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Effect of irrigation machines on soil compaction

J. Jobbágy, P. Findura, F. Janík

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

Abstract

Jobbágy J., Findura P„ Janík E, 2014. Effect of irrigation machines on soil compaction. Res. Agr. Eng., 60 (Special 
Issue): S1-S8.

The analysis of soil compaction with chassis of a wide-span irrigation machine Valmont was determined. The sprinkler 
had 12 two-wheeled chassis (size of tyre 14.9" x 24"). During the evaluation of soil compaction, we monitored the 
values of penetration resistance and soil moisture during the operation of the sprinkler. Considering the performance 
parameters of the pump, the sprinkler was only half of its length (300 m) in the technological operation. In this area, 
also field measurements were performed in 19 monitoring points spaced both in tracks and outside the chassis tracks. 
The analysis showed the impact of compression with sprinkler wheels. The correction of obtained results of penetration 
resistance was applied in connection with soil moisture (mass) values according to Act No. 220/2004 (Lhotský et al. 
1985). The results of average resistance ranged from 1.2 to 3.26 MPa. The values of the max. resistance ranged from 2.3 
to 5.35 MPa. The results indicated a shallow soil compaction; however, it is not devastating.

Keywords: penetration resistance; soil moisture; sprinkler; soil

Soil compaction is a serious problem that ad­
versely affects the productivity of crops, while crop 
yields are significantly reduced. It is a process of 
soil particles relocation, which reduces soil poros­
ity, thereby causing an aeration decrease and an 
increase in volume density and soil strength (Al- 
Adawi, Reeder 1996; Hillel 1998; Brady, Weil 
1999).

Soil compaction greatly affects the physical con­
dition of the soil profile, especially with the pres­
sure of agricultural machinery in cultivation and 
harvest. The result of this pressure is a technologi­
cal or secondary compaction of the soil profile, de­
fined with critical values of physical soil properties, 
particularly with a high volumetric density and low 
porosity (Fulajtár 2005).

An overview of the spatial distribution of com­
pacted soil layers can be obtained by measuring the

soil penetration resistance, which depends on volu­
metric density and soil moisture. For a precise defi­
nition of the extent of compacted soil layers, it is 
important to determine its vertical and horizontal 
spatial distribution. The critical value of soil com­
paction for plant growth is dependent on soil type 
and soil moisture (Schuler, Woods 1992).

In terms of soil particle size, compacted sandy 
soils have little or no ability of spontaneous recov­
ery, while for heavier soils, there are factors that al­
low reversible processes (regeneration of soil struc­
ture) (Mašek 2005).

Soil properties characterize the operating condi­
tions of tractors and influence the load of hydraulic 
and transmission systems. Therefore, we have to 
determine the soil properties in operating condi­
tions of a tractor (Maidan et al. 2011). Interaction 
between the tyre and soil affects the exploitation of

Supported by the Scientific Grant Agency VEGA of the Ministry of Education of the Slovak Republic and the Slovak Academy 
of Sciences, Grant No. 1/0407/11.

1



Vol. 60, 2014, Special Issue: S1-S8 Res. Agr. Eng.

machinery in agriculture (Šesták et al. 1998; Rédl 
2009).

Soil compaction increases soil strength and de­
creases soil physical fertility through decreasing 
storage and supply of water and nutrients, which 
leads to additional fertiliser requirement and in­
creasing production cost (Hamza, Anderson 
2005).

There are environmental effects of soil compac­
tion. The effect of compacted soil on the emissions 
released from soil into the atmosphere were ob­
served for N2O (Šíma et al. 2013) and CO2 (Šíma, 
Dubeňová 2013).

Fig. 2. Penetrologger Eijkelkamp - measurement

MATERIAL AND METHODS

The main objective was to investigate the effect of 
soil compaction with the axles of a wide-span irri­
gation machine and to evaluate the acquired knowl­
edge and outcomes of the measurement. To meet 
these objectives, in 2011 some field measurements 
were made in conditions of a farm Kovacs Agro, 
s.r.o., Hronovce, Slovak Republic. The arrangement 
of monitoring points was performed according to 
Fig. 1. These points were located not only in tracks 
of the chassis but also outside them. The number of 
monitoring points was 19. Field experiments also 
included the measurement of soil moisture content 
(WET sensor; DELTA-T Devices Ltd., Cambridge, 
UK; HH2 logger; DELTA-T Devices Ltd., Cam­
bridge, UK) and penetration resistance (Penetro- 
logger Eijkelkamp; Eijkelkamp, Giesbeek, Nether­
lands; Fig. 2). The experiments were conducted at 
certain soil moisture during the operation of the ir­
rigation machine. Penetration resistance was meas­
ured simultaneously with the measurement of soil 
moisture. We used a conical tip with an angle of 
30°, which is recommended by the ASAE Stand-

MB 19 «--------------------------------------------------------- ► МВ1

Fig. 1. Principe of measurement of soil parameters
A - centre of wide range irrigation machine, P - tower, 
x - monitoring points, MB - monitoring point

ard 5313.2 (1994) for heavy and medium soils. 
The measurement of soil penetration resistance 
requires a uniform pressing of the cone into the 
soil (about 3 cm/s). The penetrologger’s measuring 
range is 0-10 MPa. This device allows recording 
the soil profile to a depth of 0.8 m, with a depth 
resolution of 10 mm. During the penetration, depth 
is sensed with an internal ultrasound sensor. When 
measuring the penetration resistance, each meas­
urement consisted of three measurements. The 
depth of measurements was up to a 40 cm depth. 
Measured values of penetration resistance were 
corrected by obtained values of soil moisture (in 
percentage by weight). This was determined by a 
gravimetric method. Measuring the moisture with 
the WET sensor was carried out for each monitor­
ing point three times.

Field measurements were performed for the 
sprinkler Valley (Valley Irrigation, Holdrege, USA; 
Fig. 3), linear type, with a length of 594.59 m and 
the number of chassis 12 (Table 1). Besides the cen­
tral tower (4 wheels), each chassis was equipped 
with two wheels. Only a half was always in opera­
tion (300 m, the entire irrigation machine moved, 
but only half sprayed water). A problem was the 
performance parameters of the pump, which would 
not cover a reliable technological operation of ir­
rigation equipment for a length of 600 m. A water­
pumping station was used as a water source.

The effect of the sprinkler chassis on soil com­
paction was investigated by monitoring the com­
paction level in wheel tracks and outside them. 
Measurements were corrected and evaluated ac­
cording to the Slovak Act No. 220/2004. When the 
soil moisture was above the correction interval, soil 
resistance was actually lower, and we had to add

2
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Fig. 3. Linear irrigation 
machines Valley Val­
mont, 600 m: (a) ma­
chine and (b) tyre

0.25 MPa per each percentage by weight outside 
the interval. If soil moisture was below the correc­
tion interval, it was necessary to deduct 0.25 MPa 
per each percentage by weight outside the inter­
val. In terms of our research, in clay soils this in­
terval was 18-16% of soil moisture (percentage by 
weight). Therefore, data were corrected according 
to Lhotský et al. (1985), and the correction of the 
results is defined as follows:

POKL = (PO ± 0.25z) (1)

where:
PO - measured penetration resistance (MPa)
PO - corrected penetration resistance according to 

Lhotský et al. (1985) (MPa)
z - difference between the prescribed and meas­

ured moisture; its sign depends on whether it 
is above or below the range

Table 1. Technical characteristic of wide range irrigation 
machine (Valley, Valmont)

Parameter Value
Sprinkler spacing 192 cm
Number of two-wheeled chassis 12
System length 594.59 m
Type of wheels high float 14.9" x 24"
Width of wheels 37.8 cm
Power supply 480 V/60 Hz
Maximum speed of system travel 123.6 m/h
Approx, weight (with water), 
length of section 49.12 m

2,814 kg

Approx, weight (with water), 
length of section 54.86 m

3,080 kg

Required run power 20 kW
Type of guidance below ground - 

shielded

Length of guidance cable 5,608 m

RESULTS AND DISCUSSION

The selected field is included in BPEJ 0039002. 
It is a very warm, dry and lowland region, Haplic 
Chernozem and Luvi-Haplic Chernozem on loess, 
slope 0-1°, a plane without surface water erosion, 
medium (loamy) soil, according to the granular­
ity code. The total area of the field was 181.31 ha, 
of which the irrigated area was 180.14 ha, which 
means a 99.35 % coverage.

Variability of soil moisture

Soil moisture is a key feature of the soil for crop 
irrigation regime. Measurements were conduct­
ed at 19 monitoring points in wheel tracks of the 
sprinkler and outside them. Table 2 shows the de­
scriptive statistics of measurements before the ap­
plication of irrigation rates. The average value of 
soil moisture was 10.11% vol. However, the value of 
the coefficient of variation was high (31.55%). Af­
ter irrigation, values of soil moisture increased on 
average by 20.83% vol. The value of the coefficient 
of variation in measuring the volumetric soil mois­
ture decreased to 17.86%. In this case, there was a 
positive effect of irrigation and more balanced soil 
moisture across the whole width of the irrigation 
machine (Fig. 4).

Variability of penetration resistance

In determining the variability of penetration re­
sistance, measurements were performed before 
irrigation. After irrigation, measurements of pen­
etration resistance were sufficiently affected by soil 
moisture because all values are outside of the range 
defined by Lhotský et al. (1985). Therefore, a cor-

3
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Fig. 4. Soil moisture content before 
and after irrigation

rection factor of humidity was used, and all data 
were corrected according to the Act No. 220/2004 
on the conservation and use of agricultural land. 
Values of penetration resistance were corrected to 
18-16% vol. soil moisture.

It follows from the collected data that the farm 
extensively applies the principles preventing an 
undesired impact of agricultural machinery on 
the soil on the monitored field, since the average 
value of penetration resistance ranged from 1.2 to 
3.26 MPa (Fig. 5a). The max. values of penetration 
resistance ranged from 2.3 to 5.35 MPa (Fig. 5b). 
The limit value for the max. soil penetration resist­
ance was exceeded at two monitoring points (P5 
and P6).

According to the ASAE Standard EP542 (2004), 
2 MPa is the value of penetration resistance which 
already limits the development of the root system 
of plants; however, this standard does not distin­
guish between soil types. The variability of penetra­
tion resistance is given by the variability of mois­
ture conditions and passes of machines, too.

When comparing the data obtained, we conclud­
ed that penetration resistance increased in wheel 
tracks of the irrigation machine. The graphical rep­
resentation shows that penetration resistance in 
wheel tracks after machine passes is higher than 
outside of tracks. Fig. 6 shows the secondary com­
paction which is significant especially in the depth 
of up to 10 cm.

Determining the effect of soil moisture 
on penetration resistance

To illustrate the.effect of soil moisture on pen­
etration resistance (Fig. 7), we used average values 
of penetration resistance and soil moisture. The 
reliability coefficient R2 has a value of 0.0074. By 
transfering the obtained dependence with a trend­
line penetration resistance rises slightly with in­
creasing soil moisture. On the basis of values of 
the coefficient R2 trial there was no dependence of 
penetration resistance on soil moisture. Fig. 8 also

Table 2. Measured data, soil moisture content, percentage by volume and by weight before and after irrigation

Parameter
Soil moisture content (% wt.) Soil moisture content (% vol.)

before irrigation after irrigation before irrigation after irrigation
Average 8.44 25.78 10.11 30.94
Median 7.76 25.49 9.20 30.90
Modus 8.78 - 10.53 32.80
Standard deviation 2.66 4.74 3.19 5.52
Variance 7.08 22.49 10.20 30.52
Difference max-min 8.47 22.39 10.16 26.30
Minimum 5.39 15.82 6.47 19.30
Maximum 13.86 38.21 16.63 45.60
Sum 160.27 489.83 192.12 587.80
Sample size 19.00 19.00 19.00 19.00
Coefficient of variation 31.54 18.39 31.55 17.86
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Fig. 5. Penetration resistance of 
soil (a) average and (b) maximum 
P - tower

Monitoring points

shows the extreme values of penetration resistance 
in several measuring points. After application of ir­
rigation depth the value of penetration resistance 
decreased depending on the depth measurement 
(Fig. 8). Soil compaction with the impact machine 
passes is a specific phenomenon that is becoming 
even more a current topic in our conditions due to 
a constant modernization of machinery.

Based on the obtained literatures (Hiller 1998; 
Duiker 2004; Fulajtár 2005), it can be concluded 
that it is necessary to evaluate the soil compaction 
always with respect to current humidity condi­
tions, the presence of a particular crop, soil types, 
and used machinery. Soil compaction is caused by 
effects of increasingly heavy machinery on soil as 
well as tillage and passes under an improper soil 
moisture. Increasing compaction is affected not 
only by tractors and harvesters but also by other 
self-propelled, trailer and semi-trailer machines. 
In general, shallow soil compaction is attributed

to pressure in the “tyre-soil" area, while deep soil 
compaction refers to the effects of the total axle 
load on soil (Duiker 2004).

When using the wide-span irrigation machine 
with selected tyres, an effect of the chassis on shal­
low soil compaction was confirmed. The values of 
penetration resistance ranged from 0 to 3.13 MPa 
in tracks and outside them. The highest changes 
were demonstrated in the tracks of the second 
chassis (tower). However, it is possible to state that 
the irrigation machine with its total mass divided 
into individual chassis does not cause devastating 
compaction. It is rather only a local and shallow 
soil compaction which can be removed with ap­
propriate tillage. The soil moisture content is an 
important factor for passes of machines. The soil 
moisture content is determined from a disturbed 
soil sample. Another factor is the total weight of 
the machine and the total contact area. The num­
ber of machine passes on the soil is needed to be
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Measurements depth (cm)

Fig. 6. Relationship between penetration resistance and 
measurement depth in monitoring points
MB4, MB6 - monitoring point outside of chassis; MBS - 
monitoring point within the chassis (tower 2P)

Fig. 7. Relationship between penetration resistance and 
soil moisture content

monitored and reduced. Joining certain operations 
can contribute to reducing soil compaction.

Vachal et al. (1983) recommend the reduction 
of passes after sub-soiling in the first year, to merge 
machines into aggregates, and to grow deep-rooted 
crops at least two years after intervention. All the 
performed measures must lead to creating an opti­
mal soil structure and its protection.

Machine passes on the soil can cause its com­
pression; they can reduce the soil porosity and cre­
ate barriers to water and air movement in the soil 
and roots penetration in the soil. Soil compaction 
is determined by several methods. Most of them 
require soil sampling, time necessary for labora­
tory analyses, or a long period of field preparation 
where holes are prepared for ditch sensors.

Probably, the fastest way to determine soil com­
paction is the measuring of penetration resistance. 
The results of penetration resistance on the moni­
tored field confirmed a higher soil resistance in 
wheels tracks of the irrigation machine. Carrara 
et al. (2003) state that there are a lot of examples 
where penetration resistance is used for monitor­
ing the soil compaction.

During the year, the soil responds to machine 
passes in different ways. Soil resistance to compac­
tion decreases with increasing soil moisture. Hu­
mid and light soils have a very low resistance dur­
ing seedbed preparation and sowing when passes 
cause compaction of the topsoil and subsoil, which 
affects the crop grown during the whole growing 
season. Other risky periods occur during autumn 
field operations when loaded machines compact 
the soil into a high depth (HŮLA 1989). Our values

were evaluated in conformance with the values in­
troduced in the Act No. 220/2004. The results have 
shown a clear effect of irrigation machine wheels 
on compaction.

The presented act specifies the limit values of 
corrected penetration resistance ranging from 3.7 
to 4.2 MPa at the moisture of 18-16% wt. for clayey 
soil. Our results have not exceeded these limit val­
ues. It means that compaction values harmful for 
plant growth were not exceeded. However, there 
was a higher compression in wheels tracks of the 
irrigation machine.

Solving this issue in relation to soil compaction 
has focused mainly on a new design of tyres and 
weight reduction of machines. Before new design of 
tyres got into production, it was recommended to 
use double wheels to reduce soil compaction with

1 3 5 7 9 11 1315171921232527293133353739
Measurements depth (cm)

Fig. 8. Relationship between penetration resistance and 
measurement depth in monitoring point MB5, tower 2, 
before and after irrigation
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contact pressures. Controlled underinflated tyres 
of machines also appear to be suitable for driv­
ing on fields. However, new constructions of low- 
pressure tyres are currently dominating (Javůrek, 
Vach 2008). The model of tyres used on the irri­
gation machine Valmont was also radial on all the 
axles due to a lower compaction in their tracks.

According to Abedin and Hettiaratchi (2002), 
the incidence of compacted layers in the soil profile 
is usually possible to detect only in the spring when 
the soil profile is evenly moistened. Measurement in 
summer and in autumn is unreliable because the soil 
profile can show large moisture differences, which are 
reflected in the values of soil penetration resistance.

CONCLUSION

Soil compaction caused by machinery is a spe­
cific phenomenon that is becoming even more a 
current topic in our conditions due to a constant 
modernization of machines. In examining the vari­
ability of penetration resistance in dependence on 
the monitoring point, we found that in wheel tracks 
of the irrigation machine, penetration resistance is 
higher than outside of tracks. Based on the results, 
we can say that due to a lower weight of the whole 
machine in comparison with other machines, there 
was only a shallow soil compaction. In our case, 
penetration resistance increased with depth. At 
some monitoring points, penetration resistance 
reached the max. value of 5 MPa. Measurement re­
sults were corrected with soil moisture according 
to Lhotský et al. (1985) and Act No. 220/2004. We 
would recommend to map the entire field and to 
determine the variability of penetration resistance 
throughout the field.
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Abstract

Majdan R., Tkáč Z., Stančík В., Abrahám R., Štulajter I., Ševčík P„ RÁšo M., 2014. Elimination of ecological 
fluids contamination in agricultural tractors. Res. Agr. Eng., 60 (Special Issue): S9-S15.

This contribution presents the elimination of pollution for ecological fluids of UTTO (universal tractor transmission 
oils) type in agricultural tractors. The common oil filling of the transmission and hydraulic system is polluted by residues 
of old fillings from attachments such as ploughs, trailers, etc. In the tractor Zetor Forterra 114 41, a newly developed 
synthetic ecological fluid HERR (VDMA 24568) was applied. The oil showed pollution limits after completing 900 en­
gine hours. For this reason, a filtration device was designed to clean mainly biodegradable fluids UTTO. On the basis of 
fluid application evaluation and performed filtration, it can be concluded that a simple and affordable filtration system 
reduces the concentration of the most dangerous contamination particles (particles lager than 14 pm) by up to 30%.

Keywords: ecological oil; cleanliness level; filtration; viscosity; hydraulic pump

Considering the character of agricultural pro­
duction, the transport in agriculture significantly 
affects the economic effectiveness as well as en­
vironmental pollution (Korenko, Žitňák 2008; 
Žitňák, Korenko 2008). Mineral oils designed for 
hydraulic and transmission systems of agricultural 
tractors reliably meet all the requirements of oper­
ating conditions in most cases. Properties of min­
eral oils are verified by many years of use. Machine 
manufacturers have rich experience with mineral 
and synthetic oils and therefore they widely use 
them at present. Sloboda and Sloboda (2002), 
Jobbágy et al. (2003), Ileninová et al. (2008) and 
Tóth et al. (2012) confirm this fact in their works. 
However, a slow but steady move towards the use 
of environmentally friendly or more readily biode­
gradable lubricant fluids has taken place during the

last decade. Biodegradability has become one of the 
most important design parameters both in the se­
lection of base fluids and in the overall formulation 
of the finished lubricant (Mendoza et al. 2011).

Because of frequent accidents at a working place, 
ground contamination with liquid lubricants is 
very probable. For these reasons, constructions of 
rotating components and systems make an effort to 
lubricate with biolubricants (Rédl et al. 2012).

Universal tractor transmission oils (UTTO) are 
designed for hydraulic and transmission systems 
of agricultural tractors. These fluids provide lu­
brication functions in the gear box and transmis­
sion of energy in the hydraulic system of the trac­
tor. Currently, tractor hydraulic systems are quite 
complicated. These systems use mainly gear or pis­
ton hydraulic pumps and motors which transform

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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pressure energy into mechanical work. Besides the 
energy transfer, universal oils must lubricate, dis­
sipate heat, and they must be compatible with seal­
ing materials and metal components of the system.

It was reported that over 60% of all lubricants end 
up in soil and water. Hydraulic line breaks are ex­
tremely common. If not attended to, these releases 
can cause contamination of the soil, ground and sur­
face water. Many equipment operators do not clean 
up spills, thereby introducing pollutants to the envi­
ronment. Using a fluid that is biodegradable reduces 
the cost of clean-up as well as the potential for pol­
luting the environment (Cauffman et al. 2006).

The UTTO requires care and monitoring of op­
erating parameters such as every part of the agri­
cultural tractor. That applies even more in case of 
ecological fluids. Ecological fluids are more sensitive 
to a change in operating conditions compared with 
mineral oils. Fluid cleanliness is one of the most im­
portant features. Often, the cleanliness and techni­
cal condition of the UTTO are frequent causes of 
failures of the transmission and mainly hydraulic 
system of the tractor. A contaminated fluid creates 
a risk to the machine in terms of wear and failure. 
Pollution is dangerous because it accelerates the 
degradation and oxidation processes in the fluid. If 
the fluid is contaminated with dirt above the permit­
ted level, it must be replaced. The fluid needs to be 
replaced even if it has good physical and chemical 
properties expressed by viscosity or acid number. 
However, in the case of expensive ecological fluids, 
such a solution is not economical. Therefore, the 
elimination of pollution from fluid by using filtration 
is an ecological as well as economical solution.

MATERIAL AND METHODS

The newly developed biodegradable synthetic 
oil-base fluid HEPR according to VDMA 24568

(1999) was applied in the agricultural tractor Zetor 
Forterra 114 41 (Zetor, a.s., Brno, Czech Republic). 
The fluid was developed by Slovnaft, a.s., a member 
of the MOL group, Hungary. The fluid was tested 
under laboratory conditions. It was cyclically load­
ed under a nominal pressure of 20 MPa. Labora­
tory testing conditions and practices of the biode­
gradable fluid mentioned above were described by 
Drabant et al. (2010), Hujo et al. (2012a,b), and 
Kosiba et al. (2012a,b). The fluid was loaded by cy­
clic pressure at temperature 65°C, which was meas­
ured during the tractor operation as stated by Ko­
siba et al. (2010). After successful tests, the fluid 
was used in the agricultural tractor. The physical 
and chemical properties and pollution of the fluid 
were evaluated during the operation test. A filtra­
tion device was designed and tested due to exceed­
ing the pollution limits of the fluid. The filtration 
device was designed to ensure a reliable operation 
of the tractor with ecological fluids.

Filtration device. The main parts of the filtration 
device (developed by Department of transport and 
handling, Faculty of engineering, Slovak University 
of Agriculture in Nitra) are the filter housing with 
a filter element. The filtration device is connected 
to the implement hydraulic circuit of the trac­
tor by hoses (Fig. 1). The tractor hydraulic pump 
pumps the universal transmission and hydraulic 
oil through the filtration device. Thus, the filtra­
tion device does not need to be equipped with a 
pump, making its construction easier. In this case, 
a low-pressure filter housing was used (up to 0.2 
MPa) of FS 02 type (Kovolis Hedvikov, a.s., Hed- 
vikov, Czech Republic). The filtration device needs 
to have the flow adjusted to ensure a low pressure. 
The tractor Zetor Forterra 114 41 does not have a 
regulating hydraulic pump so it is not possible to 
set the desired flow rate in the hydraulic circuit. 
Consequently, a measuring device (6) HT 50 A 
(XPS Corporation, Owatonna, USA) was connect-

О

)[CS 1320 Fig. 1. Connection scheme of filtra­
tion device

1 - tractor hydraulic pump; 2 - gear 
and hydraulic oil supply; 3 - pressure 
relief valve; 4 - hydraulic valve; 5 - 
quick couplings of implement hydrau­
lic circuit; 6 - measuring device; 7 - 
filtration device; 8 - device for mea­
suring cleanliness level; 9 - tractor
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ed to the filtration device in series. Flow value of 
0.2 dm3/s was set using a throttle valve of this de­
vice. The measuring device НТ 50A was used for hy­
draulic heating of the tractor oil fill before filtration 
and for setting the desired flow during filtration. The 
measuring device mentioned above can be replaced 
with a simple throttle valve and flow meter. The fil­
tration efficiency was monitored by measuring the 
cleanliness level of the oil that enters the filter. A 
part of the oil entering the filter flows through the 
measuring device CS 1320 (Hydac Ltd., Sulzbach, 
Germany), which measures the cleanliness level 
according to the ISO 4406 (1999). To measure the 
cleanliness level, a low oil flow was only used. The 
low flow rate was set by a jet in this device.

The filtration device was designed so that it can be 
made using different types of filter housings, which 
are available in a particular farm (Fig. 2). The advan­
tage of the device is its connection by quick cou­
plers to the implement hydraulic circuit of the trac­
tor. Connection does not need additional assembly, 
which is characterized by simplicity. It is universally 
applicable to different types of tractors. The design 
of the low-pressure filter housing required setting a 
relatively low flow rate through the filtration device 
(0.2 dm3/s); the throttle valve has thus to be used to 
set the required flow rate (Fig. 1). This throttle valve 
was placed to the measuring device. The flow meter 
EVS 31000 (Hydac Ltd., Sulzbach, Germany) was in­
stalled to check the right value of flow rate during 
the filtration. One filtering of the whole oil fill (in our 
case 120 dm3) took about 10 minutes. We filtered the 
oil fill two times to improve the quality of filtration. 
If pressure filter housing designed to the hydraulic

Fig. 2. Filtration device connected to the tractor

pump flow of a given tractor type is used, it would be 
possible to filtrate the oil fill without the flow control 
valve. The filtering system would be simplified and 
filtration time shortened.

The filtration capability of a paper element was 
10 pm. The filter cartridge was placed in an alumin­
ium housing of the filtration device. The filtration 
device was made by simply placing the filter housing 
on the stand with hoses adapters for connecting; it 
was designed at the Department of Transport and 
Handling, Faculty of Engineering, Slovak University 
of Agriculture in Nitra, Slovak Republic. The filtra­
tion device is connected to the implement hydraulic 
circuit by pressure hoses and quick coupling.

Evaluation of the technical condition of eco­
logical fluid. The technical condition of the moni­
tored fluid was necessary to be evaluated before fil­
tration. The following parameters were evaluated: 
- kinematic viscosity at 40°C, 
- concentration of additives on the basis of the 

chemical elements content (Ca, P and Zn) (ICP 
spectrometry method was used),

- depletion of antioxidants on the basis of FTIR 
spectroscopy.
These parameters were analysed from oil samples 

in an accredited laboratory (Wearcheck, Hungary).
Kinematic viscosity is evaluated based on the 

positive or negative tolerance of the measured val­
ues in comparison with the value of new oil. There­
fore, the kinematic viscosity of new oil must be 
evaluated. The deviation of kinematic viscosity is 
calculated by using the formula:

AV= N V“ x 100 (%) (1)
VN

where:
Д V - deviation of kinematic viscosity (%) 
vv - kinematic viscosity of the new oil (mm2/s) 
\ - kinematic viscosity of the used oil (mm2/s)

Additives concentration was monitored on the 
basis of relevant content of chemical elements (Ca, 
P and Zn). A decrease in the content of these ele­
ments in an oil sample is calculated by using the 
following formula:

ДА =Л" x 100 (%) (2)
%

where:
/ХА - decrease of chemical elements representing the 

additives (%)

Sil
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An - content of chemical elements representing the 
additives in new oil (mg/kg)

Au - content of chemical elements representing the 
additives in used oil (mg/kg)

The filtration of oil filling of the tractor transmis­
sion and hydraulic system was evaluated according 
to the following procedure:
- Online monitoring of the pollution decrease on 

the basis of the filtered oil cleanliness level dur­
ing filtration. The device CS 1320 was used to 
evaluate the pollution on the basis of the Standard 
ISO 4406 (1999).

- Offline pollution assessment on the basis of analyses 
of oil samples after filtration. This was done in the 
accredited laboratory Wearcheck (Almasfüzitö, 
Hungary). Pollution was evaluated according to the 
concentration of chemical elements Fe, Cu, Si, Al, 
Pb, Ag, Ni and Mn. The contents of these chemical 
elements were analysed by inductively coupled 
plasma (ICP) atomic emission spectrometry.
A decrease in the content of the chemical ele­

ments which represent fluid contamination is cal­
culated on the basis of information on polluted and 
filtered oil. impurity content represents fluid con­
tamination. A decrease in the content of chemical 
elements which represent fluid contamination is 
calculated by using the formula:

Z - Z
AZ= —----- — x 100 (%) (3)

Zu

where:
AZ - decrease in chemical elements content represent­

ing pollution (%)
Zu - content of chemical elements representing pollu­

tion in used oil (mg/kg)
Zf - content of chemical elements representing oil pol­

lution after filtration (mg/kg)

Oil samples were taken after completing 150, 
450, 900 engine hours during the tractor operation 
and after filtration. A representative sample of new 
oil was taken before filling the tractor transmis­
sion and hydraulic system with oil. This sample was 
marked as 0 engine hours.

RESULTS AND DISCUSSION

The cleaning of the transmission and hydraulic 
system oil fill makes sense only if the fluid parame­
ters meet the prescribed technical limits. Lubricat­
ing properties of fluids can be best evaluated on the 
basis of kinematic viscosity which has a decisive in­
fluence on the formation of an oil film. Fig. 3 shows 
the course of the kinematic viscosity of oil during 
the tractor operation.

Kinematic viscosity is a parameter that can de­
crease or increase during operation. In this case, 
the decrease in kinematic viscosity was calculated 
Д V = 6.89% according to Eq. (1), based on the value 
of new oil vN = 58 mm2/s and value of used oil af­
ter 900 engine hours vu = 54 mm2/s. The decrease 
of kinematic viscosity does not exceed the limit of 
10% which is prescribed for the UTTO. Kinematic 
viscosity was thus within the prescribed limits be­
fore the planned filtration.

