
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Gyroscope calibration with the method of simulated 
identification
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Abstract

Cviklovič V., Hrubý D., Olejár М., Priatková к., 2013. Gyroscope calibration with the method of simulated 
identification. Res. Agr. Eng., 59 (Special Issue): S22-S26.

The calibration of Micro-Electro-Mechanical System (MEMS) gyroscopes is important for the application in which 
an angle is measured. The equipment for the calibration of this sensor is not always available. In this case, the method 
of simulated identification can be used. Some of the conditions are: using different tracks with saving angular veloc­
ity measurements, knowledge of influencing variables with their monitoring, and knowledge of the initial and final 
states of the angle. Based on this information, an algorithm is designed for the correction of influencing parameters by 
computer equipment. In our case, offsets, gains, and cross coupling coefficients are calculated for each axis of a sensor 
ADIS16405BLMZ. The result is an error of up to 0.57min of movement. To obtain high accuracy results, it is necessary 
to reach the conditions which are described in this contribution.

Keywords: simulation; angular velocity; Simpson's rule; MEMS sensors

Nowadays, the science sometimes focuses on 
tasks in which it is not possible to calibrate sensors 
non-electrical values in real time for different rea­
sons. The situation is complicated when the meas­
ured value is obtained indirectly - by computation 
and depends on previous states. This one is a typi­
cal example of angular displacement measuring and 
actual data position provided by accelerometers and 
gyroscopes in strap-down inertial navigations.

The gyroscopes used are mostly derivation ones, 
therefore it is necessary to calculate the current an­
gle from the angular velocity data by integration. 
The integration errors increase with an increasing 
number of samples. Therefore, the sensor has to be 
precisely calibrated. The offset on the sensor out­
put has the highest influence on the general error 
of the measured angle.

MATERIAL AND METHODS

The measured angular velocity has to be compen­
sated on the basis of the knowledge of the depend­
ences which affect the operation of gyroscopes. The 
heading angle is calculated from the angular veloci­
ty by integration. The integration is connected with 
error increasing in time. Therefore, it is important 
to calibrate and compensate all influences at the 
highest rate.

The values influencing the angular velocity meas­
urement are described in Eq. (1) (Titterton, 
Weston 2004):

to, = (1 + S,)to, + M,«),. + M,(O, + Bf +

+ Bg,a, + BgA + B„za,az + n.
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where:
6), - compensated angular velocity (7s)
S^ - scale factor error which can be expressed as 

a polynomial in ыл to represent scale-factor 
non-linearities

M, M. - cross coupling coefficients 
to , to, - angular velocity of у and z axis (7s)
Bl e - Earth gravity insensitive bias (7s) 
В , В - g-sensitive bias coefficients in the axis x and gx gz ° 

z (s/m)
а , йу аг - accelerations in x, у and z axis (m/s2) 
В _ - anisoelastic bias coefficient (s3/m2)
n - zero mean random bias in the axis x (7s)

Analogically, it is necessary to compensate the 
angular velocity measurements in the three axes of 
the coordinate system.

The identification has generally a double meaning 
(Ondráček, Janíček 1990):
- knowledge about any object as the object identi­

fication,
- ideal identification with more or less different ob­

jects - system identification.
Under the term identification we can understand 

the identification of an idea which has begun with 
the advent of the computer technology and its af­
termath of the system theory genesis. The main part 
of identification is an identification experiment with 
characteristic attributes. Its results must be objec­
tivised input data for the identification solution. The 
next part of the identification consideration is the 
advisement, the values of which will be determined 
by the identification experiment and which require 
the measurement accuracy. The realisation ''trial-er­
ror" is not acceptable (Ondráček, Janíček 1990).

A simulated identification consists of these steps 
(Ondráček, Janíček 1990):
- creation of an algorithm and active program of 

the current task, allowing to determine the cor­
rection parameters in the selected limits of the 
current task solution for the input data,

- the values of the correction parameters will be 
estimated,

- on the basis of experience and knowledge, inter­
vals will be estimated to show in which range the 
measured values can be,

- correction in simulation according to the meas­
urement error,

- the analysis of the identification solution and de­
termination of the correction parameters,

- errors calculation for the selected correction pa­
rameters,

- analysis of the identification extent of initial and 
final values.

The input data of identification are the measured 
angular velocities in the axes x, y, and z. The out­
put is the final heading angle of the inertial sen­
sor in comparison with the initial position in all the 
three axes of the coordinate system. This is because 
of the fact that the precise angle cannot be meas­
ured in time. The determination of angles is done 
on the basis of information and is calculated from 
the gravity vector and magnetic induction vector of 
the Earth in the final position of a navigation unit. 
The output parameters are calculated from the dif­
ferences between the initial and final angles of the 
measurement in simulation.

We chose the inertial sensor AD1S16405BLMZ 
(tri-axis inertial sensor with magnetometer) with a 
digital output developed by Analog Devices (Nor­
wood, USA) for the demonstration of the designed 
method. It is a tri-axial accelerometer, gyroscope, 
and magnetometer developed by the Micro-Elec­
tro-Mechanical Systems (MEMS) technology. 
The dynamic range of the gyroscope is ±300 7s 
and the initial sensitivity is 0.05 7s/LSB. The ab­
solute value of the magnetic induction vector is 
45.8 pT, and during the measurement its value 
and direction were constant. The dynamic range of 
the accelerometer is ±18 g (176.59 m/s2), and the 
initial sensitivity is 3.33 mg/LSB (0.03267 m/s2). 
Other important parameters are described in the 
datasheet of the sensor.

We used a unit INU 1.0 designed by ourselves 
for the measurement data saving, which is based 
on a 32 bit microprocessor LM3S3748 developed 
by Texas Instruments Company (Dallas, USA). The 
measured data are saved on the flash memory of 
a USB mass storage device. The sample frequency 
used was 816.6598 Hz. The temperature was also 
monitored during the measurements. All input 
data for the sensor are measured at the tempera­
ture of 34°C which is important for easy data pro­
cessing.

The temperature causes the offset fluctuation in 
MEMS gyroscopes. The effect of temperature on 
the offset is specified for individual gyroscopes 
and is considerably non-linear. The temperature ef­
fect brings an error into the measurement. ADIS- 
16405BLMZ contains a temperature sensor for the 
compensation of the temperature influence on the 
measured values. The sensor datasheet refers to the 
temperature dependence of the gyroscope, which 
is ±40 ppm/K. Non-linearity is up to 0.1% in the
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full range. The influence of the power supply volt­
age is minimalized with using a precision voltage 
regulator. The voltage waveform is watched during 
the measurements realised currently with the iner­
tial sensor. Therefore, the dependence mentioned 
is not interesting for our work.

The output samples obtained from MEMS gyro­
scopes are disturbed by white noise. Let N. be the zth 
random variable in the white noise sequence. Each 
N. is identically distributed with the mean E(N) = 
E(N) = 0 and finite variance Var(N) = VarUV) = a2. 
By the definition of the white sequence Cov(.N., N) 
= 0 for all i v j. The result of using the rectangular 
rule to integrate the white noise signal e (i) over a 
timespan t = n x 8i is (Woodman 2007):

j е(т)Л = óť^Ni (2)
z-i

where:
и - number of samples received from the device 

during the period
6L - time between successive samples

The expected error is:

Е(£г(т)7т) = 8/'хих£(М) = 0 (3)

and the variance is:

VariJ е(т)й(т) = St2 x и x Var(N) = St x t x a2 (4)

Hence, the noise introduces a zero-mean random 
walk error into the integrated signal, whose stand­
ard deviation (Woodman 2007)

ae(t) = oxV8xt (5)

grows in proportion to the square root of time. 
Since we are usually interested in how the noise af­
fects the integrated signal, it is common for manu­
facturers to specify the noise using an angle ran­
dom walk (ARW) measurement

ARW =oe(l)

with units °/sqrt(hour). The random walk is given 
for the used sensor. The random walk is one of the 
parameters which cannot be compensated by the 
designed method. The effect on the accuracy of the 
measurement is negative.

The angle was calculated according to Simpson’s 
rule with six nodes (Chapra 2002):

ex . = + -1 ъ + 2ю„ 4 + 4ю„ 3 +

3/ ”6 ”5 "4 "3
+ 2(o„.2+4to,,_l+to„.)

where:
ал . - new value of angle in thex axis (°) 
a - previous value of angle in the x axis (°) 
/ - sample frequency (Hz)
ш^ - actual sample of angular velocity (7s)

RESULTS AND DISCUSSION

Fig. 1 illustrates the time waveform of the noise 
in the individual axes of the gyroscope. On the ba­
sis of its distribution, it is possible to determine 
approximately the offset limits of identification 
and to speed up the whole calculation. The aver­
ages of the individual axes were -0.0447 7s in the 
x axis, -0.3754 7s in the у axis, and 0.151 ° Is in the 
z axis. In simulation, we obtained the offset limits 
from -0.1 7s to 0 7s for the x axis, from -0.45 7s 
to -0.3 7s for the у axis, and from 0.1 7s to 0.2 7s 
for the z axis of the values described. We calculated 
with 0.001 7s step for all offsets.

Gain calibration has a condition that the initial 
and final angles of simulation must be different, 
namely the more the better. In supposition that 
the angles should be equal, the simulation results 
would always have initial values of the calibra­
tion parameters for gains in each axis. For all the 
axes, the limits are in a 5% tolerance, from -0.05 to 
0.05 with 0.001 steps. We did not suppose that the 
deviations in gain would overreach the setup toler­
ance.

In the next step, we were interested in finding 
the calibration constants for cross coupling coeffi­
cients IM\ The developer specifies the accuracy of 
this parameter being ±0.05°. Based on this descrip­
tion, we set the simulation limits at ±0.0009 with 
0.0001 steps for each axis.

We did not pay attention to g-sensitive bias cor­
rection. In the case of its inclusion among the 
calibration parameters, we must ensure the accel-

Table 1. Calibration parameters found

в S Ml М2

x axis -0.012 0.002 -0.0002 (y) 0.0001 (z)

у axis -0.396 0.011 0.0001 (x) 0.0004 (z)

z axis 0.196 0.014 -0.0003 (x) -0.0001 (y)
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1

Time (s)

Fig. 1. Angular velocity noise example

Fig. 2. Fast Fourier Transform (FFT) of angular velocity measurements 
to(f) - single-sided amplitude spectrum of angular velocity in time;/- frequency

Fig. 3. Difference between angular velocities before and after calibration
6g>x, 6co , 6ог - angular velocity difference before and after calibration in axis x, у and z (7s)
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eration values of at least 4 g; otherwise, it is not 
possible to find precise values of the correction pa­
rameters with the method described. For the used 
sensor, g-sensitive bias is up to 0.05 7s/g.

With using one waveform, the results may be 
markedly distorted. As a rule, the results will be 
more precise with the increasing number of paths. 
A disadvantage is in an increased complication of 
the results. In our case, we chose three different 
time waveforms in the range of 15 seconds. The 
optimal coefficients were considered to be those 
with which the sum of deviations in each axis of 
all waveforms was minimal. In the next step, it is 
necessary to check the waveforms of angular veloc­
ity before simulation if the values do not overreach 
the dynamic range of the sensor. In the case of the 
angular velocity waveform limitation, errors would 
occur in the identification. The resulting correction 
parameters would be useless. The result of simula­
tion is shown in Table 1.

Fig. 2 proved that the frequency components in 
the time measurement were deeply below half the 
sample frequency value. Nyquist-Shannon sam­
pling theorem was thus fulfilled.

The designed algorithm of the described method 
was created in the Matlab application (MathWorks, 
Natick, USA). All data are in a data array form. The 
consequential algorithm for finding optimal cor­
rection parameters consists of six nested loops for 
each axis of the coordinate system. Fig. 3 shows the 
difference between angular velocities before and 
after calibration.

CONCLUSION

The main disadvantage of MEMS gyroscope er­
ror sources is the error specification in individual

sensors. Therefore, each sensor requires an indi­
vidual approach as regards the calibration and cor­
rection. Conventional methods for the calibration 
of gyroscopes require a special workplace, which 
is difficult to be available. For the development of 
simple applications with gyroscopes, the sensors 
can be calibrated by the described method. A dis­
advantage is just the time which is necessary for 
the calculation of the correction parameters. In our 
case, we have obtained sensor accuracy of up to 0.5° 
(up to 15° without calibration) during one min in 
the working time of the device. However, the accu­
racy has an influence also on the dynamic range of 
angular velocity where the resolution of the sensor 
plays an important role.
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The operation of agricultural tractor with universal
ecological oil
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Abstract

Kosiba J., Tkáč Z., Hujo L., Stančík В., Štulajter I., 2013. The operation of agricultural tractor with universal 
ecological oil. Res. Agr. Eng., 59 (Special Issue): S27-S33.

This contribution presents the results of the research into the characteristics of ecological oil labelled MOL Farm UTTO 
Synt in the tractor operating conditions. Biodegradable fluid was applied in the gear and hydraulic circuits of the trac­
tor Zetor Forterra 114 41. The fluid was assessed for contamination and lubrication properties by its effect on the wear 
of tractor hydraulic pump during the application. The hydraulic pump was removed from the tractor at specified time 
intervals because of its technical condition relating to the flow efficiency. The measurements were calculated as flow 
efficiency with minimum environmental impact of oil on the hydraulic pump wear.

Keywords: synthetic oil; hydraulic pump; flow characteristic

At the present time, hydrostatic systems are widely 
spread in the industry. They provide various types 
of motion. The power transmission is realised by 
hydraulic fluid. Hydraulic fluid needs servicing and 
requires the control of operating parameters (Maj­
dan et al. 2008; Belovič, Majdan 2011). Almost 
50% of all the oils sold in the world finish at the pre­
sent time as forfeits during the operation in nature 
(Jakob, Theissen 2006). Therefore, it is extremely 
important to replace mineral oils with vegetable oils 
or plant-based synthetic oils (Tkáč et al. 2010).

