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S u m m a r y. This paper presents the results of operating 
a car in the variable national and international infrastructure. 
The research aimed to evaluate the implementation of the 
AETR Act and the impact of infrastructure and vehicle load-
ing capacity on fuel consumption (both the conventional and 
dissipated energy). In the calculations mathematical formalism 
of the adopted structural model was applied.

K e y  w o r d s : transport logistics, communication infra-
structure, structural modeling, operational factors, fuel con-
sumption, digital recording.

INTRODUCTION

The increasing globalization of the world economy 
requires a search by car transport companies of more 
effi cient methods of their business. They allow for gain-
ing competitive advantage in the international division 
of freight and distribution services [9,14,15].

As more countries achieve the advanced economic 
development, or even reach an emergency crisis [16], 
more and more commonly cars are equipped with differ-
ent electronic telemetry devices to record their location, 
operational course or the current exchange of logistic 
information [4.10]. The range of such technical equip-
ment includes, among others, the GTS systems, automatic 
vehicle control systems, speed limiters, electronic record 
of operating parameters (tachographs). In the future they 
are intended to become elements of the „black box” in 
a vehicle [4,6].

The ultimate goal of any business is profi t [12]. The 
efforts aim, therefore, at the achievement of successful 
economic balance, after incurring undoubtedly large 
costs, and in some cases also addition of legally com-
pulsory additional equipment [14.17].

Key features and benefi ts of transport logistics as 
a scientifi c fi eld have been recognized in developed 
countries and successfully implemented. This purpose 

is served by research into vehicle kinetic energy, its ef-
fi cient use and losses within different infrastructure, or 
infl uence of the fl ow of traffi c on transport engineering 
[1, 2, 3, 18, 19, 20].

The purpose of this study is to analyze the course of 
operation of a vehicle in the selected shipping company 
providing domestic and international transport services. 
Specifi cally, in terms of the observation of AETR Act, 
vehicle kinetic energy expenditure, the losses depending 
on the speed, infrastructure and capacity. The analysis 
was based on the record of a digital tachograph type 
Stoneridge Electronics, in conjunction with the authors’ 
previous studies on the structural modeling of kinetic 
energy losses in vehicles [4,5].

THE RESEARCH METHODOLOGY

The adopted research methodology involved the truck 
MAN TGL 12.180, dated from 2007, as the object of 
studies.

The technical data of the vehicle:
– Weight: 5890 kg,
– Maximum permissible mass: 11990 kg,
– The largest allowable axle load: 82.32 kN,
– Engine capacity: 4580 cm
– Engine power: 1322 kW (180 hp),
– 6-speed manual gearbox.

The analysis was performed of the record from 
Stoneridge Electronics digital tachograph, model SE 
5000.

The technical data of the measuring device:
– Operating temperature from -25 0C to 70 0C,
– Certifi cation and approval for use in accordance with 

the EU - ITSEC ‘level E3 - high “, No of approval: 
e5 - 0.02;
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– Electromagnetic compatibility according to the EU 
Commission Directive 95/54/EC.

Prior to research the tachograf had been secured by 
authorized personnel, and during the implementation of 
studies, there was no manipulation or modifi cation of 
the equipment or the speed sensor [13].

RESULTS AND ANALYSIS

The results of the reading of Stoneridge Electronics ta-
chograph’s record of a vehicle in domestic freight are present-
ed in Table (1), whereas in the international one – in Table (2).

Route I. Bi goraj - Belzec - Cieszyn,
Route II. Mielec - Belzec - Bilgoraj,
Route III. Bilgoraj - Przeworsk - Bilgoraj, 
Route IV.  Kolbuszowa - Przeworsk - Belzec - Bilgoraj 

- Przeworsk - Machowa,
Route V. Machowa - Tarnow - Mielec - Tarnobrzeg

Route A - Cieszyn - Cadca (SK) - Mielec,
Route B - Bilgoraj - Mielec - Tarnow - Martin (SK)
Route C - Martin (SK) - Cadca (SK) - Cieszyn. 