Fig. 4 shows the FTIR spectrum of ecological oil 
used in the agricultural tractor. The FTIR analysis 
can detect the depletion of antioxidants that pro­
tect the oil from degradation. In the case of anti­
oxidants depletion, the oil must be replaced or 
depleted antioxidants must be added. Therefore, 
it was necessary to carry out the measurement of 
antioxidants. The wavenumber of 3,650 cm"1 and 
3,620 cm"1 is typical for phenolic antioxidants and

" 55
Й"
8 50

у 45

E 40

2 35

—o— Upper limit values +10%
—a— Lover limit values - 10% 

x Measured values

Tractor operation with ecological fluid (engine hour)
450 900 after filtration

Fig. 4. Determination of antioxidant concentration using 
FTIR spectroscopy

Fig. 3. Kinematic viscosity of oil during the tractor opera­
tion
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Table 1. Concentration of chemical elements (mg/kg) 
representing the additives

Chemical Time of tractor operation (engine hours)
ДА (%)element 0 150 450 900

Ca 3,171 3,245 2,615 2,488 21.54

P 1,276 1,119 1,114 1,105 13.41

Zn 1,381 1,364 1,129 1,264 8.48

ДА - decrease of chemical elements representing the addi­
tives (%)

the wavenumber of 1,437 cm 1 for amine antioxi­
dants. Fig. 4 shows a slight decrease in the concen­
tration of both types of antioxidants. Therefore, 
there is a gradual depletion of antioxidants in the 
oil. The remaining concentration of antioxidants 
can also protect the oil from degradation. There­
fore, it was possible to clean the oil from mechani­
cal impurities by using filtration.

Information on the technical condition of the 
tractor transmission and hydraulic oil fill after 
completing 900 engine hours are supplemented by 
information on the quantity of additives that im­
prove the properties of used fluid.

Table 1 shows the three base elements that char­
acterize the complex of additives, namely calcium, 
phosphorus and zinc. The concentration of these 
chemical elements decreases due to a gradual deple­
tion of additives in the oil. A decrease in the concen­
tration of chemical elements that represent additives 
AA was calculated according to Eq. (2). The largest 
decrease was observed in the measuring of calcium 
at 21.54%. In the monitored oil only a slight decrease 
was recorded in additives concentration.

Tractor operation with ecological fluid (engine hours)

Fig. 5. Concentration (mg/kg) of iron, copper and silicon 
in oil samples during the tractor operation

The physical and chemical properties of the eco­
logical oil UTTO, as the quality evaluation param­
eters, were monitored during the tests performed 
by Vižintin and Kržan (2003). The authors fo­
cused on the kinematic viscosity, additive content 
and oxidative stability. Based on these parameters, 
they evaluated the properties of the sunflower oil­
base fluid UTTO with AW and EP additives. Men­
doza et al. (2011) present the results of using the 
ecological fluid in the agricultural tractor Agria, 
model 9100. In operating tests, they did not notice 
any exceeding of limits in the physical and chemi­
cal parameters of the used oil Biogir-06. Kučera et 
al. (2008) evaluated the kinematic viscosity of the 
ecological oil NAPRO-HO. This oil did not exceed 
the limit viscosity value of 10% during tests.

Table 2 and Fig. 5 show an increase in the concen­
tration of pollution particles in oil during the tractor 
operation. The contamination which exceeded the 
permitted concentrations of iron and copper was 
observed after completing 900 engine hours. There­
fore, filtration was performed with the designed fil-

Table 2. Concentration (mg/kg) of chemical elements characterizing the mechanical contaminants

Chemical 
element

Time of tractor operation (engine hours) Д2
After filtration

0 150 450 900

Fe 2 37 48 88 59 32.95

Cu 1 40 59 75 70 6.66

Si 6 8 12 18 14 22.23

Al 1 1 2 6 4 33.34

Pb 3 2 7 7 7 -

Ag 2 12 1 1 -

Ni < 1 < 1 < 1 1 1 -

Mn < 1 < 1 < 1 1 < 1

AZ - decrease in chemical elements content representing pollution (%)

S13



Vol. 60, 2014, Special Issue: S9-S15 Res. Agr. Eng.

Table 3. Cleanliness level during the oil filtration

Cleanliness level according to ISO 4406 (1999)

No. > 4 pm > 6 pm > 14 pm

ISO class particles/0.1 dm3 ISO class particles/0.1 dm3 ISO class particles/0.1 dm3

1 24 8,000,000 23 4,000,000 10 500-1,000

2 24 - 23 " 9 250-500

3 24 16,000,000 23 8,000,000 8 130-250

No. - measurement number

tration device. Fig. 5 shows a decrease in the concen­
tration of major polluting chemical elements such as 
iron, copper and silicon after filtration.

Table 3 shows the results of cleanliness level 
measurements using the device CS 1320, which 
was connected to the filtration device during filtra­
tion. During filtration, a decrease in the concentra­
tion of pollution occurred in three stages. They are 
identified in Table 3 as the measurements Nos 1, 2 
and 3. Measurement results of the cleanliness level 
show a reduction in the largest pollution particles 
(> 14 pm) which are the most dangerous for trans­
mission and hydraulic system of the tractor.

CONCLUSION

This contribution deals with the application and 
pollution of the ecological fluid UTTO in the trans­
mission and hydraulic system of the tractor. Design 
and use of filtration devices designated to ensure a 
reliable operation of the ecological fluid in agricul­
tural tractors are presented. The designed filtration 
system ensures a clean fluid during its operation in 
the tractor. The filtration device can be simply used 
for different types of tractors because it is con­
nected to the implement hydraulic circuit. It can 
be made from the filter housing and filter element, 
which are available in most farms. Based on the 
measurements, we can conclude that the designed 
filtration system is suitable for cleaning ecological 
fluids used in tractors. The manufacturing of the 
filtration system is simple and affordable. Table 2 
shows the progress of fluid contamination up to the 
limit level after completing 900 engine hours. Table 
3 shows a reduction in iron up to 30% after filter­
ing. A positive filtration effect was shown during 
the cleanliness level measurement, too. This was 
reflected in a decrease in the cleanliness level for 
particles larger than 14 pm in two categories.

Monitoring of oil contamination is the main param­
eter for filtering or change of oils in tractor hydraulic 
and gear system. In actual practice the high quality 
oils with very good physical and chemical properties 
are used in tractors. Therefore the oil contamination 
is the main indicator for filtering. The producers of 
oil state the limits for contamination according to oil 
and tractor type.
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Abstract

Žitňák M., Macák M., Korenko M., 2014. Assessment of risks in implementing automated satellite navigation 
systems. Res. Agr. Eng., 60 (Special Issue): S16-S24.

One of the ways of increasing the efficiency and safety of work is the implementation of navigation systems in agricultural 
practice. Satellite navigation as a means of reducing the unit costs and increasing the safety can have a significant eco­
nomic impact on a company when properly used. The objective of measurement was to assess the accuracy of a satellite 
system AutoTrack working with a correction signal SF2. Its provider specifies an accuracy of ± 5 cm for this signal type. 
The accuracy of machine work was compared for two scenarios, i.e. with and without satellite navigation. Further, the 
navigation of machines focused predominantly on AgGPS EZ-Guide Plus and AutoTrac Universal. The FMEA method 
was used to determine the risk of probable failures that can occur on machines while working. This work describes the 
individual failures that can occur on navigation systems of machines and analyses their impact on operator's safety.

Keywords: assisted steering; operator's safety; navigation accuracy; FMEA analysis

Occupational health and safety is an inseparable 
part of working and production activities. Safety 
is often perceived as a prevention of accidents, as 
measures leading to the elimination of accidents 
and health damage. However, a modern insight into 
this field is much broader. It defines a ‘human fac­
tor) gives priority to a human being and his protec­
tion with respect to all the aspects associated with 
work (Hrubec et al. 2009). In connection with the 
protection of employees, it is required to deal with 
such factors as stress, workload, work monotony, 
working conditions, working relationships, etc.

Risk management is one of the tools, by means 
of which it is possible to increase the safety margin 
of various processes and specific activities. It ena­
bles the identification, assessment and reduction of 
risks (Pačiová et al. 2009).

When working with machines in agricultural 
practice, it is possible to encounter several aspects 
having an impact on safety. Individual types of threat 
that occur can influence not only operators safety 
but can also have an environmental impact. At the 
same time, it need not be a sudden impact, but a pro­
gressive that occurs with failing to observe the basic 
rules, standards or laws (Macák, Žitňák 2010).

Frohman and Švarda (2010) describe the use of 
satellite navigation and RTK corrections in subsoil­
ing. They indicate that using such operations within 
an effort to maintain competitiveness on the mar­
ket appears to be more effective than the policy of 
buying larger machines and acquiring a larger area 
of agricultural land. McMahon (2003) describes 
the structure and benefits of assisted steering. He 
especially deals with the wireless transmission of
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application maps and recorded data directly from a 
field into a central computer. When determining the 
accuracy of satellite navigation of a tractor with im­
plement, Ehsani et al. (2002) used an average error 
and standard deviation of machine trajectory error 
calculated from differences between an actual ma­
chine position in the field and a calculated (theoret­
ical) position. They considered the efficiency com­
parison of six navigation systems with RTK GPS, 
as the theoretically most accurate system, to be the 
most reliable system of determining the accuracy 
of navigation systems.

An FMEA is an inductive (forward logic) failure 
analysis and is a core task in reliability engineer­
ing, safety engineering and quality engineering 
(Přístavka et al. 2011). A successful FMEA activ­
ity helps to identify potential failure modes based 
on experience with similar products and processes 
or based on common physics of failure logic (Bujna 
et al. 2012). It is widely used in development and 
manufacturing industries in various phases of the 
product life cycle (Bujná, Přístavka 2012). An ef­
fects analysis refers to studying the consequences 
of those failures on different system levels.

The objective of this work was to assess the risks 
associated with implementing the automated satel­
lite navigation systems into a company by means 
of Failure Mode and Effects Analysis (FMEA). To 
make assessment the most effective, it was neces­
sary to consider the accuracy of selected satellite 
navigation systems AutoTrack Universal and Ag- 
GPS EZ-Guide Plus. Subsequently, on the basis of 
the performed measurements and observed experi­
ence of operators and service workers, risks were 
assessed by means of the said FMEA.

MATERIAL AND METHODS

The assessment of AgGPS EZ-Guide Plus and 
AutoTrack Universal (both Deere & Company, Mo­
line, USA) was performed on the basis of monitoring 
these systems when working in practical conditions. 
Based on practical experience and available manu­
facturer’s guides, a network diagram with individual 
basic elements of a GPS receiver (StarFire iTC; Deere 
& Company, Moline, USA) (Fig. 1) was prepared. The 
network diagram was used as a background for creat­
ing the analysis of risk by means of FMEA.

The individual system elements (Fig. 1) were ana­
lysed using the FMEA method. After determining 
probable errors and reporting their impact on in­

Fig. 1. Navigation system elements where failures are pos­
sible to occur

dividual parts of the navigation system, we have 
searched for possible consequences and causes 
of these errors. The following part contained the 
determination of importance, probability and de­
tectability of errors. After having determined the 
MR/P value (level of risk/priority), suitable correc­
tive measures were suggested, and the risk number 
MR/P was specified again.

The table of FMEA analysis (Table 1) contains indi­
vidual numerical values representing the risk num­
ber MR/P (Vz - severity, Vy - occurrence, Od - de­
tection). The values Vz, Vy, and Od were determined 
according to the tables in STN ISO 9000 (2005).

To identify the risks, we have performed a num­
ber of measurements to determine the accuracy of 
navigation and to monitor the problems of opera­
tors with the navigation system as well as the ben­
efits resulting from its implementation.

One of the said practical experiments was carried 
out in a field belonging to PD Rastislavice (farming 
cooperative), Slovak Republic. We measured there 
the accuracy of work of the automated satellite nav­
igation system during soil loosening by a disc tiller. 
In this field, an experimental part was selected hav­
ing an area of 9.51 ha, on which 213 monitoring 
points were distributed.

The machine (Kuhn Discovery XM 40; KUHN 
S.A., Saverne, France) performed shallow tillage af­
ter previous subsoiling and harvest of sugar beet. 
The basic technical parameters of the tractor and 
tiller Kuhn Discovery XM 40 are shown in Table 2.

The steering system is controlled by a steering 
system unit (SSU) (Deere & Company, Moline,
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S18 Table 1. FMEA form for assessment of failures

Serial 
No.

Failure 
location Failure mode Failure cause Q S E Consequences Vy Vz Od MRIP Measures Vy Vz Od MRIP

1 signal receiver short-term loss of signal shielding 
of satellite signal

Y N Y downtime, stress 6 5 3 90 maintenance 
of wind barriers

5 5 3 75

2 signal receiver signal disturbance effect of high 
voltage line

Y N Y signal drop-out, 
worker's fatigue

4 4 3 48 working perpendicularly 
to line

3 4 2 24

3 signal receiver neither differential nor 
correction signal

licence for 
differential signal 

expired

Y N N no signal, downtime, 
stress

2 5 3 30 regular renewal 
of licence rights

1 5 3 15

4 terrain 
compensation 

module

position is occupied 
to the right or to the left

MTK is not 
calibrated

Y Y Y error in navigation 
position

7 7 3 147 regular calibration 5 7 2 70

5 mobile 
processor

memory error internal memory 
error

Y N N system is unable 
to work

4 7 5 140 regular service and 
inspection of hardware

2 7 4 56

6 compensation 
module

MTK is unable to 
compensate changes 

in terrain

speed sensor does 
not respond

Y Y Y inaccuracy of travels, 
effect on safety

6 7 4 168 regular service 
inspections

4 6 3 72

7 compensation 
module

MTK is able to correct 
neither position nor angle

heeling sensor 
is beyond range

Y N Y inaccuracy of travels, 
effect on safety

6 6 6 216 regular inspection 4 6 3 72

8 monitor parallel tracking system 
is slow or sluggish

incorrect update Y Y Y downtime, fatigue 4 6 5 120 setting of device 3 6 3 54

9 monitor audible alarm does not 
sound

failure N Y Y late machine reversal 
by operators

4 3 3 36 inspection 3 3 3 27

10 monitor display is blank or poorly 
visible

interrupted 
voltage

Y Y Y reduced performance 3 6 4 72 inspection 2 6 3 36

11 monitor display is not functioning 
correctly

problem with 
hardware

N Y N . reduced system safety 3 7 3 63 regular hardware 
tests

2 5 3 30

12 antenna no communication 
with GPS receiver

GPS receiver or 
light bar are faulty

Y Y N limitation of works, 
stress

4 7 3 84 using quality 
devices only

2 7 3 42

13 pc card problem with data card erroneous data 
card

N N N delay of works 3 6 2 36 using quality memory 
media only

2 6 2 24

14 signal receiver no communication 
with display

problem with 
can bus

Y N Y device is unable 
to communicate 

with display

3 7 3 63 inspections 2 7 2 28

Vol. 60, 2014, Special Issue: S16-S24 
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Table 1 to be continued
Serial 
No.

Failure 
location Failure mode Failure cause Q S E Consequences Vy Vz Od MRIP Measures Vy Vz Od MRIP

15 mobile 
processor

device fails to accept 
the licence code

error in 
re-programming 

the product on card

N Y N downtime, stress 4 7 4 112 training 2 7 2 28

16 monitor overloaded display absence of operator's 
knowledge

Y Y N short-term system 
failure

3 4 4 48 increasing the 
awareness of operators

2 4 3 24

17 power supply device is not activated 
after starting

damage of power 
supply due 

to vibrations

Y Y N disabled works, 
stress

4 3 4 48 service inspections 2 3 3 18

18 control unit vehicle deviates 
from travel direction

erroneous signal 
evaluation

Y Y Y reduced quality 
of work

3 4 5 60 using a quality 
correction signal

2 4 5 40

19 electric 
stepping motor

steering wheel is skipping 
with automated 

guidance

rearrangement 
of drive on the 
steering wheel

Y Y Y failure of automated 
guidance

3 6 4 72 using quality 
devices only

2 6 3 36

20 light bar only one diode 
is shining on the bar

incorrect 
temperature 

in driver's cabin

Y Y Y downtime, device 
damage

2 7 3 42 training 2 2 2 28

E -environment; S- safety; Q - quality; Y - yes, N - no; Vy - occurrence; Vz - severity; Od - detection; MRIP - risk number/priority; MTK - terrain compensation module
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Axis of machine 
tramline 2tramline 1 tramline 3

4.1 m

measured distance

(b)

5.50 m

4.80 m

tramline 2 - • tramline 3

Fig. 2. Scheme of machine tramlines for navigation at (a) 4.8 m and (b) at 5.15 m
a -working width of first disc section; b - working width of second disc section (total working width of machine)

Total working width: tramline 1

0.35 m
0.35 m

4 8 m

plot indicates a negative value of median equal to 
-0.06 m, which represents the mean value of the 
measured data. The plot further indicates the val­
ues of the upper and lower quartile; its interval of 
skips ranges from -0.01 m to -0.11 m. Without satel­
lite navigation of the machine, half the values of skips 
ranged from -0.75 m to -0.93 m (Fig. 3).

With respect to the used measuring method, it 
should be noted that the presented results with a 
negative value actually represent a positive value, 
i.e. overlap.

For the performed field operation, it is possible 
to state that the used satellite navigation AutoTrack 
with the correction signal SF2 is sufficient in terms
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without autopilot

Fig. 3. Skips and overlaps withand withoutusingthe AutoTrack 
guidance system negative values mean overlaps, positive 
values mean skips

With autopilot 
о Median = 12 
□ 25-75% = (3, 15)
I Non-outlier range = -6.5, 21.5 
о Outliers
• Extremes

Without autopilot
□ Median = 12
□ 25-75% = (-93,-75.5)
I Non-outlier range = -113, -64 
° Outliers
* Extremes

of agronomical requirements on tillage. An un­
necessary large overlap occurred due to setting an 
incorrect value of working width for the satellite 
navigation system. Based on such experiments and 
failures recorded by machine operators and service 
workers, we determined the risks associated with 
using satellite navigation systems.

Procedure of FMEA application

After becoming sufficiently familiar with func­
tions and work of machines using navigation sys­
tems, we used the FMEA analysis according to rel­
evant criteria and consultations, and according to 
the selected methodology:
- identification of risks;
- identification of risks consequences;
- identification and analysis of risks causes;
- identification of risk level (quantifying the risk);
- determining corrective measures and re-quan­

tifying the risk.

Evaluation of FMEA results (AgGPS EZ-Guide 
Plus and AutoTrack Universal)

By using the FMEA method, we were able to sig­
nificantly reduce the value of risk on the examined

navigation systems. After determining the impor­
tance, probability and detectability of a failure, and 
after subsequently quantifying the MR/P value, we 
have drawn the following conclusions.

The analysis gives us an overview of possible dem­
onstrations and causes of failure that can occur 
when working with the navigation system. A signifi­
cant point of the whole analysis was a proposal of 
safety measures to improve the existing situation. 
Before the evaluation of risks when working with the 
navigation of machines, it was necessary to know all 
the factors that can influence the safety of operators 
as well as legal regulations to be met by the system.

By determining the correct selection of safety 
measures, we reduced the most of revealed threats 
to an acceptable risk level. For the application of 
a similar analysis in practice, the implementation 
of this principle means a great success in terms of 
operators’ safety at work. We found that exceed­
ing values of risk are influenced especially by the 
absence of trained staff, regular renewal of licence 
agreements, regular maintenance and inspection of 
hardware and software, and using quality compo­
nents of equipment. Every year, navigation systems 
bring new functions meaning a large obstacle for 
untrained staff. If operators do not know the system 
and there is an unexpected, banal, e.g. electronic 
or mechanical error that is easy to be removed and 
operators are unable to respond promptly, there is
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Table 2. Basic technical parameters of machine

DISCOVER tiller XM 40 JOHN DEERE tractor 7820
Working width (m) 4.75 engine output rating (ECE) (kW) 136
Max. working depth (mm) 220 max. engine output (ECE) (kW) 145
No. of discs (pcs) 40 transport Boost (ECE) (kW) 157
Disc diameter (mm) 660 No. of cylinders/volume (cm3) 6TI/6.800
Working speed (km/h) 8-12 torsion moment flexibility (%) 45
Machine weight (kg) 4,290 max. speed (km/h) 40.0/50.0
Machine transport width (m) 2.45 power take-off (1/min) 540/540Е/1,000
Required tractor power (kW) 132 hydraulics max. piston force (kN) 90.0

a time stress. In the long term, stress can have un­
favourable effects on health and it is currently very 
underestimated. Last but not least, we shall not 
forget physical and sensory threats that were iden­
tified when assessing. Physical threats especially 
occur during the assembly of individual naviga­
tion components. An example can be mounting the 
receiver on the tractor’s roof. Furthermore, there 
are various effects such as slipping when boarding, 
which is not directly connected with navigation but 
influences the safety of operators in terms of work­
ing environment. We shall not forget the sensory 
load which employees are constantly subjected to 
even though employers often pay no attention to 
that. Finally, there are other significant risks such as 
risk arising due to an incorrect ergonomy of work­
place (worker is in an unfavourable position when 
spraying a high crop stand, causing spinal column 
pain). In the long term, these effects can be a starter 
of occupational diseases. Therefore, organizations

Table 3. Highest values of risk number/priority (MR/P)

Failure 
location Failure mode

MR/P 
before

MR/P 
after

corrective measures
MTK position is occupied to 

the right or to the left
147 70

MTK unable to compensate 
changes in terrain

168 84

MTK able to correct neither 
position nor angle

216 72

Monitor parallel tracking system 
is slow and sluggish

120 54

Mobile device fails to accept 112 28
processor the licence code
Mobile memory error 140 56
processor

MTK - terrain compensation module

should pay attention to possibilities of improving 
the process of farm machinery navigation. Individ­
ual manufacturers, such as, e.g. the Norac company 
(Saskatoon, Canada), offer technical solutions re­
ducing the level of risk in certain threats.

In the prepared forms (Table 1), there are several 
indicators that show the resulting values of risk 
for individual components of the examined sys­
tem. According to the evaluation, the highest risk 
level occurred in the terrain compensation module 
(MTK), which is the most important component 
to cover the undesired overlaps and skips on steep 
land. This error is often difficult to reveal; there­
fore, the value of the highest risk on this compo­
nent represents number 216 (Table 3). The relevant 
corrective measures (Table 1) give an overview of 
how to avoid the individual failures.

Table 3 contains the system components with the 
highest risk number. It is possible to see how the risk 
value declined on the most risky parts of the system. 
The risk value was reduced by about one half, and 
this value can be considered a controllable risk. With 
these navigation system components, a high risk level 
before measures was and often is caused by absence 
of knowledge. The problem of a company that decides 
to use the satellite navigation of machines is especially 
the absence of perfectly qualified personnel.

In our case, failures with the highest risk number 
represent 30% of the total possible examined compo­
nents on which failures of a certain extent are possi­
ble to occur. The remaining 70% are negligible failures 
because their values do not exceed risk number 100. 
However, also with these negligible failures were we 
able to reduce the risk by one half. That can be consid­
ered as very successful in practical applications.

In conclusion, it can be stated that using naviga­
tion in machines has a positive effect on the facilita­
tion of work and reduction of fatigue; however, an 
efficient management of work is necessary.
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Our analysis focused on failures of GPS naviga­
tion, by which we obtained valuable information on 
possible failures and the mode of their detection. 
When applying the FMEA method, a too high risk 
number forced us to consider suitable corrective 
measures.

As already mentioned, the individual forms con­
tain described consequences such as safety, stress, 
fatigue, which are directly or indirectly influenced 
by navigation itself. When working with mobile 
machines and energy sources, operators are influ­
enced primarily by the working environment. The 
role of navigation is to alleviate some negative con­
sequences of the working environment; however, 
not always are we able to reduce these consequenc­
es by GPS.

When performing the individual working opera­
tions, operators are under sensory stress which is 
caused by a continuous monitoring of display and 
control elements. Sensory stress can best be seen 
in the system working on the principle of a light 
bar, where the vision of operators is loaded with 
monitoring the diodes on the panel of the light bar. 
Therefore, such being the case, the use of automat­
ed navigation with a stepping motor appears to be 
a better solution. An important factor for opera­
tor’s comfort is the distribution of individual dis­
play and control elements of navigation. This issue 
is described in the Decree No 542/2007 on details 
of occupational health protection against physical 
stress, mental stress and sensory stress.

Using navigation, operators can be under a con­
siderable stress. That occurs when operators are 
not trained and have not a perfect knowledge of 
controlling the system. There is often a failure that 
cannot be easily and quickly removed, and ser­
vice workers must be called. By waiting on service 
workers, working hours can be extended, and the 
total downtime can be prolonged, which is unde­
sirable for operators, especially when they are paid 
according to output. The reduction of negative im­
pacts of stress on operators and working process 
can be achieved by preventive maintenance.

After reviewing the said facts, it can be stated 
that the use of navigation systems appears to be a 
suitable method for facilitating the work. To main­
tain this trend and in order for the operator not to 
be under an excessive mental stress, the suitability 
of using the above-mentioned FMEA is at the right 
place, especially when the objective is to save time 
and investments that are not negligible when im­
plementing the GPS navigation.

CONCLUSION

This contribution focuses on the safety of naviga­
tion systems in a company. The use of navigation sys­
tems and navigation equipment in mobile machines 
working in fields appears to be the right response 
to increase the safety and reduce the potential en­
vironmental impacts. The implementation of satel­
lite navigation increases the overall productivity of 
work and reduces the fatigue of workers. We know 
that the current market is enriched by growing com­
plexities of machines and technologies, by which the 
probability of risk increases. Therefore, it is impor­
tant that attention is paid to occupational health and 
safety. The responsibility for the concept and policy 
of occupational health and safety lies on the employ­
er. The thing that matters and which the employer 
must not forget is training. In order to increase the 
overall efficiency of using navigation systems, the 
worker must be provided with relevant information 
on possible failures of navigation systems.

When using navigation, it is necessary to be 
aware of individual unfavourable impacts on opera­
tors such as a poor organisation of work and failing 
to observe the preventive maintenance. Decision 
to use GPS and apply the FMEA method can posi­
tively influence the whole farm. By a preventive ap­
plication of FMEA, it is possible to avoid problems 
that often occur when applying new technologies.

The result of function of the entire system is a more 
accurate and comfort control of driving direction, 
which leads to reduction of the load, fatigue and 
stress of operators. That contributes to increasing 
safety of working with machines, which was con­
firmed by a driver of the measured machine, too. 
Other benefits of satellite navigation systems with 
an autopilot are the possibility of working at night, 
in fog, and in dusty conditions, i.e. by observing the 
required spacing of tramlines, increased quality of 
work (overlaps, skips, headlands, etc.), and limiting 
the environmental damage.
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Kadnár M., Rusnák J., Bujná M., Valíček J„ Kušnerová M„ Tököly R, 2014. Research of journal bearings for 
using in agricultural mobile machines. Res. Agr. Eng., 60 (Special Issue): S25-S30.

The competitive environment forces producers in agricultural machine industry to decrease the costs. Producers as well 
as sub-suppliers need to find possible savings. The paper presents results of laboratory experiments with real journal 
bearings made of bimetallic alloy performed to find out possible replacement of a rolling bearing by a journal bearing. 
An important correlation between the results of laboratory experiments with a model of tribological system and the 
real journal node can be achieved by a maximum approach of simulation features by real running conditions. Thus, 
the given experiment conditions result from the chosen application, i.e. a steering servo unit in mobile machines. The 
experiments were performed on the Tribotestor M'06" testing machine.

Keywords: bearings; bimetallic alloy; tribological experiment; Tribotestor M'06"

Nowadays, the experimental determining of tri­
bological features is performed via devices with dif­
ferent configurations. It is very common that experi­
ment parameters are always chosen based on needs 
and demands. Each experiment is influenced by sev­
eral factors, whereas the weight of factors is differ­
ent, and each of them is determined to solve a par­
tial tribological task (Mang, Dresel 2001; Bayer 
2004; Ünlü, Atik 2007; Kučera, Pršan 2008a). 
The data obtained from experiments have an im­
portant influence on interpreting the results where 
friction and wear are measured. The development 
of microtribology and nanotribology influences the 
parameters of experimental testing devices. There

is a trend of using devices with low surface speed 
and low load. In most situations, the real friction 
node is replaced by a line contact or a spot con­
tact; however, the reached friction coefficient can­
not be compared with values of real journal nodes 
(Žiačik et al. 1995; Kučera 2008). There also exist 
minimum experimental devices which are able to 
perform an experiment with real journal node dur­
ing real running conditions as they are usually used 
to provide durability tests (Bayer 2004; Kučera, 
Pršan 2008b; Kadnár et al. 2011). According to 
the simple design of existing devices, the minimum 
possibility of changing the parameters during the 
experiment may be seen as their disadvantage.
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MATERIAL AND METHODS

Test Rig. In experiments with real journal 
bearings, the Tribotestor M'06 testing machine 
(Slovak University of Agriculture in Nitra, Nitra, 
Slovak Republic) allows:
- to use the most modern measuring technology, 
- to influence the range of running parameters, 
- to provide modification easily,
- to provide several lubrication modes, etc.

When the journal node is loaded by normal force 
Fn- there is friction between the shaft and bearing, 
represented by friction force FT effecting the rota­
tion movement of the shaft. Friction also causes the 
transmission of torsion moment to the head of the 
testing machine (Fig. 1). The transmitted torsion 
moment is defined by friction force F'T = FT and the 
radius (diameter) of the shaft r^

The friction coefficient is determined by the for­
mula:

where:
F - force at the end of teasting head’s arm (N) 
a - length of testing head’s arm (mm) 
Fn - normal force (N)
rH - radius (diameter) of the testing shaft (mm)

Material. For the producer of the steering servo 
unit, the experiments with different kinds of jour­
nal bearings were elaborated for the purpose of re­
placing the rolling bearing by the journal bearing. 
The reason of the purpose was an expected saving. 
Bimetallic bearings are made by curling bimetallic 
strips with different sliding materials. The active 
layer is represented by a sliding material which is 
coated on a steel base in the form of powder and 
is compressed by rolling. The smooth structure is 
considered to be the main advantage because the 
bearings of these materials are usable also within 
the critical friction. The structure of the materials 
is illustrated in Table 1.