Agricultural technology has a negative impact on 
all elements of the environment. As to air, it is affect­
ed by the exhaust emissions, and the soil respectively 
water by oil and for fuel components (Jablonický 
et al. 2007; Kučera, Pršan 2008; Kučera, Rédl 
2008). This paper presents the results of a long-term 
operational test of the biodegradable synthetic oil

MOL Farm UTTO Synt (Slovnaft a.s., Bratislava, 
Slovak Republic), which is currently under develop­
ment. The operational test was performed on one of 
the most used tractors, the tractor Zetor Forterra 
114 41 (Zetor Tractors a.s., Brno, Czech Republic) in 
the conditions of Slovak farms. The hydraulic pump 
was removed from the tractor in the time intervals; 
the pump was mounted onto the experimental labo­
ratory device for measuring the flow characteristics 
at the Department of Transport and Handling, Fac­
ulty of Engineering, University of Agriculture in Ni­
tra, Nitra, Slovak Republic.

Subsequently, the oil samples were collected for 
the analysis and detection of iron and copper con­
tamination by means of infrared spectra. In view of 
the utilization of hydraulic fluid in a machine, it is 
the most important to know the running properties 
of the fluid, i.e. to know the influence of the fluid

Supported by the Scientific Grant Agency VEGA of the Ministry of Education of the Slovak Republic and the Slovak Academy 
of Sciences, Grant No.1/0857/12.
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Fig. 1. Experimental device for measuring the flow characteristics of the hydrostatic pump
PEN - neutral; L - phase 1; L2 - phase 2; L3 - phase 3; Д-YT - delta-wye transformer; M - electric motor; HG, - regulat­
ing hydrostatic pump; TV,, TV2- insured valve; S^ S2 - coupler; HM - hydrostatic motor; HG2 - tested hydrostatic pump; 
TV3 - valve for adjusting pressure; PS - pressure sensor; FS - flow sensor; TS - temperature sensor; CV - control valve; TR - trigger; 
T - oil temperature controllers; L - flowmeter; p,, p2, p3 - pressure sensors; tj - temperature sensor for tank T^ t2 - temperature 
sensor for tank T2; T,, T2, T3 - tank; Fp F2- filter; Vp V2 - ventilator; Cp C2 - cooler; UV - spherical plug valve (Tkáč et al. 2008)

on the technical state of the hydraulic system parts 
(Žikla, Jablonický 2006; Jablonický et al. 2007; 
Tkáč et al. 2008).

MATERIAL AND METHODS

Ute experimental device for measuring the flow 
characteristics is shown in Fig. 1. It was designed at 
the Department of Transport and Handling, Tech­
nical Faculty of Slovak University of Agriculture in 
Nitra, Nitra, Slovak Republic.

This device allows to measure the following char­
acteristics:

Q =flpl dependence of the flow rate on the pres­
sure at constant speeds and Q =/(и)р dependence of 
the flow rate on the speed at constant pressure.

The test stand consists of two hydraulic circuits. 
The left hydraulic circuit is used to drive the hydrau­
lic pump HG2 in the measurement. The output line 
of the hydraulic pump HG1 is directly connected to 
the hydraulic motor output HM (HG] is a regulatory 
axial piston pump). To set the speed of the measured 
hydraulic pump HG2, the flow change is used made 
by the hydraulic pump HGf The pressure valves TV]

and TV., have the function of the safety valve. The 
pressure valve TV3 is’designed to set the values of 
pressure (from zero to the nominal value). We meas­
ure the flow Q =f(p)n at the set pressure value, or the 
pressure to measure Q =11^.

Before measuring the flow characteristics of the hy­
draulic pump, we set the speed at the nominal value 
(measured by the hydraulic pump HG2) by changing 
the flow hydraulic pump (HG]). In the measurement 
of the characteristics, a gradual increase in pressure 
is created by the pressure valve TV3 (to the nominal 
value of the pressure measured by hydraulic pump

Table 1. Specifications of oil MOL Farm UTTO Synt

Property Unit Amount

Density at 15°C g/cm3 0.8681

Kinetic viscosity at 40°C mm2/s 58.14

Kinetic viscosity at 100°C mm2/s 10.22

Viscosity index 165

Pour point °C -42

Flash point °C 232

Calcium % 0.318
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HG,). Based on these data, we can determine the 
flow characteristics of the hydraulic pump (Drab­
ant et al. 2010; Majdan 2010; Tkáč et al. 2010).

During the operation of the tractor, the follow­
ing physico-chemical properties of the ecologic oils 
were monitored:
- contamination of liquid admixtures, by 1R spec­

troscopy,
- iron content,
- copper content important factors for obtain­

ing high quality representative samples are: the 
correct choice of the delivery points; mixing and 
heating the fluid at the operating temperature. 
The analysis of the pollution samples of iron and 
copper was performed in the accredited labora­
tory WearCheck, Hungary.
Ecological oil. Ecological oil is made from the 

synthetic fluid and is marked as MOL Farm UTTO 
Synt. It belongs to the type of oil UTTO (Universal 
Tractor Transmission Oil). This oil is destined for 
the common gear-hydraulic circuits of agricultural 
tractors. Table 1 shows the basic technical param­
eters of the synthetic oil tested.

Before operating, the test tractor was equipped 
with a new hydraulic pump type UD 25 (Jihostroj 
a.s., Velešín, Czech Republic). At the same time, the 
gear-hydraulic circuit of the tractor was mounted 
and also a new oil filter was installed. At the start 
of the operational testing of the synthetic oil MOL 
Farm UTTO Synt the temperature regimes were 
tested of the tractor working with a gear-hydrau­
lic circuit. The measurements were performed by 
placing the temperature sensor using a coupling 
flange on the output line of hydraulic pump.

Operations, and types of auxiliary equipment for 
measuring the thermal regime:
- disc cultivator LBD 4.5,
- plow Kverneland LD 100,
- drill SE 1073 M.

RESULTS AND DISCUSSION

The measuring system consisted of the digital re­
cording unit HMG 2020 (Hydac GmbH, Sulzbach/ 
Saar, Germany) and temperature sensor (ETS 4144- 
A-000; Hydac GmbH). The digital recording unit 
HMG 2020 recorded temperatures at one second 
intervals. The measurement of the thermal regime 
lasted 50 minutes. The temperature modes of the 
tractor gear-hydraulic circuit operation during the 
work operations are shown in Fig. 2. The highest 
temperature was reached in the tractor with seeder 
SE 1073 M (Agroplus s.r.o., Hlohovec, Slovak Re­
public). The oil temperature was stabilised at ap­
proximately the same time with all measurements 
(Kosiba et al. 2011a, b).

The work operations conducted during the syn­
thetic oil performance test are shown in Table 2.

The oil temperature is the most important param­
eter for the use of biodegradable oils in the gear- 
hydraulic circuits of tractors. The measured values 
of the oil temperature can not reduce an operating 
test of MOL Farm UTTO synthetic oil. The oil is ap­
plied into the gear-hydraulic circuit Zetor Forterra 
114 41 tractor. The hydraulic pump type UD 25 was 
removed from the tractor at intervals of 450 engine 
hours and 900 engine hours. Then an experimental 
laboratory device was installed for measuring the 
flow characteristics. The measurement of the flow 
characteristics is used to determine the impact of 
the synthetic oil on the hydraulic pump life. The flow 
hydraulic pump efficiency was calculated from the 
measured flow characteristics (Cvíčela et al. 2008):

where:
Q - output flow rate (dm3.rpm)
VG - geometrical volume of hydrostatic pump (dm1) 
и - nominal rotation speed of hydrostatic pump (rpm)

Fig. 2. Temperature modes of Zetor 
Forterra 114 41 tractor
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Table 2. Working operations performed with Zetor Forterra 114 41 tractor during operating test

Work
Engine hours

Machinery type (producer)
0-450 450-900

Stubble cultivation LBD 4,5 (Chervona Zirka, Kirovograd, Ukraine) 86 95

Transport BSS-9 (Brandýrske strojírny, Senice na Hané, Czech Republic) 46 70

Ploughing Kverneland LD 100 (Kverneland Group, Kverneland, Norway) 105 149

Seeding 1 073 M (Pneusej - Accord, Hlahovec, Slovak Republic) 191 118

Plant protection Forrás 2006/18 (Interat ZRT., Bicske, Hungary) 20 19

Summary 448 451

£ 90.0
The flow efficiency was determined with a new hy­

draulic pump, after completing 450 engine hours and 
after completing 900 engine hours. The measurement 
of the flow characteristics was performed at speeds 
и = 800 rpm, n = 1200 rpm, and n = 1,500 rpm. 
Figs 3,4, and 5 show the flow efficiency of the hydrau­
lic pump UD 25 at different speeds.

The greatest decrease in the hydraulic pump flow 
efficiency was detected at a speed n = 800 rpm and 
a pressure of 20 MPa. The flow efficiency of the hy­
draulic pump type UD 25 dropped from q = 89.8% 
to q9(|0 = 87.75%. Under the nominal speed of the 
hydraulic pump n = 1500 rpm and a pressure of 
20 MPa, the flow efficiency of the hydraulic pump 
declined from q0 = 96.89% to 95.73% = qgoo.

89.5
5 890 
о 88.5

88.0
Ž 87.5
E 87.0

86.5

Engine hours

Fig. 3. The flow efficiency of UD 25 hydraulic pump at rota­
tion speed и = 800 rpm

87.75

900

Basic parameters of descriptive statistics

Table 3 presents the basic descriptive statistics 
indicators, which were determined by statistical 
data analysis module in a MS Excel 2007 (Microsoft 
Corp., Redmond, USA). The graphic processing of 
the results was performed using software Statistica 7 
(StatSoft, Inc., Tulsa, USA). Fig. 4. The flow efficiency of UD 25 hydraulic pump at rota­

tion speed n = 1,200 rpm
v^x^r*)2

where:
TV - statistical file size 
x-x. - values of the units 
x - average

(2)

^ 98.0
97.5 96.89 96.75

Standard deviation:

■5 96.5
£ 96.0
" 95.5
I 95.0
E 94.5

95.73

SD =^
450

Engine hours
900

The differences in the range between the min. and 
max. values are relatively small. The outliers and

Fig. 5. The flow efficiency of UD 25 hydraulic pump at rota­
tion speed n = 1,500 rpm
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Table 3. Basic parameters of descriptive statistics at pressure p = 20 MPa

Average Median Modus Min. Max. Variance Standard 
deviation

Output flow rate - 0 engine hours 
, . 3 x 36.335 36.32 36.29 35.741 36.865 0.057(dm .rpm)
Output flow rate - 450 engine hours „,

3 v 36.282 36.368 36.423 34.516 36.988 0.243(dm .rpm)
Output flow rate - 900 engine hours „

з x 35.902 35.903 35.778 34.91 36.595 0.112(dm .rpm)

0.239

0.493

0.334

E

5

О

37.0
36.8
36.6
36.4
36.2
36.0
35.8
35.6
35.4
35.2
35.0

*

0 engine 450 engine 900 engine 
hours hours hours

Fig. 6. Box-and-Whisker diagram of the output flow rate

extreme points on the Box-and-Whisker diagram 
of the output flow rate were not found (Fig. 6).

Evaluation of oil pollution

The analysis of oil pollution by chemical elements 
(iron and copper) was performed in the accredited 
laboratory WearCheck, Hungary. The test was per­
formed by ASTM D 4951-02 (standard test method 
for the determination of additive elements in lubri­
cation oils by inductively coupled plasma atomic 
emission spectrometry). New oil was evaluated 
after completing 450 and 900 engine hours. The

Fig. 7. Contents of chemical elements

course of oil contamination by the chemical ele­
ments is shown in Fig. 7.

The level of oil MOL Farm UTTO Synt pollution 
with admixtures (Cu, Fe) has reached a critical level 
after completing 450 engine hours. Ute limit values 
of oil pollution were exceeded in the gear-hydrau­
lic circuit of the tractor Zetor Forterra 114 41 after 
completing 900 engine hours.

Analysis of the origin of synthetic oil 
pollution

The evaluation of the analysis of the origin of syn­
thetic oil pollution by IR spectroscopy is shown in 
Fig. 8. The change in the synthetic oil MOL Farm 
UTTO Synt can be seen in the areas of 1,650 cm"1 
and 1,600 cm"1. On the x axis are shown the wave­
lengths that correspond to the individual chemical 
compounds. In the case of new oil, the absorbance 
reflects the chemical compounds concentration in 
the oil produced. The increase of absorbance after 
450 and 900 engine hours reflects the increase of the 
chemical compounds concentrations. The additives 
are characterised precisely by the wavelengths from 
1,500-1,700/cm. The changes of absorbance at these 
wavelengths expressing the oil degradation were not 
identified.

CONCLUSION

The performance test has shown that the new bio­
degradable oil MOL Farm UTTO Synt is very bene­
ficial for our lives. We look forward to the possibility 
of greening the agricultural tractors used in Slovak 
agriculture. This contribution proves minimal ef­
fect of the synthetic oil on the decrease of the flow 
efficiency during the performance test and hydrau­
lic pump wear. The experimental device was con­
structed at the Department of Transport and Han­
dling, Faculty of Engineering, Slovak University of
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Fig. 8. Evaluation of oil contami­
nation by IR spectroscopy

Agriculture in Nitra. The ecological fluid meets the 
requirements for the operation of agricultural trac­
tors in terms of a low impact on the wear of hydrau­
lic components. The results show good lubricating 
properties of the organic oil to ensure a reliable op­
eration of the tractor. The operational test had to 
be stopped prematurely for increased contents of 
impurities (chemical elements Fe and Cu), after a 
consultation with the producer of the synthetic oil. 
Using IR spectroscopy, it was found that the impuri­
ties got into the hydraulic circuit of the tractor Ze­
tor Forterra 114 41. These contaminants get into the 
hydraulic circuit through external hydraulic outlets 
admixture of mineral oil. We can say that the new 
developing biodegradable synthetic oil MOL Farm 
UTTO Synt does not affect the construction or op­
eration of the tractor Zetor Forterra 114 41. MOL 
Farm UTTO Synt has no negative influence on the 
rubber components in the hydraulic circuit of the 
tractor Zetor Forterra 114 41. The price of the oil is 
higher than that of standard mineral oils.
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vehicle dynamics
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Abstract

Rédl J., Váliková V., 2013. Application of differential geometry in agricultural vehicle dynamics. Res. Agr. Eng., 
59 (Special Issue): S34-S41.