The analyses of the digital tachograph printouts in 
domestic freight (Table 1) and international freight (Table 
2) showed that the drivers had complied with the appli-
cable regulations concerning the working time (accord-

ing to AETR). Only in two cases the digital recording 
suggested the exceeding of the total time of the driver’s 
work, however, according to Art. 15, Act of April 16, 
2004 on the working time of drivers, the cases must be 
considered acceptable (Journal of Laws No. 92, item. 879).

The obtained digital recording operating data (Table 
1 and Table. 2) showed that, e.g.:
– with a similar driving time on the national road 

(0,5.0.5) and (10.05) and international one (04.05), 
there occurred differences in the length of route,

– on international routes of similar length (05.05 and 
11.05) there were signifi cant differences in the length 
of driving time,

– on similar routes (5-6.05), at the existing driving con-
ditions, a highly loaded vehicle (Table 3) could cover 
the distance faster then a vehicle without load.

The mathematical formalism of probability distri-
bution of driving speed oscillogram amplitudes in the 
existing communication infrastructure is presented in the 
form of an empirical relationship (formula 1 3):

 y
1
 =-0,0393x5+1,0342x4-9,7313x3+40,35x2-

71,889x+42,842  
R2 = 0,7768

 y
2
 =-0,0358x5+0,9635x4-9,333x3+39,863x2-

71,719x+43,617  (1 3)
R2 = 0,8741

Ta b l e  1 .  The results of the reading of Stoneridge Electronics tachograph’s record of a vehicle in domestic freight

No
Description of daily 
activities 

Travel date (Route No I - V)

04.05.11/I 06.05.11/II 09.05.11/III 12.05.11/IV 13.05.11/V

1. Driving the vehicle 8 h 33 min. 4 h 07 min. 5 h 36 min. 8 h 02 min. 3 h 0 min.

2. Other work 27 min. 1 h 22 min. 1 h 15 min. 1 h 25 min. 59 min.

3. Rest 15 h 9 h 50 min. 17 h 09 min. 14 h 33 min. 8 h 08 min.

4. Distance covered 513 km 220 km 286 km 405 km 129 km

5. Average speed 60 km/h 53 km/h 51 km/h 50 km/h 43 km/h

6. Total run time 9 h 5 h 25 min. 6 h 51 min. 9 h 27 min. 3 h 59 min.

Ta b l e  2 .  The results of the reading of Stoneridge Electronics tachograph’s record of a vehicle in international freight

No
Description of daily 
activities

Travel date (Route No VI - VII)

05.05.11/A 10.05.11/B 11.05.11/C

1. Driving the vehicle 8 h 20 min. 8 h 47 min. 7 h 55min.

2. Other work 1 h 56 min. 1 h 17 min. 2 h 55 min.

3. Rest 13 h 44 min. 13 h 54 min. 13 h 10 min.

4. Distance covered 428 km 453 km 432 km

5. Average speed 51 km/h 52 km/h 55 km/h

6. Total run time 10 h 14 min. 10 h 04 min. 6 h 51 min.

7.
Time of the driver’s 
availability

- 2 min. -
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y
3
 =0,0086x5-0,2391x4+2,2732x3-8,504x2+

12,311x-1,0867  
R2= 0,7395,

where:
y1 (international road), y2 (expressway), y3 (national 

road) – level of amplitude probability distribution [%]);
x – speed interval [km / h].

This is the result of frequent modernization and re-
pair of roads, lower standards of part of the route and, 
consequently, their lower speed limits as well as variable 
number of users [7].

Mathematical formalism of the adopted fuel con-
sumption model taking into account the conditions of 
traffi c infrastructure fl ow and utilization of the vehicle 
capacity is presented by the following relationship:

Gpg 1-3 = Aa + Bb + Cc + xex + Yan + Zwo, (4)

where:
Gp

g 1-3
- global (operational) fuel consumption [l/100 

km],
A, B, C - the percentage of capacity on a route,
a, b, c - coeffi cients of the fuel consumption relative 

to loading capacity (0.29, 0.14, 0.07),
X, Y, Z-percent share of the infrastructure along 

the route,
ex,an,wo – traffi c fl ow rates of high speed road, in-

ternational (highway) road, provincial (voivodship) road 
(35.0, 13.4, 43.7).