The BIO material is a metal-polymer composite 
material with excellent friction features also with­
out lubrication. The required shaft roughness can-

Fig. 1. Diagram of Tribotestor M’06 testing machine
F'T - transmitted torsion moment force; FN — normal load; 
FT - friction force; F - force at the end of teasting head's 
arm; n — revolutions; a - length of testing head's arm, rH - 
radius of the testing shaft

not exceed 0.4 pm, the shaft hardness must be over 
200 HB. B30 is a bimetallic material with bronze 
alloy (both Kajo Metal, Dolní Kubín, Slovak Repub­
lic). The required shaft features are the same as for 
the BIO material. The basic features of the BIO and 
B30 materials are illustrated in Table 2.

Experiments. The following conditions were fol­
lowed during the experiments for friction measure­
ment:
- shaft of Ф 10, cemented, hardened and edged - 

material ČSN 14 220/EN 16MnCr5 - common 
material for the selected application (each shaft 
used only for one measurement),

- bearing clearance of 0.02 mm, 
- six tested samples of each materials, 
- no lubrication.

Kadnár (2009) illustrates the selection of ex­
periment parameters. Based on the parameters, 
the complex mode of the experiment for friction 
measurement was determined. The mode included 
several partial phases which are illustrated in Ta­
ble 3. Before the experiment, each sliding node was 
exposed by a test run of 600 s with the revolutions 
of 2,000 min"1 and load of 150 N. The phase was 
considered to be a preparatory phase, and reached 
results are not taken into consideration further.

Table 1. Chemical structure of materials (% wt.)

Material Си Pb Sn Zn P Fe Ni Sb Other
BlOCuPblOSnlO rest 9-11 9-11 < 0.5 < 0.1 <0.7 < 0.5 <0.2 < 0.5
B30 CuPb30 rest 26-33 < 0.5 < 0.5 < 0.1 < 0.7 < 0.5 <0.2 <0.5
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Table 2. Basic features of B10 and B30 materials

1 Chemical Tensile strength Max. load in static stress Max. load in dynamic stress Max. operation temp.
maieriai structure (MPa) (MPa) (MPa) (°C)
B10 CuPblOSnlO 230-280 200 120 250
B30 CuPb30 90-107 120 40 160

Table 3. Phases of the experiment for friction measurement

Phase Time (s) Duration (s) Load (N) Revolutions (rpm)
Sliding node stabilisation 0 20 20 2,000

20 120 100 2,000
140 120 150 2,000

Measurement with constant speed
260 120 200 2,000
380 120 250 2,000

Sliding node stabilisation 500 20 20 4,000

520 120 150 4,000Measurement with constant speed 640 120 150 500

760 30 100 0
Supporting measurement for checking 790 30 150 0
of measuring device 820 30 200 0

850 30 250 0

After the test run, each node was stabilised, i.e. 
loaded by 20 N with the revolutions of 2,000 min"1. 
Consequently, the measurement with the revolu­
tions of 2,000 min"1 was performed with the load 
of 100, 150, 200 and 250 N. Each measurement 
lasted 120 seconds. Before the measurement with 
constant load, each node undertook another stabi­
lisation which lasted 20 s loaded by 20 N with the 
revolutions of 4,000 min"1.

The measurement with constant load was un­
dertaken with the load of 150 N and revolutions 
of 4,000 min"1 or 500 min"1. Both measurements 
lasted 120 s. The diagram of load and rotational fre­
quency depending on time is illustrated in Fig. 2.

There are many statistical interpretations of fric­
tion measurement. For an application in tribology, 
table data are used rather than additional informa­
tion (Bhushan 2002; Bayer 2004; Ünlü, Atik 
2009; Kadnár et al. 2011). The most important 
information is that in the unfiltered record dur­
ing friction force measurement, the measured data 
generally reflect the reality in a tribological node. 
Further processed information in a table or figure 
is only its interpretation. Thus, we have decided for 
a compromise, i.e. for a figure interpretation with 
illustrating the average value of measurement and 
the statistical interval of 95%. The idea is supported 
by the fact that the total friction coefficient is not

Fig. 2. Load (a) and rotational frequency (b) depending on time
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Fig. 3. BIO material - friction coefficient depending (a) on load and (b) on rotational frequency with 95% interval of confidence

a measured value but a calculated one. At the same 
time, rotational frequency was used rather than the 
surface speed concerning the features of the steering 
servo unit (Páltik et al. 2007; Poničan, Koren- 
ko 2008).

RESULTS AND DISCUSSION

Within the sliding node, the BIO material had 
stable features in connection with variable load 
or variable rotational frequency. No important 
vibrations were recorded during test run and ex­
periments themselves. The diagram of friction co­
efficient within constant rotational frequency, i.e. 
depending on variable load, is illustrated in Fig. 3a.

At the load of 100 N, the friction coefficient was 
0.05. When decreasing the load, there were only lit­
tle differences in friction coefficient. The tempera­
ture was practically the same, i.e. 42°C. At the load 
of 250 N, the friction coefficient was 0.05. Thus, the 
sliding node of B10 material can be evaluated to be 
favourable. At the load of 150 N, there was only a 
little decrease in friction coefficient.

At the rotational frequency of 500 min"1, the 
lubrication mode can be considered to be mixed. 
However, the friction coefficient did not exceed the 
limit of 0.1. During the experiment, the friction co­
efficient ranged from 0.06 to 0.07. The diagram of 
friction coefficient with constant load and variable 
rotational frequency is illustrated in Fig. 3b.

At the frequency of 4,000 min"1, the friction co­
efficient decreased to 0.05. Thus, it is possible to 
conclude that the sliding node of B10 material is 
considered to have stable features. Despite the con­
clusion, the bearing surface had little wear, a local 
wear of thin film, i.e. a sliding layer on the surface 
of the material (Fig. 4).

Regarding the surface of the journal bearing of 
B10 material, the separation of surface was record­
ed. In some parts, there was a visible subsurface 
layer of sintered bronze. Based on the results, the 
wear resistance of B10 material towards the chosen 
application is not sufficient. The weight loss of B10 
material ranged from 9 to 14 mg (Fig. 5).

The test run or experiments themselves when 
using the B30 material recorded more important 
vibrations. Fig. 6a illustrates the diagram of fric-

Fig. 4. B10 material - surface before (a) and after (b) the measurement
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Fig. 5. BIO material - weight loss

tion coefficient depending on variable load. At the 
load from 100 to 200 N, the friction coefficient was 
0.08. At the load of 250 N, the friction coefficient 
decreased to 0.07. The temperature was not more 
than 43°C.

At the load of 150 N and lower frequencies, the 
friction coefficient decreased to 0.10. It resulted 
from conditions in the sliding node which corre­
sponds to the area of mixed friction.

The diagram of friction coefficient with constant 
load and variable frequency is illustrated in Fig. 6b. 
At the frequency of 4,000 min-1, the friction coef­
ficient decreased to 0.08.

According to the high value of friction coeffi­
cient, the B30 material is considered to be less fa­
vourable. The surface of sliding material had local 
wear (Fig. 7). A higher rate of noise and vibrations 
were also recorded. The sliding node had only aver­
age features regarding friction and wear, and there­
fore the bearings after the test can be considered to 
be damaged. Based on the experiment results, the 
wear resistance of B30 material is evaluated to be 
not sufficient.

The weight loss within the B30 material ranged 
from 11 to 16 mg (Fig. 8).

CONSLUSION

As the literature confirms, high values of friction 
coefficient were recorded within dry friction. The 
tested bearings were stable depending on load as

Fig. 6. B30 material - (a) friction coefficient depending on load and (b) on frequency with 95% interval of confidence

Fig. 7. B30 material - surface before (a) and after (b) the measurement
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Fig. 8. B30 material - weight loss

well as frequency. For the chosen application, the 
tested bearings are considered not to be suitable. 
In the future, it is possible to verify tribological fea­
tures of tested bearings also within hydrodynamic 
friction, whereas the structure of the testing head 
allows the circulation of lubricant and an addi­
tional influence of sliding node temperature, which 
helps to simulate real conditions better.
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Abstract

Olejár M., Cviklovič V., Hrubý D., Tóth L., 2014. Fuzzy control of temperature and humidity microclimate 
in closed areas for poultry breeding. Res. Agr. Eng., 60 (Special Issue): S31-36.

This contribution describes the ways of temperature and humidity microclimate control in breeding areas using a fuzzy 
controller. It is focused on poultry, whereby the most important parameters for optimal breeding are temperature and 
humidity. The main aim was to evaluate the control process according to control quality in the controller’s steady state 
and the power consumption of the system. The used control algorithm was designed in the Matlab application, and it 
was practically verified in a closed thermodynamic system. Practical measurements have shown that with an increasing 
number of fuzzy controller’s interference rules a better control quality in steady states and lower power consumption 
of the system is achieved.

Keywords: fuzzy algorithm; control quality; thermoregulation

With a classical insight into control and automa­
tion everything is based on the controller's domi­
nance in a control circuit. The majority of analyses 
and criteria evaluating the results of control are 
subordinate to that. A number of methods used in 
practice have been existing for more than 50 years. 
However, there are a number of new methods that 
enrich the existing control theory. One of such 
methods is fuzzy control, the main advantage of 
which is a high-performance computing and pos­
sibility to control several physical variables at the 
same time. On the basis of described advantages, 
fuzzy control is applied to control systems where 
conventional methods of technological process 
control have been used to date.

One of applications is the maintenance of ther­
mal and humidity microclimate in closed areas for 
poultry breeding. The role of control is to ensure 
conditions for a healthy and good organism growth, 
high utility with respect to basic needs of the spe­
cies and category of poultry. One of other impor­

tant conditions is to minimize the power consump­
tion in order to achieve the lowest cost of breeding.

MATERIAL AND METHODS

The creation of optimal conditions for poultry 
is especially important in the first few days after 
hatching, when the chicken's body is not fully de­
veloped. Immediately after hatching and drying, a 
chicken can ingest the food, but is not able to com­
pensate the temperature fluctuation because its 
thermoregulation is not fully developed. For this 
reason, it is necessary to ensure a relatively high 
temperature in the breeding area in the first weeks, 
as shown in Table 1. Temperature stabilization for 
adult hens occurs on approximately the fourteenth 
day of age. Thermoregulation is fully developed 
after the fourth week of age. Thermoregulation in 
halls is especially important in relation to the de­
velopment of the chicken’s body. Higher or lower
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Table 1. Microclimate conditions for poultry breeding

Age (weeks)
________ Heating by local sources (°C)________ Full-area heating Relative humidity 

in the hall below the source________________ (°C) (%)

1
2

24-25 33 33
70-75

21-22 28 28
3
4

20 25 25 65
18 23 23 55-70

temperatures negatively affect the feed consump­
tion, growth, activity of chickens and consequently 
the health. One of the indicators of a suitable mi­
croclimate in halls is also animal mortality dur­
ing the laying breeding (Gálik 2004). At the same 
time, thermal and humidity regime is automatically 
regulated in halls. Relative humidity is considered 
always in relation to temperature. For higher tem­
peratures, the relative humidity is lower, which 
causes drying of mucous membranes (and that sup­
ports infectious diseases), reduces the growth and 
increases the dust level. When the relative humid­
ity falls below 30%, there is an increase in suscepti­
bility to infections, which is related to the fact that 
microorganisms survive in dry air for a longer time. 
A high relative humidity, which is usually at low­
er temperatures, reduces the insulation ability of 
feathers, causes the wetting of bedding materials, 
which increases the production of ammonia and 
hydrogen sulphide (Skřivan et al. 2000). There­
fore, a good development of chickens requires a 
higher relative humidity during the first weeks, and 
then it falls as shown in Table 1.

One of the ways to ensure suitable microclimatic 
conditions in poultry breeding is the use of fuzzy 
control. The advantage of this control in compari­
son with conventionally used controls is the ability

Fig. 1. Block diagram of the fuzzy controller
и - control variable; у - process variable 1; x - process vari­
able 2; e - controller error variable x; e - controller error 
variable y; w* - set point variable x; w^ - set point variable у

to control several independent physical quantities. 
A characteristic feature of fuzzy control is the pos­
sibility to use human’s empirical knowledge about 
the controlled process, which is referred to as the 
base of data. The base of data is represented by in­
formation on steady states and intervals that include 
values of input and output variables, their limits, 
including the verbally defined control strategy by 
means of which it is possible to perform the control. 
The fuzzy controller’s structure is shown in Fig. 1.

In the fuzzification block, there are converted 
data that are measured for fuzzy sets. Each fuzzy 
set is represented by membership function. These 
functions determine the degree by which the meas­
ured value is included in the fuzzy set. Values can 
range from 0 (measurement is not included in the 
fuzzy set) to 1 (measurement is included in the 
fuzzy set). Fuzzy sets are described by linguistic 
variables, which are expressions of a certain lan­
guage such as, for example water is "cold" “warm” 
and “hot” Examples of three fuzzy sets, which are 
represented by linguistic variables LPI, LP2 and 
LP3, are shown in Fig. 2.

The fuzzification block can be preceded by a nor­
malization block for conversion of physical values 
to normalized values. In the interference block, 
which forms the main part of the fuzzy controller, 
output fuzzy sets are obtained from input fuzzy 
sets on the base of interference rules. In our case, 
input variables are temperature and humidity x, ^ 
and one actuating variable u. These variables are 
described by several fuzzy sets represented by lin­
guistic variables. The method of obtaining the out­
put fuzzy sets from input fuzzy sets is as follows:

ai = mLPi^'xmLP\W = minl^rpito' mLp\W i1) 

a2 = mL!^X^mLPlW = min ^LFZ^’ mLP\W ® 

where
eq - degree of membership function т/п(и) of linguis­

tic variable LP1 of actuating variable и
a2 - degree of membership function min(u) of linguis­

tic variable LP1 of actuating variable и
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Fig. 2. Membership func­
tion for fuzzy sets of control 
deviation represented by 
the linguistic variables LP1, 
LP2 and LP3

mLpi(x) - membership function of linguistic variable 
LP1 of input variable x

mLpito - membership function of linguistic variable
LP1 of input variable у

mLp2(x) - membership function of linguistic variable 
LP2 of input variable x

Fuzzy sets of the actuating variable и are deter­
mined as follows:

”mipiW = aVULPiW = min {«p т1Р1Ш (3)

where:
m Lpx(u) - membership function of linguistic variable 

LP1 of actuating variable и
mLP1(u) - membership function of linguistic variable

LP1 of actuating variable и
*mLPX(u) - fuzzy set of membership function mLpx(u)
*mlpi(u) - fuzzy set of membership function mLp](u)

The resulting fuzzy set is determined by unifica­
tion of fuzzy sets *mLpi(u) and *mLp2(u):

*mCELW = max VmLpx^u\ 'm^uft (5),mLFi^ = а-?пЧпМ = min i“z’ mLPi^ (4>

Fig. 3. Determination of output fuzzy sets for two output variables x, у (Modrlák 2004)

«t - degree of membership function т£/>1(м) of linguistic variable LP\ of actuating variable и; «2 - degree of membership 
function mLp2(u) of linguistic variable LP1 of actuating variable u; w£/4(x) - is membership function of linguistic variable 
LP1 of input variable x, mLpx(y) - membership function of linguistic variable LP\ of input variable; mLP2(x) - member­
ship function of linguistic variable LP1 of input variable x; mLpx(u) - membership function of linguistic variable LP\ of 
actuating variable и; mLp2(u) - membership function of linguistic variable LP2 of actuating variable u; *mLpx^ - fuzzy 
set of membership function mLpx(uY, *mLn(u) - fuzzy set of membership function m^^u-Y, *mCEL(u) - resulting fuzzy set 
is determined by unification of fuzzy sets *тичМ and ^Шц^и)
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Graphical representation of determining the out­
put fuzzy set is shown in Fig. 3. The relationship 
between input and output fuzzy sets that are repre­
sented by linguistic variables is determined by de­
cision rules. Generally, it is a simple logical opera­
tion, the form of which for two input variables and 
one output variable is as follows:

IF (x belongs to LP11) AND (y belongs to LPV) 
THEN (и belongs to LP1)

IF (x belongs to LPT) AND (y belongs to LPT) 
THEN (и belongs to LPI)

The number of interference rules is determined by 
multiplying the number of input fuzzy sets. The last 
task of the fuzzy controller is to assign the actuat­
ing variable value to the output fuzzy set. This pro­
cess of linking is named as defuzzification. There are 
many defuzzification methods which are based on 
the methods of determining the centre of gravity or 
methods for determining the maximum, as shown 
in Fig. 4. For the first method, the output value of 
action is determined as the coordinate of the result­
ing area of fuzzy set. The methods of determining 
the maximum are based on determining the most 
significant maximum of the resulting fuzzy set lo­
cated on the left (LoM), on the right (RoM), or in 
the centre (MoM) (Modrlák 2004). After the de­
fuzzification block, there can be a denormalization 
block where conversion of the output variable to the 
physical output variable is performed. We have used 
the centre of gravity method for defuzzification.

RESULTS AND DISCUSSION

In the control of microclimate temperature and 
humidity conditions in the breeding area, two

physical variables are controlled. This type of con­
trol is demanding in terms of fuzzy controller selec­
tion and its setup. A standard PSD controller does 
not support a concurrent control of more variables 
due to their different behaviour. This is related to 
different setting of controller parameters for indi­
vidual controlled variables. For such applications, 
it is therefore preferable to use a fuzzy controller 
that is independent of the number of input and out­
put variables. A detailed mathematical description 
of the controlled system is not needed because the 
fuzzy controller uses human empirical knowledge 
on the controlled process. This feature simplifies 
the implementation of the fuzzy controller into real 
conditions of poultry breeding. The block diagram 
of the control algorithm is shown in Fig. 5.

Input variables of the fuzzy controller are tempera­
ture control deviation e and relative humidity con­
trol deviation eh. The output variable is the actuating 
variable и that controls the heating and ventilation 
system. The closed breeding area represented an iso­
lated thermodynamic system with dimensions 100 x 
50 x 50 cm. A fuzzy controller with 9 and 49 inter­
ference rules was used for temperature and humid­
ity control in order to assess the impact of the rules 
count on quality control. After defining all the fuzzy 
controller parameters, we have obtained the resulting 
control areas, which are shown in Fig. 6. These con­
trol areas determine the basic control strategy, the 
result of which is the waveform of temperature and 
humidity in the closed breeding space. Whereas the 
entire breeding is time-consuming, time was short­
ened to 18 h, which represents 3 weeks of breeding. 
This time is sufficient for evaluating the basic statis­
tical parameters. As regards temperature control, we 
have focused on the required temperature values for 
full-area heating that are shown in Table 1.

Fig. 4. Ways of defuzzification: (a) using the method of determining the most significantly located maximum on the left 
(LoM), on the right (RoM), or in the centre (MoM), (b) using the method of determining the centre of gravity (ujut - 
output actuating variable) (Modrlák 2004)
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CONCLUSIONFig. 7 describes the ability of the fuzzy controller 
to provide optimal temperature and humidity condi­
tions for poultry breeding. In addition to stability, 
each control process must also meet the conditions 
of control quality in steady states. Selected indica­
tors of descriptive statistics were used to evaluate 
the control quality in steady states. The data are 
shown in Table 2.

For internal temperature and humidity regula­
tion, fuzzy control with 49 interference rules ap­
pears to be better. This is due to the fact that with 
increasing the number of interference rules (input 
fuzzy sets) of the fuzzy controller the control ac­
curacy of physical parameters increases. When se­
lecting the control algorithm, important is not only 
control quality but also energy consumption. The 
volt-ampere method was used for measuring the 
energy consumption during 10,000 s. Temperature 
was set to 28°C, and relative humidity was 72.5%. 
Fuzzy control with 49 interference rules is better 
not only for control quality but also for lower pow­
er consumption. Energy saving of the controller 
with 49 interference rules is 12.55% in comparison 
with the controller with 9 interference rules.

Using the fuzzy controller for microclimate con­
trol combines advantages of lower power con­
sumption and higher control quality as compared 
to conventional controllers (PSD, P1D, etc.). These 
parameters are improved with an increasing num­
ber of interference rules. The difference in energy 
consumption between the controller with 49 rules 
and with 9 rules is 12.55%. The accuracy of temper­
ature and humidity regulation is higher by a decade. 
Another advantage is the possibility to implement 
the fuzzy controller into an existing system without 
modification and with a minimal investment.

The disadvantage is in increasing complexity and 
time consumption of setting the controller. There­
fore, it is necessary to consider the cost-effectiveness 
of its setting with respect to saved funds from lower 
energy consumption. For large objects such as poul­
try breeding areas the investment return is short.

Fuzzy control provides a wide application in ag­
ricultural production where multiple variables are 
needed to be controlled simultaneously. Such ap­
plications are, for example microclimate control in

Fig. 6. Regulation area of the fuzzy controller of temperature and humidity: (a) with 9 interference rules, (b) with 49 in­
terference rules
eh - humidity control deviation; и - actuating variable; e - temperature control deviation
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Table 2. Statistical indicators of control criteria in steady states for fuzzy control of internal temperature and relative 
humidity with 9 and 49 interference rules

Statistical indicator
___________ Internal temperature___________   Internal relative humidity________  

9 rules 49 rules_______________9 rules 49 rules
Variance
Standard deviation
Coefficient of variation
Average deviation

0.046-C 0.0039-C 3.45% RH 1.82% RH
0.216-C 0.062-C 1.858% RH 1.348% RH
0.774% 0.225% 2.543% 1.86%
0.175’C 0.051°C 1.57% RH 1.069% RH

RH - relative humidity

Time (h)

Fig. 7. Time waveform of tem­
perature and humidity regu­
lated by the fuzzy controller 
in closed breeding areas with 
49 interference rules

greenhouses, drying of agricultural products and 
farm machinery steering.
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Performance parameters monitoring of the hydraulic 
system with bio-oil

I. Janoško, T. Polonec, S. Lindák

Department of Transport and Handling, Faculty of Engineering,
Slovak University of Agriculture in Nitra, Nitra, Slovak Republic

Abstract

Janoško I., Polonec T„ Lindák S., 2014. Performance parameters monitoring of the hydraulic system with bio­
oil. Res. Agr. Eng., 60 (Special Issue): S37-S43.

In environmental terms, hydraulic fluids used in the hydraulic system of municipal vehicles represent problems related 
to a potential leakage from the system into the environment and the subsequent contamination of groundwater and 
soil. More environment-friendly way is to use green hydraulic fluids that are biodegradable in accidents. This paper 
aims to investigate the possibilities of biodegradable oil application and its adaptation in the hydraulic systems of mu­
nicipal vehicles by monitoring the impact of the bio-oil Mobil EAL 46 ESSO on the performance parameters as flow, 
efficiency, durability, etc. Hydraulic pump revolutions were measured using a non-contact sensor based on the principle 
of magnetic induction change. Method of tightness monitoring was used to achieve results for functionality and wear 
of the hydraulic system. During 600 h of the test period no significant deterioration of performance parameters was 
detected. Results are useful for companies involved in waste collection.

Keywords: Variopress 518; bio-fluid; working hydraulics; power parameters

Developments in the area of municipal engineer­
ing hydraulic systems bring a number of benefits 
associated with facilitating the work during han­
dling the solid municipal waste and, in addition to 
comfort and control, also the speed of individual 
working operations during the activity of hydraulic 
circuits of municipal vehicles.

With growing demands on the construction of 
hydraulic systems and improving their power pa­
rameters, the complexity of requirements for hy­
draulic fluids in terms of their biodegradability 
in the environment increases (Jablonický et al. 
2012; Kosiba et al. 2012). It is a good reason be­
cause demands of an urban vehicle design increase 
the risk of disorders associated with hydraulic sys­
tems, and thus the risk of hydraulic fluid leakage 
into the environment increases (Janoško et al. 
2004, 2008, 2010, 2012; Tkáč et al. 2008).

The hydraulic fluid Mobil EAL 46 ESSO is one 
of the fluids that are biodegradable and its content 
does not pollute the environment. It is a liquid that 
belongs to modern liquids with its appropriate ad­
ditives improving the operational as well as func­
tional and lubricating properties. It is therefore 
necessary to analyse the fluid, particularly in terms 
of its power parameters in the hydraulic system, but 
also its properties which the manufacturer states in 
its data sheet.

MATERIAL AND METHODS

Bio-hydraulic fluid Mobil EAL 46 ESSO. The 
selected hydraulic fluid Mobil EAL 46 ESSO (Exxon 
Mobil, Port Jerome du Gravenchon, France) is a 
high-quality and high-power lubricant that is de-

Supported by the Scientific Grant Agency KEGA of the Ministry of Education of the Slovak Republic and Slovak Academy 
of Sciences, Grant No. 044SPU-4/2014.
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Table 1. Characteristics of the hydraulic oil Mobil EAL 46 ESSO

Properties of Mobil EAL 46 ESSO Benefits of Mobil EAL 46 ESSO

Readily biodegradable hydraulic oil, very reduces the possibility of environmental damage; reduces the potential costs 
low level of water hazard - NGW (not of remediation and cleaning the spillage or leakage; it is becoming an integral 
hazardous to water) part of the ecological environment in the enterprise

High viscosity index and low pour point wide range of operating temperature

Excellent water separability prevents formation of deposits and filter plugging, thereby increasing
reliability machine devices

Exceptional corrosion protection limited corrosion of components and actuator systems within the hydraulic
and compatibility with many metals system, responding to steel and copper alloys
Excellent wear resistance properties protects hydraulic groups and subgroups from wear and abrasion, extending
and high-pressure properties the life of the hydraulic system
Quick air release properties optimum efficiency of circulation and suitability for systems with small

scoops of dirt .
Good compatibility with sealing materials works equally well with elastomers which are used for petroleum oils 
and communications

signed to meet requirements of environmentally 
friendly hydraulic fluids. The hydraulic fluid used in 
the hydraulic system Variopress 518 (FAUN Umwelt­
technik GmbH & Co KG, Osterholz, Germany) is 
based on synthetic esters that are easily degradable. 
A high-performance complex of carefully selected in­
gredients enables this type of oil an excellent wear re­
sistance, excellent high-pressure properties, thermal 
stability and also protection from corrosive agents.

Of course, a high oxidation resistance helps to 
protect the oil from increasing density and from the 
formation of sediments under high temperatures. 
Due to the high viscosity index of the base oil and 
low pour point, this type of oil can be used in a very 
broad range of operating temperatures. Unlike oils 
based on vegetable oils (HETG), environmentally 
friendly hydraulic oils based on synthetic esters 
(HESS), as this class of hydraulic oils is, can increase 
the overall performance of the hydraulic system 
Variopress 518 also during operation at higher tem­
peratures, and they can offer improved thermal and

oxidative stability. Table 1 presents the basic charac­
teristics of the selected experimental oil.

Hydraulic system Variopress 518. Municipal 
vehicles have been selected for the experimental 
measurement of hydraulic system power param­
eters. In our case, we chose the hydraulic system 
Variopress 518 constructed on the platform of a 
Mercedes Benz chassis. Power parameters were es­
tablished on the basis of the applied experimental 
methods, with monitoring the following variables: 
hydraulic fluid pressure, hydraulic pump revolu­
tions, hydraulic fluid temperature, hydraulic arm lift­
ing time and especially hydraulic pump power and 
the flow of hydraulic fluid. Fig. 1 shows the hydraulic 
system Variopress 518, which consists of two main 
hydraulic circuits. The front section of the circuit 
controls the peak discharge in the process of empty­
ing of municipal solid waste, and the back section, 
which is the subject of the experimental measure­
ment, is divided into two hydraulic circuits, of which 
one controls the container's lifting hydraulics, and

Table 2. Measurement of hydraulic system tightness after 600 operating hours

Experiment No. HGP state Temperature (°C)
Ejection of piston rod (mm)

at the beginning after 10 min difference

ON
OFF

48.4
48.6

245 257.5 12.5
245 258.3 13.3

2 °N
OFF

48.9
49.5

245 257.9 12.9
245 258.7 13.7

, ON
OFF

49.7
49.8

245 258.8 13.8
245 259.8 14.8

„ ON4
OFF

49.9
50.0

245 260.3 15.3
245 261.2 16.2

S38



Res. Agr. Eng. Vol. 60, 2014, Special Issue: S37-S43

Fig. 1. Partial hydraulic system Variopress 518
1 - hydraulic distributors of pressing system; 2 - control hydraulic distributors; 3 - power hydraulic distributors; 4 - 
linear motor of hydraulic pressing plates; 5 - lifting mechanism containers; Al, A2, Bl, 82 - inlet/outlet of linear power 
motors; P - main oil supply, T - return pipe in the tank

the second circuit provides partial processing of mu­
nicipal solid waste by pressing and sliding board.