Ulis paper deals with the application of differential geometry methods to a precise calculation of the length of trajec­
tory of an agricultural mechanism that moves on a sloping terrain. We obtained technical exciting function from ex­
perimental measurements, out of which we obtained the function of Euler's parameters by using computer processing. 
The processing of these parameters provided translational and angular velocities of the gravity centre of the systemic 
vehicle MT8-222, which performed the determined mounted manoeuvres. We obtained differential equations that 
describe the function of a spatial curve by the application of differential geometry methods. The length of the curve is 
obtained by a numerical solution of the differential equations formed. We used Dormand-Prince numerical method 
for the numerical solution. Next, we evaluated the error of the numerical integration for every calculation by reason 
of the stability of computation. We also addressed the geometric characteristics of the curves such as the radius of 
curvature. The mounted manoeuvres as well as the corresponding velocities, trajectories, and radiuses of curvature 
were processed in a graphic way.

Keywords: trajectory modelling; numerical integration; radius of curvature

The analysis, planning, and optimisation of the ve­
hicle trajectory are nowadays intensively examined 
problems not only in the field of the agricultural 
mechanisms movement in relation to precision agri­
culture but also in the modelling and simulation of the 
vehicle motion and in the research into the dynamic 
effects on the vehicle. The research into the trajectory 
of the vehicle motion focuses also on the fields of de­
velopment and design of the set mechanisms capable 
of autonomous decision and generation of the trajec­
tory according to the input values from the sensors. 
Such a design is preceded by a simulation process 
which is based on differential moving equations of a 
rigid body as well as of a system of rigid bodies. Euler’s 
parameters are used for the spatial dislocation of the

vehicle and spatial transformation based on orthogo­
nal matrices as well as the principles of differential 
geometry. To define the tire - ground relationship, 
the principles of terramechanics are advantageously 
used. An intensive research is realised also in the 
fields of the analysis of the vehicle trajectory in differ­
ent reference coordinate axes, when the dynamics of 
transport is investigated as introduced in Punzo et al. 
(2011). They point out the possibility of obtaining the 
exact vehicle trajectory with the help of GPS or using 
the simulation programme NGSIM (Next Generation 
SIMulation; Federal Highway Administration, Wash­
ington DC, USA). It is possible to obtain precise val­
ues of the trajectory length by utilisation of GPS data, 
but a high risk exists of the loss of signal in mountain-
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ous areas. Purwin and D'Andrea (2006) dealt with 
the generation and planning of the vehicle trajectory 
to provide its exact motion and minimise its trajec­
tory to the accurately specified destination. The anal­
ysis of the stability of motion and the compliance of 
the specified trajectory of the vehicle motion are pro­
cessed in the works of Ailona et al. (2005) and Yoon 
et al. (2009). Yoon et al. (2009) designed a dynamic 
model for the generation of the vehicle trajectory fol­
lowing the properties of the terrain and dislocation of 
a terrain barrier where there it is not possible to pass 
through it. Antos and Ambrosio (2004) presented 
strategies of the control of vehicle motion pursuant 
to the dynamics of rigid bodies. They realised simu­
lations in the environment of the program Matlab® 
(MathWorks, Natick, USA). For spatial transforma­
tions, Euler's parameters were used advantageously. 
The result was the design of a driver which is able to 
provide vehicle motion according to the trajectory 
generated before. Under the authority of the differen­
tial geometry, model and real trajectories were evalu­
ated. Almost in every work, the trajectory was gener­
ated by dynamic equations that had been generalised 
by Pacejka (2005).

MATERIAL AND METHODS

The length of the curve. Salát (1981) as well 
as Ivan (1989) describes the length of the curve by 
means of differential geometry in the identical way. 
Parameterisation of the curve is addressed also by 
Agoston (2005).

Let К be a curve, which is defined by para­
meterisation:

r = r(t); t e<a, ß> (1)

where:
r - denomination of function for parameterisation 
r(t) - parameterisation of curve К in point t 
a, ß - initial and end point of the curve

Denote Ria) = A, R(ß) = В. The point A is the 
original point and point В is the final one of the 
curve К when its orientation is induced by param­
eterisation. Let D = {tQ, tp t^.......t.}, where a < i0 < 
t < t2 ...< t = ß is a certain division of the interval 
<a, ß>.

where:
R(a) - parameterisation of curve К in point a 
Ä(ß) - parameterisation of curve К in point ß

D - set of points, which divides interval <a, ß> into 
r-divisions

t,-i - r-divisions of interval <a, ß>

Denote M. = R(,tY for z = 0, 1, 2.... r. Points 
Mfl, Mx,..., M, follow gradually one after another in 
the orientation of the curve accordant with param­
eterisation (1), thus:

A = MQ< M x < Мг< ... < Mr = В (2)

These points divide the curve К into r par­
tial curves (arcs) М^МГ We substitute each 
of them by an abscissa (subtense) M M. We 
denote the broken line consisting of abscissas 
M. XM. (i = 1, 2,..., r) as K(D\ We say that the bro­
ken line K(D) is inscribed into the curve K.

Let’s (D) denote the length of the broken line 
/<(D). Hence:

s(D) = ^ d(M,-a, M,) = ^|r(tD - r^JI (3) 

i=i i=i
where:
d - length of the partial curves

It can happen (if the curve is not simple) that the 
point M is identical with the point M. for some i. 
In this case, it holds that d(M v M) = 0.

Using the foregoing way, every division D of the 
interval <a, ß> is assigned a positive number s(D), 
which presents the length of the corresponding in­
scribed break line K(D). To every sequence ^D^ of the 
division of the interval <a, ß> appertains the sequence 
of number (slD^Y It is evident that, if there exists 
a number, that d(D„) < s for every division D f and the 
lower the difference d(D ) < s the smoother the divi­
sion D, then the non-negative number s is called the 
length of the curve K. We establish a definition:

If the corresponding sequence {s, D } for every 
regular sequence ID^ of the division of the inter­
val <a, ß> is convergent and the limit does not de­
pend on the selection of sequence ID }, we say that 
the curve К is rectifiable and we name the number 
s = lim s(Dn) its length.

According to this definition and knowledge of 
the transformation of the parameter of the curve, 
it can be relatively easy to prove that the length of 
the curve does not depend on its parameterisation. 
From the geometric point of view, it is an obvious 
requirement for the definition of the curve length.

From the definition of the curve length and theo­
rems about the limit of numeric sequence follows 
the veracity of the next theorem.
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Theorem 1 (monotony property)
If the curve К is rectifiable and its length is s, then 

its each part K' is rectifiable too and for its length 
s' holds: s < s’.

By the help of this theorem, the theorem about 
other important property of the curve length (ad­
ditive property) can be proved.

Theorem 2 (additive property)
(a) If the curve К is rectifiable, then for its optional 

division into the final number of partial curves 
Kv Ky ... , l<n each from parts 1<X is rectifiable 
and it holds:

Using Eq. (7) and its first and second derivation 
leads to the relation for the curvature of the curve. 
We establish determinants А, В, C as:

(9)

For the curvature in every point of the curve /<
then holds:

VA2 + B2 + C2
К = ,

Vl(x(t)')2 + (y(t)')2 + (z(t)')2]3
(10)

s = б, + $2 + ... + s. + ... +s„ (4)

where:
s — length of the curve К
s. - length of its parts K., i = 1, 2, ... n

(b) The curve K, which is the connection of the fi­
nal number of rectifiable curves Kx, К , ..., К , 
is also rectifiable and for its length s holds the 
equality (4).

The following theorem speaks out about a suffi­
cient condition of the curve rectifiability.

Theorem 3
Let r = r(t), t e <a, ß> be parameterisation of the 

curve K. If the function r has a continuous deriva­
tive r’in the interval <a, ß> (in the point A from the 
right, in the point В from the left), then the curve К 
is rectifiable and for its length s holds:

From the preceding relations we can define the 
radius of curvature as the reciprocal of the curva­
ture:

1 (ID
P = K
Numerical integration. In the created applica­

tion, the numerical method is implemented for 
integration of Runge-Kutta methods, especially 
Dormand-Prince method. This method is ana­
lysed in the paper of its authors Dormand and 
Prince (1980). They presented this method thanks 
to Butcher’s table, in which the coefficients of the 
individual terms in the equations are described. 
Butcher’s table was used also by Hoppensteadt 
(2007). The equations for Dormand-Prince method 
have the following forms:

that is:

if r(t) = x(t)i + y(t)j + z(t)k

(5)

(6)

(7)

^1 = V^y,,)

fc2 = V^ + ^X + ^i)

7 3 3 9 3A', = hA x + —/г , у + —к, + —к3 „ 10 „ A, 40 1 40 2 J

44, 56 , 32—k.---- k.-v —
45 15 9

^, = V^„ + |A„,X,+ 19,372, 25,360 ,-------k.--------- k.
6,561 1 2,187 •

64,448 , 
---------к
6,561

where:
i, j, к - unity vectors 
x, y, z - coordinates

This corollary follows from the definition of the 
regular and partly regular curves and from theo­
rems 2 and 3. .

When we utilise the parameterisation of the 
curve K, we obtain a flexion of the curve. For the 
regular curve К holds that for every point the flex­
ion equals:

и = V[x"(t)]2 + [y"(t)P + U"(t)P

212, A 
---- «4 729 ’)

9,017, 355
------- k,-------3,168 1 33

46,732,
---------к
5,247 '

492, 5,103 , )
+-----к.----------- к.176 4 18,656 )

(12)

k^hÄ 35 500 125
384 1 1,113 з + 192

2,187 , 11,3
------- к, + —к.6,784 5 84 )

35, 500, 125, 2,187, 11,
y„, = У„ 4------ к, +------- к, ч------ к, к, + —к, 284 i 1ПЗ з 192 4 6>784 5 84 С
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where:
kx-k. - Runge-Kutta koefficients 
h - step of the numerical integration 
yj2 y„ti -(he value in the points x 2 xn<

Quaternion feedback control. Wie (2008) con­
siders the attitude dynamics of a rigid vehicle de­
scribed by Euler’s rotational equation of the motion:

Jd) + to x Jo = u (13)
where:
J - inertia matrix
to = (top to2, to3) - angular velocity vector
u = ( Up u2, u3,) - control torque input vector

The cross product of two vectors is represented 
in the matrix notation as

where:
h = Jo - angular momentum vector

0 -Ш3 w2’ hi
w x h = o>3 0 h2 (14)

—to2 W, 0 . h3

It is assumed that the angular velocity vector 
components co. along the body/fixed control axes 
are measured by rate gyros.

Euler’s rotational theorem states that the rigid 
body attitude can be changed from any given orien­
tation to any other orientation by rotating the body 
around an axis, called the Euler axis, which is fixed 
to the rigid body and is stationary in inertial space. 
Such a rigid body rotation around the Euler axis is 
often called the eigenaxis rotation.

Let a unit vector along the Euler axis be denoted by 
e = (ep e2, e3), where ep e2 and e3 are direction cosines 
of the Euler axis relative to either an inertial reference 
frame or the body - fixed control axes. The four ele­
ments of quaternions (q3—q4) are then defined as:

qt = e1sin(6/2)

q = e sin(6/2)
2 2 (15)

q3 = e3sin(6/2)

q4 = cos(9/2)

where:
9 - denotes the rotation angle around the Euler axis

and we have:

The quaternion kinematic differential equations 
are given by:

qh ■ 0 G)3 — ^2 Mf qc
q2 _ 1 -Ш3 0 W1 ш2 q2
q3 2 O>2 -0)1 0 ш3 q3
q4. -Wi — O)2 —to3 0 . q4.

(17)

Like the Euler-axis vector e = (er e2, e2), defining 
a quaternion vector q = (qp q2, q.,) as:

q = esin(6/2) (18)

we rewrite Eq. (17) as
2q = q(to - ы x q

. T (19)
2q = -to q

where:

0 -to3 to2' qc (20)
to x q = <*>3 0 -to! q2

• ^2 to! 0 . q3.

Because quaternions are well-suited for on-board 
real-time computation, the vehicle orientation is 
nowadays commonly described in terms of qua­
ternions, and a linear state feedback controller of 
the following form can be considered for real-time 
implementation:

и = -Kqe - Cto (21)

where qc = (q le, q2e, q3e) is the attitude error quater­
nion vector and К and C are controller gain matri­
ces to be properly determined. The attitude error 
quaternions (q]t, q2e, q3., qk.) are computed using 
the desired or commanded attitude quaternions 
(q , q2i, q3c, qk) and the current attitude quaterni­
ons (qp q2, q3, qj as follows:

(22)
qie 44c q3c q2c -qic' qf
q2e —Чзс Ч4С qic q4c q2
q3e q2c Ч1С q4c -q3c q3
.q4e. . qiC q2c q3c q4c. Я4.