It follows that:

Gp
g

Gp
s
 = - (Aa + Bb + Cc + xex + Yan + Zwo (5)

where:
Gp

s
 - loss of fuel related to operational load capacity 

of a vehicle (Gp ) and traffi c fl ow (Gp
p
),

Gp
g
 - global fuel consumption en route.

A more detailed analysis of fuel consumption, based 
on the calculated coeffi cients of the used load capac-
ity of vehicles (WWT), in different communication in-
frastructure (at approximate average speeds) shows the 
corresponding fuel consumption - GP (expression 6 8):

1

2

3

24.0 76.0

55.4 44.6

29.8 53.6 16.6

g

g

g

Gp a b,

Gp a c,

Gp a b c,

= +

= +

= + + (6 8)

where:

1 2 16,79 18,37;

0,29,

0,14,

0,07.

g gGp Gp

a

b

c

÷ = ÷

=

=

=

On the 05-06.05.2011 (Table 3) with 100% load at 
86% of vehicle route and at 14% without load, the fuel 
consumption was 4.54 l, with the total consumption of 
20-34 l / 100 km.

On the 09-13.05.2011 (Table 3) the loading capacity 
utilization causes such results as:
– when driving a vehicle loaded 50% over 24% of the 

route and 50% over 76% of routes per share of 92.5% of 
the provincial (voivodship) road, the fuel consumption 
associated with the vehicle loading is 6.94 l;

Ta b l e  3 .  The results of measuring fuel consumption for variable loading capacity, considering average speed

No
Type of route by 
date of travel

Fuel 
consumption 
in l/100 km

Loading 
capacity of the 
vehicle 100% 
load in% of 
route

Loading 
capacity of the 
vehicle 50 % 
load in% of 
route

Without load 
50 % load in% 
of route

Average speed of 
travel km/h

1. 5-6.05.2011
20,34
17,34

86,0
14,4

-
24,9

14,0
60,7

59,5
52,9

2. 9-13.05.2011
16,79
18,37
17,20

24,0
55,4
29,8

76,0
-
53,6

-
44,6
16,6

50,5
52,4
49,2

Ta b l e  4 .  The results of measurements of fuel consumption in variable transport infrastructure at average speed

No
Type of route 
by date of travel

Fuel 
consumption 
l/100 km

Type of communication infrastructure in the whole route, %

Freeways European ways Local ways
Average speed 
km/h

1. 5-6.05.2011
20,34
17.37

-
13,8

70,6
50,9

29,4
35,3

59,5
52,9

2. 9-13.05.2011
16,79
18,37
17,20

-
7,4
-

7,5
39,4
33,1

92,5
53,2
66,9

50,5
52,4
49,2
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– For example, by driving the entire route with 100% 
utilization of load capacity, the vehicle would burn 
26.1 l, with 50% capacity used - 6,30 l (at 7.4% of the 
high speed way and 39.4% international road as well 
as 53.2% of the provincial (voivodship) road);

– When driving on the route with 100% capacity used 
in its middle (55.4%) and in the second part (44.6%) - 
without load, the fuel consumption for this transport 
amounted to 6.6 l;

– When driving on the road with the participation of 
29.8% - 100% load, 53.6% with 50% load and 16.6% 
without load, at 33.1% share of international road and 
66% provincial road, the fuel consumption associated 
with the transport of cargo amounted to 5.86 l.

Dependencies (1 2) represent the amplitude prob-
ability distributions taken as typical for the occurring 
in the studies traffi c fl ow infrastructure [6]. On their 
basis, and on the basis of the distributed energy rates 
applicable for the infrastructure (WRE), an attempt was 
made to estimate the total value for the acceleration and 
deceleration phase of the vehicle speed. And so, in the 
case international (highway) road, WRE is 13.4%, in 
case of high speed way 35.0%, and for the provincial 
(voivodship) - 43.7% (expression 1 3).