In the hydraulic system of the municipal vehi­
cle, a hydraulic gear pump was used. We needed 
to know what the theoretic flow Q^ of this system 
is. The theoretic flow supplied with the hydraulic 
pump which has two wheels is given by the size and 
count of gear gaps and revolutions:

Qgt=voixn w

where:
Qgt - theoretic flow (m3/s)
V - geometric capacity (m3) 
n - revolutions (s'1)

The geometric capacity can be calculated only 
approximately. For gearing without correction with

an angle of meshing 20°, it is given by the following 
relation:

VQ1= 2n x D( x m x b (2)

where:
- geometric capacity (m3)

Dt - thread effective diameter (m) 
m - module (m) 
b - whenel width (m)

Due to the effect of flow efficiency, the real flow is 
lower and is given by the following relation:

Q = V x n x n (3)

where:
Qv - real volume flow (m3/s)
V01 - geometric capacity (m3)
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Fig. 2. Measured principle of hydraulic pump revolutions (a) and real view on display of Orbit Controls DC 7111 (b) 

1 - mortise shaft; 2 - teeth; 3 - inductive sensor of revolutions; 4 - display Orbit Controls DC 7111

и - revolutions (1/s) 
q - flow rate recovery (-)

Gear pumps are made for flows from 1 dm3/min 
to 400 dm3/min. Working pressures normally and 
permanently reach the value of 12, at the top of 
14-16 MPa. The flow rate recovery for the hydrau­
lic gear pump is given by the following relationship:

lG=n,t,xnmg (4)

where:
qG - total rate recovery (-) 
qv - flow rate recovery (-) 
q - mechanic-hydraulic recovery (-)

For the flow of researched fluid, we need to know 
the flow of the hydraulic pump, which can be seen 
in Fig. 2:

Q = V x n_x q (5)
' G G G 1 vg x '

where:
Qg - flow rate of hydraulic pump (m3/s)
V - capacity of hydraulic pump (m3)
nG - revolutions (1/s)
qv - flow rate efficiency of hydraulic pump (-)

There is a hydraulic motor that can be seen in Fig. 2, 
the role of which is the transmission of energy in the 
hydraulic system. So there is a need to know relations 
given for the flow of the hydraulic motor. Therefore, 
the flow of the hydraulic motor is given by the relation: 
QM=VMxnMx J— (6)

• vAf

where:
Q - flow rate of direct motor (m3/s)
V - capacity of direct motor (m3) 
n - revolutions (s"1) 
q - flow rate efficiency of motor (-)

Measuring methods. Under experimental meth­
odology for obtaining objective information on the 
condition of the municipal vehicle with Variopress 
518 in practice, we have designed and completed 
the required technical equipment which is neces­
sary for assessing the power measurement of the 
hydraulic system.

Monitoring of hydraulic gear pump revolutions. 
For the measurement of hydraulic pump revolutions, 
we used a non-contact sensor (type of induction; 
SUA, own production, Mitra, Slovak Republic) based 
on the principle of magnetic induction change (Fig. 2). 
On the circumference of the hydraulic pump’s shaft, 
two magnets are attached. The sensor was attached 
above the rotating magnets. The sensor responds to 
the movement of magnets and after hydraulic pumps 
rotation from the magnetic field influence, the sen­
sor brought an output induced electrical signal to the 
electronic circuitry reader of a device Orbit Controls 
DC 7111 (Orbit Controls, Prague, Czech Republic), 
where the signal was further amplified and shaped

Fig. 3. Recording device of working time
1 - display; 2 - switch; 3 - power supply; 4 - electromagnet 
of hydraulic pump's shaft
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Fig. 4. Measurement of arms decrease

Fig. 5. Measurement of oil temperature and pressure in 
the system, (in-line hydraulic tester HT50A model C; SPX 
Corporation, Owantona, USA)

to the desired level of TTL (Compatible signal Tran­
sistor-Transistor Logic must have a minimum pulse 
width, an output voltage and current specification for 
any given hardware).

Measurement of hydraulic system operating 
time. The actually working time of the munici­
pal vehicle hydraulic system was determined by 
a device that we was designed and produced at 
the Department of Transport and Handling (SUA 
in Nitra, Slovak Republic). The device is used for 
monitoring the operating time of the municipal ve­
hicle hydraulic system with the hydraulic extension 
Variopress 518, continuously without any opera­
tor’s intervention during one year.

Measurement of hydraulic system tightness. 
To assess the functionality and wear of the hydrau­
lic system in view of the hydraulic fluid 46 ESSO 
Mobil EAL, a method of tightness monitoring used 
with load (540 kg) was applied. The load acted as 
resistance to the hydraulic system during working 
operations (Figs 4 and 5).

The aim of this method was to monitor the tight­
ness elements (pressure valves, distributors) of the 
system in the given time after applying the experi­
mental oil into the hydraulic system. Measurements 
were performed with the mentioned strain, though 
the exact position of the arms was exactly stabi­
lized in a horizontal position, and after 10 min, a 
decrease of arms from their horizontal position and 
the length of the extended piston rod were recorded. 
The tightness assessment of the hydraulic system 
had a significant impact on the overall assessment 
and recommendation of the type of bio-oil for its use 
in the municipal vehicle hydraulic system.

RESULTS AND DISCUSSION

Evaluation of hydraulic system power 
parameters

The said performance indicators were assessed af­
ter 200, 400 and 600 operating hours of the munici­
pal vehicle hydraulic system. Firstly, a default meas­
urement of the hydraulic system was performed, and 
then the hydraulic system was examined periodical­
ly after 200 h of operation (Fig. 6).

According to the methodology of measurement, 
based on the measured values of power P in re­
lation to flow Q, and after completing 200, 400 
and 600 operating hours in the hydraulic system, 
we can note that the hydraulic fluid used in the 
hydraulic system has no influence on the reduc­
tion, modification or loss of hydraulic system per­
formance. In the hydraulic system, there was no 
wear during the experimental measurements of 
the hydraulic pump, switchgear, and valves due to 
hydraulic fluid flowing in the system, which then 
would be reflected in a significant decline in the 
power of the system.

Tightness evaluation of the hydraulic system 
Variopress 518

The assessment of hydraulic system tightness 
was performed at each test measurement. Table 2 
shows the measured values of arm's fall, or back 
section’s ejected piston rod of the hydraulic system 
after 600 h of operation.
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Hydrostatic gear pump operating times (h) Hydrostatic gear pump operating times (h)

Fig. 6. Graphic view of measured (a) power data and (b) flow data
P - power of hydraulic gear pump; Q - flow of hydraulic gear pump at tested pressure

According to the methodology, it can be con­
cluded that the resulting leakage did not show a 
significant effect of experimental hydraulic fluid on 
tightness elements of the system.

Standard analysis of hydraulic oil properties

The hydraulic oil was subjected to physical and 
chemical analysis such as kinematic viscosity, acid 
number of oil, the percentage content of water and 
polluting elements, Fe content and other. After ini­
tial measurement and subsequently after 200, 400 
and 600 operating hours, the monitored parameters 
of bio-oil in the hydraulic system Vario-ress 518 were 
analysed. Final results were recorded in Table 3.

On the basis of experimentally observed properties 
of the hydraulic fluid ESSO Mobil EAL 46, it can be 
concluded that the hydraulic oil does not affect the 
hydraulic system components significantly with its 
properties. On the basis of findings, in terms of the 
pollutant content of elements in the hydraulic fluid, 
its application in a new hydraulic system may be ad­
visable. The hydraulic fluid contains additives that 
improve the functional properties of the hydraulic 
system (antifoam ingredients, additives to improve 
corrosion properties), phosphoric acid contained in 
hydraulic fluid, but on the other hand, these agents

are not suitable for certain types of sealants. Finally, it 
can be concluded that impurities contained elements 
moving within the prescribed tolerance limits.

CONCLUSION

This paper presents the results of monitoring the 
impact of the bio-oil Mobil EAL 46 ESSO on per­
formance parameters of the municipal vehicle hy­
draulic system. The results are useful for transport 
companies involved in waste collection and farms 
operating similar hydraulic system.

The experimental organic liquid Mobil EAL 46 
ESSO used in the hydraulic system of municipal vehi­
cles based on esters and together with other additives 
is preferred to petroleum products that are biologi­
cally decomposed in the environment. The objective 
of the experiment was to investigate the possibility of 
biodegradable oil application and its adaptation to the 
hydraulic system of municipal vehicles. After an over­
all assessment of the results, it can be concluded that 
the experimental hydraulic fluid ESSO Mobil EAL 46 
is suitable for use in hydraulic systems of municipal 
vehicles. Based on the findings, it can be stated that 
the hydraulic fluid maintains its properties without 
adversely affecting the performance parameters of 
the hydraulic system.

Table 3. Chosen parameters of the hydraulic bio-oil Mobil EAL 46 ESSO

Operating 
time (h)

Kinematic viscosity 
(mm2/s)

Acid number 
(mg/g)

Mechanical impurities 
(% wt.)

Flashpoint 
(°C)

Water content 
(% wt.)

Iron content
AAS (mg/kg)

0 39.61 0.69 0.012 300 < 0.025 7.25

200 42.12 0.63 0.012 300 0.025 7.25

400 45.32 0.62 0.014 240 0.035 7.45

600 53.31 0.67 0.015 220 0.050 8.00
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Abstract

Galambošová J., Rataj V., Prokeinová R., Prešinská J., 2014. Determining the management zones with hier­
archic and non-hierarchic clustering methods. Res. Agr. Eng., 60 (Special Issue): S44-S51.

Delineation of the management zones of a field is commonly used in precision agriculture technology. There are many 
techniques used to identify management zones. The most used technique is k-means clustering, where the number 
of clusters is managed by the user. The paper deals with clustering the yield data and electromagnetic data of a 17 ha 
field using the Ward's method followed by the Á-means clustering method. The cubic clustering criterion was used to 
determine the number of clusters. Based on results, it can be concluded that it is beneficial to combine the /c-means 
clustering method with the hierarchic method (Ward’s method). •

Keywords: Ward’s method; к-means clustering; CCC; yield data; EMI

Precision farming technology is based on a site­
specific approach to field treatments. Before imple­
mentation of this technology, the variability of the 
field has to be assessed in the first step. Operations 
can be conducted variably, or the site-specific ap­
proach can be used. For the latter one, management 
zones should be determined, and the field opera­
tion can be conducted based on them. Mostly, fer­
tiliser application or soil tillage operation is carried 
out. However, other application such as e.g. vari­
able irrigation (Chiericati et al. 2007) is possible.

Based on Khosla et al. (2010), there are numer­
ous techniques for delineating management zones. 
Some of them are based on single soil or crop prop­
erty or a combination of several that are known to 
affect crop productivity and yield. As Ortega and 
Santibanez (2007) reviewed, there are several ap­
proximations for the development of site-specific 
management zones. The authors reported that the

first approach is based on soil and/or relief infor­
mation, including topographic maps, direct soil 
sampling, non-invasive soil sampling by electrical 
conductivity equipment, and soil organic matter or 
organic estimated by remote sensing. The second 
approach is based on yield maps, combining data 
from several seasons, while the third is the integra­
tion of the two previous approaches and considers 
soil and/or relief information plus the use of yield 
maps. Zhang et al. (2009) developed a ZoneMAP 
web application, which designs the management 
zones based on satellite imagery, which the authors 
suggested as a preliminary basis when a yield map 
is not available. Delin and Berglund (2005) sug­
gested to create management zones based on risk 
levels for drought and waterlogging, to be used 
in site-specific N application (based on informa­
tion on soil electrical conductivity and elevation). 
Fleming and Westfall (2000) concluded that

Supported by the European Union within the frame of the Project No. ITMS 26220220014.
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farmer-developed management zones appear to be 
effective in identifying different management zones; 
however, ground verification is needed to develop 
accurate Variable rate technology (VRT) maps from 
the zones. The need for confirmation of specific 
soil characteristics was reported also by King et al. 
(2005) when they evaluated the analysis of yield map 
sequences and electromagnetic induction (EMI) 
soil sensing as potentially cost-effective methods for 
identifying and mapping “management zones” (MZ) 
within fields. Rataj and Galambošová (2006) 
proposed to use the cluster analyses for identifying 
high- and low-profitability zones.

Guastaferro (2010) compared the techniques 
for identification of MZs: (1) the ISODATA meth­
od, (2) the fuzzy c-means algorithm and (3) a non­
parametric density algorithm. They concluded that 
all the methods have advantages and disadvantag­
es. However, they suggest to manage the variation 
within one year, and to combine the use of MZs 
with crop-based in-season remote sensing when us­
ing them in that particular conditions. The hierar­
chic as well as non-hierarchic clustering procedures 
can be used for management zones determination 
(Rus, Kruse 2011; Tiwari, Misra 2011). The most 
common is the use of a cluster procedure using the 
к-means or fuzzy /с-mean method (Minasny, Mc- 
Bratney 2002; Ortega, Santibáňes 2007).

However, the estimation of a number of clusters 
is needed in advance. Statistical determination of 
the number of clusters or practical field-manage­
ment considerations can be used as proposed by 
Taylor et al. (2003). Li et al. (2008) used fuzzy per­
formance index (FPi) and normalized classification 
entropy (NCE) to determine the optimal cluster 
numbers. Fridgen (2000) reported that the meas­
ures of cluster performance indicated no advantage 
of dividing fields into more than four or five man­
agement zones. Moreover, year-to-year differences 
in an appropriate number of management zones 
were attributed to weather and crop type.

Based on the literature review, the most used 
technique in precision agriculture is i-means clus­
tering (non-hierarchical method), which requires 
the estimation of the number of clusters based on 
previous knowledge of the farmer (expert knowl­
edge) or management considerations are included.

The aim of this paper is to point out to the pos­
sibility of the hierarchic method as complementary 
to the non-hierarchic clustering method in order 
to (a) estimate a statistically significant number of 
management zones of a given field which can be

used as an input for the non-hierarchical method 
and (b) to interpret the results of clustering process 
with the support of statistics.

MATERIAL AND METHODS

At the first stage, the cubic clustering criterion 
(CCC) will be used to estimate the statistically sig­
nificant number of clusters. The CCC criterion can 
be used to estimate the number of clusters using 
Ward’s method and the к-means method (SAS Insti­
tute Inc. 1983). The values of CCC greater than 2 or 
3 indicate good clusters; values between 0 and 2 in­
dicate potential clusters, but they should be consid­
ered with caution. Very negative values of the CCC, 
such as -30, may be due to outliers (SAS Institute 
Inc. 1983). The clustering analyses will be conducted 
using two procedures. In the first step, the Ward’s 
method (hierarchic method) will be used followed 
by the non-hierarchic method (i-means clustering).

Ward’s method. This method involves an ag- 
glomerative clustering algorithm. It starts out with 
n clusters of size 1 and continues until all the obser­
vations are included into one cluster. This method 
attempts to minimize the Sum of Squares (SS) of 
any two (hypothetical) clusters that can be formed 
at each step. The ESS is considered as a measure of 
homogeneity of the cluster. This method is regard­
ed as very efficient; however, it tends to create clus­
ters of small size. At the first step, when each object 
represents its own cluster, the distances between 
those objects are defined by the chosen distance 
measure (The Pennsylvania State University 2004).

Error Sum of Squares:

ESS =EEE |X -S | (1)
I / к 'A Lk

where:
X k - value for variable к in observation j belong­

ing to clusteri
R-Square - proportion of variation explained by a par­

ticular clustering of the observations

^ _ TSS - ESS (2)

where: TSS is Total Sum of Squares

TSS =£X£ |X , - x2,| (3)
i j к ‘>k

As a result, a dendrogram is plotted. Here, each 
stage of clustering processed is displayed and the 
R-Square is plotted at у axis.
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Table 1. Basic statistics of the input data

Parameter/unit No. of samples Average Minimum Maximum Standard deviation
EMI (mS/m) 31 49.51 39.42 56.64 4.74
Yield in 2009 /(t/ha) 31 6.93 2.52 9.8 0.82
Yield in 2010 (t/ha) 31 1.99 0.11 3.08 0.37
Yield in 2011 (t/ha) 31 7.73 5.67 10.46 0.78

EMI - electromagnetic induction

Ac-Means method. Based on McQueen (1967), 
the procedure follows a simple and easy way to 
classify a given data set through a certain number 
of clusters (assume к clusters) fixed a priori. The 
main idea is to define к centroids, one for each clus­
ter. These centroids should be placed in a cunning 
way because different location causes different re­
sult. So, the better choice is to place them as much 
far away from each other as possible. The next step 
is to take each point belonging to a given data set 
and associate it to the nearest centroid. When no 
point is pending, the first step is completed and an 
early groupage is done. At this point we need to 
re-calculate к new centroids as barycentres of the 
clusters resulting from the previous step. After we 
have these к new centroids, a new binding has to 
be done between the same data set points and the 
nearest new centroid. A loop has been generated. 
As a result of this loop we may notice that the к 
centroids change their location step by step until no 
more changes are done. In other words centroids 
do not move any more. Finally, this algorithm aims 
at minimizing an objective function, in this case a 
squared error function. The objective function is

7 = M ||xW-C||2 (4)
/-i i-i 1 i

where: ||xy- c.||2- chosen distance measure between 
a data point x^ and the cluster centre c. is an indi­
cator of the distance of the n data points from their 
respective cluster centres (A Tutorial on Clustering 
Algorithms).

For clustering procedure, Ward’s method con­
ducted in SAS (version 4.3, SAS Institute Inc., Cary, 
USA) as well as the к-means clustering method 
conducted in Statistica (Statistica CZ 10; StatSoft, 
Tulsa, USA) was used.

Data used. The above-described methods were 
applied to data obtained from yield monitoring 
during three seasons (2009 - spring barley; 2010 
- oilseed rape; 2011 - winter wheat) at a 17 ha ex­
perimental field. The information on field variabil­
ity was extended by data on electromagnetic induc­
tion (EMI) measured by Geonics EM38 (Geonics 
Limited, Mississauga, Ontario, Canada). In order 
to estimate the management zones within the giv­
en field, 31 monitoring points were designed across 
the field and data from all datasets were allocated

Т-Squared; pseudo F - output statisticsNumber of clusters
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Fig. 2. Output of Ward’s meth­
od - dendrogram

to these points. This means the values of yield and 
EMI for these 31 monitoring places were an input 
dataset for the analyses.

In order to be able to process the yield data from 
different seasons and of different crops, the pre­
processing of these data was conducted and stand­
ardized normal values were calculated based on the 
following formula:

SNV = ^ ” ж) x too % (5)
SD

where:
SNV - standardized normal values 
x - actual value of parameter 
x - arithmetic mean
SD - standard deviation

The results of cluster analyses have to be interpreted 
from the spatial aspect. Only the members of a clus­
ter (in our case the monitoring point) lying in a near 
distance and creating one area can be used for creat­

ing management zones. Therefore, the data were dis­
played with support of the geographical information 
system (GIS) ArcGIS 10.1. (ESRI, Redlands, USA) and 
the results were interpreted.

RESULTS AND DISCUSSION

The experimental field is represented by 31 moni­
toring points, which were designed across the field. 
All the data from yield maps and EMI maps were 
subtracted for these points. The data were pre­
processed, and the SNV value (standardized nor­
mal value) was calculated (Table 1). First of all, the 
CCC was calculated, and the appropriate number 
of clusters was selected. The results are given in 
Fig. 1. According to CCC criterion, the number of 
statistically significant clusters was estimated for 3. 
As it was proposed in the methodology, the hierar­
chical method (Ward’s method) was applied at first

Table 2. Results of cluster analyses - cluster members and Euclidean distances

Cluster 1
Member 11 12 13 22 23 30
Euclidean distance 49.20 40.94 27.03 50.95 36.12 44.62

Cluster 2
Member 2 4 5 6 8 9 10 14 15 16
Euclidean distance 47.13 27.43 39.20 36.63 8.11 63.16 31.05 45.55 20.12 83.07

Cluster 2
Member 17 18 19 21 24 25 26 27 31
Euclidean distance 45.61 76.75 30.98 118.97 64.16 50.67 44.74 73.96 192.48

Cluster 3
Member 1 3 7 28 29
Euclidean distance 40.67 53.49 50.13 106.14 56.35
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Fig. 3. The means of each cluster 
EMI - electromagnetic induction

in order to explore the data. The principle of this 
method is to cluster the data based on homogene­
ity. Based on the dendrogram (Fig. 2), it is obvi­
ous that in the first stage of the clustering process, 
the monitoring point number 31 was not assigned 
to any cluster, which means that the yield perfor­
mance during the years was not similar to any of 
the other places. Ward’s method allowed identify­
ing the most homogenous places (represented by 
monitoring points) and also outliers.

In the second step, the /г-means clustering meth­
od was applied to the data. The principle of this 
method is to create clusters which are as hetero­
geneous as possible. As it is the non-hierarchical

Table 3. Standardized normal values (SNV) for yield and 
electromagnetic induction for the areas of cluster No. 3

Monitoring _ 
point

SNV (%)
EMI

2009 2010 2011
1 31.52 -102.75 -98.03 -0.36
3 -83.78 -161.36 -52.91 64.80
7 17.29 -84.33 -88.43 -14.03
28 167.78 -315.43 -83.63 34.60
29 -89.02 -211.60 -122.98 53.51

EMI - electromagnetic induction

method, the number of required clusters has to be 
set up at the beginning. As explained above, the 
number of clusters was selected based on CCC cri­
terion. The results are shown in Fig. 3, where the 
means of each cluster are defined, and in Table 2, 
where the members of each cluster are defined. The 
data were plotted in GIS, and their spatial localisa­
tion was considered. Based on Fig. 4, it can be con­
cluded that two clusters create compact areas of 
the field and one of them not. The clusters can be 
interpreted as follows:

(a) The cluster No. 1 comprises areas where yield 
was above the average of the field in all the three sea­
sons. This area could be considered as a high-yield­
ing zone of the field. The results were compared with 
the digital terrain model, and it was shown that this 
zone lays in terrain depreciation with better water 
availability, which is confirmed also by the EMI map 
(Fig. 5). The values of EMI displayed in light colour 
reached values from 23.1 to 51.12 mS/m, the dark 
colour goes for values from 51.12 to 79.11 mS/m.

• cluster 1
■ cluster 2
▲ cluster 3
Fig. 4. The spatial display of 
cluster and its comparison 
with digital terrain model

S48



Res. Agr. Eng. Vol. 60, 2014, Special Issue: S44-S51

Silty loam soil is typical for the entire field; therefore 
the change of EMI values is expected to be due to the 
change of the moisture content.

Monitoring point 31 lays at the same area; how­
ever, due to waterlogging problems, the yield in 
2009 and 2011 was extremely low and so this loca­
tion was assigned to a different management zone.

(b) Average-yielding zone - cluster No. 2 - al­
most all the rest of the field.

(c) Low-yielding areas - cluster No. 3 - the per­
formance of these monitoring points is given in Ta­
ble 3. The cluster No. 3 comprises only 5 monitoring 
points, which are not located next to each other.

When further analysing the results and looking 
at the dendrogram (Fig. 2), the monitoring points 
of cluster 2 can be described as follows:

Monitoring points 1 and 7 are characterized by 
good performance in 2009, but low yield in 2010 
and 2011 as well as similar values of conductivity. 
Monitoring points 3 and 29 are characterised by an 
extremely low yield in all the three years; the cause 
is soil compaction at the headlands of the field. The 
monitoring point number 28 was not clustered in 
the first stage of the analyses with any point and 
is characterised by an extremely high yield in 2009 
and an extremely low yield in 2010 and 2011. The

Fig. 5. Location of waterlogged area which caused the yield problems in (a) 2010 and 2011, and (b) electromagnetic 
induction data of the field
• cluster 1; Icluster 2; ▲ cluster 3
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Fig. 6. Rainfall and timing of drilling and harvest operation

extremely low yields at these areas were caused by 
waterlogging problems in 2010 (Fig. 5) caused by 
extreme rainfall in 2010 (in May 2010 there was 
300% rainfall compared to average), followed by 
problems with crop establishment in 2011 as the 
areas were waterlogged. The average rainfall as well 
as the dates of drilling and harvesting operations 
are given in Fig. 6.

Therefore, it can be concluded that the differ­
ent performance of these areas (represented by the 
monitoring points) was caused by waterlogging 
and compaction. When an appropriate manage­
ment operation would be conducted (drainage and 
sub-soiling), the areas would be included in the 
management zones No. 1 and No. 2.

Furthermore, monitoring point No. 31 was as­
signed to the cluster No. 2, which is characterised 
by an average-yielding performance along years. 
However, this is not characteristic for this moni­
toring point. The yield in 2009 and 2011 reached 
extremely low values at this area. Only in 2010 the 
yield reached values above the average. Looking at 
the results of analyses (Table 2), the Euclidean dis­
tance of this point within the cluster reaches the 
value of 192.48 so this point is the most distant 
point from the cluster centre. Therefore, it can be 
stated that there was a problem at this area. Again, 
waterlogging problems caused the differences, and 
this monitoring point should be included in man­
agement zone (cluster) 1 after an appropriate man­
agement operation is conducted at this area.

CONCLUSION

The results of these analyses showed that it is 
beneficial to use both the hierarchical and non-

hierarchical clustering methods when determining 
the management zones from yield maps. The hier­
archical method allows determining the statistical­
ly significant number of clusters as well as to help 
to interpret the data.

Also, Ward’s method can be used as input informa­
tion before conducting the к-means clustering method.

Further testing over a broader scope of fields 
and crop production systems is needed to confirm 
these results.
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Sorption isotherms of agricultural products
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Abstract

Vitázek I, Havelka J., 2014. Sorption isotherms of agricultural products. Res. Agr. Eng., 60 (Special Issue): S52-S56.

The aim of the paper is to expand the theory of sorption and equilibrium moisture contents as well as to present the 
methodology of developing two types of sorption isotherms - I and II. The attention is also paid to the importance 
of the isotherms in the thermodynamics of drying and in the process of storage of agricultural products. Presented 
methodology of obtaining the isotherms is based on selected equations of the theory of adsorption and on the results 
of experimental measurements of equilibrium moisture content. Definition of the new isotherm II is introduced as 
dependence of equilibrium moisture content dry basis on time at constant temperature, constant relative moisture of 
the ambient air and stable biological properties (e.g. germination). The results show following graphic dependences: 
isothermal distort plane; sorption isotherm I of maize grains at various temperatures; moisture loss rate in dependence 
on time and sorption isotherm II. These theoretical dependences supported by experimental measurements broaden 
the scope of the theory of sorption and may be successfully applied in long-term storage of maize grains.

Keywords: equilibrium moisture; drying; thermodynamics; organic materials; drying curve

Agricultural products are characterised by high 
moisture content, which makes their long-term 
storage impossible. Therefore, post-harvest pro­
cessing ends with a drying process with removal 
of free moisture and one part of bound moisture. 
Residual moisture content enables long-term stor­
age without a decrease in quality. This value is of 
significant importance. Therefore, it is prescribed 
in technical standards that determine the max. vol­
ume and min. volume of moisture content. These 
values are in the range of equilibrium moisture 
content of a given material with the ambient at­
mosphere. Equilibrium moisture content is there­
fore an important parameter which is used in the 
thermodynamics of drying and also in the thermo­
dynamics of storage.

For their research the authors studied excel­
lent seminal works of drying theory, Czech from 
Valchař et al. (1967), Polish from Pabis (1982), 
Hungarian from Imre (1974) and German, in Slo­
vak translation, from Maltry and PÖTKE (1966).

Remarkable publications about equilibrium mois­
ture in agricultural products include those from 
Henderson (1952) and Štencl (2000a,b).

As a result, equilibrium moisture content was 
measured and relevant relationships were studied 
in the research. The paper presents complex theory 
of sorption isotherms with the intention to intro­
duce this theoretical contribution to the experts 
in thermodynamics and to pass this knowledge to 
the workers in drying, especially to those who deal 
with long-term storage of agricultural products.

MATERIAL AND METHODS

Complex theory. In the theory of thermody­
namics of organic materials, only the prescribed 
standard parameter for moisture content - mois­
ture content dry basis with the relation, were used:

u = M /М.. (1) w do ' '
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where:
и - moisture content dry basis
Mw - moisture mass in the given material (kg)
Afdb - mass of dry basis in the given material (kg)

The equilibrium moisture of the given material is 
moisture content dry basis relevant to the state of 
thermal equilibrium of the given material and am­
bient gas atmosphere.

Moisture in the material is free moisture on its 
surface and bound moisture inside this material, 
without moisture in chemical structures.

Adsorbed moisture is moisture on the surface of 
the material kept with molecular forces.

The curve of sorption isotherm is a graphic pres­
entation of equilibrium moisture content in depend­
ence on the relative moisture of ambient gas atmos­
phere ф at constant temperature T.

The equilibrium moisture of the given material is 
to be described with a universal relation (Havelka 
1978):

и= = FIT, ф, T, bio) (2)

where:
ue - equilibrium moisture dry basis
F - function
T - temperature of the material and ambient atmos­

phere (K)
Ф - relative moisture of the ambient atmosphere 
г - time from the end of drying process (days) 
bio - parameter of biologic quality of this material

Post-harvest processing is performed in the way 
that this bio-parameter remains constant with the 
highest value in the whole process and also during 
storage.

The relation of F(T, ф, t, bio) cannot be provid­
ed in an analytical form. In research works, sorp­
tion isotherm values are obtained from laboratory 
measurements of samples. The relation F gives a 
graphic description of an isothermal distort plane 
with T = const., bio = const. The scheme of this is 
shown in the coordinates и, ф, т in Fig. 1.

Sorption isotherms. For the analysis of Eq. (2), a 
total differential of the following equation was used:

duc = (6FI6T)dT + (6Г/бф)</ф + (5F/6r)dr +
+ (6FI6bio)dbio (3)

In practice, only processes with bio = const are 
performed.

Two types of sorption isotherms were studied by 
the means of this relation of total differential and 
isothermal distort plane (Fig. 1).

Sorption isotherm I. This sorption isotherm is 
described with differential Eq. (4) and graphically 
presented as a section of isothermal distort plane 
with the level of given time т scheme (Fig. 1).

The differential equation for this sorption iso­
therm is:

duc = (0£/0ф)г/ф; T = const., ф = const., bio = const. (4)

The analytic relation is:

ue = ^(ф); T = const., ф = const., bio = const. (5)

This isotherm is used in the thermodynamics of 
drying. The course of this uc (Eq. (5)) is to be stated 
only with laboratory measurements on a material 
sample.

The relation from Henderson (1952) was used:

1 - Ф = e (6)-k x I x u"

Fig. 1. Isothermal distort plane
T - time; T - temperature; и - mois­
ture content dry basis; <p - relative 
moisture of the ambient atmosphere
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where:
e - base of natural logarithm
k,n - coefficients of the Henderson’s relation 
T - temperature of ambient air (K) 
и - moisture content dry basis

For the derivation of sorption isotherm on anoth­
er temperature, the following relation by means of 
the Henderson’s equation was obtained:

ие = илх (TJT)1'" (7)

Sorption isotherm II

Sorption isotherm II is a curve produced with the 
section of isothermal distort plane with the plane 
of <p = const, (scheme in Fig. 1).