If the commanded attitude quaternion vector is 
simply the origin defined as

(Ч1с.Ч2с-Чзе’Ч4с) = (°'0-0'+1) (23)

then the control logic (21) becomes:

и = -Kq - Cto (24)

On the other hand, if the origin is chosen as (0, 0, 
0, -1), then the control logic (21) becomes:

q2+ q2+ q3 + ч2! =1 (16) и = +Kq- Cto (25)
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Fig. 1. Translational velocities of the centre of gravity: (a) Manoeuvre 1, (b) Manoeuvre 2, (c) Manoeuvre 3, (d) Manoeuvre 4
Vx, Vy, Vz - velocities in the direction of x, y, z axis, respectively

"l ime / (s)

Time / (s)

Agricultural machine and determination of 
manoeuvres. The agricultural machine used in 
these experiments was the systemic vehicle MTS- 
222 (ZTS Obchodný podnik, Slovenská Lupča, Slo­
vak Republic) that is designated for working on the 
sloping terrain. The design of this machine is ad­
dressed by Páltik et al. (2007). The average value of 
the slope gradient was 30-33 degrees. Experimen­
tal measurements were done from which we got the 
functions of the acceleration of the centre of gravity. 
When we processed these functions with a comput­
er, we obtained Euler’s parameters. The processing 
of these parameters yielded the translational and 
angular velocities of the centre of gravity of the sys­
temic vehicle MT8-222, which performed the deter­
mined mounted manoeuvres. The moments of iner­
tia of the vehicle with respect to the x, y, z axes were 
Jx = 240 kg.m2,/ = 520 kg.m2, and Jz = 950 kg.m2. The 
weight of the vehicle was 1.356 kg.

Four different manoeuvres were executed:
Manoeuvre 1: moving on the slope along the down­

grade slope with braking.
Manoeuvre 2: moving on the slope along the down­

grade slope with turning to the down-grade slope.

Manoeuvre 3: moving on the slope along the 
hillside with turning to the hillside.

Manoeuvre 4: moving on the slope along the 
down-grade slope with 45 degree yaw angle with 
turning to the down-grade slope.

The real trajectories executed during the ma­
noeuvres are shown below. We assume that all of 
the discreet functions used by us were in the given 
interval <0, t>, where t is the time of the manoeuvre 
execution, continuous. We suppose the existence 
of the position vector of the vehicle centre of grav­
ity towards the origin of inertial coordinate system 
in every instant of time. During the manoeuvres 
execution, there was no overturn of the vehicle.

We respected the standard SAE J670 200801 (1976) 
as for the terminology of the vehicle dynamics.

RESULTS AND DISCUSSION

We recommend for use in practice that curves, 
obtained by this approach, were approximate by 
polynomial functions owing to the achievement 
of better smoothness of the function continuance,
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whereas our functions have a stochastic character. 
The algorithm we formed uses also characteristic 
parameters of the curve such as flexion, torsion, 
and curvature, but their exposure would surpass 
the size of this contribution. That is why we pres­
ent only the radius of curvature p. We substitute 
the values of translational accelerations, velocities, 
and the dislocations of the centre of gravity into the 
corresponding parameters in Eqs (6), (7), (9) and 
(10). The coordinates of the centre of gravity to­
wards the inertial reference frame were obtained by 
utilisation of Eq. (16) to (25), similarly to Šesták et 
al. (1993) and Schaub et al. (2002). Using Eq. (16), 
we determined the stability of the evaluation of 
Euler’s parameters and also the error of the evalua­
tion, which was in the range of 3.10"13-4.10-13. To 
solve the system of simultaneous differential equa­
tions (Eq. 17), we used Dormand-Prince method in 
the form of Eq. (12) for the computation of Euler’s 
parameters. By means of Euler’s parameters, we 
created the transformation matrix in the form:

whereas in every /-cycle the matrix is transposed. 
The components of the vectors of the translational 
and angular velocities of the centre of gravity in the 
inertial system were determined from the transfor­
mation equations as follows:

fxE

Vye
uze

dx(ty 
dt 

Mt) 
dt 

Mt) 
- dt -

ШХЕ 

^YE 

Ш2Е

d6x(ty 
dt 

dOy(t) 
dt 

dOz(t) 
- dt -

(27)
In Fig. 1, the translational velocities are shown 

for Manoeuvres 1, 2, 3, and 4.
The coordinates of the centre of gravity in the in­

ertial system were obtained by integration:
xE
Уе 
zE

VXE
VYE
VzE

dt (28)

" [qi+q2-qi-q4 
[МтЬ = || 2(q2q3-q1q4)

2(q4q2 + ЧгЧз)

2(ЧгЧз + 4i44) 
Ai + чз - qi - q2 
2(q3q4 -qiq2)

2(q2q3 qiq3) 
2(q3q4 + qiq2) 

qi + q4-q2-q3.
(26)
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Table 1. The lengths of the trajectories for Manoeuvres 
1, 2, 3, and 4

Manoeuvre Trajectory 
(s, m)

Error of numerical 
integration

1 11.076 -8.515E-14

2 17.996 -4.689E-13

3 18.744 -4.026E-13

4 18.169 — 1.197E-12

Real trajectories of Manoeuvres 1, 2, 3, and 4 
were obtained by solving Eq. (28) and are shown 
in Fig. 2.

To obtain the length of each trajectory of Manoeu­
vres 1, 2, 3, and 4, we used Eq. (6). The application 
of the methods of differential geometry gives us dif­
ferential equations that describe the function of the 
spatial curve, in this case the trajectory. To solve these 
differential equations, we used the application created 
in the Delphi development environment. This appli­
cation implements the numerical method Dormand- 
Prince (Eq. 12) and enables us to obtain the results of 
differential equations by numerical integration. The

results achieved are given in Table 1. Also listed are 
the errors of numerical integration for each evalua­
tion of the length of the vehicle trajectory.

According to Eq. (11), we evaluated the values of 
the radius of curvature for each manoeuvre. Fig. 3 
shows the continuances of the radiuses of curva­
ture for Manoeuvres 1 to 4. Due to limpidity, we 
reduced the number of the displayed points in Ma­
noeuvres 1 and 2 in Fig 3a, b. We used the logarith­
mic scale to display the graphs. For the evaluation 
of parameters in Eqs (8), (9), and (10), we substitute 
x, y, z, x', y', z', x", y", z" by v r, v r, v r, 
axE, a^, azE, respectively.

As shown in Fig. 3, the shapes of the curves have 
a stochastic continuance. From the realised simu­
lation computation it follows that the acceleration 
function has a deforming influence on the con­
tinuance of the radius of curvature. It is possible 
to obtain a smoother continuance of the accelera­
tion functions by reverse derivation, but we do not 
recommend it because of a high inaccuracy. The 
results of the length of trajectory obtained by the 
approach mentioned seem highly evidentiary in 
comparison with the real experiment.

Fig. 3. Radius of curvature of the vehicle trajectory: (a) Manoeuvre 1; (b) Manoeuvre 2; (c) Manoeuvre 3; (d) Manoeuvre 4
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CONCLUSION

In this contribution, we addressed the applica­
tion of differential geometry in the determination 
of the trajectory followed by the systemic vehicle 
MT8-222 in executing four different manoeuvres 
on the sloping terrain. We also dealt with the evalu­
ation of the radius of curvature for each manoeuvre. 
Tire length of the trajectory was 11.076 m for Ma­
noeuvre 1, 17.996 m for Manoeuvre 2, 18.744 m for 
Manoeuvre 3, and 18.169 m for Manoeuvre 4. Ure 
radiuses of curvature for each manoeuvre are inter­
preted in a graphic way. The described methodolo­
gy using Euler’s parameters has been published also 
by Šesták et al. (1993), as well as by Schaub et al. 
(2002), Rédl (2007), and Wie (2008). The stability 
of the numerical integration was provided by the 
determination of the error of the numerical inte­
gration. The step of the numerical integration was 
determined as h = 1/56, which corresponds with 
the experimental measurement on the agricultural 
machine. The methods and approaches presented 
are utiiisable in the case of the determination of the 
specified trajectory and required manoeuvres of 
automatic mobile devices in the field of precision 
agriculture, as well as in the modelling and simula­
tion of the vehicle motion or in the research into 
dynamic effects on the vehicle.
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Abstract

Drlička R., Žarnovský J., Mikuš R„ Kováč I., Korenko M„ 2013. Hard machining of agricultural machines 
parts. Res. Agr. Eng., 59 (Special Issue): S42-S48.

For the renovation and/or improvement of the surface properties of machine elements, hard facing is often used. Hard 
structures obtained in layers or by heat treatment achieve a hardness of up to 68 hardness (HRC) or even more. Tire 
grinding of these surfaces demands the use of processing fluids and causes sometimes changes in the surface layers 
structure. Hard turning can replace grinding when certain requirements are fulfilled, particularly tough machining 
system. Hard deposits of two weld-on materials on a sample of steel grade S235JRG1 have been turned using cemented 
carbide inserts with a TiAIN coating of PVD type. The surface roughness measurements along with the observation 
of insert wear have been conducted to find proper machining parameters and conditions for this application. Cutting 
inserts manufacturer guidelines for special application could be insufficient or even not provided. Besides that, it is 
necessary in the experiments to take into account and examine the cutting ceramics and cubic boron nitride (CBN)/ 
polycrystalline cubic boron nitride (PCBN).

Keywords: hard turning; tool wear; surface quality; roughness; hardness

One of the main advantages of hard turning re­
sides in the effectiveness potential of the machining 
of the tribological nodes elements.

Hard machining can be applied in many typi­
cal machining operations, but extremely demand­
ing tribological conditions causing relatively rapid 
tool wear, which results in the tool dimension and 
shape accuracy loss, limit its use to such applica­
tions where tools made of a suitable cutting mate­
rial are available.

Hard turning is generally defined as rotating and 
taper parts machining with a hardness of more than 
45 hardness (HRC) using a lathe or turning centre. 
Allowing to achieve surface roughness Rmax/Rz = 
1.6 pm, it can replace grinding or can be used as 
roughing in the case of finishing grinding. Currently, 
it is most used for the turning of heat-treated parts 
with a hardness of 45 HRC to 68 HRC and more.

The reduction or removal of the cutting fluids 
from the process is recommended due to two main 
reasons. The lifecycle cost of the cutting fluid (fil­
tration, cleaning, residues removal) influences sig­
nificantly the manufacturing costs level (Baránek, 
Janáč 2006). According to many sources, the cut­
ting fluid costs can achieve in automotive industry 
16-20% of the total manufacturing costs. The com­
ing definition of quality emphasises the environ­
mental aspects of the products and processes. The 
restrictions in the application of dangerous materi­
als by law made the fluids manufacturers improve 
fluid formulas and evolve new fluid types. The us­
er’s reaction is a change in preferences of the fluid 
type and processes (Žitňanský et al. 2002, 2011).

Three types of cutting tool materials are suitable 
for the hard turning technology, taking its applica­
tion and characteristics into account:

S42



Res. Agr. Eng. Vol. 59, 2013 (Special Issue): S42-S48

Table 1. Basic characteristics of Fluxofilcord 58 and Fluxodur 62

Chemical composition (%)
Hardness (HRC)c Mn Cr other

Fluxodur 62 4 0.5 30 Si: 1.2 57-62

Fluxofilcord 58 0.5 1.5 5.5 Mo: 0.6 56-58

- cemented carbides,
- cutting ceramics based on A12O3 and Si3N4,
- hard materials - polycrystalline diamond (PCD), 

cubic boron nitride (CBN)/polycrystalline cubic 
boron nitride (PCBN).
Hard turning technology advantages in compari­

son to finish grinding:
- machining in one fixture/clamping maintaining 

the highest concentricity and perpendicularity,
- lower initial investment costs related to the turn­

ing machining centre purchase,
- use of a lower number of machines to achieve 

the required surface quality,
- at least one order shorter set up times and pro­

duction cycles (total time saving in comparison 
with grinding of more than 60% in some cases),

- less time for the manipulation and cutting tool 
exchange,

- the possibility to produce the radius and curves 
using common tools with inserts,

- higher material removal rate,
- easy chip disposal.

Finish grinding also has some advantages when 
compared to hard turning:
- cheaper abrasive cutting tools,
- high level of shape accuracy (cylindricity, round­

ness),
- machined surface quality - rare and not regular 

white layer presence,
- half level of the residual stress in the surface lay­

er (Majerčík 2008).
The hard turning technology applied to hard-to­

machine materials leads to many problems in the

surface quality achieved. Surface changes affecting 
the mechanical, stress-corrosion, and fatigue prop­
erties of the finished parts may occur. Tire highest de­
mands are made on the surface and near-surface lay­
ers quality of hard-to-machine material parts along 
with the economic and environmental requirements 
(cutting tool life) (Czán, Neslušan 2005).

MATERIAL AND METHODS

Tire aim of this paper is to evaluate the possibili­
ties of hard layers machining, created by welding- 
on hard facing flux-cored wire of two constitutions, 
using the TIG (Tungsten Inert Gas) method.

The objective is to find the possibilities of hard 
machining application in the function surface ob­
taining for tribological joints with high demands 
on the finishing quality. The applicability is re­
viewed in terms of not only the final surface quality 
but also the machining process basis.

Two of flux wires different chemical composi­
tions and strength properties were used as the 
filler material, namely Fluxodur 62 (Oerlikon, Zu­
rich, Switzerland) and Fluxofilcord 58 (Air Liquide 
Welding, Lužianky, Slovak Republic). Their chemical 
composition and effective hardness are described 
in Table 1.

Fluxodur 62 application: worn parts of worm con­
veyor, mixers blades, pump parts, gravel stirrer, 
and other parts of mixing devices. Tire structure of 
the deposit is overeutectoid with chrome carbides 
addition.