The analysis of the estimated loss of kinetic energy 
associated with the traffi c fl ow of vehicles shows that:

a) on the 04 - 06/05/2011 (Table 4) - over 70.6% of 
the international road, the kinetic energy dissipation as-
sociated with the acceleration and deceleration phase of 
a vehicle speed was 1.92 l, and for driving on the provin-
cial road (29.4% of the route) - 2.61 l (at the consumption 
of 20.34 l/100 km) which amounted to the total of 4.53 l;

b) on the 09-13.05.2011 (Table 4) – over 92.5% of 
the provincial road, the loss of dissipated fuel was 6.94 
liters, at 16.79 l/100 km overall fuel consumption, in 
the case of participation of three types of communica-
tion infrastructure, with over 50% share of provincial 
road, the total loss amounted to 6.61 l at 18.37 l/100 km 
consumption, in the case of 31.1% share of international 
(highway) road and 66.9% of provincial road the total 
kinetic energy loss amounted to 5.78 l, at the consump-
tion of 17.1 l/100 km.

The fi gures (estimates) based on fi eld tests of the 
vehicle and the above-presented expressions point out 
at the possibility of a wider scientifi c analysis of energy 
consumption in transport infrastructure [18,19]. This is 
important in optimizing fl eet management and opera-
tion of a transport company at international and national 
levels. Further studies support the theory that probability 
analyses, performance indicators from computer simu-
lation models developing subsequent traffi c fl ows, the 
related fuel consumption and statistical signifi cance tests 
of the processes involved, will guarantee reliable results 
despite the random nature of the operational processes 
occurring here [8.11].

CONCLUSIONS

From the research carried out and attempt at a de-
tailed analysis of the occurring operational dependencies 
in the national and international transport logistics the 
following conclusions of general character can be drawn:
– a digital record of a vehicle operation is a documented, 

important source of information not only for admin-
istrative control and law enforcement authorities, but 
due to its additional features and software is becoming 
an indispensable tool for scientifi c analysis serving to 
optimize the vehicle’s work;

– progressive “digitalization” of a vehicle is particularly 
important in modeling operational processes, espe-
cially in research on intensity of energy consumption, 
resulting from a deepening energy crisis of conven-
tional fuels;

– even with the wide participation of the existing global 
telemetry systems it is possible to obtain the neces-
sary information with other methods (e.g. analysis of 
statistical signifi cance of the processes) to optimize the 
management of fl eet transport company. They have to 
be developed in order to increase its competitiveness 
in the proper selection of routes, loading capacity and 
reduction in fuel consumption. A special role here is 
played by a logistics specialist and a legislative adviser 
in enterprise management, familiar with the principles 
of their abstract (model) and systematic utilization [12].
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WERYFIKACJA MODELOWANIA ENERGOCH ONNO CI

POJAZDU W WARUNKACH EKSPLOATACYJNYCH 

PRZEDSI BIORSTWA TRANSPORTOWEGO

S t r e s z c z e n i e . W pracy przedstawiono wyniki bada
eksploatacyjnych samochodu w zmiennej infrastrukturze kra-
jowej i mi dzynarodowej. Przedmiotem bada  by a ocena re-
alizacji ustawy AETR oraz wp ywu infrastruktury i wykorzy-
stania adowno ci pojazdu na zu ycie paliwa (konwencjonalne 
i energii rozproszonej). W obliczeniach wykorzystano forma-
lizm matematyczny przyj tego modelu strukturalnego.

S o w a  k l u c z o w e : logistyka transportowa, infrastruk-
tura komunikacyjna, modelowanie strukturalne, czynniki eks-
ploatacyjne, zu ycie paliwa, zapis cyfrowy.
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S u m m a r y. There has been a hierarchy of technical and 
economic factors affecting the satisfaction of the farmers who 
own orchard sprayers available on the market in Poland. The 
most important factors, which cause dissatisfaction with the 
market offer of orchard sprayers, are: too high a price to pur-
chase the sprayer, followed by high prices of spare parts and 
high costs of services provided by the service personnel.

K e y  w o r d s : orchard sprayer, assessment, hierarchy.