The differential equation of this sorption iso­
therm is:

duc = (6/76t)<Zt; T = const., <p = const., bio = const. (8)

The analytic relation of this is:

uc = F2(t); T = const., <p = const., bio = const. (9)

The actual course from the laboratory measure­
ment of samples of the given material was gained.

The analytic relation of ue (Eq. (9)) as a curve of 
natural fall of moisture loss rate № was developed:

№ = du Ide = -a x (и - и ) (10)

where:
/Vх - moisture loss rate
due - differential of equilibrium moisture dry basis 
dx - differential of time
a - time constant of the given material 
uc - equilibrium moisture dry basis 
ucoq - equilibrium moisture dry basis at infinite time

With its integration, the relation for u^ was gained:

«e = Ue~ + (“eO - “J X ехР("я x T) (U>

Where:
и - equilibrium moisture dry basis
и - equilibrium moisture dry basis at infinite time 
и - equilibrium moisture dry basis at the beginning 
a - time constant of the given material 
r - time

Isotherm II demonstrates the long-term course 
of equilibrium moisture at storage or at cooling. It

enables to calculate the mass of moisture produced 
in this process.

RESULTS AND DISCUSSION

Sorption isotherm I for maize

From laboratory measurements, the values of 
equilibrium moisture contents of maize grains at 
the temperature of 40°C were obtained. This iso­
therm is shown in Fig. 2. From these values, the val­
ues of constant к and n in the Henderson’s equation 
with non-linear regression were calculated.

Henderson’s equation:

ф _ j _ g-0.116393 x Tx „2.092267 (12)

where:
<p - relative moisture of the ambient atmosphere 
e - base of natural logarithm
T -temperature of ambient air 
и - moisture content dry basis

With Eq. (7), the values for the temperatures of 
10°C were calculated and presented in Fig. 2.

Sorption isotherm 11 for maize grains

The samples of maize from the previous section 
were used for the laboratory measurement of mois­
ture losses in long-term storage. The value of uc 
(equilibrium moisture dry basis) was obtained by 
exploratory calculations. From this the analytic re­
lation for moisture loss rate was gained (Fig. 3):

№ = -0.01546 x e-<T/36-2) (13)

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Relative moisture of air

Fig. 2. Sorption isotherms of maize grains
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where:
№ - moisture loss rate
e - base of natural logarithm
r - time

The analytic relation of equilibrium moisture 
content:

ue = 0.1 + 0.56 x e-<T,36-2> (14)

Graphic demonstration is presented in Fig. 4. The 
value of и is only an analytic calculating value.

In the course of long-term storage of agricultural 
products, one part of moisture content is released 
due to the biological activity of this material. This 
moisture must be removed to prevent deterioration 
of this material. This moisture is removed with cold 
airing. The flow of unsaturated air removes this 
moisture in continual or cyclic manner.

Similar situation is at cooling of agricultural 
products. With the knowledge of sorption iso­

Fig. 4. Sorption isotherm II of maize grains 
u^ - equilibrium moisture dry basis at the beginning; и^ 
- equilibrium moisture dry basis at infinite time

therm I and sorption isotherm II, a considerably 
higher amount of moisture is to be removed than 
in the case of cold airing. The knowledge of these 
two sorption isotherms allows to calculate with the 
thermodynamics of wet air the course of this pro­
cess and to propose an optimal technical solution 
of the storage equipment (Vitázek 2011).

The theory of sorption isotherm I is very objec­
tively presented in the work of Nikitina (1963). 
Any similar method was not found in any relevant 
source. This method may be considered as an im­
portant improvement in the theory of sorption of 
humidity in the long-term processes in agriculture.

CONCLUSION

The drying of harvested grain and other agricul­
tural products is carried out on the principle of dry­
ing curve and isotherm I. A long-term conservation 
of such materials is theoretically solved by means of 
isotherm II for the whole period of conservation.

Isotherm II enables to determine and analyse the 
conditions of the conservation process. Moreover, 
it deals with the disposal of spontaneous release of 
moisture by ambient air.

Process managers in dryers and storages of ag­
ricultural products use the knowledge of complex 
isothermal sorption in their practice. These basic 
principles considerably improve the process of dry­
ing and storage.

Conducted experiments and derived theory indi­
cate a significant importance of further research into 
the thermodynamics of long-term conservation of 
all agricultural crops stored in great amounts.
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Monitoring of conditions of agricultural machines’ parts 
in operation
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Abstract

Polák P., Mikuš R., Kročko V., 2014. Monitoring of conditions of agricultural machines’ parts in operation. 
Res. Agr. Eng., 60 (Special Issue): S57-S65.

This contribution focuses on problems of monitoring the runout of tractor diesel motor parts used in agricultural 
operation. Crankshafts from the agricultural tractors of type Zetor 6911 are used as samples for measuring the runout 
and circularity. The first sample of the crankshaft is loaded in the tractor used in livestock production, and the second 
one is used in vegetable production. Measured values of the runout and circularity of both samples are evaluated by 
tables and polar diagrams. Results of the experiment show the amount of runout and the following wear of agricultural 
machine parts in different operating conditions of agricultural production.

Keywords: crankshaft; deviation, circularity; runout measurement; wear

The importance of usage of agricultural equip­
ment is in elimination of any hard work (Líška 
2008; Poničan, Korenko 2008). The wear of sev­
eral parts and a decrement of machine operability 
occur during the usage of agricultural equipment in 
the manufacturing process (Páltik 2007). The life­
time of agricultural machines has to be dealt with 
when economic effectiveness is the topic. Depre­
ciation charge, return on investment and operation 
expenditures ratio put into machinery and technico- 
economic evaluation of used and new machines and 
technologies along with their appropriate reproduc­
tion could not be done without knowing the life­
time. Agricultural machinery lifetime knowledge is 
essential for manufacturer production amount and 
selection of machines and spare parts (Kročko et 
al. 2007). Lifetime optimisation rules are valid gen­
erally, in the present economical environment too. 
The machinery should be replaced after an optimum 
operation time, in the moment of the lowest unit op­
eration costs (Drlička, Mikuš 2007).

An example can be the crankshaft of the agricul­
tural tractor. This contribution deals with problems 
of monitoring the runout of tractor diesel motors 
parts that are used in agricultural operation. Meas­
urements of runout and circularity are accomplished 
on the crankshafts of the agricultural tractors of type 
Zetor 6911 (Zetor Brno, Czech Republic). Measured 
values of runout and circularity are evaluated by ta­
bles and polar diagrams in the experiment. The re­
sults allow comparing the amount of runout and the 
following wear of individual machine parts in differ­
ent agricultural operations.

Turbocharged diesel engine is currently the most 
preferred for medium-sized drives in drive units 
(tractors, trucks, marine drives). In addition, con­
tinually increasing share in the highly competitive 
automotive market due to its reliability, combines 
with very low fuel consumption. During the past 
decade, mathematical modeling has paved the way 
for an in-depth study of diesel engines. However, 
most research has focused on thermodynamics,
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which has a direct effect on heat release and subse­
quent performance and pollutant emissions to the 
environment. On the other hand, questions about 
engine dynamics, e.g. complex movement of the 
connecting rod, crank linkage mechanism, crank 
and its deformation, torsional vibration, etc., are 
often ignored (Giakoumis at al. 2007).

The optimization of individual operations in the 
parts manufacturing is a role of engineering tech­
nology, which consists in determination of the 
optimal, the most economic or the most produc­
tive conditons for the performance of the defined 
operation. Economic conditions or conditions of 
the maximum productivity are studied within op­
timizing the cutting conditions for machines. The 
optimal cutting material and tool and the optimal 
combination of cutting conditions (cutting speed, 
feed and depth of cut) are defined by the conditions 
mentioned above (Kotus et al. 2002). An effective 
balanced solution between external stress and the 
resistance of parts in the cross-section and surface 
is certainly a choice of an economical system: basic 
material - surface layer. Heat treatments, chemi­
cal-heat treatments of surfaces and metal coatings 
are considered as appropriate technologies of cre­
ating wear-resistant layers from an economic point 
of view. These technologies increase the wear re­
sistance of materials significantly but not as much 
as, for example techniques of diffusional saturation 
or material surfacing (Kováč et al. 2005).

MATERIAL AND METHODS

Crank mechanism. The crank mechanism is the 
basic part of the internal combustion piston engine 
that converts the linear reciprocating movement of 
the piston into the rotary movement of the crank­
shaft. The function of the engine is not possible 
without this mechanism.

Forces that affect the crank mechanism. Gas 
pressure causes a force impact on surfaces in the 
combustion chamber. So forces of gas pressure are 
considered in the calculation of forces in the engine 
mechanism (force on the piston), of forced oscil­
lation of a valvular train (force on a valvular disk), 
and of solidity of a cylinder, crankshaft and other 
parts. The force of gas pressure affecting the piston 
surface is a very interesting information in terms of 
forces acting in the engine mechanism:

F . = .S' x p (1) pl 'V«) v 7

where:
f j - power by gas pressure acting on the piston surface 
S - projection of the piston surface area perpendicular 

to the axis of the piston
p№ - pressure change in the cylinder depending on the 

angle of rotation of the crank a

Inertia forces. Inertia forces are created at une­
ven linear movements, and even or uneven rotative 
motion (centrifugal forces) in internal combustion 
engines. All inertia forces have a periodic character 
in engine operation, which causes engine vibration. 
This fact urges designers of engines to minimize 
the inertia force by balancing. Piston engines, in 
which also linear movements exist besides the rota­
tive motion, are engines that can be balanced only 
partially. In addition to negative impacts, inertia 
linear forces have also a positive effect on reducing 
the load of the crank mechanism because of sub­
straction from the force caused by gas pressure on 
the piston (especially during the expansion stroke).

Calculation of inertia forces of rotating parts F 
in the crank mechanism:

= mr x r XQ)2 (2)

where:
mx - total weight of rotating parts (kg) 
r -radius (mm)
o> - rotation speed of the crankshaft (rotations/min)

Calculation of inertia forces of linear parts F in 
the crank mechanism:

F = m x a (3)zp p ' 7

m = m . . + m . . ■*■ m . + m (4)p piston piston pin piston ring op ' 7

where:
m - total weight of linear sliding parts (piston, piston 

pin, piston rings and linear sliding part of the 
piston rod m, ; Fig. 1)

a - distance from the axis of the crank pin

Studied object. Crankshafts produce elastic vi­
brations which stress them to bending, torsion, 
tension, and sag of the shaft can also occur. There­
fore, the function of the crankshaft is changing. 
Main pins placed into slide bearings are crucial 
parts with wear and deformation. Therefore, the 
object of using optical measurements is to measure 
the runout of crankshafts in the agricultural tractor 
after its load in operation. The measurement was 
located in the major places of pins. The measure­
ment of roundness of major pins is related closely.
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Fig. 1. Crank mechanism (a) and scheme drive crank 
mechanism (b) (Hlavňa et al. 2000)
pp| - pressure on the piston surface; mp - torque on tap piston: 
m - torque rod: to — torque crank; I — length of the rod: a 
- angle of rotation of the crankshaft; r - space between the 
connecting rod pivot: a - the axis of rotation of the crank­
shaft; b - distance from the pivot axis song does gravity rod: 
a - space between the connecting rod piston pin axis of the 
connecting rod; T-center rod

Methodology. Based on the defined objectives of 
this work, the basic methodology was chosen for 
the solution: selection of a specific type of crank­
shaft, determination of measured parts of the 
crankshaft, measured quantities depending on the 
measuring device, and analysis and evaluation of 
the obtained results.

Characteristic of the monitored crankshaft. 
Measurements were carried out for two crank­
shafts (Fig. 2) which were demounted from agricul­
tural machines Zetor 6911 and were in operation 
for 20,000 Mh. The crankshaft No. 1 is from the

Fig. 2. Crankshaft of the tractor Zetor 6911 (Zetor Brno 1978) 
1 - crankshaft; 2 - rod pins; 3 - main pins; 4 - width of 
the main pin

tractor in livestock production, and the crankshaft 
No. 2 is from the tractor in plant production. It is 
a four-cylinder diesel engine crankshaft with an 
angular position of bends of the crankshaft (180°). 
The crankshaft has five main and four rod pins; the 
main pins are of a larger diameter and width than 
the rod pins. Each bend of the crankshaft is bal­
anced by a counterweight that balances the uneven 
run of the crank mechanism and thereby reduces 
the stress onto the bearings in which the shaft is 
located. The counterweight is attached to the first, 
fourth, fifth and the last arm of the crankshaft. The 
crankshaft is made of grey cast iron by casting; 
working surfaces of the shaft are finished by grind­
ing, lapping, and superfinishing.

Optical apical device. In order to eliminate the 
laborious counting, we recommend an adjustment 
of the zero starting point as follows: to rotate a set­
ting wheel until the bottom window shows 0'0" and 
it coincides with the index line; to loose a clamp 
and a grooved spiral and to tilt a crank to the upper 
position; to turn a gross adjuster until the top win-

Fig. 3. Optical head with a tailstock and an additive device 
on a basic board 1,600 mm

Fig. 4. Device for measurements of axial distances
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dow shows 0°; to tighten the grooved spiral; to move 
an adjuster until the measuring spiral is not located 
between marked double grooves 00; to set an approx­
imate scale to zero that can be turned by a hand and 
cannot be fasten. After the clamp and the grooved 
spiral are tightened, we can start to work. The clamps 
have to be lost for setting the next steps. Each minute 
a second steps can be done by the setting wheel dur­
ing the operation. Degrees are set to tens of minutes 
after work. The approximate scale is used to a gross 
angular adjustment (Korenko et al. 2010).

Measurement of circular radial runout (Figs 3 
and 4). After reconstitution device to access the 
procedure for setting up the horse head. Then we 
can proceed to the actual display of parts, namely 
the crankshaft between the centers of the optical 
device and tailstock. Firstly, the crankshaft was 
thread through the clamping heart and placed on 
the tip of the optical head. The tip was slided out 
the tip of the tailstock by turning a screw until it 
clicks into the centring hole of the crankshaft. The 
emphasize was put on a force of screw tightening 
so it could not cause a bend of the shaft - buckling. 
A dial indicator and a holder provided together 
with a device marked 24-151-1 were placed on a 
clean grinded surface of the basic board. The arms 
of the holder were directed to achieve the horizon­
tal orientation of a sliding measuring rod of the 
dial indicator. The measurement of runout were 
performed on points of the main crankshaft’s pins. 
The dial indicator was gently pressed against the 
shaft so the pointer made one revolution around 
its axis. Tipping a lever (10) and turning a wheel 
(9) clockwise showed deflection of the pointer of 
the dial indicator. The max. value of deflection and 
the angle of deflection of the shaft were detected 
within deflection and were subtracted them from 
the optical head P3. If necessary, a correction and 
offset the tailstock on a desired value (in accord­
ance with paragraph 3.2.3c (Zetor Brno 1978) was

made, and it was necessary to repeat the meas­
urement of eccentricity. The actual measurement 
proceeded at the exact shoulder of the crankshaft. 
Tipping the lever and setting the wheel served 
for setting the display of the optical head P3 to 
angle 0°. The measurement was be carried out at 
angular intervals of 60° and repeated up to an­
gle 360°. The dial indicator (marked as 24-151-1) 
helped to read a measured value at each interval 
shifted by 60° from the scale. The entire measure­
ment was repeated at the same angular values for 
each main pin of the other crankshaft. Deviations 
from circular radial runout were calculated and 
graphical relationships are demonstrated. The main 
pins are on the x-axis, and the amount of deviation 
in millimeters is on the y-axis. The greatest devia­
tion of the crankshaft points could be defined from 
a curve. Further, the values of the average devia­
tion of runout on both shafts were calculated and 
compared.

Measurement of roudness. The same installation 
of the crankshaft as in the case of runout measure­
ment was used. The optical dividing head P3 was 
used for angular tipping. It was used to set the 
angle that we will move in the range from 10° to 
360°. An additional device for measuring the axial 
distance - radius was used to measure the radius of 
the main crankshaft's pins. The device on the ba­
sic board in front of the measured pin was moved. 
The tip for the axial distance of the measuring adit- 
tional device was set on the axis of the crankshaft 
perpendicularly. The cylinder with the tip was 
pressed against the surface of the pin but not too 
intensively. Lighting allowed to project the actual 
value of axial radial distance (r) into ocular from 
which the values could be read. Graphic relation­
ships in the form of polar diagrams were used for 
measured values, which reflect the angle of tipping 
and the radius of pin. Polar diagrams were used for 
presenting the results of roundness deviations.

Table 1. Circularity deviations (Min; mm) for the main pins of the crankshaft No. 1

r (mm) Pin 1 Min Pin 2 Min Pin 3 Min Pin 4 Min Pin 5 Min
Crankshaft No. 1

rmax 34.655
rm.n 34.605
Crankshaft No. 2

0.05
34.652
34.605

0.047
34.663
34.597

0.066
34.686
34.591

0.095
34.649
34.597

0.052

rmax 34.767
rm.n 34.714 0.053

34.782
34.696

0.086
34.788
34.707

0.081
34.781
34.706 0.075

34.768
34.715

0.053

r - axial distance radius; r - largest radius measured profile; r . - smallest radius measured profile max ° * min r
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max min

' real-balanced

Fig. 5. Polar diagram of the circularity of (a) main pin 1, 
(b) main pin 2, (c) main pin 3, (d) main pin 4 and (e) main 
pin 5 of the crankshaft No. 1
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RESULTS AND DISCUSSION

Results of circularity measurements and their 
graphical demonstration

Measurement of circularity 
of the crankshaft No. 1 (Fig. 5)

The first main pin of the crankshaft No. 1 is char­
acterised by rmax = 34.655 at angle 200° and rmin = 
34.605 at angle 290°. The difference forms the width 
of the anuloid with values 0.005 mm = 5 mm. Cal­
culations were repeated for all the main pins of 
both crankshafts.

Table 1 shows r and r . according to the re­max nun °
lation r - r . = mln, calculated min. width of max min
anuloids - deviations of circularity min.

Measurement of circularity 
of the crankshaft No. 2 (Fig. 6)

Table 1 shows r and r . according to the re­max nun °
lation r - r = min, calculated min. width of max min
anuloids - deviations of circularity min.

Results of circular radial runout and its graphical 
representation (Fig. 6)

The circular radial runout of the circumferential 
surface’s component was determined at the shaft 
rotation of 360° by the max. value of deviaton vmax 
and minimal value of deviation vmjn, which were 
measured by using the dial indicator. The difference

between these values was referred to the deviation 
of circular radial runout p^ It was calculated for 
the first and the other main pins:

p=v — v . = 0.307-0.3 = 0.007 mm (5) max min x 7

where:
vmax - max. measured deviation from axial rotation (mm) 
vmin - min. measured deviation from axial rotation (mm)

Average runout of the main pins of the crank­
shaft No. 1 (Table 2):

N
X, =A-Vx. = (0.007 + 0.012 + 0.012 + 0.016 + 0.013)/5 = 0.0138

A'“, mm

Average runout of the main pins of the crank­
shaft No. 2 (Table 2):

N
x2 ^^ = (0.027 + 0.036 + 0.45 + 0.037 + 0.024)/5 = 0.0338

Difference of runout:

x= x, - x2 = 0.0338 - 0.0138 = 0.02 mm

Demands on material attributes grow concur­
rently with a continuous increase in performance. 
Development is directed to materials with im­
proved resistance and lifetime, with improved 
mechanical attributes, less weight and lower cost 
especially. The crank mechanism also requires its 
care for a reliable function. The use of appropri­
ate materials and their subsequent chemical-heat

Tab. 2. Deviation v (mm) of runout of the crankshafts No. 1 and No. 2 ( Fig. 7)

Angle (") Pin 1 Pin 2 Pin 3 Pin 4 Pin 5
Crankshaft No. 1
60 0.301 0.298 0.303 0.3 0.304
120 0.3 0.302 0.299 0.305 0.299
180 0.302 0.306 0.305 0.308 0.305
240 0.305 0.31 0.314 0.314 0.31
300 0.307 0.308 0.32 0.316 0.312
360 0.306 0.303 0.313 0.308 0.309

Ph 0.007 0.012 0.021 0.016 0.013
Crankshaft No. 2
60 0.528 0.531 0.535 0.520 0.529
120 0.521 0.520 0.519 0.519 0.522
180 0.529 0.527 0.532 0.538 0.530
240 0.540 0.544 0.548 0.554 0.538
300 0.548 0.556 0.564 0.557 0.546
360 0.537 0.545 0.550 0.541 0.534

Ph 0.027 0.036 0.045 0.037 0.024

v - measured deviation from the axis of rotation in this section; pH - circular radial run-surface components
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max min

^"real-balanced

Fig. 6. Polar diagram of the circularity of (a) main pin 1, 
(b) main pin 2, (c) main pin 3, (d) main pin 4 and (e) main 
pin 5 of the crankshaft No. 2
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Fig. 7. Relationship between the deviation of runout and the constituent main pin of the (a) crankshaft No. 1 and (b) 
crankshaft No. 2.

treatment leads to ensuring the lifetime and reli­
ability of the crank mechanism. Important is the 
quality of lubrication and lubricants. Temperature 
in the combustion chamber of diesel engines is 
changing up to 1,000-1,200°C. Pressure can reach 
values up to 25 MPa in diesel engines. The operating 
speed of some components must be also taken into 
account. The piston, valves, crankshaft, etc. are ex­
posed to changes in conditions of nearly 17 times/s at 
1,000 rpm. It is up to 50 times/s at 3,000 rpm. Also, a 
great tribological degradation due to fitting interac­
tion of engine parts must be taken into the account.

According to Giakoumis et al. (2007), in the anal­
ysis of the turbodiesel engine under load the follow­
ing results were obtained:

Moment of inertia affects the crankshaft defor­
mation mainly in surface portion, but it applies 
only to the total engine with relatively low-speed 
rotations. It means the max. deformation during 
one cycle cylinder engine. Significant levels can be 
expected during transient operation, depending on 
the intended increase of the load. Instantaneous 
max. deformation can be up to 50% higher com­
pared with the corresponding mean, as in interme­
diate cycles. Minor variations in the load, as well 
as stiffer crankshaft design are key parameters for 
the reduction of crankshaft torsional deformations.

A significantly degraded factor of crankshafts is 
also pitting, which usually becomes a deposit of fa­
tigue crack. Therefore, the last two of named steels 
are usually carburized, nitrided or carbon-nitrided. 
The crankshaft is a component in the engine that 
bears the greatest mechanical load. Terms of the 
crankshaft's load are static and dynamic. The pres­
sure exerted by an explosion of fuel is transferred 
through the piston and connecting rods, the iner­
tia force of pistons and connecting rods, vibration, 
etc. Earlier, nodular cast iron served for crank­

shafts. Modern engines are equipped with crank­
shafts of forged steel or cast iron. Micro-alloyed 
steel Fe-0.5C-0.8Mn-0.25s-0.1V was proved as a 
suitable alternative and becomes more widespread 
due to lower cost and excellent mechanical attrib­
utes (does not require an additional hardening). 
Hot forging with cooling in air is sufficient for the 
creation of carbides and nitrides of vanadium in a 
structure (Girman 2011).

CONCLUSION

The measurements show that the difference of 
runout between the shaft No. 1 used within live­
stock production and the shaft No. 2 used within 
vegetable production was 0.02 mm. The shafts were 
in operation for 20,000 Mh. The shaft loaded in 
vegetable production had the average runout of the 
main pins of 0.0338 mm while the shaft in livestock 
production had 0.0138 mm. A greater stress and 
forces affect the crankshaft from vegetable produc­
tion in comparison with livestock production.
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Abstract

Malý V., Kučera М., 2014. Determination of mechanical properties of soil under laboratory conditions. Res.
Agr. Eng., 60 (Special Issue): S66-S69.

This paper presents the mechanical properties of soil. In order to determine the properties of soil under laboratory con­
ditions, a special measuring device was constructed, viz. a bevameter. Two types of soil with different levels of moisture 
were examined and their mechanical properties were determined. Measurements were taken of non-compressed soil. 
A measuring network was set up, consisting of measuring and recording devices. In the course of measuring, the force 
and penetration depth of the pressing plate were recorded simultaneously. Three different diameters of pressing plate 
were used, namely 38, 50 and 70 mm. The pressure on the contact area was calculated after completion of the measure­
ments, and the relationships between pressure and penetration depth were presented graphically.

Keywords: pressure; penetration depth; bevameter; soil moisture

The use of mobile machines in agriculture causes 
undesirable soil compaction, resulting in changes in 
soil properties. The degree of soil compaction can be 
determined by measuring the physico-mechanical 
properties of the soil. Once this has been achieved, 
adequate steps may be implemented to improve soil 
conditions, e.g. by applying protective technologies 
of soil cultivation. There is a real need for the deter­
mination of soil properties, under laboratory condi­
tions as well as under real-life operating conditions.

Under laboratory conditions more exact and ob­
jectively comparable results can be obtained. The 
scientific importance of the study of these results 
lies in the field of terramechanics. At present, sev­
eral methods are known for determining the phys­
ico-mechanical properties of soil, and a number of 
appropriate measuring devices and measuring tools 
is used. From a historical and factual point of view, 
the valuable theoretical and practical work carried 
out by Bekker (1961, 1969) and his disciple Wong

(1980, 1989) should be noted. Based on extensive ex­
periments and theoretical analyses, Bekker (1961) 
described in mathematical terms the physical reac­
tions taking place in the contact zone between wheel 
and soil. From this he derived the basic relationships 
for vertical and horizontal force effects (penetration 
and rolling-resistance) resulting from the move­
ment of the wheel over the soil. All his mathemati­
cal derivations are based on the experimental data 
obtained through the use of measuring devices and 
measuring equipment. The measurements were car­
ried out in laboratory conditions, each penetration 
test being performed at least twice. Round plates of 
various diameters were used, whereby the penetra­
tion depth of the plates was recorded together with 
the pressure exerted. Bekker (1961) made use of a 
measuring device called a "bevameter" which serves 
experimentally to determine:
- penetration depth in relation to pressure exerted, 
- shear stress related to soil movement.

Supported by the Scientific Grant Agency VEG A of the Ministry of Education of the Slovak Republic and the Slovak Academy 
of Sciences, Grant No. 1/1064/11.
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Table 1. Granularity of soil samples

Soil 
sample

Soil particles according to size (%)
> 0.25 mm 0.25-0.05 mm 0.05-0.01 mm 0.01-0.001 mm < 0.001 mm

Z1 6.16 5.57 53.8 17.92 16.55
Z2 40.49 13.52 25.67 10.61 9.71

In Slovakia, Bajla (1998) has spent considerable 
time studying the mechanical properties of soil. He 
performed extensive experimental measurements 
using a vertical and horizontal penetrometer of 
his own construction. Also, Varga (2010) has per­
formed extensive measurements of the mechanical 
properties of soil, with a view to determining the ef­
fect of soil resistance in the case of a uniform plow­
ing depth through the use of a three-point hitch 
tool pulled by a tractor. The deformation character­
istics of soil at compressive load under laboratory 
conditions were reported by Abrahám (2005).

MATERIAL AND METHODS

For determination of mechanical properties of 
soil at simple load by pressure under laboratory 
conditions a measuring device specially designed 
at the Department of Machine Design, Faculty of 
Engineering, Slovak University of Agriculture in 
Nitra, Slovakia was used. This measurement de­
vice with accessories (Fig. 1) consists of a single­
phase asynchronous motor Klimac KTl type (ZPA, 
Prešov, Slovak Republic). The motor is equipped 
with limit switches and an overload protection (OP

KTl; ZPA, Prešov, Slovak Republic), which is ad­
justable with a spring preload of the torque clutch. 
The shaft of the motor is connected to the gear box 
(Klimac KT 1; ZPA, Prešov, Slovak Republic) by 
input-shaft. This gear box drives the spindle nut, 
which is attached to the double-wing propeller of 
the optoelectronic revolution sensor (RS; DMD 
SUA, Nitra, Slovak Republic). The optoelectronic 
force sensor (SS 1000N; DMD SUA, Nitra, Slovak 
Republic) is mounted between the sliding bar of 
the spindle and the pressing plate. A soil sample 
is placed in a metal container. Based on the num­
ber of spindle nut revolutions and the thread pitch 
s = 6 mm, the penetration depth of the pressing 
plate can be set. The pressure value depends on 
the force and surface area of the pressing plate. The 
data measured are continuously processed by com­
puter, displayed on a monitor and recorded on a 
recording device (PC-IBM; IBM, New York, USA).

The laboratory measurements of the mechanical 
soil properties at simple pressure load were per­
formed under following conditions. The soil was 
moistened to the desired moisture before the ex­
periment and then placed in a container with di­
mensions 640 x 440 x 400 mm up to a height of 
370 mm.

Fig. 1. Measuring network for measurement and evaluation of the bevametric test

1 - metal bin with soil; 2 - pressure plate; 3 - force sensor; 4 - displacement rod of servomotor; 5 - arbor nut; 6 - two 
wing propeller; 7 - rpm sensor; 8 - gearbox; 9 - single phase asynchronous electric motor; 10 - computer; 11 - monitor, 
12 - weight; 13 - drier; 14 - sample; 15 - recorder
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Fig. 2. Relationship between pressure and depth for soil moisture (a) 4.8%, (b) 16.03% and granularity Zl

For the laboratory measurements, following soil 
samples were used:
- soil moisture 4.81% and 16.03%, granularity Zl, 
- soil moisture 5.7% and 17.03%, granularity Z2.

The soil moisture mentioned above is expressed 
in weight percentage. The granularity of soil sam­
ples is presented in Table 1.