Fig. 1. Cutting insert WNMG 06T308- 
TF dimensions (mm): I = 6.52, d. = 9.52, 
S = 3.9, r = 0.8
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Table 2. Measured values of the arithmetic average of absolute values (Ra1)

Weld-on material Fluxofilcord 58 Fluxodur 62

/„ (mm) 0.12 0.23 0.35 0.12 0.23 0.35

Measuring planes Ra (pm)

1 0.34 0.9 1.08 0.28 0.52 0.36

2 0.37 0.97 1.01 0.49 0.66 0.47

3 0.28 0.73 1.14 0.17 0.65 0.52

4 0.30 0.78 1.08 0.41 0.46 0.49

Mean value 0.32 0.85 1.08 0.34 0.57 0.46

°R= 0.04 0.11 0.05 0.14 0.10 0.07

Jn - feed per revolution; oRn - standard deviation of Ra

Table 3. Comprehensive roughness measurement in one of the measuring planes

Weld-on material Fluxofilcord 58 Fluxodur 62

/„ (mm) 0.12 0.23 0.35 0.12 0.23 0.35

No. 4 5 6 1 2 3

Rq (pm) 0.31 0.90 1.27 0.14 1.22 0.84

% (Mm) 0.08 0.09 0.11 0.03 0.10 0.12

Rt (pm) 1.3 3.6 5.2 0.9 4.1 3.3

°t,M 0.10 0.25 0.42 0.07 0.31 0.35

Rz (pm) 0.8 1.6 3.2 0.6 3.6 0.8

uS2(pm) 0.06 0.17 0.21 0.06 . 0.37 0.11

Rp (pm) 0.6 1.6 2.5 0.4 2.4 2.2

"3» 0.04 0.17 0.13 0.02 0.14 0.23

J - feed per revolution; No. - sample number; Rq - root mean squared; Rl - max. height of the profile; Rz - average 
distance between the highest peak and lowest valley in each sampling length; Rp - max. peak height; a , oR[, oRR oRr - 
standard deviations of Rq, Rt, Rz, Rp, respectively

Fluxofilcord 58 application: parts exposed to 
strong abrasion: excavator, digger, dredger, con­
veyor, hammer, shatter parts. The deposit has no 
cracks, pores, and it is resistant to impact load.

The testing sample was a cylindrical shaft of di­
ameter 45 mm and length 200 mm, steel grade 
S235JRG1. Welding was realised using the machine 
Cemont Smarty TX 160alu (Air Liquide Welding, 
Lužianky, Slovak Republic). Pure argon was used 
as the shielding gas in both cases with a flow of 
7.5-8.0 1/min. Based on the flux-cored wire diam­
eter and material, the welding current was set to 
140 A.

The deposits were turned on the CNC lathe 
Doosan LYNX 220 A (Doosan Infracore Co., 
Seoul, South Korea). The tool holder MWLNR

2525M-06W (ISCAR Ltd., Tefen, Israel) with 
к = 95° was used. Tire cutting insert WNMG 
06T308-TF (Fig. 1) (ISCAR Ltd.) was used with a 
negative cutting part geometry and nose angle 80° 
with respect to the not evenly deposited weld-on. It 
has a submicron substrate with the TiAlN coating 
of Physical Vapor Deposition (PVD) type, designed 
for machining heat resistant alloys, austenitic stain­
less steels, carbide steels at medium to high cutting 
speeds, interrupted cut and severe cutting condi­
tions. It is resistant to notch creation on the main 
edge and build-up.

Machining conditions. The sample was prepared 
for hard turning using the lathe to make the surface 
smoother after manual welding on. It is very im­
portant to set the depth of the cut to prevent the in-
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Fig. 2. Ra (average of absolute values) measurement record (first and third row graphs: VER (vertical), HOR (horizontal) 
- axes units) and carrier surface on section level graphs (second and fourth row)
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Fig. 3. Tool inserts wear in turning 
Fluxofilcord 58

Fig. 4. Tool inserts wear in turning
Fluxodur 62

terrupted cutting as a main reason of rapid wear of 
the cutting insert. It is not possible to achieve non­
interrupted cutting in the first pass due to craters 
and small pits on the surface as a result of welding 
and roughing.

The parameter allowing changes in some range 
was fed. It was chosen from the low, middle, and 
high limits of the manufacturer’s recommended 
range. The cutting speed selected was in the middle 
of the manufacturer’s recommended range, while 
the depth of the cut considering the weld proper­
ties was set lower:
- spindle rotation: и = 1.537/min,
- cutting speed: v = 200 m/min,
- feed per revolution:/ = 0.12-0.35 mm,
- depth of cut: ap = 0.2 mm.

Measurement of cutting insert wear. The digi­
tal microscope BBCGROUP DA-70350 (BBC Tools, 
Nitra, Slovak Republic) was used to measure the cut­
ting insert wear. It was connected to the PC via USB 
and allowed a real-time screen display, 10-200x 
magnification, LED assistant light, VGA resolution,

video capture at 30 fps, a holder with easy position­
ing and capturing, user-friendly environment.

The Carl-Zeiss application AxioVison LE (Carl 
Zeiss AG, Oberkochen, Germany) was used to 
measure the common reference and obtain the re­
al-scale factor. Lite dimensioned lengths in pixels 
were then converted to millimetres automatically. 
The maximal error occurring due to operator’s er­
ror in the reference setting was 0.01 mm.

RESULTS AND DISCUSSION

The measured results of roughness show a rela­
tion to machining parameters in the case of Fluxo­
filcord 58 weld-on, less trends in the case of Fluxo­
dur 62 weld-on.

Besides the Ra value in Table 2, Table 3 shows 
the values of parameters Rz, Rt, Ry, and others. In 
the case of Rz, the relation is similar to Ra. More 
than the numerical values, the graphical record of 
the measurement expresses the surface character.
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Table 4. Dimensions of tool wear in turning Fluxofilcord 58

Fluxofilcord 58
/„ (mm)

0.12 0.23 0.35

VB 0.19 0.23 0.37

KB 0.23 0.37 0.25
Rake face wear 
length 1.85 1.76 1.55

KB - maximal width of flank wear land; KB - crater 
centre distance;^ - feed per revolution

Steadily growing carrier profile, appears in measure­
ment 1 Fluxodur 62 (feed per revolution 0.12 mm) 
and in measurements 4 and 6 Fluxofilcord (feed per 
revolution 0.12 and 0.35 mm) (Fig. 2).

Cutting insert wear evaluation

The images of cutting inserts wear were processed 
in the graphical application mentioned above and 
dimensioned. The wear snapshots are placed in 
Figs 3 and 4 from the left to the right according to 
the increasing feed values. The tables with the wear 
values at the rake face and flank face are provided 
to make the comparison easier (Tables 4 and 5). 
The width of the wear on the flank face VB had 
the main influence on the tool life. The width in­
creased with the feed in both cases, with a small 
exception in the case of Fluxodur 62 feed change 
from 0.23 to 0.35 mm.

As for the rake face, the tool wear measured ac­
cording to standard STN ISO 3685 (1999) as the 
KB parameter showed an increasing trend in the 
case of Fluxodur 62, but not in the case of Fluxofil­
cord 58. The rake face wear area length decreased 
slightly when turning the first weld-on material, 
but increased in the case of Fluxodur 62. These ma­

Table 5. Dimensions of tool wear in turning Fluxodur 62

Fluxodur 62
i„ (mm)

0.12 0.23 0.35

VB 0.19 0.68 0.65

KB 0.37 0.82 0.95

Rake face 
wear length 0.68 2.80 2.82

VB - maximal width of flank wear land; KB - crater 
centre distance;^ - feed per revolution

terials differ in hardness (57-60 HRC for Fluxofil­
cord 58 when compared to 61-64 HRC for Fluxo­
dur 62) due to the nature of the material structure.

Based on the previous, it can be stated generally 
that the wear grows with the feed in the inspected 
range of the cutting parameters. Despite the man­
ufacturer’s guidelines, the wear values did not re­
spond to the machined area and reduced the tool 
life significantly.

CONCLUSION

The application of innovation in machining tech­
nologies, that is the improvement of advanced 
technologies, is a desirable trend in industry today. 
The economic, environmental, and legislative rea­
sons may accelerate this effort, resulting in the cost 
and production time reduction and environment 
protection.

This research needs to be coupled with wear re­
sistance tests simulating real operation conditions 
as well as the structures after the machining study 
in terms of residual stress and microhardness dis­
tribution.

To prove proper friction properties of the surface 
created in machining, quantitative evaluation of the 
surface roughness proceeds in tribological tests. 
The tool wear exceeds the prior expectations. The 
TiAlN coated cemented carbide showed quite a poor 
wear resistance although it should withstand the in­
terrupted cut of hard materials. Besides the weld 
structure character, the removal of the coating lay­
ers, leaving the substrate unprotected, as observed 
e.g. by Nabhani (2001), should be considered in the 
cutting edge wear mechanism evaluation. Based on 
the results of other authors (Dawson et al. 2001; 
Brookes et al. 2002), in the following research the 
CBN tool insert needs to be examined as well as ce­
mented carbide with different types of coating.

The manual type of welding-on technology has 
been chosen in relation to the testing purposes. 
In some cases, the mechanised welding-on can 
be used instead of the former, resulting likely in 
a smoother deposit surface. Keeping the process 
type, the TOPTIG (Air Liquide Welding patented) 
technology could be adopted to examine this.

Regardless of the problems mentioned above, 
it can be concluded that the hard turning with a 
properly selected parameter and suitable machin­
ing system has a great potential as concerns the 
time reduction and productivity increase.
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Abstract

Vitázek 1., Havelka J., 2013. I-x-w diagram of wet air and wheat grain. Res. Agr. Eng., 59 (Special Issue): S49-S53.

The authors have been working for 50 years in the research and development of drying in agriculture. In the way of 
drying applied, warmed air is used as the drying medium. The thermodynamics of wet air is used for the analysis of 
these processes of drying in the calculations and in graphic demonstrations applying an i-x diagram of wet air. This 
diagram does not include any information about the state of the dried material. The authors therefore enlarged this 
i-x diagram with the equilibrium moisture contents of the dried material. In their work, the authors present a method 
using this enlarged diagram and, as an example, the i-x-w diagram of wet air and equilibrium moisture of wheat grain.

Keywords: drying in agriculture; equilibrium moisture; thermodynamics; sorption isotherm

The majority of agricultural products are har­
vested with a high moisture content. Therefore, it is 
necessary to reduce the moisture content by drying 
to an optimal value for long-term storage, i.e. to the 
standard moisture content. Warmed atmospheric 
air is used as the drying medium for the energy in­
put and moisture output.

The thermodynamics of wet air elaborated by 
Chyský (1977) is used for the process analysis of 
drying. The thermodynamics of drying has been 
presented in several basic publications (Paris 1966, 
1982; Maltry, Pötke 1966; Imre 1974). Equilib­
rium moisture contents in the form of sorption 
isotherms are presented in these publications and 
also in a detailed publication by Nikitina (1963), 
and also in the recent publications by Štencl 
(2000a, b).

A disadvantage of all methods published is that 
the process of drying consists of two parts: 
- thermodynamics of wet air,
- thermodynamics of humid material.

In their research works from 1970 up to the pre­
sent day, the authors therefore elaborated a new

complex diagram of wet air with inserted moisture 
information on the dried material (Havelka 1973; 
Vitázek 1996, 2011). The graphic description of 
the process of drying is significantly better.

In this paper, the authors present their most re­
cent alternative of the method of importing the 
equilibrium moisture content into the i-x diagram 
of wet air.

Also in this paper, some specific parameters are 
used of wet air and humid material. Therefore, a 
brief description of them is introduced in the fol­
lowing section.

MATERIAL AND METHODS

Wet air. Wet air is used as a drying medium for 
delivering the necessary heat for humidity evapora­
tion and taking away this evaporated humidity. Wet 
air is a mixture of several over-heated vapours. An 
exception is water vapour which condenses in the 
working temperatures area. Therefore, the thermo­
dynamics of wet air was elaborated.
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Relative humidity of wet air <p:

Ф = Рр1р" (1)

where: 
p - partial pressure of water vapour (Pa) 
p" - pressure of saturated water vapour at the tempera­

ture of the air concerned (Pa)

Specific humidity of wet air (x):

x = М^Мм (kg/kg) (2)

where:
Af lp - mass of water vapour (kg)
MM - whole mass of the wet air (kg)

The enthalpy of wet air is calculated with a spe­
cific mass unit (1 + x) kg:

where:
'(it*) - enthalpy of wet air
i - enthalpy of dry air
/ - enthalpy of water vapour
x - humidity ratio

The following numerical equation is used for wet 
air of temperature 0-100°C and pressure 100 kPa:

fq +x) = 1.024 + x(2,500 + 1.84t) (kJ) (4)

where:
t - temperature of wet air

Using these relations, Mollier constructed his i-x 
diagram of wet air. In the coordinates i, x, are dem­
onstrated straight lines of i = const., with curves 
<p = const., and with the curve of saturated wet air 
ip = 1. Ihese parameters are used in the modelling 
of the process of drying.

Humid material. The humidity of the material и 
can be described by means of two parameters STN 
12 6000(1996).

Moisture content dry basis u, which is predomi­
nantly used in the theory of drying:

и = MxvIMdM (kg/kg) (5)

where:
Af^ - mass of humidity (kg)
MdM "" mass of dry basis of the material (kg)

Moisture content wet basis w is used in the prac­
tice of drying:

w = (M^M^ x 100 (%) (6)

where:
Mw - mass of humidity (kg)
M X1 - whole mass of the material (kg)

Bilateral relations of this are as follows:

w = 100 x uRi + и), и = w(100 - w) (7, 8)

Process of drying. The process of drying is di­
vided into three sections. Schematic demonstration 
of these sections in graphic description in curve of 
drying is shown in Fig. 1. Ute three sections: 
(1) section of the growing rate of drying, 
(2) section of a permanent rate of drying, in which 

the evaporation of free moisture from the sur­
face prevails, the decrease of moisture being 
directly proportional to time,

(3) section of a failing rate of drying, in which the 
decrease of the bound moisture is not propor­
tional to time. The evaporation from the inside 
of the material, the section ends with the equi­
librium moisture content.

The equilibrium moisture is the moisture rel­
evant to the state of thermodynamic equilibrium of 
the material parameters and ambient atmosphere.