INTRODUCTION

An important role in agricultural production costs is 
played by the costs of mechanization. In the fruit farms 
their participation depends on the participation of the 
orchards in the structure of agricultural farms, which 
ranges from 23 to 68% [4]. A correct choice of orchard 
sprayer is an important factor in the costs of chemical 
protection in the orchards. Available literature presents 
traditional methods for optimizing the selection of farm 
machinery including orchard sprayers [1] as well as shows 
the proposal of new algorithms [5, 2, 8]. The analysis of 
the current status, in which there are many models of 
orchard sprayers that differ not only on price but also 
design solutions and the value of technical and operating 
parameters, obliges these methods to take into account 
a number of new criteria. These criteria include the tech-
nical and economic factors that affect the effi ciency of 
orchard sprayers and thus the satisfaction of fruit growers 
with their possession. The authors are well acquainted 
with opinions of the owners of owned fruit farms express-
ing dissatisfaction with the sprayers. Thus there comes 
the need for research to identify and prioritize in order 
of importance the factors that cause of dissatisfaction 
of the owners with owned orchard sprayers. Knowledge 
of the hierarchy will add to knowledge of the selection 
criteria for an orchard sprayer. This knowledge will also 

be useful to producers of fruit sprayers to fi t of the market 
offer to the needs of the farmers.

The aim of this study was to prioritize the most im-
portant technical and economic factors that cause dissat-
isfaction of farmers with sprayers available in the market.

RESEARCH METHODS

In terms of the signifi cance of technical and economic 
factors that cause dissatisfaction of farmers with spray-
ers available in the market of fruit the prioritization was 
made   using expert and mathematical method known in 
literature under the name of the expert evaluation method 
[6] as well as the Delphi method [9]. In the initial stage 
of research based on the experiences from own stud-
ies [7,3,10] and interviews with the owners of 28 fruit 
farms technical and economic factors that have impact 
on the discontent of growers offered on the market or-
chard sprayers were distinguished. The identifi ed factors 
are summarized in Table 1. The identifi ed factors were 
included in the questionnaire prepared for the test, which 
was delivered to the experts.

Considering the large number of factors in order 
to facilitate an expert assessment procedures objective 
tree was used, which is based on a combination of fac-
tors in groups and evaluating separate groups of factors 
and a separate assessment of factors in group [7,3]. So 
six groups of factors of the so called second level were 
distinguished. In each group, 3 to 6 factors were dis-
tinguished that were affecting the group, and indirectly 
the main objective, i.e. dissatisfaction of farmers with 
sprayers available in the market.

According to the principle of the target tree it is 
assumed that the impact of six groups of factors (level 
II targets) on the main goal is 100%. It was similarly 
assumed, that the impact of factors in this group in total 
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is also 100%. Second order factors infl uence the main 
objective and the impact of factors centered around the 
second order factor on that factor is called the local pri-
ority. So the effect of third level factors on the level of 
the main objective is called the system priority [7,3]. The 
importance of different groups of factors and factors in 

the group was evaluated by an expert through a break 
of 100%, respectively, in the order of importance among 
the various groups of factors, and 100% for individual 
factors in the group. In this way, the expert consider-
ing separately the validity of the groups of factors and, 
separately, the validity of the factors in this group had 

Ta b l e  1 .  Summary of technical and economic factors of II and III order affecting the dissatisfaction of fruit growers with 
the orchard sprayers

Factor label Factor name

C1 Inadequate technical and operational parameters

C 11 Insuffi cient capacity of the pump in relation to demand

C 12 Insuffi cient fan output

C 13 Inadequate storage capacity

C 14 Turning radius too large 

C 15 Adverse fan gear ratio

C2 Dimensions of the sprayer and design solutions inadequate to applied technologies and working conditions

C 21 No section compensation 

C 22 Too little protection of components susceptible to damage

C 23 Limited access to a liquid tank

C 24 Too high width and wheelbase

C 25 Irregular snap output

C 26 Inadequate lighting or its thereof

C3 Unsatisfactory reliability and effi ciency of service and access to spare parts

C 31 sprayer failure rate too high 

C 32 Unsatisfactory access to spare parts and / or inadequate supply of spare parts

C 33 Unsatisfactory work of service staff (eg, too long waiting for the arrival of service staff)

C4 Manufacturer’s range of accessories too limited

C 41 No braking system manufacturer in the offer 

C 42 No manufacturer’s offer for choice of sizes and types of tires

C 43 No manufacturer offers for choice fan equipment

C 44 No possibility to choose the type sprayer control components

C 45 Lack of facilities to facilitate the preparation of the solution, and rinse containers in manufacturer’s offer