RESULTS AND DISCUSSION

The results obtained from the experimental meas­
urements of soil compaction using a bevameter, with 
soil moisture tv = 4.81% and granularity Zl confirm 
that penetration depth h increases linearly in rela­
tion to pressure p (Fig. 2a). It can be further observed 
that plate diameter has an effect on the penetration 
depth for the same value of pressure. In this case the 
relationship between pressure and penetration depth

may be expressed by regression line у = 0.1029x with 
correlation coefficient R1 = 1, as shown Fig. 2. For ex­
ample for a pressure p = 400 kPa and plate diameter 
D = 50 mm the penetration depth is 40 mm.

Different results were obtained for soil moisture 
w = 16.03% and the same granularity Zl (Fig. 2b). 
Fig. 2b shows that for pressurep = 100 kPa the pen­
etration depth is approximately 30 mm. Similar re­
sults were obtained for granularity Z2 and analo­
gous values of soil moisture, as compared in Fig. 3. 
Ultimately, the summary diagram shown in Fig. 4 
graphically illustrates the results obtained from the 
experimental measurements of soil compaction for 
various soil moisture and granularity levels.

Based on the obtained results mentioned above it 
can be concluded that dry soil with a moisture level 
about 5% does not change expressively its mechani­
cal properties, not even after compression and re­
gardless of granularity. However, at a level of soil

Fig. 3. Relationship between pressure and depth for soil moisture (a) 5.7%, (b) 17.03% and granularity Z2
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Fig. 4. Relationship between pressure and 
depth after regression analysis for various soil 
moisture and granularity levels

moisture of 16-17% the change in mechanical soil 
properties after compression is the highest of all, 
up to 4-fold.

So, in view of the fact that the most favourable 
moisture level for standard types of soil for cultiva­
tion is within 15-17% range, it is recommended to 
use all available means (dual tyres, caterpillar trac­
tors, soil protection technologies) to reduce soil 
compaction caused by mobile agricultural machines.

CONCLUSION

The laboratory experiments and measurements 
identified a number of new relationships which have, 
up to now, never been presented in this way, and 
which need to be further theoretically analysed. In the 
first place, there is an interesting fact that reduction 
in plate diameter, and thus in the surface area of the 
pressing plate, will generally little decrease the pres­
sure for the same value of penetration depth; it may 
be considered as anomaly or paradox. This paradox 
may be explained by the fact that by pressing the plate 
into the soil, the soil is compressed on area equal to 
the surface area of the plate, while at the same time 
soil is cut and pushed away at the circumference of 
the plate. However, in calculating the pressure values, 
the shear stress at the circumference of the plate is

not taken into consideration. As a result, the pressure 
values are to some extent distorted.
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Abstract

Drlička R., Kročko V., Matúš М., 2014. Machinability improvement using high-pressure cooling in turning. 
Res. Agr. Eng., 60 (Special Issue): S70-S76.

Process fluids are used primarily for their cooling and lubricating effect in machining. Many ways to improve their 
performance have been proposed; the analysis of some of them is provided in the paper. The effect of high pressure 
cooling has been investigated with regard to chip formation and tool life. Standard and for high pressure application 
particularly designed indexable cutting inserts were used with fluid pressure 1.5 and 7.5 MPa. The pressure effect on 
tool life at different feed rates was observed as well. Not each cooling pressure value or machined material showed 
favourable chip formation. Tool life though has improved significantly while machining with a lower feed rate.

Keywords: tool; indexable insert; high pressure cutting fluid application; cutting parameters; tool life

Management methods for managing the manu­
facturing processes and for quality improvement 
of product should be a part of every production 
organization (Korenko, Kapli'k 2011). Not only 
in times of economic crisis but also in times of 
growth and prosperity of economy, manufacturing 
organizations must strive in order to the outputs of 
their production processes are most effective and 
achieve the best results. That way you can ensure 
the company’s prosperity, growth and position in 
the market (Korenko et al. 2010).

The term machinability is understood as a complex 
of machined material properties, fulfilled by particu­
lar criteria such as cutting tool life, a simple achieving 
of shape and dimension accuracy, machining perfor­
mance, low system load - low cutting resistance, and 
chip generation. Technological properties of cutting/ 
cooling fluids used in machining influence the ma­
chining process quality (Kročko et al. 2012).

Chip generation is important for fully automat­
ed lines to prevent possible downtime occurrence

due to cough and reeled up chips in the working 
space or chip conveyor. The chip reeled on the cut­
ting edge can damage the finished surface on the 
machined part, cutting tool, or shorten the cutting 
tool life. Long bulky chips handling can introduce 
hazard/risk of operator’s injury. This is why the 
shape and size of chip has to be under control.

The turning process is mainly a continuous cut 
with a high probability of long chip creation. The 
proper cutting parameters selection, such as cut­
ting speed (vc), the depth of cut (af and feed per 
revolution f^ along with cutting tool micro- and 
macro-geometry and coating, can affect the chip 
shape and size (Žitňanský et al. 2012). On the 
contrary, the machined part material, specifically 
its chemical composition (effect of C, Cr, Ni, Mn 
and S content), thermal treatment and mechanical 
properties (tensile strength, yield strength, ductil­
ity) cannot be affected usually.

Cooling strategies could be divided as follows: 
- high volume rate of cooling fluid,
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- high pressure cooling, 
- dry machining, 
- cooling medium constitution change, 
- minimum quantity lubrication (MQL), 
- oil mist lubrication.

Machining with using no or min. amount of cut­
ting fluid has become a global trend. This cannot 
be used for specific material groups and machining 
operations because of unfavourable chip forma­
tion, machined surface quality and allowances and 
machining performance. A standard cooling sys­
tem is used in many machines, i.e. cooling fluid flow 
through a big diameter nozzle. This system function 
is more rinse, with a removal of chips, temperature 
decrease in machining workspace and cutting sys­
tem elements preservation.

Standard cooling is not sufficient because of quite 
high temperature generation in the cutting zone in 
machining. Cutting fluid cannot reach the zone of 
the highest temperature in case of the standard 
cooling system because the fluid evaporates, and 
then vapours generated do not allow the cutting 
fluid to access the cutting edge, resulting usually in 
thermal cracks on it. That is why dry cutting was 
preferred using no cooling fluids.

Introducing a new approach to the cooling process 
- high-pressure cooling involves cooling fluid appli­
cation using a high-pressure nozzle. A lamellar flow 
of the fluid is achieved, causing the contact area of the 
removing chip and cutting tool on the rake is reduced. 
The high cutting flow velocity is not so much influ­
enced by water vapours. The cooling and lubricating 
effect is increased, and chip forming and breaking is 
improved. A jet of fluid pressure blast at the back of 
the chip and into the nip between the chip and the 
rake face provides cooling and an efficient and non­
wearing chip-breaking action (Byers et al. 2006).

Fig. 1. Jet Stream system, Seco (a) type of cooling, (b) as­
sembly of Jet Stream

High pressure cooling results in few advantages, 
including higher cutting parameters use, cutting 
edge life extension (from 20% up to 70%), and a 
better chip control and removal. Some disadvan­
tages include higher initial costs, higher power 
consumption, higher system maintenance costs, 
higher demands on cooling emulsion, and working 
space exhausting.

MATERIAL AND METHODS

Analysis of selected tool manufacturer's solu­
tions. Standard tools cannot be used, although they 
are equipped with cooling fluid channels through 
the tool. The cooling channel is of a too large diam­
eter, and it is not directed to the cutting zone prop­
erly. Several manufacturers offer own tooling sys­
tems for high-pressure cooling in various concepts.

The company Seco (Fagersta Stainless AB, Fagersta, 
Sweden) offers a Jet Stream system (Fig. 1). The ad­
vantage of this system is a rigid clamping of the index­
able cutting insert (ICI), but two channels for cooling 
fluid application are not pointed to the ICI tip when 
machining with a small depth of cut. Moreover, cool­
ing channels finish is not ideal, so swirl flow instead of 
lamellar one can occur at lower pressures.

Fig. 2. Iscar HP-HELI TURN (a) fixed cooling channels, (b) with housing and (c) the nozzle tube integrated in a holder
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Fig. 3. Nozzle and cooling of Chip­
Blaster company (a) example of cooling 
and (b) shape of nozzle tube

The Iscar company (Tefen, Beit-Dagan, Israel) of­
fers two systems: JET HP - HELI TURN (Fig. 2), 
with ICI clamped tangentially (designed for con­
ceptual ICI) and then standard ISO ICI.

Holders HELI TURN for ISO ICI do not have 
designed the cooling pipe reliably. The pipe is in­
serted into the holder body and is pulled out by the 
pressure of cooling fluid running into. The pipe it­
self is not designed to concentrate the pressure to 
one spot and became a barrier for long chip run­
ning out of the cutting zone.

As the first company on the market, ChipBlaster 
offers a comprehensive solution of high-pressure 
cooling (Fig. 3). It was the first applying for the pat­
ent of the cooling pipe as a nozzle for laminar flow. 
Tool holders are designed for standard ICI, and it 
allows selecting the proper nozzle diameter with 
regard to the pump performance. The only disad­
vantage of this system is that it only contains one 
nozzle, limiting the disposable depth of cut.

Another company selected, offering tools for 
high-pressure cooling, is Sandvik Coromant AB 
(Sandviken, Sweden). It offers tool holders for 
ISO ICI with three cooling nozzles used (Fig. 4), 
exchangeable, similarly to the ChipBlaster solu­
tion, in accordance with flow rate generated by 
the pump type. ICI clamping is in some respect an 
obsolete solution, using a clamp, but no barrier is 
created for cutting fluid application to the cutting

zone with an appropriate angle, forming an angle 
of 10° with rake.

The advantage of this system is the possibility of 
cutting fluid direction, according to the machined 
surface type, i.e. a cylinder or face surface. The cut­
ting fluid stream can be pointed to the ICI tip in 
case of finishing operation (Fig. 5).

Used indexable cutting inserts. Standard ISO 
indexable cutting inserts can be used for high-pres­
sure cutting tools, but they have to be equipped 
with a wider groove so that no mechanical barrier 
is present in front of the cutting edge to disturb 
the cooling fluid flow. To fulfil this requirement, a 
specific ICI with a special shape for high-pressure 
cooling is recommended by manufacturers (Fig. 6).

Seco has a specific ICI geometry, adjusted to 
SECO tool holders. These holders use two cooling 
channels completely modified to their ICI, with a 
wide opened groove (Fig. 7).

RESULTS AND DISCUSSION

The aim of laboratory sets was to compare chip 
generation and type in particular machining condi­
tions. A standard geometry MM2025 was compared 
to an optimised geometry for high-pressure cool­
ing MMC2025 (Fig. 8) in laboratory tests. Particu­
lar ICIs in a standard tool holder rigid clamp (RC)

Fig. 4. Cooling system Sand­
vik Coromant (a) and a detail 
of cooling nozzle design (b)
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Fig. 5. Cooling fluid lines of flow 
distribution to the cutting zone (a) 
concentrated flow cooling in one 
place and (b) destination of the flow 
cooling on the inserts

Fig. 6. Difference between geometry 
standard (a) and specific shape op­
timized for high pressure (b) of 1CI 
and its application in high-pressure 
cooling tool holders

and special tool holder for high-pressure cooling at 
the cooling fluid pressures of 1.5 and 7.5 MPa on 
the Okuma machine (Okuma, Oguchi-cho, Japan) 
were compared. Workpiece material was austenitic 
stainless steel 1.4404 (ThyssenKrupp, Essen, Ger­
many). Facing was used as a machining operation. 
Cutting parameters were used as follows:

cutting speed vc = 200 m/min; depth of cut a^ =1.0 mm; 
feed per revolution / =0.12 mm and 0.2 mm. Used 
ICI type - CNMG120408.

Resulting chips are presented in Fig. 9:
(a) Tool holder effect: the use of RC clamp and 

standard cooling system does not improve chip 
generation either at higher cooling fluid pressure. 
In spite of that, the use of tool holder for high­
pressure cooling improved chip generation even

Fig. 7. Detail of SECO ICI for high-pressure cooling with 
position of cooling channels

at lower pressure of cooling fluid (1.5 MPa), with a 
spiral chip going away easily. The chip generated at 
pressure 7.5 MPa was naturally broken, elemental.

(b) Feed effect: the common theory was con­
firmed that higher feed values improve chip gen­
eration with machined surface finish deteriorating 
(not measured in our tests).

(c) Indexable cutting inserts geometries did not 
influence chip generation so much, mainly thanks to 
the fact that both geometries were equipped with a 
wide groove, forming no barrier to cooling fluid.

To prove the fact that high-pressure cooling can 
be used at pressure 0.7 MPa, roughing operation 
was used with a demand of as most as possible ma­
terial removal rate achievement. The following ma­
terials were used in machining:
- austenitic steel 1.4301, hardness 180 KB (Thys­

senKrupp, Essen, Germany),
- deep-drawing sheet - low carbon steel C15, hard­

ness 125 HB (ThyssenKrupp, Essen, Germany). 
A long chip is generated when machining these 

materials at standard conditions, causing signifi­
cant problems mentioned above.

Test No. 1

- machine tool Mori Seiki NL2500,
- material 1.4301, austenitic stainless steel,
- tool holder used: C5-PDJNL-35060-15HP (Sand­

vik Coromant AB, Sandviken, Sweden),
- indexable cutting insert used: DNMG150608-MMC 

2025 (Sandvik Coromant AB, Sandviken, Sweden).
Cutting parameters:
- cutting speed v = 150 m/min, 
- feed per revolution^ = 0.25 mm,
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Fig. 8. Geometry of (a) MM - standard geometry (medium feed for stainless steel) and (b) MMC - optimized medium 
geometry for stainless steel for high pressure coolant

- depth of cut a^ = 2.0 mm,
- cooling fluid pressure p = 0.7 MPa.

Tool life was 8 machined pieces (cutting time 
36 min). The original solution tool life was 6 ma­
chined pieces (cutting time 27 min) with the same 
parameters.

Jn = 0.12 mm f = 0.2 mm

MM 2025 
RC clamp 
p = 1.5 MPa

Fig. 9. Chip generated in machining using different geom­
etries, clamping systems and cooling emulsions pressures 
at two different feeds
MM - standard geometry (medium feed for machining 
stainless steel); p - cooling pressure;/ - feed rate; MMC 
- optimized medium geometry for stainless steel for high 
pressure coolant; HP - high pressure holder

Test No. 2

- machine tool Famar (Famar S.r.L, Avigliana, Italy), 
- material C15 (ThyssenKrupp, Essen, Germany), 
- ICI type used: CNMG120408-MMC 2025 (Sand­

vik Coromant AB, Sandviken, Sweden).
Cutting parameters:
- cutting speed v = 250 m/min,
- feed per revolution/ = 0.4 mm,
- depth of cut a^ = 1.5 mm,
- cooling fluid pressure p = 0.7 MPa.

The tool life was 54 machined pieces (cutting 
time 77.4 min). The original solution tool life was 
20 machined pieces (cutting time 28.6 minutes).

An example of resulting chips from this test is 
provided in Fig. 10.
High-pressure cooling success conditions:
- emulsion cleanness - filter devices cannot remove 

contamination with a size higher than 5 pm, 
-emulsion concentration - 8-10%,
- proper nozzle diameter for an appropriate emul­

sion flow rate (pressure, volume) with pressure 
applicable area 0.7-7.0 MPa,

Fig. 10. Chips shape when machining using high-pressure 
cooling,/ = 0.25 mm, a = 2 mm

Fig. 11. Cutting tool set used in machining tests
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Fig. 12. High-pressure cooling device with filtration (Swiss
Blaster SD30)

- multistep cutting tools use with an adjustable 
base unit only; otherwise, the risk of flow rate 
loss occurs.
The use of ICI geometry other than that designed 

for high-pressure cooling (Fig. 11) can result in 
a lower cutting edge life or proper function loss. 
Other ICI geometry can be used only in case of 
proper nozzle diameter combination.

The above-mentioned test was carried out at 
the CNC lathe (Famar S.r.l., Avigliana, Italy) with 
standard filtration up to 50 pm; approximately five 
min after test start, the nozzles got choked up with 
small chip particles. The machine tool has to be fit­
ted with a filtering system for high-pressure cool­
ing (Fig. 12). Filtering using paper filters or a hydro­
static filter system with high filter capacity should 
be used to prevent blockage of the holes, along with 
constant surface finish and longer tool and coolant 
life ensuring (Stephenson, Agapiou 2006).

The effect of feed rate on tool life with high­
pressure cooling is depicted in Fig. 13. The ma­
terial used in this test was steel grade 11523 of 
hardness 180HB, ICI CNMG120408-PMC 4224, 
cutting speed v( = 335 m/min, and depth of cut a^ =

2.0 mm. Three different feed per revolution values 
were used: 0.2, 0.3 and 0.4 mm.

Sensibility of standard and special ICI 
geometry tool life on cooling fluid pressure

Another test was carried out to find out an in­
fluence of cooling fluid pressure on the tool life of 
standard ICI geometry and special high-pressure 
ICI geometry. The material used was steel grade 
11523 of hardness 180HB (ThyssenKrupp, Essen, 
Germany).

The geometry of the cutting insert was CN- 
MG120408-PMC and PM 4225. Cutting param­
eters: cutting speed v = 300 m/min, depth of cut 
a^ = 2.0 mm and feed per revolution Jn = 0.2 mm.

The tool life criterion was the wear area size of 
flank VB 0.2 mm. The result is shown in Fig. 14.

CONCLUSION

The first conclusion is that high-pressure cooling 
is not working properly with pressure value 0.7 MPa 
when machining the material with a continuous 
chip (deep-drawing sheet metal). It is no problem 
to obtain an elemental chip when machining ma­
terials giving natural broken chip (Test No. 1). Al­
though the elemental chip (or favourably formed) 
was not obtained in both tests, high-pressure cool­
ing proved a positive effect on cutting edge life.

When observing chip generation with different 
feed rates, we found useful using a lower feed rate 
in case of HPC geometry of indexable cutting in­
sert. Machining with feed per revolution 0.2 mm 
produced a well-formed chip in the whole range of

Fig. 13. Effect of feed rate at various cooling fluid pressures 
on tool life
Tc - tool life,/« - feed rate per revolution

Fig. 14. Effect of cooling fluid pressure on standard (PM) 
and special high-pressure (PMC) ICI geometry tool life
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cooling pressure used and tool wear occurred on 
the flank only.

At higher feed rates per revolution 0.3 and 
0.4 mm, the chip was elemental, but the feed 
stressed (loaded) the cutting edge much more, re­
sulting in groove wear on the rake.

After that, we can say it is better to use standard 
geometry in case of low cooling pressures device 
available, while optimised geometry is suitable only 
at high cooling pressure values (from 7.0 MPa).
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Design of active stability control system of agricultural 
off-road vehicles
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in Nitra, Nitra, Slovak Republic

Abstract

RÉDL J., Váliková V, Antl J., 2014. Design of active stability control system of agricultural off-road vehicles. Res. 
Agr. Eng., 60 (Special Issue): S77-S84.

Part of active stability control system design of an agricultural technological vehicle designated for working in mountain 
and foothill areas is described. The principle of active control of angular velocities of the centre of gravity has been 
used. During the manoeuvre, active tipping axes are identified by orientation of the weight vector. From experimental 
tests of a machine MT8-222 based on the Standard STN 47 0170, the real records of angular velocities were obtained. 
Tests were executed on the slope with an average slope of 32 degrees. From computation critical angular velocities were 
gained, by which the machine could get into the position of labile stability during the manoeuvre. The regulator was 
simulated in Matlab®, which controlled the actual value of angular velocity compared with the critical one. In case the 
boundary zone of critical angular velocity was reached, the regulator sends a signal to the fuel control system and then 
vehicle speed decreased. During experimental tests, the vehicle did not turn over. Therefore, the angular velocity was 
simulated by a generated function so that the functionality of the designed regulator was verified.

Keywords: vehicle dynamics; mathematical modelling; simulation

The influence of dynamic effects of the ride of an 
agricultural mechanism on a sloping terrain is the 
main cause of its rollover. Following the rollover 
of the machine, leakage of technical fluids, dam­
age of the machine as well as injuries of the driver, 
frequently fatal, can occur. This is documented by 
records of the National Labour Inspectorate of 
the Slovak Republic, which registers 12,874 oc­
cupational injuries in agriculture from 2000, from 
which 66 cases were caused by agricultural mecha­
nisms. Up to 13 accidents were caused by vehicle 
overturns. Safety at work and operational safety 
of agricultural mechanisms are monitored by the 
European Agency for Safety and Health at Work. 
The agency states that in the United Kingdom 
transport with agricultural vehicles was the main

reason of fatal injuries of workers in agriculture 
during the years 1999 and 2009. The cases as be­
ing struck by a moving vehicle with a 25% share or 
trapped by something collapsing and overturning 
with a 7% share of all fatalities are registered (Euro­
pean Agency for Safety and Health at Work 2011). 
Because of this, the main priority of producers of 
agricultural machines nowadays is an implementa­
tion of intelligent stability control systems, mainly 
of those which work on a sloping terrain of more 
than 15 degrees.

A remarkable contribution in the research of 
stability of agricultural machines operation was 
achieved by Grečenko (1983, 1986) who inter alia 
presents that dynamic stability is part of the slope 
stability of agricultural vehicles. A significant con-
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tribution in the research of static and dynamic sta­
bility of agricultural off-road vehicles was present­
ed by Šesták et al. (1987), who dealt with the static 
stability and slope stability of machines working on 
the sloping terrain. Fundamental results of the dy­
namic stability research were published in the works 
of Šesták et al. (1989, 1993). The methodology of de­
termining the slope stability of agricultural vehicles 
in Slovakia was presented by Šesták et al. (2000). 
Also, Spencer and Gilfillan (1976), Chisholm 
(1979a,b), and Swanghart (1987) markedly con­
tributed with their works to the problem of vehicle 
dynamic stability and to the research of the dynam­
ics of vehicle rollover on the slope. With the arrival 
of modern information technology begins an era of 
more intensive research and modification of existing 
methods and the specification of some terramechan­
ics theories. Pacejka (2005) and Genta (2006) also 
contributed with notable works. The phase of in­
creasing the operational safety of agricultural vehicles 
begins with implementation of intelligent systems 
into vehicle control systems, with connection to gy­
roscopic sensors and accelerometers. The utilization 
and suitability of use of accelerometers in vehicle dy­
namics is described by MacDonald (1990). Con­
temporary development is oriented mainly towards 
modelling and dynamic simulations in various CAD/ 
CAM programs, which allow motion simulations of 
vehicles with more degrees of freedom. Input forcing 
functions appear as an appropriate supplement. For 
simulation of dynamics of the vehicle Fiat Arborio 
et al. (2000) use the stability analysis in Matlab and 
Adams Car. Strassberger and Guldner (2004) 
describe the "Active Stabilizer Bar System" developed 
by BMW and called dynamic drive. Dynamic drive 
significantly reduces roll angle during cornering. Zo- 
lotas et al. (2006) discussed various issues related to

creating models for controllers design, which can be 
applied to complex dynamic systems. The prediction 
of vehicle dynamics on soft soil in the Adams sys­
tem is published also by Fassbender et al. (2007). A 
complex system of active stability control ADAS (Ad­
vanced Driver Assistance Systems) is described by 
McNair (2007), where the system directly commu­
nicates via satellite connection. Pro/Engineer is used 
for vehicle dynamics simulation by Bradley et al. 
(2009). Mikleš et al. (2011) dealt with constructional 
parameters of forest machines, which directly influ­
ence the centre of gravity of the machine, and with the 
determination of static and dynamic stability of forest 
machines. At modern machines there are used mod­
ern active technologies such as Electronic stability 
control (ESC). ESC is safety feature that detects and 
prevents (or recovers from) skids. It can help keep the 
driver from losing control of the car in a panic swerve 
or when driving on slippery roads (Gold 2013). Mit­
subishi Motors Corporation (2013) uses Active Sta­
bility Control (ASC) which helps drivers maintain in 
adverse weather conditions and during emergency 
manoeuvres. In BMW vehicles is Dynamic Stability 
Control (DSC) used. DSC adds safety to facilitating 
vehicle control even in adverse driving conditions or 
on tough surfaces. It ensures the highest possible lev­
els of stability when driving and it maximizes traction 
of all wheels when setting off or accelerating (BMW 
2013).

MATERIAL AND METHODS

Spatial identification of vehicle. The mathe­
matical model of the vehicle was created with six 
degrees of freedom, whereby the mass of the whole 
machine is represented by a single point, namely

Fig. 1. Spatial identification of the vehicle 

a - angle of slope; CG - centre of gravity; 
Gx,Gy,Gz - components of weight vector
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the centre of gravity. We followed the Standard 
SAE J670_200801 (2008) in terms of the terminol­
ogy of vehicle dynamics. In Fig. 1, there is depicted 
a model of the slope with a defined inertial coordi­
nate system (X, Y, Z). The vehicle and its moving 
on the slope is represented by the motion of the 
centre of gravity, in which the coordinate system of 
the vehicle (x, y, z) is oriented. Particular orienta­
tions of the weight vector as well as its components 
are defined according to Fig. 1.

In terms of spatial identification of the vehicle and 
transformations in the inertial system and in the co­
ordinate system of the vehicle, there were chosen 
Euler’s parameters. A symbolic matrix notation is: 

[A'] = Í [П] x [A] (i)

where :
[A] - matrix of parameters derivation
[Í2] - matrix of angular velocities
[A| - matrix of parameters

By solution of this system of differential equa­
tions, we obtain direction cosines of the transfor­
mation matrix between vectors determined in the 
coordinate system fixed to the vehicle and inertial 
space. These are:

The dynamic analysis of automotive vehicle sta­
bility involves also determining the components of 
the vehicle weight in the initial position and also 
during the ride.

Components of the vehicle weight in the initial 
position (vehicle does not move) are determined as 
follows:

[Go] = [T] x [T] x [T]

where:
[G0J

[T ], [T], [T]

[G]

M =

Gxm 
Gy(o) 

Gzw.

(5)

- matrix of vehicle weights in the initial 
position on the slope,

- matrices of rotations with respect to 
the x, y, z axes

- matrix expressing the total weight of 
the machine at rest on a flat ground

1 
о 
.0

0 0 " 
cos a sin a 

— sin a cos a.

cos ß 0
0 1

.sin ß 0

— sin fit cosy sin у
0 x — siny cosy 

cosß 0 0

01 ГО
0x0
11 IG

(6)

The following transformation is used for comput­
ing the weight components during the ride:

[GJ = [Mny] x [G„] (7)

an = ^o T A3 — A2 — A3, n12 = 2(A3 x A2 + A^ x A3)

ai3 = 2(A2 x A3 — Ao x A2),a21 = 2(At x A2 — Ao x A3)

a22 = Aq + A2 — A3 — ApCt23 = 2(A2 x A3 + Ao x A3)

a3i = 2(A3 x A3 + Ад x A2), a32 = 2(A2 x A3 — Ao X A3)

a33 = Áq + A3 — A3 — A2

From parameters (Eq. 2), we obtain the transfor­
mation matrix as follows:

" fan a12
i J a21 a22

i=i,2,3,... a3i a32

“isl-1

a23 
a33.

(3)

Components of the angular velocity vector of the 
centre of gravity in the inertial system are deter­
mined as follows:

[firs! = [^т] x Щт] (4j

where:
[fl ] - matrix of angular velocities of the centre of 

with respect to the inertial coordinate system,
[flr] - matrix of angular velocities of the centre of 

gravity with respect to the coordinate system 
of the vehicle

where: [GJ =
6,(0 
Gy(0 
G?(i)

matrix of the components of vehi­
cle weights during the ride in 
the z-th instant of time

Stability criterion. In the process of dynamic 
stability determination, it is important to identify 
tipping axes, which are dependent on the construc­
tion of the given machine (rigid vehicle, vehicle di­
vided by axial or vertical pin).

The vehicle is in an unstable position when the 
value of kinetic energy determined with respect to 
the chosen tipping axis is greater than the value of 
potenciál energy spent on the centre of gravity dis­
placement into a limiting static position. Stability 
vanishes at the moment when the vehicle begins to 
turn over about some of the tipping axes. The loss 
of control occurs when the vehicle does not con­
form to driver’s interventions. Vehicle control is 
fully influenced by the properties of the base and 
radial force or the vertical load of the wheels. In a 
real description of the dynamic stability criterion, 
we followed the work of Šesták et al. (1993), where 
determination of the dynamic stability criterion, 
obtained from vehicle operation, involves changes 
in the direction of the weight vector with respect
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Fig. 2. Overturning dynamics
toy - angular velocity; to crit -critical angular 
velocity; HR - vertical difference; a - angle of 
slope; ß, у, 8 - instantaneous angles of rota­
tions of the automotive vehicle; E-point - rear 
tipping axis in the plane; G - weight vector; 
Gz>Gy - components of weight vector; x, z - 
coordinates of the vehicle

to the determining tipping axis and inertial effects. 
Weight components of the vehicle in the initial posi­
tion on the slope can be defined according to Fig. 2. 
The real phase of overturn begins with the angular 
rotation of the front (rear) part of the vehicle, with 
respect to the rear (front) part, about the internal 
tipping axis. Tipping axes are represented by the 
joining lines of points, which are the contact points 
of the tyre with the base. In Fig. 2, the rear tipping 
axis in the plane is represented by the point E. In 
the mathematical description of stability criterions, 
there are considered external tipping axes because 
the loss of contact of the only wheel with the base 
is not the condition of total stability loss of the ma­
chine. The real description of stability criterions, ob­
tained from the operation of the automotive vehicle, 
then involves changes in the direction of the weight 
vector and inertial effects. According to instanta­
neous angles of rotations of the automotive vehicle, 
components of the weight vector are obtained by 
transforming the weight vector components from 
the initial start position, as introduced in Eq. (7). 
Relations describing the stability with respect to the 
rear tipping axis are for the known weight vector G 
determined according to Fig. 2. The value of the re­
sultant of the vehicle weight in the plane TXZ of the 
coordinate system fixed to the vehicle is:

6 = Ä^x + Gz (8)

The instantaneous direction of the resultant, 
oriented from the Z axis of the coordinate system 
fixed to the vehicle, will be:

n . CG,7 — arctan
SH = - ------- - ------(9)

Pi
Then, we can define a conventionally used stabil­

ity coefficient with the relation:

Gx 
ßi = arctan —
where:

(10)

CGz, X - dimensions found on the machine

If SH = 1, the machine is at the limit of static 
stability; if SH < 1, the total loss of stability occurs. 
In this procedure, the coefficient SH then informs 
the researcher about the backup of real stability in 
regard to the limit static value in each instant of 
time of realisation. Stability criterions are further 
derived in terms of Fig. 2. The radius of rotation of 
the centre of gravity towards the point E is deter­
mined as follows: ■

ĚČG = ^CG2 + X2 (11)

By the influence of dynamic effects which turn 
the machine about the tipping axis represented by 
the point E, the position of the centre of gravity is 
changed from position 1 to position 2 by vertical 
difference HR, which can be expressed as:

HR = ECG (cos 5 - cos (^ - ßi - y)) (12)

Seeing that the kinetic energy of the vehicle which 
performs general plane motion is given by the sum 
of kinetic energy concentrated in the centre of grav­
ity and kinetic energy of rotational motion about 
the centre of gravity, and the rotational motion is 
related to the space which is moved with the centre 
of gravity, we can determine the kinetic energy in 
point 1. The required angular velocity is determined 
from the experiment, and it must hold that ы^ > 0. 
Kinetic energy is then expressed by the relation:

1 1 ____
KH = -Jy x wy + -toy x ECG2 x m (13)

If we set g = 10 m/s2, then after modification we 
obtain:
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Angular velocities of center of gravity in manoeuvre

-0.4

0.5

Fig. 3. Angular velocities of the centre 
of gravity during the manoeuvre

Time (s)

KH =-toy x (/y + 0.1G x ECG2) (14)

It is obvious that this kinetic energy is consumed 
during the process of the centre of gravity turn­
ing from position 1 to position 2 and this leads to 
KH = HR x G.