Sorption. Sorption isotherm is the graphic dem­
onstration of the equilibrium moisture of the ma­
terial u, in relation to the relative humidity w of 
ambient air at the given temperature and pressure.

The literature contains tables of и for various <p 
(relative humidity of wet air) at a constant tempera­
ture, which were investigated with the use of labo­
ratory experiments.

A great number of authors have presented also 
analytic relations <pr =flur, i) in various forms.

1 - start of drying; 2 - end of drying; KB - critical point; 
R - point of equilibrium humidity, in the theory in infinity; 
1-Г - section of increasing rate of drying; l'-KB - section 
of permanent rate of drying; KB-R - section of falling rate of 
drying; и - moisture content dry basis; т - time
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The best form for agricultural materials is the re­
lation from Henderson (1952), which was brought 
into Europe by Pabis (1982):

1 - Фг = exp(-a x T x и") (9)

where:
<pr - equilibrium relative humidity of wet air 
и - equilibrium moisture content dry basis 
T - absolute temperature (K)
a, n - coefficients, individual for every material

Regression. The authors adapted Eq. (9) for regres­
sion to obtain coefficients a, n with regression values.

The authors took from the literature the tabulat­
ed values of the isotherm of the given material and, 
using regression, they calculated the coefficients of 
Henderson’s relation.

By adaptation, Eq. (9) is transformed to logarithm 
and multiplied with -1:

-In (1 - q>r) = a x T x u", (10)

and the logarithm of this Eq. (10) is:

In (-In (1 - фг)) = In a + In T + n x In ur (11)

This equation is transformed to the linear form 
and used for linear regression of the tabulated values 
of the given material. The linear form of Eq. (11) is:

Y=A+BxX (12)

where:

У = ln(-1п(1-фг)) (13)

A = In a + In T (14)

X = In ur = In (w/(100 - w,)) (15)

where:
Y, A, X - coefficients of linear equation

By means of the linear regression of the tabulated 
values of the given material, we obtain the values of 
A and B, from which we deduce:

N=B (16)

A = exp (Л - In 7) (17)

These new coefficients а, и are used in a modified 
equation of Henderson:

фг = 1 - exp (a x T x u") (18)

where:
n - coefficient of Henderson’s modified equation 
T - thermodynamic temperature of given material

RESULTS AND DISCUSSION

Wheat

From the tables specified by Pabis (1982), the au­
thors took the values of the isotherm for wheat, i.e. 
equilibrium moisture contents w at the tempera­
ture of 20°C and pressure of 101.325 kPa (Table 1).

This isotherm is presented in a graphic form in 
Fig. 2 in the coordinates w , ф .

Using the regression of these values, we obtained 
the constants for Henderson’s analytical relation 
for this wheat:

Ф = 1 - exp (-0.2053 x Tx и22376) r = 0.994 (19) 

where:
<p - relative humidity of wet air
T - thermodynamic temperature of given material 
и - moisture content dry basis 
r - correlation coefficient

With this Eq. (19) the authors calculated the 
equilibrium moisture contents (w.b.) w. = 8, 10, 12, 
14, 16, 18, 20, 24% course for temperatures of 10 to 
50°C and drew these curves w = const, into the 
i-x diagram of wet air using lines t = const, and 
curves ф = const, as new coordinates.

The authors propose this new form of diagram to 
be designated as i-x-w diagram of wet air and hu­
mid wheat grain.

100 ф,.(%)

Fig. 2. Sorption isotherm of wheat grain
w. - equilibrium moisture content wet basis; cpr - equilibrium 
relative humidity of wet air
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<p -relative humidity of wet air; w - equilibrium moisture content wet basis

Table 1. Wheat equilibrium moisture content wet basis for temperature 20°C

<p (%) 20 30 40 50 60 70 80 90
w(%) 7.80 9.24 10.68 11.84 13.10 14.30 16.02 19.95

Fig. 3. 1-x-w diagram of wet air and equilibrium moisture 
of wheat grain 
p - atmospheric pressure

The application of wet air thermodynamics is a 
significant method for the analysis of the drying 
processes in agriculture. Since 1970, the authors 
have developed the thermodynamics of drying in 
agriculture. In this work, they refer to their im­
provement on this thermodynamics with a combi­
nation ofi-x diagram of wet air and with the equilib­
rium moisture values of the given material, which 
were confirmed with laboratory experiments.

In Fig. 2 is presented the sorption isotherm of 
wheat grains at 20°C. Information in this diagram 
is short for its utilisation in the thermodynamics of 
drying.

The i-x diagram of wet air is used advantageously 
for the graphic demonstration of the state changes 
of the drying medium in the drying process, with­
out any information on the state changes of the 
dried material.

In Fig. 3 is shown a new i-x-w diagram of wet air and 
equilibrium moisture of wheat grains. This new dia­
gram is able to demonstrate, in graphic form, parallel 
state changes of the drying medium and of the dried 
material. This diagram enables therefore an improved 
thermodynamic analysis of the drying process.

CONCLUSION

The i-x-w diagram of wet air and equilibrium 
moisture of a given material is a new type of dia­
gram, which is unknown in the specialised litera­
ture. This diagram enables the most suitable analy­
sis of the drying process.

The authors used this diagram in their works with 
a great success. They will continue in the develop­
ment of the thermodynamic analysis of drying pro­
cesses through modelling the process in research, 
and in the evaluation of drying processes in practice.
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Verification of agro-production building structures 
affecting the quality of indoor environment 
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Abstract

Pogran Š., Reichstadterová T„ Lendelová J., Páleš D„ Bieda W., Bošanský M„ 2013. Verification of agro­
production building structures affecting the quality of indoor environment in the summer season. Res. Agr. 
Eng., 59 (Special Issue): S54-S59.

This contribution focuses on the evaluation of the effect of aerated concrete external wall of a hall falling within the 
category of special-purpose agricultural buildings in terms of the phase shift of temperature oscillation. The assessment 
was performed by precise and approximate calculation procedures and was then compared with the results obtained 
from the values actually measured under the operating conditions.

Keywords: phase shift of temperature oscillation; temperature damping; external cladding

The building energy balance is affected by different 
thermo-physical phenomena generated by the inter­
action between solar radiation and different parts 
of the building envelope. These components should 
be closely linked with a unified aim to provide an 
improvement on the energy balance of the build­
ing (Fuliotto et al. 2010). Internal air temperature 
is influenced by variations in outdoor conditions 
such as temperature, solar radiation or meteoro­
logical situation. Other important parameters are 
wall overall heat transfer coefficient, internal heat 
gains or losses caused by devices such as lighting, 
occupancy, etc. Many articles related to this topic

are focused on energy storage using heat accumu­
lation in purpose-designed structures (Khudhair, 
Farid 2004; Heim 2010). At the present time, the 
phase shift of temperature oscillation is a lack in 
understanding thermal characteristic of buildings, 
which can present the semblance of a considerable 
influence on the thermal comfort of interior users 
during the summer period. The surface of the build­
ing envelope is heated by exposure to the increased 
external air temperature or direct sunlight, and at 
the same time the increased temperature from the 
surface is gradually spread towards the interior. Heat 
conduction occurs due to the exchange of energy

Supported by the Scientific Grant Agency VEGA of the Ministry of Education of the Slovak Republic and the Slovak Academy 
of Sciences, Grant No. 1/0609/12.
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between micro-particles in solids but also in the air 
(Řehánek 2002). The phase shift expresses the time 
during which the max. external air temperature in­
creases the max. temperature on the inner surface 
of the building structure. This means that the phase 
shift of temperature oscillation in individual parts of 
the building envelope Y indicates the level of ther­
mal stability of the internal environment. The higher 
its value, the greater thermal stability will exist in 
the internal space. The objective of the presented re­
search was to verify the computing methods for de­
termining the temperature damping of the external 
cladding in the agricultural manufacturing building 
in relation to the actually reached parameters ob­
tained during summer "tropical days”.

MATERIAL AND METHODS

The selected part of the external wall of the hall 
in a special-purpose agricultural building was as­
sessed in terms of the phase shift of temperature 
oscillation in the summer season. Computational 
models were used to validate the results under 
practical operating conditions.

The external wall of the building is designed with 
light-weight aerated concrete blocks with a thick­
ness of 300 mm and both of its sides are of lime­
cement plaster 15 mm thick. The composition of 
the envelope structure and thermal properties of 
the wall layers are shown in Table 1.

The assessment in the computing part was done 
by precise calculations according to Sklover et al. 
(1966) and Halahyja et al. (1985), the output of 
which are relationships presented in a complex form. 
The results of this calculation are compared with a 
commonly used approximate equation (Chmúrny 
2003; Vaverka 2006), followed by the assessment.

During the verification of the phase shift of the 
temperature oscillation, seven consecutive “tropical 
days” (from August 19, 2011 to August 26, 2011) were 
taken into account. Such a long period can already be 
considered sufficiently substantiated in terms of the 
exposure of the considered building to high tempera­
tures. During the verification of the phase shift of the 
temperature oscillation in the selected east-oriented 
external wall, the period from August 24, 2011 (from 
2.00 p.m.) to August 26, 2011 (till 2.00 p.m.) was tak­
en into account due to the assumed time delay be­
tween the achievement of max. waveform ambient 
temperatures and inner surface temperatures. The 
actual assessment of the phase shift of the tempera-

ture oscillation was carried out only for the interval 
of one day (August 25, 2011 from twelve midnight to 
twelve midnight). Numerous results obtained were 
compared with the actually measured values. The 
measurements were made with a temperature and 
relative humidity logger Comet 3121 (Comet System 
Ltd., Rožnov pod Radhoštěm, Czech Republic) and a 
surface temperature logger DS 18 B20 (Department 
of Electrical Engineering, Automation and Informatics, 
Slovak University in Nitra, Nitra, Slovak Republic).

RESULTS AND DISCUSSION

Numerous expression of the phase shift 
of temperature oscillation

Precise calculation
(1) Temperature damping of a three-layer con­

struction in a complex form (Šklover 1966)

x cosh — xd, + —xsinh — xd, (X3 ') h, (X, 3

(1) 
where:
X , X2, X3 - thermal conductivity of the layers (W/m.K) 
s^s^ s3 - heat absorption capacity of the wall struc­

ture layers (W/m2.K)
dv dY d3 - thickness of the layers (m)
h - surface coefficient of heat transfer on the 

external side of the structure (W/m2.K)
M, N - parameters indicating the ratio of heat flows 

and thermal amplitudes

whereby

s, = 0.00853 x ^X;c,p,

Š, = S^yTi

(2)

(3)

where:
s - heat absorption capacity (W/m2.K) 
c. - specific heat capacity (J/kg.K)
p. - bulk density (kg/m3)
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Table 1. Thermo-technical properties of building materials (STN 73 0540-3 2002)

Layer Material Thickness 
of layer (m)

Bulk weight 
(kg/m3)

Thermal 
conductivity 

(W/m.K)

Specific heat 
capacity 
(J/kg.K)

1. lime-cement plaster 0.015 2,000 0.99 790

2. light-weight aerated concrete block 0.300 550 0.19 840

3. lime-cement plaster 0.015 2,000 0.99 790

(2) Phase shift of temperature oscillation Ч7"

t|q =argum(0) = arctg—+ /rn (4)
a

where: Л = 0 at a > 0, b > 0
i = 1 at a < 0, 6 < 0
к = 2 at a > 0, b < 0

where:
argum (0) - complex shape of the phase shift of tem­

perature oscillation (-)
к - coefficient (-)
a - abscissa of a complex number (-)
b - ordinate of a complex number (-)

Then, 
Ч^ 10.09 (h).

Approximate calculation
We determined the phase shift of temperature 

oscillation 4'° by an approximate calculation in a 
time scale through the equation

w, = — 40.5У D -arctg---- ——7= +arete-----——
15L 71 и,*им^ bU„ + hj2

(5) 
where:

Di = Rs. (6)

where:
R - thermal resistance of a layer (m2.K/W)
Usjl Us - heat absorption capacity of individual surface 

layers (W/m2.I<)
h - heat transfer coefficient at internal surface 

(W/m2.K)
hc - heat transfer coefficient at external surface 

(W/m2.K)
D. - thermal inertia (-)
s. - heat absorption capacity (W/m2.K)

Then,
Ч7^ 11.63 (h).
Temperature harmonic fluctuation is schemati­

cally described in Fig. 1.

Phase shift of temperature oscillation 
expressed according to actually measured 

values

After the time period of six consecutive tropical 
days (from August 19, 2011 to August 24, 2011) 
during which the temperature value exceeded 
30°C, the courses of external and internal tempera­
tures as well as temperatures of the circumferential 
wall on the internal surface were measured during 
the next 48 hours.

Based on the values measured during the first in­
terval of 24 h (from August 24, 2011 from 2.00 p.m. 
to August 25, 2011 till 2.00 p.m.) and the second 
interval of 24 h (from the August 25, 2011 from 
2.00 p.m. to August 26, 2011 to 2.00 p.m.), the fol­
lowing data were evaluated.

(1) Average daily temperature of external air 0 D 
according to the equation

e^=^(e..+e,2+...) i7)

where:
6a, ®<2 - dailY temperatures of external air (measured 

in the intervals of 10 min, it means 144 meas­
urements in 24 h)

Average daily temperature of external air meas­
ured from the registered records:

^eD\m = 27.16°C (first interval of 24 h)
6 = 26.50°C (second interval of 24 h)eD2m x '

(2) Average daily temperature of the internal sur­
face on the considered wall 0 according to 
the equation

^si.Dm = ^(6»O + ®V,2 + " •) (8)

where:
0sjl, ®si2 "" daily temperatures on the internal surface 

(measured in the interval of 10 min, it 
means 144 measurements in 24 h)

S56



Res. Agr. Eng. Vol. 59, 2013 (Special Issue): S54-S59

Fig. 1. Schematic description of temperature harmonic fluctuation:
(a) thermal damping; (b) phase shifts of thermal oscillations Y in the wall structure
/С - temperature amplitude on the internal surface of the structure (К); Л . - external air temperature amplitude (1<); T - time (h); 
0„ mill - m‘n' internal surface temperature (°C); 05| - max. internal surface temperature (°C); 0 . - medium internal surface
temperature (°C); 0emln - min. external air temperature (°C); 0( max - max. external air temperature (°C); 0ejn - medium external 
air temperature (°C); t|i°- phase shift of temperature oscillation (-); d - wall thickness in the x-direction (mm)

The average daily temperature of the internal sur­
face on the considered wall measured from the reg­
istered records:

^siD\m = 28.24°C (first interval of 24 h)
6 . n- = 28.58°C (second interval of 24 h)

(3) Temperature of internal air 0 was found by a 
similar procedure:

^iD\m = 28.85°C (first interval of 24 h)
0|O2m = 29.17°C (second interval of 24 h)

For illustration, the courses of the measured val­
ues with a subsequent definition of the assessed 
area are shown in Fig. 2.