In case the vehicle deflects from the slope, dy­
namic stability criterion DH can be set as follows. 
According to Fig. 2, we determine angle 6:

/ КН /7Г \\
(15)

Next, we determine angle ß2:

ß2="6-y (16)

After that, dynamic stability coefficient DH yields 
to:

n
Y

DH=^— (17)
P2

If the position of the centre of gravity CG is in the 
limiting static position, it means that the straight 
line ECG is perpendicular to the horizontal plane 
of the slope and the point CG lies above the tipping

axis (represented by the point £), then the point CG 
earns the potential energy PH, which is:

PH = m x g x Ah (18)

where: Ah = ECG - ECG x sin(ß1 + у)

and after modification:

PH= G x ECG (1 - sin(ß] + у) (19)

Dynamic stability is violated if the angular velocity 
6^ is so high that the kinetic energy causes the sat­
isfaction of the condition KH > PH. From the intro­
duced equations we can discover the limiting angular 
velocity toHRA at which the mentioned phenomenon 
could occur. Critical angular velocity is in the form:

2G x ECG x (1 - sin(ß, + у))Шусг“ " J Jy + 0.1G x ĚČG2 (20)

The condition of stability violation is ы^ > to . 
The mathematical formula for the other tipping 
axes is analogical.

Conditions of experiment. The listed angular 
velocities (Fig. 3) were obtained from the real ex­
perimental measurement. Driving manoeuvre was

Fig. 4. Scheme of sta­
bility control zone
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Fig. 5. Critical angular velocities during4.5 r Critical angular velocities of manoeuvre

the ride on the slope along the down-grade slope with 
turning to the down-grade slope. The experimental 
test was performed following the Standard STN 47 
0170. Priority was mainly given to the composition 
and humidity of the terrain on which the test was 
performed. The botanical composition of the terrain 
consisted of plants like Festuca pratensis Huds. 15%, 
Poa pratensis L 30%, Dactylis glomerata L. 30%, Ar- 
rhenatherum elativ 5%, Alopecurus pratensis L. 5%, 
clovers 5%, and other plants 10%. The humidity of the 
terrain was determined according to the methodol­
ogy of Jobbágy and Simoni'k (2006). The share of 
humidity was lower than 50%, which means that the 
surface of the terrain was specified as dry.

RESULTS AND DISCUSSION

In Fig. 4, there is depicted the scheme of stabil­
ity zone control of the agricultural off-road vehi­

cle. It is possible to describe the control principle 
as a verification of the measured angular velocity 
from accelerometers or from the gyroscopic sen­
sor placed in the centre of gravity. Verification is in 
comparing with the critical angular velocity (Fig. 5) 
at which an unstable position occurs. The output of 
control is the limitation of engine power and also 
the velocity if the measured angular velocity comes 
near to the critical one. The zone of power control 
is determined in this way, as it is seen in Fig. 6.

This verification is involved in the part of the 
block scheme If, If Action Subsystems, where the 
real angular velocity is compared with the critical 
one. If the real angular velocity reaches 60% of the 
critical angular velocity, the regulation starts to 
work, and if it is not reached, then the system is 
not intervened. In order that the operating person­
nel still has the control of the vehicle, 15% of the 
engine power is taken away, which stabilizes the 
vehicle that in a minor extent reacts on the steep-

Time* (s)

— Critical angular velicity 
- - - Boundary angular velicity 
..... Generated angular velicity

Fig. 6. Regulation of system
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Fig. 7. Response signal of regulator

ness of the amplitude of excitement from the base. 
However, it is necessary to realise the control for 
two tipping axes of the machine so that the gen­
eral stability is inherent. Connecting and validation 
is in charge of the block Subsystem, in which the 
signals of the control for particular axes of tilt are 
connected. At present, interconnection and limita­
tion of engine power is possible to be solved via a 
control unit, which communicates through a CAN 
bus. In older mechanical systems, control would 
require an independent device, which would re­
strict the injection of the fuel into the engine. AP 
regulator is used for control. This type of regulator 
was chosen because of the absence of knowledge 
of the dynamical and operating parameters of the 
specific controlled machine.

Seeing that during the experimental tests the ve­
hicle did not turn over, we simulated the angular 
velocity by the generated function sin(w x t + j) to 
verify the functionality of designed regulator. The 
response is depicted in Fig. 7.

CONCLUSION

In this contribution, the part of the active stability 
control system of the agricultural off-road vehicle was 
presented. It is designated for operation in mountain 
and foothill areas, where the risk of overturn is very 
high. This is proven also by analyses of national insti­
tutions of occupational safety in the EU. The method­
ology of acquiring the angular velocities is based on 
the Standard STN 47 0170. The testing manoeuvres 
were realised on the machine MT8-222 Synona ac­
cording to the performed agro-technical operation 
for the given machine. In the specified way, we ob­
tained the critical angular velocities from experimen­
tal measurements. We projected a control system in

Matlab, the functionality of which was verified by the 
generated function as no vehicle rollover occurred 
during the experiment. By verification we obtained 
the control signal, the intensity of which is expressed 
in percentage of the taken engine power of the ma­
chine. It is possible to connect the designed system 
with the control units of the fuel control system (e.g. 
EDC for Common Rail) through the CAN port. Pro­
posed solution developed at our department can be 
used also for older machines, which do not include 
modern active stability control systems.
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Abstract

Вотто E., Lendelová J., Strmeňová A., Reichstädterovä T„ 2014. The effect of evaporative cooling on cli­
matic parameters in a stable for sows. Res. Agr. Eng., 60 (Special Issue): S85-S91.

The aim of this study was to find out the effect of indirect evaporative cooling on microclimatic parameters in a stable 
for sows. A high-pressure system was used for cooling, the nozzles sprayed water into the outside air before its entering 
into the building. Temperature-humidity index during cooling was higher by 0.9 than in the section without cooling 
V < 0.001). Due to low indoor air flow velocity (below 0.18 m/s), a change in apparent temperature by the Compre­
hensive Climate Index (CCI) was only 1.94°C. It would be possible to provide markedly better cooling effectiveness by 
increasing the air velocity up to 2 m/s, which may improve the CCI by 19.8% and thus to achieve better environmental 
conditions for housed sows. The efficiency of evaluated evaporative cooling system was moderate because the nozzles 
were placed outdoors and only part of humidified and cooled air was drawn into the building through inlet openings, 
and also because the indoor air-flow velocity was low.

Keywords: cooling system; water evaporation; summer period; pigs

Current modern types of pigs are demanding as to 
conditions of stable environment. Pigs are relatively 
sensitive to high environmental temperatures when 
compared to other species of farm animals. A lot of 
research has been done on the factors affecting heat 
production in pigs (Brown-Brandl et al. 2001). 
Air temperature as cardinal environmental factor is 
influenced by relative humidity and air flow veloc­
ity. Optimum parameters of temperatures, relative 
humidity and air velocity for pigs in Slovakia were 
presented by Вотто et al. (1995). Recommended 
optimum of the air temperature for pregnant sows is 
12-20°C at relative humidity 50-75%. Max. air flow 
velocity at optimum temperature is 0.3 m/s and at 
temperature higher than optimum it is 2.0 m/s.

Heat waves during summer cause large losses 
in productivity in animal husbandry. Sows are ex­
posed to heat stress when temperature exceeds the 
upper critical temperature of the thermoneutral 
zone of the sow (Black et al. 1993). Thermoneu­
tral zone is the range of environmental tempera­
tures within which the metabolic rate is minimum 
and independent of temperature. The temperatures 
that bound this zone are known as upper and lower 
critical temperatures (Webster 1991). Above the 
upper critical temperature of this zone the animal 
will reduce both production and reproduction to 
control body temperature. Sows begin to feel the 
negative effects of heat stress at a temperature of 
20°C, and temperatures of 26°C and higher are
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CEGEZ No. 26220120042 and 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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considered a critical for pigs (Christianson et al. 
1982; Quiniou et al. 2001). Heat stress is one of the 
major concerns in pork production during summer 
period because pigs do not have functional sweat 
glands like other livestock species to assist them 
in efficiently removing body heat (Souza 2009). 
Above the upper limit of the thermal neutral, feed 
consumption is reduced to limit the metabolic heat 
production (Le Dividich et al. 1998). Heat stress in 
pigs impairs the animals’ welfare and environment 
(Huynh 2005; Mihina et al. 2011) and economics of 
pig industry (St-Pierre et al. 2003). The pigs would 
rid themselves of excess body heat by panting or sur­
face wetting in water or their own excreta under the 
high ambient temperature and humidity (Aarnink 
et al. 1996; Huynh et al. 2006). High ambient tem­
peratures cause heat stress and contribute to an in­
crease in sow nonproductive days (St-Pierre et al. 
2003). The more heat an animal produces internally 
by its metabolism, the smaller is its capacity for tol­
erating external heat (Brouček et al. 2009; Zhang 
et al. 2011). Environmental hot and humid weather 
conditions have a great impact on the performance, 
genetic components and hygienic conditions in pigs 
(Dong et al. 2001; Zumbach et al. 2008; Pogran et 
al. 2011). Exposing of sows to heat stress before mat­
ing and during early pregnancy may cause reduction 
in the conception rate and increase in the embryo 
mortality (Renaudeau et al. 2003), therefore neg­
atively affecting subsequent reproductive perfor­
mance (Suriyasomboon et al. 2006). Response to 
heat stress begins with increased respiration rate, 
continues with decreased feed intake, and leads to 
increased rectal temperature (Huynh 2005). De­
creased feed intake and increased rectal tempera­
ture are good indicators of decreased performance 
of heat-stressed pigs (Huynh et al. 2005).

Utilization of enhanced air flow is one possible 
method of cooling during high ambient tempera­
tures. In this system the sensational effect of tem­
perature perception is applied. It means that at 
equal ambient temperature but higher air flow the 
ambient temperature is sensationally decreased. 
The cooling effect of air movement is typically ex­
pressed by effective temperature, the temperature 
that animals actually feel (Xin, McFadden 1995).

Barbari and Conti (2009) found out that the 
high velocity air stream combined with wet floor 
was preferred by sows during the hottest period. 
Floor cooling could increase the lying behaviour 
and improve the production together with repro­
ductive performance of swine (Silva et al. 2006).

Evaporative cooling such as water dripping, show­
ering system and evaporative pads are common and 
effective way in practice (Bull et al. 1997), but of­
ten limited to high relative humidity conditions with 
inducing additional water vapour into the animal 
occupied zone (Lucas et al. 2000). Water evapora­
tion cause air-cooling in the building but at the same 
time, it causes an increase in humidity. This is usu­
ally acceptable in regions with hot-dry climates but 
in wet regions, in order to limit the adverse effects 
on indoor humidity, special attention must be paid 
to the accurate control of fogging and ventilation 
(Haeussermann et al. 2007).

One way how to eliminate heat stress of sows is 
indirect evaporative cooling, method that uses out­
side air humidification before its inlet into the build­
ing. Outdoor air cooled by evaporation of cold wa­
ter from sprayed space under the roof at an angle 
of 45° to the outdoor environment is led to animals, 
while improving the quality of the indoor environ­
ment. This reduces the air temperature, it does not 
increase critically the relative humidity and temper­
ature-humidity index (THI) (NOAA 1976; Hahn 
1985; Mader et al. 2006; Nienaber, Hahn 2007) 
and improves the change of apparent temperature 
by Comprehensive Climate Index (CCI) (Mader 
et al. 2010). This study aims to test this hypothesis 
and to find out the effect of indirect evaporative 
cooling on microclimatic parameters in stable for 
sows in hot days during summer time.

MATERIAL AND METHODS

The experiment was conducted in relatively hot 
summer of 2012 (29-34°C) in the stable for mat­
ed and pregnant sows. Animals were housed in 
strawless gestation crates, which were arranged in 
13 transverse rows with a total housing capacity 
of 120 sows. The housing also included 4 pens for 
boars, which were located in the alley next to the 
longitudinal peripheral wall oriented to the north­
west. Feed was metered into a continuous trough, 
which also served for watering. Water level was 
maintained there by valve. Extract cross-ventilation 
was used in the house. Air was exhausted by 7 fans 
installed in the south-eastern outdoor wall with the 
total capacity of 4,000 m3/h. Ten inlet flap-regulated 
openings, 2 x 600 x 200 mm each, were situated in 
the opposite wall of the building. Outside air cooled 
by sprayed water was drawn into the building, so in­
direct evaporative cooling process was used.
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High-pressure water nozzles (11 units) provided 
spray. They were installed outside the building on a 
plastic pipe, located at the northwestern wall, at the 
end of the eaves, 650 mm above upper edge of the 
flap. Water jet sprayed out of nozzle by an angle of 
45° downward.

During the experiment the air was cooled only in 
one half of the house (section A) and in the other 
one not modified air was exhausted (section N). 
Indirect evaporative cooling system was activated 
since noon to 6:00 p.m. Measurements were car­
ried out from 1:00 to 6:00 p.m. Air temperature, 
relative humidity and air velocity were continu­
ously recorded at 12 locations in each section in the 
zone of animals (500 mm above the floor) and at one 
place outdoor. Universal device ALMEMO 2290-4 
(Ahlborn Mess und Regelungstechnik GmbH, Holz­
kirchen, Germany) and anemometer Testo 435-2 
(Testo AG, Lenzkirch, Germany) were used for re­
cording of measured parameters.

Corresponding temperature-humidity index (THI) 
was calculated according to the following equation 
recommended by NOAA (1976):

THI = 0.8 Ta + (RH/100) x (T - 14.3) + 46.4 (1)

where:
T - ambient air temperature (°C) 
RH - relative humidity (%)

THI values were classified as a safe if THI < 74, 
critical, if 74 < THI < 79, dangerous if 79 < THI < 84 
and emergency if THI > 84.

Comprehensive Climate Index (CCI), which 
takes into account other relevant factors, was cal­
culated according to Mader et al. (2010) equation 
as follows:

CCI = T + RH + WS .+RAD , (2)a cf cf cf

where:
T - ambient air temperature (°C) 
RHcf - correction factor of air humidity 
WSrf - correction factor of wind speed 
RADcf - correction factor for radiation influence

pjq _ ^[(0.00182 x RH) + (1.8 x 10"^хГй x RH) x (0.000054 X T^ + 0.00192 X Г - 0.0246) x (RH - 30)

Computed following equations:
Obtained climate parameters (temperature, rela­

tive humidity, air flow, THI and CCI) were statis­
tically processed and compared among the cooled 
(A), not cooled (N) sections and outdoor environ­
ment (E). Basic statistic parameters (mean values 
and standard deviations) were calculated, data 
were analysed by One-Way AOV, and significant 
differences were tested by Tukey HSD All-Pairwise 
Comparisons by the STATISTIK, version 9.0 (Ana­
lytical Software, Tallahassee, USA).

RESULTS AND DISCUSSION

During the evaluated summer period, the out­
door air temperature ranged from 21.5°C to 34.8°C 
and relative air humidity ranged from 32.2% to 
84.2%. Air temperature in the stable for mated and 
pregnant sows ranged from 23.4°C to 33.3°C and 
the relative humidity ranged from 35.7% to 76.4%. 
In the section without activated evaporative cool­
ing the temperatures 32°C and higher were regis­
tered, which represented the proportion 21.53% of 
the whole observation time. Such values did not 
occur in the section with activated cooling.

When the outside air temperature was 31.54 ± 
0.66°C, the indoor temperature in the section with 
inactive cooling (N) was the highest 32.88 ± 0.7UC, 
and in the section with active cooling (A) the lowest 
29.96 ± 0.77°C (Table 1). Temperature in section A 
was lower by 2.92°C than in section N and lower by 
1.58”C than ambient temperature. In section N, the 
temperature was higher by 1.34°C than the outdoor 
temperature. The differences in all cases were on a 
very highly significant level (P < 0.001; Table 2)

Relative air humidity in section A was higher by 
18.52% than in section N and in comparison with the 
outdoor humidity it was higher by 21.85% (Table 1). 
Relative air humidity in section N was higher only 
by 2.80% compared with the outdoor air humidity. 
However, similar to the temperature also in relative 
air humidity very highly significant differences were 
recorded in all cases (P < 0.001; Table 2).

(3)

wscf = -6.56
lx (2.29 + 1.14xl0'6 xWS2.5 - log0J(2.26xWS + 0.33)-2

- 0.00566 x WS2 + 3.33 (4)

ell (2.26xWS ♦ 0.23)

RADcf= 0.0076 x RAD - 0.00002 x RAD x T + 0.00005 x Ta x VRAD + 0.1 x T - 2 (5)
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Table 1. Mean values (± SD) of climate parameters at the period of cooling (и = 576)

Parameter of air Outdoor environment Section with non-active cooling Section with active cooling
Temperature (°C) 31.54 ± 1.20 32.88 ± 0.71 29.96 ± 0.77
Relative humidity (%) 45.85 ± 10.85 48.65 ± 5.10 67.17 ± 3.00
Flow velocity (m/s) 1.226 ± 0.919 0.113 ± 0.066 0.175 ± 0.030
THI(-) 79.42 ± 0.73 81.75 ± 1.27 80.85 ± 1.21
CCI (°C) 41.03 ± 3.22 40.12 ± 0.99 38.18 ± 1.05

THI - temperature-humidity index; CCI - Comprehensive Climate Index; SD - standard deviation; и - number of 
measurements

The average air flow velocity in animal zone in 
section N was 0.113 ± 0.066 m/s, and in section A 
it was 0.175 ± 0.030 m/s (Table 1). The difference 
between the sections N and A was not significant 
(Table 2). The average outdoor wind speed (1.226 ± 
0.919 m/s, P < 0.001) was significantly higher com­
pared to air flow in both sections.

Outdoor temperature-humidity index had the 
lowest value of 79.42 ± 0.73 (Table 1). In both ob­
served sections it was significantly higher (P < 0.001; 
Table 4), in section N by 2.33 and in section A by 
1.43. These average values could be classified as 
dangerous (79 < THI < 84; NOAA 1976; Hahn 
1985; Nienaber, Hahn 2007).

The average outdoor Comprehensive Climate In­
dex was higher than both indoor sections (41.03 ± 
3.22°C; Table 1). In section N (without cooling) CCI 
was 40.12 + 0.99°C and in section A (with cooling) 
it was 38.18 ± 1.05°C. The differences in all cases 
were on a very highly significant level (P < 0.001; 
Table 2.)

According to Myer and Bucklin (2001), sows 
begin to feel the negative effects of heat stress at 
a temperature of 20°C, and temperatures 26°C and 
higher are critical for them (Christianson et al. 
1982; Quiniou et al. 2001).

All indoor air temperatures exceeded 20°C, the 
upper value of the optimum. Average indoor rela­

tive humidity was in the optimum range recom­
mended by Seedorf et al. (1998) and Haeusser- 
mann et al. (2007).

The combinations of two cooling systems (water 
bath and sprinkling) were evaluated by Huynh et 
al. (2006). The authors, who decided to test cool­
ing systems in pens with or without an additional 
outdoor yards, found out that the bath and sprin­
kling reduced respiration rate of pigs by 4.2 and 
5.2 min"1, respectively (P < 0.01), and their surface 
body temperature by 0.3 and 0.4°C, respectively, 
(.P < 0.05). Rectal temperature was not influenced 
by any treatment. An important finding in this 
study was that pigs in pens without an additional 
outdoor yard with sprinkling achieved greater 
weight gain. These pigs had limited space and had 
a high frequency of huddling. The pigs in pens with 
sprinkling not only benefited from sprinkling by 
showering but also by lying on the floor wetted by 
sprinklers. With 12 sprinkling periods at 30 min in­
tervals, the floor stayed wet almost for the whole 
period between 10:00 a.m. and 4:00 p.m. In our ex­
periment a wet floor was sporadically detected in 
windy climate and animals did not feel uncomfort­
ably. A cooling system with sprinkling should avoid 
introducing surplus water into the air of barns. 
The main limitations of vapour cooling system is 
a heavy water use, increase of air humidity and the

Table 2. Differences of climate parameters among outdoor environment (E) and indoor sections (N) and section with 
active cooling (А) (и = 576)

Parameter of air Section N-E Section A-E Sections N-A
Temperature (°C) 1.34* -1.58* 2.92*
Relative humidity (%) 2.80* 21.32* -18.52*
Flow velocity (m/s) -1.113* -1.051* -0.062"5
THI (-) 2.33* 1.43* 0.90*
CCI (°C) -0.91* -2.85* 1.94*

•significant at the level of P < 0.001; nsnot significant (P > 0.05); CCI - Comprehensive Climate Index; и - number of 
measurements
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subsequent problems with slurry dilution if the wa­
ter is collected in the slurry.

The analysis of period with frequent occurrence 
of both high temperature and low relative humid­
ity during the heat stress periods is an indication 
that evaporative cooling systems may be a feasible 
and cost-effective solution for minimizing the ef­
fect caused by such high thermal stressors in pig 
production. A computer simulation of the psychro­
metric process predicted that most periods of heat 
stress can be eliminated by using an evaporative 
cooling pad system with an efficiency of 80% (Lu­
cas et al. 2000). If we apply the Lucas theory to re­
sults of our measurements, it would be possible to 
decrease the dry bulb indoor temperature by 7.5°C. 
The described system of indirect evaporative cool­
ing is easier from service and economy view points, 
but it is not possible to achieve adequate results at 
cooling without additional construction and tech­
nological arrangements.

In pig husbandry was developed a lot of techni­
cal solutions with direct and indirect elimination of 
heat stress of animal with different breeding effect 
and economy. Some cooling systems involve high 
investments and some can cause adverse effects 
like increased humidity. It is known that high rela­
tive humidity depresses pig production (Lucas et 
al. 2000).

Silva et al. (2006) found positive effects of sow 
cooling by using the floor cooling system. Although 
the results of this method of cooling are interesting 
in view of the breeding results, its implementation 
in existing pig husbandry is difficult.

In experiment carried by Pang et al. (2010) a 
significant decrease of respiration rate and sur­
face body temperature of sows in individual boxes 
with water-cooled cover was demonstrable. This 
construction consisted of a steel frame (in ground 
floor plane 600 mm x 1,500 mm, height 1,000 mm), 
galvanized steel water pipes (total length 57 m), an 
aluminium canopy and the heat insulating layer. 
Significant differences were found between lying 
time in cooling and non-cooling boxes.

The indirect evaporation cooling, realized in our 
climatic conditions, decreased significantly the air 
indoor temperature, however, from the Compre­
hensive Climate Index (Mader et al. 2010) analysis 
follows that the change in apparent temperature 
was only 1.94°C. Increase of air moving in animal 
zone may play a big role during critical hot summer 
days. No suitable change of air speed was found 
in our study between activated and non-activated

state of cooling. In our study the average air veloc­
ity in the animal zone during non-activated and 
activated process of cooling (0.113 and 0.175 m/s) 
at indoor air temperatures above 26°C was insuf­
ficient. Technological equipment and method of 
ventilation design should allow not only sufficient 
air exchange but an increased airflow in the zone of 
the animals as well.

From the analysis of the measured data we found 
out, by simulated mathematical calculations in the 
section with activated cooling (A), that if air veloc­
ity increased to 1 m/s, the value of CCI would be 
reduced by 10.2%. Upon reaching the max. permis­
sible air velocity 2.0 m/s in the zone of animals, the 
CCI reduction would be up to 19.8%. The environ­
mental conditions for housed sows markedly im­
proved in this way.

Bieda et al. (2001) designed another method of 
cooling. They prepared an experimental prototype 
of air-earth exchanger tube system, usable in the 
winter and summer period for modification of in­
door air in extreme climate conditions. According 
to the results of their studies the temperature of 
piped air was by 11-14°C cooler during hot sum­
mer period.

Although our findings were positive only part­
ly when analysing the thermal-humidity mode in 
treated compartment (marginal decrease of air tem­
perature and THI improvement) the used system of 
indirect cooling has still some reserves. Vegetation 
or non-vegetation shielding of space, from which the 
modified air will be applied into building, would be 
appropriate at careful building projection. It is pos­
sible to use a manual sprinkling of animal body or 
lying floors, to cool the animals by contacting a wet 
concrete in extremely hot summer days.

CONCLUSION

The indirect evaporative cooling was tested by 
analyses of climate parameters in the experimen­
tal stable for sows. That system uses a method of 
spraying water into the hot outdoor air, outside the 
building, where it is cooled by evaporative effect of 
water sprayed from the jets under the roof. The air, 
conditioned by that way, is drawn into the build­
ing and improves the quality of the indoor environ­
ment. The air temperature and comprehensive cli­
mate index decrease but the relative humidity does 
not increase critically; the temperature-humidity 
index decreases slightly. The resulting temperature
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difference with the application of cooling reached in 
our experiment cooling of the indoor air about 3°C. 
The system allows almost instantaneous declension 
of temperature curve from the risk of animals with 
a relatively low cost investment. A partial increase 
of internal relative humidity was within the range 
of recommended values. During the period with 
the higher relative humidity of ambient air, the air 
cooling system is not used. Running fans with higher 
output provided cooling at that time only by air flow. 
Due to low indoor air flow velocity (below 0.18 m/s), 
a change in apparent temperature by Comprehensive 
Climate Index was only 1.94°C. It would be possible 
to provide markedly better effectiveness of indirect 
cooling by increasing the air velocity up to 2 m/s in 
the zone of animals, which may improve the CCI by 
19.8% and thus achieve better conditions for thermal 
comfort of housed sows. In capital-intensive cool­
ing systems it is possible to achieve a greater impact; 
however, they cannot be usually installed addition­
ally in full operation on farm. Efficiency of evaluated 
evaporative cooling system was moderate, because 
the nozzles were placed outdoors and only part of 
the humidified and cooled air was drawn into the 
building through inlet openings, and secondly be­
cause the indoor air flow velocity was low.
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Abstract

Opáth R., 2014. Technical exploitation parameters of grinding rolls work in flour mill. Res. Agr. Eng., 60 (Special 
Issue): S92-S97.

The proposed research paper analyses power consumption in grinding rolls of a flour mill. The observed mill has 15 grind­
ing passages. The hourly efficiency of grinding roll on the first passage is 3,006.72 kg/h. The specific power consumption of 
individual grinding rolls ranges from 4.955 to 24.26 kWh/t. The thesis also contains results of research of grinding effects 
on grist. The greatest effect on grist was observed on the first grinding passage, where particle size after grinding was only 
12% of the original grain size, as determined by sieve analysis. On the second through fifth passage, it was 85-96% (or 
78-85% with shelling) of the original size. It was discovered during scouring that, in some cases, the sieve size of particles 
after grinding increased from 101 to 104% of the original size. This is due to shear force causing trituration of grist.

Keywords: milling; machines; performance; energy consumption

Milling grain in flour mills is an important first step 
in producing such products as breads and cakes. The 
key machine in a flour mill is the grinding roll. Its func­
tion is to separate as much endosperm from the grain 
as possible. Because of this, the effect of grinding rolls 
on grist, as well as efficiency and power consumption 
are of permanent interest to grinding roll designers. 
The stimulus for development in the flour milling 
process is the flour miller’s requirement to produce 
the highest quality products at minimum cost. In the 
past, this was achieved through investment in new 
technologies and strategies (Owens 2001).

The aim of this research was to analyse the ef­
ficiency and power consumption on individual 
grinding passages, including the effect on grist, in 
the process of grinding of wheat by grinding rolls. 
The subject of research was the process of semolina 
and flour production as a whole on all grinding pas­
sages of the observed mill.

The importance of measuring the grist disper­
sity is necessary to assess the final disintegration

processes quality in relevant processing equipment 
and to detect individual properties of the mixtures 
produced (Smejtková et al. 2011). Particle size 
was assessed as one of the most important physi­
cal properties which affect the flowability of wheat 
flours. (Kuakpetoon et al. 2001).

Grain milling technologies involve size reduction 
procedures in which grain kernels are broken into 
pieces of various sizes by the machinery. One of the 
estimations of the efficiency of the milling process is 
based on energy required to create new surfaces. Size 
reduction is one of the least energy-efficient one of all 
the unit operations and the cost of power is a major 
expense in crushing and grinding, so the factors that 
control this cost are important (McCabe et al. 2005).

MATERIAL AND METHODS

The observed flour mill consists of five scrapping, 
two shellings, one transitional and seven scouring
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Table 1. Technical parameters of grinding rolls

Passage
Grinding rolls Drive of rolls

length 
(mm)

number of 
grooves/cm position grooves incli­

nation (%)
facet width 

(mm)
revolutions 

(min-1) gearing power capacity 
(kW)

IS 1,250 3.2 CH-CH 6 0.2 620 1:2.5 45
2S 1,250 4.8 CH-CH 6 0.2 620 1:2.5 30
3S 1,250 6.4 CH-CH 8 0.1 560 1:2.5 22
4Sf 1,000 8.9 0-0 10 0.1 500 1:2.5 15
4Sc 1,000 10.2 0-0 10 0.1 500 1:2.5 11
5S 1,000 11.5 0-0 12 0.11 500 1:2.5 11
IL(a) 1,250 11.5 CH-CH 10 0.1 560 1:1.23 15
IL(b) 1,000 - - - - 560 1:1.23 11
2L(a)‘ 1,000 - - - - 560 1:1.23 15
2L(b)‘ 1,000 - - - - 560 1:1.23 15
Pr 1,000 - - - - 500 1:1.23 15
IV 1,000 - - - - 500 1:1.23 15
2V 1,250 - - - - 470 1:1.23 15
3V 1,000 - - - - 470 1:1.23 11
4V 1,000 - - - - 470 1:1.23 11
5V 1,000 - - - - 440 1:1.23 11
6V 1,000 - - - - 440 1:1.23 7.5
7V 1,000 12.7 0-0 12 0.1 440 1:2.5 7.5

grinding rolls with joint inlet and outlet openings, set so that the first one processes 45% and the second 55% of the material

(kWh/t) (2)passages. Grinding is done by nine doubled grind­
ing rolls, two entoleters and four triturators. Tech­
nical parameters of grinding rolls and auxiliary ma­
chines are listed in Table 1.

Processed wheat was analysed in the mill labora­
tory. Wheat was of standard quality with a density 
of 790 kg/m and moisture of 14%. It was moistened 
to 16.5% before grinding.

Realefficiencydetermination. Measurements were 
done on all grinding rolls during operation. The real 
efficiency of all grinding rolls Q was calculated 
from the measured weight of grist samples and the 
time of their sampling using the equation:

Qs = ^L 3,600 (kg/h) (1)

where:
m - average weight of grist sample (kg) 
t - average time of sampling (s)

Specific power consumption determination. Di­
gital electrometer DIZ W1E4 (Schrack Technik, s.r.o., 
Czech Republic) was used to measure the power 
consumption of grinding rolls drive.

The specific power consumption of grinding rolls 
(Л^) was calculated according to the equation:

A = — 3,600 m m

where
A - electric work of grinding roll (kWh) 
m - weight of grist at time t (h)

Q x t
m = ----- (t) (kWh/t) (3)

s 1,000

where:
Q - real efficiency of grinding roll (kg/h) 
t - work time of grinding roll (h)

Degree of grist disintegration determination. 
Samples of grist were taken on both sides of the ob­
served grinding machine. Samples were sifted using 
a laboratory sifter with a mesh size of 850, 500, 355, 
250, 160, 125 pm (Fig. 1). The material captured in 
sieves was weighed and results recorded. From these 
results, the weight of throughs was determined.

For determination of grist disintegration de­
gree by individual grinding rolls, weight values of 
throughs of individual sieves of the sifter were used.

The weight of through of the sieve J, labelled m, 
was measured. Through of other sieves were calcu­
lated according to the following equations:
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through of sieve e m = m ,+ m , xe xf pf (4)

through of sieve d. m . = m * m xa xe pe (5)

through of sieve c m = m , + m . xc xa pa (6)

through of sieve b m . = m + mxb xc pc (7)

through of sieve a m = m . + m , xa xb ph (8)

where:
m^a tofi"" we*ght of through of sieve a to/(g)

The weighted average of particle size x was calcu­
lated from values of throughs of individual sieves of 
the laboratory sifter:

- = mx„xrllA-mxbxrb-v m„xrc + mxcixrd + m„xr, + mx,xr( 

m,„ + mxb + m„ *mxd* m„ + mx(
(pm) (9)

Fig. 1. Schema of laboratory sifter

a to/- sieves: pa to p^ - material retained in sieve; Xj- 
through of sieve/

where:
ra to/ ~ mesh size (pm)

The degree of grist disintegration is a non-dimen­
sional number, calculated using the formula:

S = ^_ (10)
XN

where:
xp - average particle size after grinding (pm)
x - average particle size before grinding (pm)

RESULTS AND DISCUSSION

Measurements were done under usual working 
conditions in the flour mill, which was put into ser­
vice in 2002.

Real efficiency determination

Results of the real efficiency of individual grind­
ing rolls are listed in Table 2. The efficiency of 
the mill stated by the manufacturer is 80 tons per 
day. Its real efficiency during the research was 
3,006.72 kg/h, which means that it only treated 
72.16 t of wheat in 24 hours. This means that the 
operator only used 90.2% of the mill's capacity and 
could treat 7.84 more tons of wheat per day.

The hourly efficiency of grinding rolls on grinding 
passages spanned from 3,006.72 to 1,113.92 kg/h. 
The only exception is the fourth grinding passage, 
which is divided into two passages, one of which, 
labelled 4Sc, treats the coarse fraction of grist, and 
the other, labelled 4Sf, treats finer grist. Because of

this, the grinding roll on passage 4Sh had relatively 
low efficiency of 539.64 kg/h.

The grinding roll efficiency of 1,553.76 kg/h was 
determined on the first shelling passage. Other 
shelling passages had lower efficiency, spanning 
from 990.36 to 801.72 kg/h. The efficiency of tran­
sitional passage was 493.2 kg/h.

Grinding rolls on scouring passages had effi­
ciencyspanning from 725.40 kg/h on passage IV to 
200.52 kg/h on passage 5V.

The percentage of weight of wheat treated by in­
dividual grinding rolls can also be gathered from 
the results of the research. If the grinding roll on 
passage IS treats 100% of ground wheat, then the 
second most loaded grinding roll is the one on 
passage 2S, treating 79.86% of all wheat. The third 
most loaded grinding roll is on passage IL(a), 
which shells 51.68% of all treated material. The 
smallest amount of wheat goes through the grind­
ing roll on passage 5V, which scours only 6.67% of 
treated wheat.

Specific power consumption determination

Measured and calculated values characterizing 
the power consumption of grinding rolls in grind­
ing of wheat are listed in Table 3.

It can be seen from the results that the power con­
sumption of grinding rolls individual electromotor 
on all passages was even. The results also show that 
the motor with a performance of 11 kW on the fifth 
grinding passage was permanently overloaded, while 
motors on other passages were overloaded, meaning 
that the usage of their performance capacities is low.
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Table 2. Efficiency of grinding rolls measurement

Passage Average sample weight 
(kg)

Average time of sampling 
(s)

Grinding roll efficiency Processed wheat percentage 
(kg/h) (%)

IS 11.4 13.65 3,006.72 100.00
2S 12.2 18.29 2,401.20 79.86
3S 4.9 15.57 1,113.92 37.05
4Sc 3.4 22.68 539.64 17.95
4Sf 7.6 21.51 1,271.88 42.30
5S 11.1 27.67 1,444.32 48.04
IL(a) 12.3 28.50 1,553.76 51.68
IL(b) 6.2 22.54 990.36 32.94
2L(a) 7.3 32.78 801.72 26.66
2L(b) 9.0 32.78 988.56 32.88
Pr 3.8 27.73 493.20 16.40
IV 6.2 30.77 725.40 24.13
2V 5.6 31.41 641.88 21.35
3V 2.5 32.00 281.16 9.35
4V 2.3 31.14 266.04 8.85
5V 1.6 28.70 200.52 6.67
6V 2.0 29.35 245.16 8.15
7V 5.7 40.2 510.48 16.98

Specific power consumption on individual pas­
sages under conditions of observation varied from 
4.955 to 24.26 kWh/t.

For comparison, results of the research done 
by Opäth et al. (2004) were used. Their research 
showed the lowest specific power consumption

Table 3. Specific power consumption measurement

Passage Effective power 
(kW)

Utilization 
(%)

Power consumption 
(kWh)

Grist weight
(t)

Specific power con­
sumption (kWh/t)

IS 36.17 80.4 36.17 3.007 12.029
2S 23.56 78.5 23.56 2.401 9.813
3S 20.11 91.4 20.11 1.133 17.749
4Sf 9.60 64.0 9.60 0.540 17.778
4Sc 9.35 85.0 9.35 1.272 7.351
5S 12.31 111.9 12.31 1.444 8.525
IL(a) 7.70 51.3 7.70 1.554 4.955
IL(b) 7.57 68.9 7.57 0.990 7.646
2L(a) 7.32 48.8 7.32 0.802 9.127
2L(b) 8.68 57.9 8.68 0.989 8.777

T 11.96 79.7 11.96 0.493 24.260
IV 5.51 36.7 5.51 0.725 7.621
2V 5.59 37.3 5.59 0.642 8.707
3V 3.45 31.4 3.45 0.281 12.278
4V 5.68 51.6 5.68 0.266 21.353
5V 3.70 33.6 3.7 0.201 18.41
6V 4.27 56.9 4.27 0.245 17.429
7V 3.93 52.5 3.93 0.511 7.691
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Size of grist particles (pm) Degree of

Table 4. Size of particles before and after grinding and the 
degree of grist disintegration

Passage before 
grinding

after 
grinding

grist disinte­
gration

IS 4,750 579 0.12
2S 651 554 0.85
3S 608 582 0.95
4Sf 685 621 0.91
4Sc 779 645 0.83
5S 673 645 0.96
IL 677 528 0.78
2L 531 435 0.85
IV 458 452 0.99
2V 443 456 1.03
2V entoleter 1 457 432 0.95
3V 448 446 0.99
3V entoleter 2 446 416 0.93
4V 487 494 1.01
4V triturator 1 494 480 0.97
5V 502 525 1.04
6V 467 482 1.03
6V triturator 2 488 481 0.98
7V 491 497 1.01
7V triturator 3 498 487 0.89
T 584 505 0.86
T triturator 4 503 478 0.95

(3.31 kWh/t) on the third and fifth grinding pas­
sage and the highest specific power consumption 
(7.27 kWh/t) on the fifth and sixth scouring passage 
of the mill on which the research was conducted.

Achieved results are also comparable with the 
results of Carlsson-Kanyama and Faist (2010), 
who stated that energy consumption ranges from 
0.32 to 2.58 MJ per kg of wheat flour.

Degree of grist disintegration determination

Results of disintegration of grist measurements 
(Table 4) show that the degree of disintegration on 
the first grinding passage was 0.12, which means 
that the average particle size after grinding was 
only 12% of the original size of wheat grain. This 
passage had the greatest grinding effect. This re­
sult is comparable with results of research done by 
Kažimírová and Opáth (2007), with the degree of 
disintegration of 0.13 on passage IS in the mill ob­

served by them. The lowest degree of disintegration 
was found on scouring passages using smooth rolls. 
This is also comparable with the results gathered by 
Kažimírová and Opáth (2007).

On the second through fifth grinding passages 
of the observed mill, the degree of disintegration 
spanned from 0.85 to 0.96.

The degree of disintegration of 0.78 was found 
on the first shelling passage. On the second shell­
ing passage, it was 0.85, the same as on the second 
grinding passage.

During the second, fourth, fifth, sixth and seventh 
scouring, the degree of disintegration varied from 
1.01 to 1.04, which means that particles increased 
their size transition through the grinding machine. 
This was caused by the use of smooth rolls, their ad­
vance and greater pressure. This was also the case 
on passage 7V, where rolls with fine grooves were 
used. Under these conditions, shear force causing 
trituration of grist also has a greater effect. The in­
tegrity of endosperm was disrupted, but individual 
grist particles were immediately pressed together 
and agglutinated into larger particles. This issue 
was dealt with by the installation of an auxiliary 
grinding machine on passage 5V. A greater amount 
of fine flour was created in grinding.

CONCLUSION

The mill was only used at 90.2% of its full capac­
ity. Results show that the work of grinding rolls 
was even, and observed properties did not change 
significantly during the research period. The effi­
ciency of grinding rolls on grinding passages varied 
from 539.64 to 3,006.72 kg/h. The lowest value was 
found on passage 4Sh, which treated more robust 
grist brought to the fourth grinding passage. The 
efficiency of grinding rolls on shelling passages 
gradually declined, which is considered optimal. 
The efficiency of the grinding roll on shelling pas­
sage IL was 1,553.76 kg/h. The efficiency of the 
second shelling passage was 988.56 kg/h. The effi­
ciency of scouring passages was the lowest, vary­
ing from 725.40 kg/h on passage IV to 200.52 kg/h 
on passage 5V. This means that the efficiency of all 
grinding machines on grinding passages was great­
er than the efficiency of machines on other passag­
es of the observed mill.

Specific power consumption for the same degree 
of grist disintegration was not the same on indi­
vidual passages. Only a portion of electromotor
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capacity was used on most of the passages of the 
observed mill. The only exception was the electro­
motor on passage 5S, which was permanently over­
loaded.

Over-equipped electromotors increase invest­
ment costs unnecessarily and require more effective 
compensation of mill’s power factor. Based on this, 
it is recommended to take the expected efficiency of 
grinding rolls into account when designing flour mills 
and propose more adequate performance of the in­
stalled electromotor. Power consumption in grinding 
was even. This is caused by the steadiness and even­
ness of material flow onto individual passages.

The analysis of degree of grist disintegration 
showed that the mill produces very fine flour, with 
a min. gradual decrease of individual particle size. 
The only exception was the first grinding passage, 
where the size of ground material was only 12% of 
the original grain size. The degree of decomposition 
observed on the second, fourth, fifth, sixth and sev­
enth scouring passage was higher than 1.0, which 
means that the size of ground particles increased. 
Smooth grinding rolls are used on these passages, 
with an exception of passage 7V, where rolls with 
fine grooves are used. The increase of particle size, 
discovered by sieve analysis, was caused by in­
creased shear and pressure forces and lack or sharp 
decrease of cutting force on ground grist particles.

Presented results can be used as groundwork for 
designers and for optimization of parameters of 
grinding rolls and technical systems of flour mills 
as a whole. In practice, the results gathered are us­
able for adjustment of exploitation parameters of 
grinding and sifting machines, allowing for more 
exact division of final products on individual mill 
passages and power savings.
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Verification of the working life of a ploughshare renovated 
by surfacing and remelting in the operation

I. Kováč, N. Vanko, M. Vysočanská

Department of Quality and Engineering Technologies, Faculty of Engineering
Slovak University of Agriculture in Nitra, Nitra, Slovak Republic

Abstract

Kováč I., Vanko N., Vysočanská M„ 2014. Verification of the working life of a ploughshare renovated by sur­
facing and remelting in the operation. Res. Agr. Eng., 60 (Special Issue): S98-S103.

The most common way of renovation of the working parts of agricultural machinery is surfacing by hardfacing coated 
electrodes and piped hardfacing wires. Another way to prolong the working life of the machinery is the chemical heat 
treatment of the material surface by nitriding. By nitriding, high hardness is obtained of the surface affected by a suit­
able environment and by raised temperature. This paper deals with the possibilities of increasing the lifetime of the 
functional area of a ploughshare by the surfacing piped wire and hardfacing electrodes and reshaping the surface layer 
in an argon and nitrogen environment by using a welding rectifier and the Tungsten Inert GAS method, and by valida­
tion of these methods of renovation in operating conditions.

Keywords: equipment wear; renovation; weld deposit; saturation; soil processing tool

The wear of the cutting edges of tillage machinery 
in operating conditions significantly affects the qual­
ity of work and energy demands of land cultivation. 
With a greater thickness of the ploughshare cutting 
edge, the traction force and fuel consumption sig­
nificantly increase while the working intensity and 
depth of tillage decrease. Also, the quality of till­
age greatly decreases with a greater thickness of the 
ploughshare cutting edge. Therefore, the renovation 
of individual tools is performed so that the cutting 
edge is resistant against wear and the self-sharpen­
ing effect is created. This can be achieved through 
the thickness of the layer applied and the hardness 
of the additional and basic material (Žitňanský, 
Žarnovský 2005; Mikuš et al. 2006).

The size and intensity of wear can be measured 
by using quantitative methods, monitoring the

weight loss and linear dimensions of a unit circuit 
in laboratory and operating conditions (Danko et 
al. 2011; Kotus et al. 2011).

The user’s sphere looks for different ways of pro­
longing the technical life of these tools. One of the 
potential possibilities is the application of a sur­
faced layer of hard material on the working part of 
the tool. The most common way of the renovation of 
the working parts of agricultural tools is surfacing 
by hardfacing coated electrodes and piped hardfac­
ing wires. However, the metal inert gas (MIG) and 
metal active gas (MAG) technologies have recently 
been put in use for surfacing with piped hardfac­
ing wires, mainly due to a higher labour produc­
tivity, the increase of surfacing performance, and 
the economy and quality of the weld deposit. High 
wear resistance and significant savings are achieved

Supported by the Scientific Grant Agency VEGA of the Ministry of Education of the Slovak Republic and the Slovak Academy 
of Sciences, Grant No. 1/0576/09.
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Fig. 1. Modification of the ploughshare (a) preparation of the facet and ploughshare, (b) weld deposit and creating the edge

by these procedures as evidenced by the works 
of authors Chotěborský et al. (2009a,b), Číčo 
and Bujna (2011), Kotus and Číčo 2011, and 
Kovaříková et al. (2011).

The structure of the weld deposit very significant­
ly changes the characteristics of the weld deposit, 
weight losses, and relative wear resistance (Tol- 
nai, Číčo 2001; Chotěborský et al. 2009a,b).

Another option to increase the resistance of the 
functional areas is the heat and chemical heat treat­
ments, for example boriding and nitriding. The re­
quired hardness for nitriding is achieved already 
during the saturation of the surface by nitrogen, i.e. 
without further heat treatment. The essence of the 
higher hardness is the formation of very hard chemi­
cal compounds of nitrogen with iron and some in­
gredient elements. Hard layers with a thickness of up 
to 0.5 mm are formed by nitriding. Nitriding is con­
ditioned by the presence of atomic nitrogen on the 
metal surface. Atomic nitrogen is able to penetrate 
through the surface absorption layer of nitride at an 
increased temperature of the basic metal lattice, and 
further to diffuse into the steel (Pulc et al. 2004).

In conditions of arc remelting in the gaseous 
atmosphere, a dissociate environment is created, 
which allows to create a stable structure with bet­
ter mechanical properties and mainly with a higher 
wear resistance.

By this contribution we would like to highlight the 
possibilities of improving the lifetime of agricultural 
machinery working tools, especially by increasing 
the abrasion resistance of the surface layer due to 
nitrogen diffusion applied on the surface by remelt­
ing the material - the facet from the material class 
according to standard STN 41 5230 (1977), and by 
surfacing the facet from the material class according 
to standard STN 41 2050 (1976), followed by com­
paring these technologies in operating conditions. 
Surfacing was done by hand arc surfacing (MMAW) 
with hardfacing electrode and by using the MAG 
method (FCAW) of hardfacing wire electrode.

MATERIAL AND METHODS

A six-furrow plough Lemken EuroDiamant (Lem- 
ken GmbH & Co., Alps, Germany) was used for con­
ducting the operating test. Ten worn-out plough­
shares were renovated; the cutting blades of worn-out 
ploughshares were cut off with the laser and in their 
place a belt (facet) from the material of size 490 x 30 x 
8 mm was welded on so that all ploughshares were of 
the same size (Fig. 1). Two ploughshares were used as 
etalons, one with the facet from the material accord­
ing to STN 41 2050 (1976) without a weld deposit, 
and one from the material according to STN 41 5230 
(1977) without remelting. The welding of the facet 
was done by using the welding semi-automatic ma­
chine Uni MIG 450p (Billik s.r.o., Nitra, Slovakia). The 
facet for hard-welds was produced from steel accord­
ing to STN 41 2050 (1976). The facet for nitriding was 
made from steel according to STN 41 5230 (1977), the 
composition and properties of which contributed at 
the best to meeting our desired final quality param­
eters. The piped welding wire (referred to in the text 
as No. 1; Table 1) was used as an additional material 
for three ploughshares, and the hardfacing coated 
electrode (referred to in the text as No. 2; Table 1) was 
used for the remaining two ploughshares.

The welding parameters with the coated elec­
trode No. 1:0 d =1.6 mm, U = 25.5 V, welding speed 
vn = 0.35 m/min, wire passing speed vd = 0.3 m/min. 
Wire electrode No. 2: 0 d = 2.5 mm, current 
/ = 75 A, voltage U = 28V. The protective atmosphere 
Ferromix C18 in the flow amount of 16 1/min.

Table 1. Chemical composition (%) of material No. 1 - 
WELCOVARE 1736 and No. 2 - WELCO 1707 S

Material
Component

c Mn Si Cr S, P, Mo, Cu Fe
No. 1 0.45 1.6 0.6 5.5 up to 0.5 residue

C Mn Si Cr Mo V Fe
No. 2 0.4 0.3 0.8 8.0 1.0 0.6 residue
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Fig. 2. Positions of the measurement of wear

Remelting using the TIG (GTAW) technology was 
done on five ploughshares by the application of the 
mixture of gases Ar + N7 in mixing ratios 10:5, 10:6, 
and 10:7 1/min. It was accomplished by a welding 
source Invertig 360 GV (Rehm GmbH & Co., Baden- 
Württemberg, Germany) with the parameters / = 
100 A, voltage LI being regulated by the welding de­
vice. Argon performed the function of carrier gas, 
the flow quantity was adjusted to the value of 10 li­
tres. Only the flow quantity of nitrogen was changed. 
The converter of gasses was used for blending. The 
output of the converter was connected to the weld­
ing torch.

RESULTS AND DISCUSSION

Operating tests were conducted at the AG H-N 
Nevidzany, s.r.o. (Červený Hrádok, Slovakia) com­
pany premises. The first measurement was done 
after treating 76 ha and the final measurement af­
ter treating 700 ha. When measuring the wear, the 
ploughshares were removed and evaluated based 
on the loss of linear dimensions which describe 
more reliably the extent of the wear; the plough­
share width plays an essential role in the quality 
of tillage, however, a weight loss was also detected 
(Fig. 2). The measured points of the ploughshare 
were marked as notches. The measurements were 
done on one plough.

The measurement locations on the ploughshares 
were strictly identified. The measured losses due to 
wear on the individual ploughshares and in particu­
lar areas of are shown in Table 2. The ploughshares 
dimensions before and after tillage as well as the 
linear decrease are graphically illustrated in Fig. 3.

Operating tests were continuously evaluated. 
The dry conditions and compacted soil layers also 
contribute to the increased wear (Kollárová et 
al. 2007). The most intensive wear occurred after 
processing 76 ha of soil, when the ploughshares 
were working in extremely dry conditions. The re­
sistance against wear was seen on the ploughshares 
which had been remelted from the material of class 
15 by the gas atmosphere Ar + N.,. This increase 
was not too great, it showed only 57.8% when com­
pared with standards. When talking about the re­
melted ploughshares, the ploughshare that was the 
most intensively worn out was that in the measure­
ment location L[ on the tip, an equal wear was seen 
in other measured locations. The ploughshares 
renovated by surfacing reached several times high­
er resistance against wear and remelting, as well as 
against the standard. The ploughshares surfaced by 
the additional material marked as No. 2 reached 
the best resistance results, on average 3.6 times 
higher resistance compared with the standard; 
the ploughshare most intensively worn was that 
in the measurement location L^ on the tip and the 
measurement decreased gradually in other meas­
urement locations. The ploughshare surfaced by 
the additional material marked No. 1 reached on 
average 2.6 times increased resistance against the 
standard from the material of class 12, and we can 
see equal wear in the measured locations.

Číčo and Bujna (2011) say that ploughshares 
surfaced with electrodes labelled as Fidur 10/60 
and 10/65 revealed lower wear as compared to un­
treated ploughshares, on average 2.2 times smaller.

SI 00



Res. Agr. Eng. Vol. 60, 2014, Special Issue: S98-S103

Table 2. The loss of linear dimensions of ploughshares after tillage (76 ha)

Ploughshare 
identification Ploughshare AL, 

(mm)
al2 

(mm)
ДЧ 

(mm)
AL4 

(mm)
AL5 

(mm)
0AL 
(mm)

Ll remelted 10:6 18.2 15.6 13.9 12.3 10.8 14.16
L2 etalon 26.2 28.1 29.5 31.9 34.2 29.98

L3 remelted 10:7 18.3 19.3 20.4 20.7 23.0 20.34

L4 remelted 10:7 20.2 22.0 23.6 25.4 27.9 23.82

L5 remelted 10:5 17.7 18.4 18.8 17.1 17.0 17.8

L6 remelted 10:5 14.7 15.1 15.0 15.2 16.0 15.2
0 remelting 21.46 18.08 18.34 18.14 18.94 -

Pl remelted MMAW 8.4 6.8 7.2 6.5 7.3 7.24
P3 remelted MMAW 4.4 4.7 3.8 1.7 1.6 3.24

0 surfacing MMAW 6.4 5.75 5.5 4.1 4.45 -

P2 etalon 19.6 22.9 24.9 25.8 27.0 24.04
P4 remelted FCAW 6.2 6.1 7.7 5.7 5.0 6.14

P5 remelted FCAW 5.2 6.4 6.2 6.6 6.5 6.12
P6 remelted FCAW 8.7 8.1 5.8 7.4 8.6 7.72

0 FCAW surfacing 6.7 6.87 6.57 6.57 6.7 6.68

MMAW - manual metal arc welding; FCAW - flux-cored arc welding; Ll--L6 - left side; P1-P6 - right side

The results were favourable with the ploughshares 
which we tested. This also depends on the choice of 
the additional materials.

Ploughshares - etalons demonstrated the high­
est loss of wear, the best results having been 
achieved with the ploughshare with the welded 
facet from the material of class 12. The content 
of the alloying elements significantly affects the 
structural composition of the weld deposit and 
properties of the structures, perhaps even phases 
(Tolnai, Číčo 2001). In our case, the weld de­
posit with carbides freely distributed in matrix

(Fig. 4) showed greater resistance than the weld 
deposit with carbides which had a needle-shaped 
structure (Fig. 5).

The structure of the remelted area is made by 
upper bainite, martensite, and ferrite (Fig. 6). In 
it, a grainy texture is observable. The grains are 
composed of dark heterogeneous phase which is a 
mixture of bainite and martensite. The white phase 
excluded on the edges of the grains is ferrite in the 
form of netting. The presence of bainite and mar­
tensite in steel structure 15 230 after remelting was 
shown by relatively increased hardness.

Fig. 4. Detail structure of the weld deposit of material 
No. 2, carbides freely distributed in basic matrix (etch­
ing by nital)

Fig. 5. Detail structure of the weld deposit of material No. 1, 
acicular structure of chromium carbides with the typical 
elongated shape (etching by nital)
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Table 3. Weights of ploughshares before and after the test and the loss of weight of ploughshares after tillage (76 ha)

Ploughshare 
identification

Ratio of immixture of 
gases Ar and N2 (1/min)

Weight of plough­
share before test (g)

Weight of plough­
share after test (g)

Loss of weight 
Am (g)

Average loss 
of weight (g)

5P (remelted) 10:5 3,912 3,462 450
406.5

6P 10:5 3,418 3,055 363

IP 10:6 3,920 3,540 380 380

3P 10:7 3,830 3,300 530
567.5

4P 10:7 3,830 3,225 605

2E (etalon) etalon 15 230 3,850 3,120 730 730

Surfacing material

IN (surfacing) 1707 S 4,272 4,100 172
156

3N 1707 S 4,170 4,030 140

4N 1736 4,170 4,056 114

5N 1736 4,268 4,175 93 99.3

6N 1736 4,362 4,271 91

2E (etalon) etalon 12 050 4,015 3,596 419 419

The presence of nitrides and carbonitrides in the 
said structures was not proven at the given mag­
nification. The fact that in the given structure ni­
trides and carbonitrides are probably not present 
is also confirmed by a small increase in hardness 
(Table 3).

The weight losses that are indicated in this paper 
correspond (Fig. 7) with the linear losses. Operat­
ing test results confirmed that, despite the higher 
wear of the remelted ploughshares, this technology 
allows to extend the technical life, is very simple, 
and it must also be realised that without the weld­
ing of the facets and the follow up renovation the 
worn ploughshares would go to the scrap. The utili-

Fig. 6. Tire microstructure of the remelted layer of steel 
15 230 in the mixture of 10 1 Ar and 5 IN, ■• represented 
by upper bainite, merterr^rte, and ferrite

sation of the results obtained must be preceded by 
farmer’s interest. Irrespective of that, the operating 
tests continued later on under optimal soil condi­
tions. The wear gradually grew while the plough­
shares processed 700 ha of soil.

Fig. 7. Wear of ploughshares after operating test
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CONCLUSION

Ploughing is one of the most demanding opera­
tions in agricultural production in terms of tillage 
machinery wear; therefore the ways of increasing 
the working life of this machinery must be sought. 
One means is the renovation of the worn plough­
shares. The most used is the renovation by surfac­
ing as preventive weld deposit, which proved in 
this case to be the optimal one but it can also be 
used as renovation described in this paper.

The effect of the surfacing renovation prolonged in 
our case the technical life 2.6-3.6 times. When alloy­
ing by gas mixture Ar + N2 remelting using the TIG 
technology, the technical life was prolonged by 56% 
over the standard, and by renovation the technical life 
was given back to the ploughshare. The achieved re­
sults are only partial results; it is necessary to conduct 
further operating tests using these technologies. In 
this paper, we intended to point out other possibili­
ties of renovation in operating conditions.
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