The phase shift of temperature oscillation was de­
termined from the measured data Y = t2 - t{ = 3.30 h 
(Fig. 3).

A number of researches focused on the impact of 
the building envelopes on heating and cooling loads

of the buildings assuming the indoor air tempera­
ture is constant (Bone et al. 2001; Li, Chen 2003). 
According to Gong et al. (2005), even though a 
building is naturally ventilated in summer, its mean 
indoor air temperature is considered as a constant, 
being only 1.5°C higher than the outdoor air tem­
perature. However, when a building is naturally ven­
tilated, the indoor air temperature also varies pe­
riodically because of the impact of the outdoor air 
temperature and ventilation rate (Yam et al. 2003). 
Therefore, it cannot be considered as a constant in 
analysing air-conditioned buildings. In summers, 
non-air-conditioned interiors of halls in special-pur­
pose agricultural buildings cause considerably non- 
stationary conditions that negatively affect qualita­
tive parameters of the work environment. According 
to Zhou et al. (2007), the use of a heavy wall with 
external insulation is predicted to have the lowest 
amplitude of indoor air temperature and such wall is

Time (h)

Fig. 2. Trend lines of courses of parameters measured from August 24, 2011 to August 26, 2011
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40

0123456789 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

t (h)

Fig. 3. Scheme of the course of meas­
ured external temperatures 6 and inter­
nal surface temperatures of the wall 0n 
I - time (h); t - time to reach the max. 
external air temperature (h); t2 - time to 
reach the max. internal surface tempera­
ture (h); for abbreviations see Fig. 1

suitable for naturally ventilated buildings. The fluc­
tuation of internal air temperature decreases, and 
the time needed to reach the max. temperature ex­
tends with a decreasing amount of internal thermal 
mass. But the effect becomes negligible when the 
time constant of the system is more than 20 hours.

In the case of the structure considered in this 
study, the mean temperature of the inner surface 
of the outer thermally uninsulated wall was higher 
than the average ambient temperature. For that rea­
son, considerably different results were obtained of 
the phase shift of temperature oscillation between 
the calculation methods and direct measurements 
in operating conditions. The reasons for this find­
ing can be analysed as follows:
(1) A direct effect was observed of sunlight on the 

external wall. In the case of the assessed east- 
oriented wall, intense solar radiation is evident 
from the morning hours already. Sun rays fall on 
the wall plane almost at a 90° angle, which causes 
a fast increase of external surface temperature. 
The effect of solar radiation is combined with a 
very important role of the cloud occurrence.

(2) A high average internal air temperature was 
observed. In this case, the average internal air 
temperature was higher than the average exter­
nal air temperature. In terms of the heat bal­
ance, especially the size of areas of transparent 
elements, their inclination from the horizontal 
plane and their orientation towards the com­
pass points participates in the increase of inter­
nal air temperature.

(3) Furthermore, another important factor is the 
quality of the storage capacity in the upper parts 
of the building structure envelope and the inten­
sity of natural ventilation during high daily tem­
perature of the outside air. In terms of the heat

balance, only the floor structure can be assigned 
to a greater cooling effect if it is placed directly 
on the ground (Fig. 2).

CONCLUSION

The results of our measured values significantly 
distort non-stationary effects difficult to predict 
(the variability of external climatic conditions, 
method, and ventilation rate). This has been dem­
onstrated by a multiple difference between the 
results obtained from the precise calculation pro­
cedure and the results obtained from the values 
measured under the operating conditions.

The phase shift of temperature oscillation in­
dicates the thermal stability of the interior of the 
building as well as the justification of the need to 
install an air conditioner to cool the interior ("sum­
mer energy buildings").

More accurate results in assessing the quality of 
the envelope in terms of thermal technology, and 
in assessing the effect of the phase shift of tempera­
ture oscillation on the thermal stability of the in­
door environment in individual parts of buildings 
can be achieved by advanced computational meth­
ods (e.g. Computational Fluid Dynamics - CFD), 
which enable the calculation of airflow with respect 
to the complexity and non-linearity of the radia­
tion changes. This being the case, the difference be­
tween the air and surface temperatures computed 
and the data measured is generally less than 1 K.
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Abstract

Kažimírová V., Brestovič Т., Opáth R., 2013. Selected properties of agricultural biomass. Res. Agr. Eng., 59 
(Special Issue): S60-S64.

The presented contribution deals with the quantification of moisture, combustible matter content, ash content and 
higher heating value of the selected types of biomass used for the heat production by direct combustion. The moisture, 
combustible matter, and ash contents were determined by gravimetric analysis in accordance with the established 
standards. The average moisture of the materials examined varied from 4.35 to 9.17%; the combustible matter content 
in the original samples ranged from 79.46 to 93.51%; the ash content ranged from 2.14 to 11.28%. Higher heating values 
of the examined types of biomass varied from 14,996 to 17,641 kj/kg. The main contribution of the thesis is the acquisi­
tion of values usable in subsequent theoretical and practical efforts to increase the efficiency of the heat production by 
direct combustion of biomass. Ute results are useable in biomass boiler design and in identifying suitable conditions 
for combustion, including the service parameters of biomass boilers. .

Keywords: gravimetry; dry mass; combustible matter; ash; higher heating value

Combustion is one of the possible biomass uses, 
resulting in the production of heat utilisable for the 
household heating, heating of industrial and ag­
ricultural structures, and as processing heat. The 
products of combustion are combustion gases, sol­
id combustion products, and heat.

The goal of this paper is to determine the propor­
tions of combustible matter and ash in the dry mass 
and the higher heating value of several materials 
produced in agriculture and landscape design that 
could be used as biofuels utilised in energy produc­
tion by their direct combustion.

The dry mass of solid fuels consists of ash and com­
bustible matter. The energy content of a fuel is not 
characterised by the content of combustible matter 
in that fuel because each fuel has a different higher 
heating value depending on its chemical composi­

tion. The amount of ash produced by combustion of 
a certain type of fuel can be estimated by means of 
the known composition of the dry mass of this fuel.

MATERIAL AND METHODS

Fuel samples that were subjected to analysis (wheat 
screenings, hay, cane, Japanese knotweed, and pop­
py screenings) belong to a wide group of the agricul­
tural waste biomass and biomass obtained from the 
landscape maintenance. The other examined sample 
was wheat not used for feeding purposes.

Measuring of moisture and percentages of 
combustible matter, and ash. A muffle furnace 
Nabetherm L9/11/SW (Nabertherm GmbH, Lil­
ienthal, Germany) (Fig. 1) with the heating device
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- moisture content:

- ash content:

A = ^- 
m, 

- combustible content:

or
h = 1 - (A + W) (-)

where:
m1 - original weight of sample (g) 
m2 - weight of dry mass (g)
m3 - weight of ash (g)

Fig. 1. Muffle furnace Nabetherm L9/11/SW

power of 3.0 kW was used in the measuring of 
moisture, combustible matter, and ash contents. 
The muffle furnace was equipped with a Control­
ler P 320 (Nabertherm GmbH, Lilienthal, Germany) 
control unit and digital scales Kern EW 420-3NM 
(Kern & Sohn GmBb, Balingen, Germany) with the 
accuracy of ±0.001 g. The furnace enables the heat­
ing of the samples examined up to l,100°C while 
recording the weight of the sample.

Moisture is measured in accordance with the 
standard STN 44 1377 (1978). The sample is heated 
up to a temperature of 105-110°C and is dried until 
the difference between the subsequently measured 
weights (measurements are made in 30 min inter­
vals) is less than 0.1% of the sample weight deter­
mined in the previous measurement.

The ash content was determined according to the 
standard STN ISO 1171 (2003). The samples were 
annealed at the temperature of 815°C.

The combustible content can be either established 
from the gravimetric analysis or calculated using the 
known values of humidity and ash contents.

The sample of the analysed fuel kept in a ceramic 
bowl was placed in the muffle furnace. The tempera­
tures and time periods of the application (Fig. 2, Ta­
ble 1) were adjusted on the control unit.

The moisture, ash, and combustible matter contents 
in the original samples of the examined fuels were de­
termined according to the following equations:

(1)

(2)

(3)

(4)

For better comparability of the fuels, ash and com­
bustible matter contents in the dry mass of the indi­
vidual fuels were calculated using the gathered results: 
- ash content in dry mass:

A = — (") (5)m,

- combustible matter content in dry mass:

where:

^4 = ^2 - тз ^ *7)

where:
m^ - weight of combustible matter (g)

Estimation of higher heating value. Fire higher 
heating value is estimated by the combustion of a 
small fuel sample in the calorimeter in accordance 
with the standard STN ISO 1928 (2003). The higher

Table 1. Temperatures used in gravimetric measurements

Period Time of temperature 
application (min)

Temperature 
(°C)

1 60 20-107

2 120 107

3 60 107-500

4 60 500

5 60 500-815
6 60 815
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Time (min)

Fig. 2. Gravimetric record showing 
the used temperatures and periods 
of their application
mx - original weight of sample, 
m2 - weight of dry mass, m, — weight 
of ash

heating value was determined on the basis of heat­
ing the water into which the pressure tank of the 
calorimeter with the fuel sample was immersed.

The calorimeter is characterised by its heat ca­
pacity, that is, the amount of heat that must be pro­
vided in order to increase the temperature of the 
system (pressure tank, calorimetric bucket, stirrer, 
thermometer, and water) by 1“C.

An isoperibolic calorimeter IKA C200 (IKA®- 
Werke GmbH & Co. KG, Staufen, Germany) (Fig. 3) 
was used to determine the higher heating value. 
The temperature of water in the casing must be 
adjusted to the temperature of the room (±0.5°C) 
before the measurements. After the preparation of 
the sample weighing 0.8-1.5 g, the temperature is 
recorded every 60 s until reaching the max. value 
and then for another five min. of the final stage.

The characteristic course of a temperature change 
is shown in Fig. 4. The course of temperature be­
fore ignition is called the initial stage, the course of 
temperature during combustion and temperature 
adjustment is called the main stage, and the course 
of temperature past max. is called the final stage.

Tire higher heating value Q" of a sample is calcu­
lated from the equation:

qu^D.-KVc ()/g) (g)
m

where:
C - heat capacity of the system (J/°C)
D - total increase of temperature during the main stage 

(°C)
К — correction covering heat exchange with surround­

ings (°C)
c - sum of corrections (J) 
m - weight of sample (g)

Correction К is calculated from the equation:

К = 0.5 (d„+ dKH (и -I) dK (9)

where:
dH - average temperature change/min in the initial 

stage (”C/min)
dR — average temperature change/min in the final stage 

(°C/min)
n - time of the main stage (min)

The sum of corrections is the sum of the types of 
heat that cause an increase in temperature in the 
calorimeter besides the heat released by the sample 
combustion. This includes the heat released by com­
bustion of the iron wire, calorimetric paper or fasten­
ing stitch used, as well as the heat released by nitric 
acid and sulphuric acid generation. For this reason, 
all supplementary combustible materials must be ac­
curately weighed before the measurements and their 
weights or weight losses (iron wire does not have to 
burn completely) is to be multiplied by their combus­
tion heat in the corrections calculation.

RESULTS AND DISCUSSION

Measuring of moisture, percentage 
of combustible matter, and ash

The weights of the examined samples determined 
by the gravimetric analysis are presented in Table 2. 
The processed results of the gravimetric analysis of 
the samples are presented in Table 3.

The gravimetric analysis has shown that the mois­
ture contents, of the materials examined were rela­
tively low, with the highest one being 9.17%; these
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Fig. 3. Calorimeter IKA C200

materials were not modified in any way before the 
analysis and were stored in regular atmospheric 
conditions. The results show that poppy screenings 
had the lowest combustible matter content (87.57%) 
while wheat grain had the highest one (97.76%).

In comparison with spruce chip pellets with 3.02% 
ash content (Malaťák, Vaculík 2008), a lower 
ash content was observed in wheat grain and Japa­
nese knotweed. This topic was dealt with by other 
authors as well, for instance, Pepich (2009) states 
that Japanese knotweed contains 4.1% of ash and 
wheat grain contains 1.6% of ash. The same amount 
of ash in wheat grain was observed by Maga et al. 
(2008). These values are comparable to the results 
obtained in this research. The combustible matter 
content in all of the examined materials, except for 
poppy screenings, is comparable to that in beech 
chip, which contains 95.41% of combustible matter 
in its dry mass (Kažimírová et al. 2011).

Estimation of higher heating value

Ihe calculation of the higher heating value of 
the selected types of biomass was based on the 
observed values, gathered from the combustion of

Fig. 4. Course of temperature in the calorimeter
D, - total increase of temperature during the main stage (°C); 
r - time of the initial stage (min)

samples in the calorimeter. Ihe calculated results 
are presented in Table 4.

Higher heating values of the examined fuel samples 
varied from 14,996 to 17,641 kj/kg. The lowest higher 
heating value was observed in poppy screenings and 
the highest one in Japanese knotweed. Higher heat­
ing values of the analysed materials are comparable 
to those of other types of biomass which are used for 
energy production; for instance, the higher heating 
value of poplar is 17,556 kj/kg (Brestovič 2006).

CONCLUSION

The aim of the performed analyses resided in gath­
ering the values of the selected attributes of several 
types of agricultural biomass, which can be obtained 
from the agricultural activity, agricultural produce 
processing, and pharmaceutical industry. According 
to the results of this research, the examined types 
of biomass are comparable in their attributes, to the 
biomass commonly used for energy production by 
means of direct combustion. The combustible matter 
content in the dry mass of the examined types of agri­

Table 2. Weight of samples determined by gravimetric analysis

Weight (g) Wheat grain Wheat 
screenings Hay Cane Japanese 

knotweed
Poppy 

screenings

Original sample 28.021 25.444 38.194 30.729 13.050 12.962

Dry mass 26.802 23.111 34.794 28.329 12.150 11.762

Ash 0.600 1.333 3.094 1.329 0.350 1.462
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Table 3. Gravimetric analysis of the samples

Parameter Wheat grain Wheat 
screenings Hay Cane Japanese 

knotweed
Poppy 

screenings

Moisture ratio in original sample 0.0435 0.0917 0.0890 0.0781 0.0690 0.0898

Ash content in original sample 0.0214 0.0524 0.0810 0.0433 0.0268 0.1128

Combustible matter content in original sample 0.9351 0.8559 0.8300 0.8786 0.9042 0.7946

Weight of combustible matter (g) 26.202 21.778 31.700 27.000 11.800 10.300

Ash content in dry mass 0.0224 0.0577 0.0889 0.0469 0.0288 0.1243

Combustible matter content in dry mass 0.9776 0.9423 0.9111 0.9531 0.9712 0.8757

Table 4. Higher heating values of the samples

Sample (k)/kg)

Wheat grain 15,650

Wheat screenings 16,421

Hay 16,720

Cane 17,587

Japanese knotweed 17,641

Poppy screenings 14,996

cultural biomass varied from 87.57 to 97.76%, which 
also indicates a low amount of ash in the dry mass.

The ash contents in the examined materials ap­
proximate to the results obtained by other authors. 
The differences between the results can be explained 
by different varieties of the examined plants, different 
agricultural technologies used, and different macro- 
climatic conditions in which the plants were grown.

The results of the measurements of higher heat­
ing values of the samples vary from 14,996 to 
17,641 kj/kg and suggest that all of the examined 
types of agricultural biomass can be used in energy 
production by direct combustion.

The benefit of using agricultural biomass as a sol­
id fuel resides in its energy value and a low amount 
of incombustible components.
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with the support of a large GNSS dataset

V. Rataj, J. Galambošová, M. Vašek

Department of Machines and Production Systems, Faculty of Engineering, 
Slovak University of Agriculture in Nitra, Nitra, Slovak Republic

Abstract

Rataj V., Galambošová J., Vašek M., 2013. Determining the guidance system accuracy with the support 
of a large GNSS dataset. Res. Agr. Eng., 59 (Special Issue): S65-S70.

Several methods are used presently to assess the accuracy of machinery guidance systems. However, these offer a 
limited number of records and are time and cost consuming. As the machinery is often equipped with a monitoring 
system for the management purposes, these data can be used. The aim of this work was to develop and verify a method 
to determine the accuracy of the machinery guidance systems based on a large dataset obtained from the machinery 
monitoring system. The proposed method uses the transformation of global navigation satellite systems (GNSS) data 
into a rectangular coordinate system SJTSK (National projection system - Krovak projection). Based on the geometry 
principle, the ideal line can be determined, and afterwards, the off-track error of each actual position can be calculated. 
After the verification of this method, it can be concluded that it brings benefits in terms of further use of the data from 
the monitoring systems, the estimation of the error based on a robust dataset, elimination of subjective and measure­
ment method errors, as well as spatial localisation of the off-track errors at the field.

Keywords: off-track error; geometry; rectangular coordinate system SJTSK

The machinery movement in the field is an im­
portant parameter of the machinery use efficiency. 
The research into this topic has been conducted for 
many years by many authors from many aspects. 
Among the first published results on the field traf­
fic are those by Pavlov et al. (1973) and Ondřej 
et al. (1989). The problem of the machinery move­
ment is connected with the technical level of trac­
tors and implements. Because of the kinematics 
of modern tractors, it is necessary nowadays to 
study and model the machinery movement. Sev­
eral authors deal with the aspects of machinery 
movement itself including the kinematics (Back­
man et al. 2012; Rovira-Más 2012). The issue of

the machinery movement within a defined space, 
described by the shape and the area of a field, has 
been solved by Hameed et al. (2010). Besides the 
movement of machinery for the field operations, 
those of machinery for service operations such as 
e.g. field transport have been analysed (Bochtis et 
al. 2010a).

The analyses of the machinery movement, opti­
mal direction of movement, algorithms and math­
ematical models of machinery field traffic were 
conducted by Bochtis et al. (2007, 2010a, b), Ok­
sanen and Visala (2007), Bochtis and Vougi- 
oukas (2008), Yakusshev and Yakusshev (2008), 
Spekken and Bruin (2011) and others.

Supported by the European Union, research project under the title: ITEPAg - Application of information technologies to inc­
rease the environmental and economical efficiency of production agro-system. ITMS 26220220014.
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The machinery guidance in the field is provided 
by guidance systems with sufficient accuracy. There 
are many of these. Optical or laser guidance systems 
can be used under specific conditions. The exam­
ples are the guidance based on the crop height, im­
plement guidance during intra-row field operations 
(Slaughter et al. 1999). Nowadays, machinery 
guidance is based mostly on the signal from global 
navigation satellite systems (GNSS). This is effi­
cient for wide implements during soil preparation, 
fertilisation, or crop protection (Nozdrovický et 
al. 2008; Trimble GPS 2012).

The use of these systems affects the work quality 
and overall economic efficiency of the machinery use 
(Grisso et al. 2004; Galambošová, Rata; 2010).

The economic effect and optimal return on invest­
ment are directly connected with the work qual­
ity. Tire criteria of the work quality when using the 
GNSS guidance systems are the accuracy of GNSS 
guidance and its transmission to the movement con­
trol. This issue is covered in world standards (ASA- 
BE 2007) as well as scientific papers (Gan-Mor et 
al. 2007; Gavric et al. 2011; Williams et al. 2012).

The data on machinery movement (traffic) in the 
field can be used for other analyses as well, e.g. the ma­
chinery management assessment (Taylor et al. 2002), 
soil compaction assessment (Kroulík et al. 2011) etc. 
Tlie exact data, which are saved, can be used for trace­
ability assurance as well (Cascone et al. 2010).

The aim of this work was to propose and verify 
a method for determining the accuracy of the ma­
chinery movement based on datasets obtained 
from the machinery monitoring system.

MATERIAL AND METHODS

The proposed methodology enables to determine 
the accuracy of the machinery movement based on 
large datasets from the machinery monitoring sys­
tem. The monitoring system is primarily used for the 
machinery management purposes. The monitoring 
system consists of a GNSS antenna (AgGPS; Trim­
ble Navigation Ltd., Sunnyvale, USA) and a GPRS 
modem (RTKMD; FONS s.r.o., Františkovy Lázně, 
Czech Republic), which sends the data to the server. 
The data exported from the system (in its extended 
use) are gathered with a frequency of one record per 
six seconds. The data contain the information on 
GNSS coordinates with real time kinematics (RTK) 
precision as the system is connected to the machinery 
guidance system Trimble Autopilot (Trimble Naviga-

GPRS Modem for monitoring system

Fig. 1. Machinery monitoring system and machinery guid­
ance system

tion Ltd., Sunnyvale, USA) (Fig. 1). The calculation of 
the error is based on the geometry principle.

The verification of the proposed method was 
conducted during field operations. The machin­
ery guidance was provided by Trimble Autopilot 
with RTK accuracy (Trimble GPS 2012). The AB 
line mode of the guidance system was selected. The 
accuracy was calculated as the distance of the ma­
chinery real position from the AB line.

RESULTS AND DISCUSSION

Based on the trajectory of the selected traffic 
line (AB line), the positions of the starting point 
K^.; yK) as well as the last point L(x;; y^ can be 
obtained. The coordinates of this AB line give the 
"ideal line”, which can be described by the linear 
dependence у = A + Bx (Fig. 2). The measured er­
ror can be, based on the ASABE standard, defined 
as an "off-track error” and is equal to the perpen­
dicular deviation from the actual travel course. The 
proposed method uses the transformation of GNSS 
data into a rectangular coordinate system SJTSK, 
which is a national coordinate system used mainly 
in the Czech and Slovak Republics as introduced by 
Krovak (Tuček 1998; Huml, Michal 2006).

The real implement working width can be deter­
mined as the following (Fig. 3):

Bp = Bk - AS

where:
Bk - construction width of the implement (m) 
AB - overlaps - value set in the guidance system (m)
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Fig. 2. Basic scheme of machinery movement
Kfx^y^), ЦХрУ^- position of the tractor and its coordinates;
<p - angle of the traffic line; Bp - implement width

The efficiency of using the implement width dur­
ing the field operation is commonly calculated as 
ß = Bp/Bk, where ß is the ratio of the effectively 
used implement (Bp) width to the implement width 
(Bk) (Pavlov et al. 1973; Ondřej et al. 1989).

Fig. 3. The real working width of the machine during field 
operation
Bk - implement width; Bp - effectively used implement width; 
Bj - perpendicular distance of guidance lines; Aß - overlaps

Fig. 4. Determining the starting and terminating points 
Bj - perpendicular distance of guidance lines; K(x, y), 
К (x , yß, К„(х„, y„) - starting points of guidance lines 
and their coordinates; <p - angle of the traffic line, 
E= 180 - (90 + cp)

The guidance system uses for the guidance of 
machinery “n” lines (K] Ц ) of a perpendicular 
distance (Bj) from the ideal line. The distance (Bj) 
is equal to the implement working width (Bk). This 
line should be the trajectory of the machinery cen­
tre line during the field operation. However, due to 
the errors of GNSS as well as technical or terrain 
influences, off-track errors are present.

Several methods are used to determine the er­
ror: physical measurement with a measuring tape,

Fig. 5. Estimation of off-track error of a selected position 
К, starting point of line"/?”
Ln - terminating point of line “n” P(Xp,yp) - selected posi­
tion from a dataset with its coordinates, R - position of the 
point "P” on the ideal line, Q - vertex of the triangle PQR, 
q - off-track error
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Fig. 6. Recorded data for the assessed field operation

measurement with a laser distance meter (Macák, 
Žitňák 2010), and measurement with a handheld 
GNSS receiver. Compared to that, the extended use 
of the machinery monitoring data provides the data 
in the structure: latitude, longitude, time, and date 
in large datasets. The transformation of these data 
into the rectangular coordinate system enables 
its geometric processing. Tire starting and ending 
points have to be determined (Fig. 4).

The coordinates of the points К L, to К L can be 
estimated by angles (p and e:

1апф = ——— 
xk - X,

e= 180 - (90 + <p)

Tire coordinates of the ideal or previous lines are 
the base for the estimation.

Table 1. Basic statistics of off-track error

Mean (m) 0.002

Standard deviation (m) 0.058

Minimum (m) 0.216

Maximum (m) 0.184

Number of records 867

The coordinates of the first line points can be es­
timated as follows:

X^ = XK* ^ X COS£

^i=TA+ß xsine

x,, = x, + В x coseti /. ,

Уц = Ус* В, x s‘nE

As mentioned above, when using the machinery 
monitoring systems in an extended mode, the ac­
tual position of the machine can be recorded. For 
example, the point P(xp, yp) should lie on the line 
К L (Fig. 5) The error is the perpendicular to the 
line К L . Tire solution proceeds from the triangle 
PRQ. " "

The angle a can be determined as: a = 90 - <p; the 
error can be estimated as: q = r x sina.

The line segment PQ = y^ - yp and the coordi­
nate у can be determined as the linear function:

yQ = A + В x xp

0.25 
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1 °-00 
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where:
A - vertical intercept
В - line gradient

Fig. 7. Distribution of off-track errors
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Fig. 8. Histogram of off-track errors

The methodology was evaluated for several field 
operations, which were monitored with the support 
of the on-line monitoring system. One example is 
described below. For the purposes of this paper, the 
data from a drilling field operation were used. The 
tractor NewHolland T6070 (New Holland Agricul­
ture, New Holland, USA) with the guidance system 
Trimble Autopilot with RTK system together with 
the drilling machine Lemken Solitaire 9 (Lemken 
GmbH & Co. KG, Alpen, Germany) were assessed. 
The implement width (Bk) was 6 m. The overlap­
ping width (AB) was set up at 0.2 m. The tracks 
of the machinery were recorded. For the evalua­
tion, 45 tracks were used (867 monitoring points) 
(Fig. 6).

The errors distribution is shown in Fig. 7. The ba­
sic statistics is given in Table 1.

Based on the data distribution, it can be conclud­
ed that the errors from -0.016 to 0.024 m (Fig. 8) 
are the most frequent.

As shown in the example, the data obtained for 
the purposes of machinery monitoring can to be 
used for the movement accuracy determination. 
Also, the errors which exceed the acceptable range 
can be later identified, localised, and their source 
can be analysed. In the case of the machinery as­
sessed, the errors were present at headlands, while 
the machinery was turning.

CONCLUSION

The proposed methodology is based on using 
large data sets obtained from the extended use of 
the machinery monitoring system. The evaluation 
of off-track errors with the proposed methodol­
ogy provides reliable information on the accuracy

compared to the traditional physical measurement 
methods. The method brings benefits in terms of: 
- further use of the data coming from the moni­

toring systems,
- obtaining a robust dataset,
- elimination of subjective errors, errors of the 

measurement method,
- spatial localisation of off-track errors at the field.
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