C5 The adverse factors affecting the ergonomics and the comfort of operation

C 51 Ease to rinse tank after the treatment

C 52 Limited access to the main control valve

C 53 Too high level of noise generated by fan

C 54 Insuffi cient access to the tank

C 55 Unable to reverse without PTO switching off

C 56 Limited access to parts subject to adjustment, maintenance or replacement (eg fi lters, sprayers)

C6 Unsatisfactory economic aspects

C 61 Too high price to purchase the sprayer

C 62 Too high costs of services provided by service departments

C 63 Too high prices of spare parts
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an easier task because at the time he focused on a small 
number of factors. In addition, an expert was given the 
opportunity to add and evaluate other factors that were 
not included in the questionnaire research, which were 
considered important by him. On the basis of expert as-
sessments values   for local priorities were produced. The 
values of system priorities   were obtained by multiplying 
the local priority value of IIIrd order factor by the local 
priority value of IInd order factor. System priority values   
were expressed in percentages and their sum was 100%.

Group of experts were the owners of fruit farms, 
who were elected on the basis of self-assessment and 
assessment by the people conducting research. Assess-
ment of the expert fi tness to take part in the research 
included such criteria as practical experience in the or-
chard production, fi eld experience in the use of orchard 
sprayers as well as theoretical and practical knowledge 
of modern solutions in the orchard sprayers. It was also 
required that an expert’s work experience at the farm 
was not less than 5 years.

The experts represented the farms in the counties 
of Grójec, Lowicz, Sochaczew, and Kutno. The area 
o orchards ranged from 4 to 35 ha with the fact that in 
many households in addition to apple trees cherries and 
plums were cultivated. Most farms were equipped with 
BURY WULKAN sprayers although some farm used 
PILMET Sleza sprayers. Compliance in the opinions of 

experts was checked in the fi rst place based on the coef-
fi cient of variation, whose value for the needs of expert 
and mathematical method is standardized [7,3]. If the 
value of the coeffi cient of variation was less than 0.25 the 
congruity of ranks appointed by experts was suffi cient. 
For values   above those, 0.3 was considered to be low.

Subsequently, the experts congruity was tested with 
the coeffi cient of concordance and -square test [7,3].

In case of the absence of a satisfactory compliance 
expert opinions the test procedure assumed second stage 
of the study. At this stage experts who were not conver-
gent in their opinions were informed of the evaluations 
given by the other experts and asked to respond to them.

RESULTS

Based on the survey evaluation of 30 factors was 
obtained. The determined values   of the priorities of the 
system factors and their ranking is shown in Figure 1.

According to the evaluation procedure the parameters 
were divided into four validity ranges (high - I, higher 
than average - II, medium - III, lower than average - IV) 
by setting their “importance / weight” and the average 
value of the parameter in the interval (table1). “Weight 
of priorities” indicates the degree of accomplishment of 
the main target by a group of factors, which was in this 
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Fig. 1. The values   of the priorities of local, III order factors

Ta b l e  1 .  System priorities ranges

Range number Range limits Labels of factors included in the range
„weight of 
priorities”

Mean value of system 
priorities in the range

I 8,96-11,37 C 6.1 11,34 11,34

II 6,54-8,95 C 6.2, C 6.3 14,60 7,29

III 4,12-6,53 C 1.4, C 1.5, C 3.2, C 3.3 18,58 4,64

IV 1,7-4,11
C 1.2,C 1.3,C 5.3,C 1.1,C 4.5,C 4.5,C 3.2,C 4.4,C 2.4,C 
2.5,C 5.3,C 2.2,C 2.6,C 4.4,C 5.7,C 5.2,C 4.1,C 5.6,C 
5.4,C 2.1,C 2.3

55,49 2,64
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interval and is determined by the sum of the system 
priorities of these factors.

The range of high importance included one single 
factor marked as C 6.1 i.e. too high purchase price of the 
sprayer, whose „priority weight” is 11.34%.

The second range has two factors marked with C 6.2 
and C 6.3 - high prices of spare parts and high costs of 
services provided by service departments, whose „pri-
ority weight” is 14.60% and the average value of the 
priorities is 7.29%.

The third range includes four factors whose „prior-
ity weight” is 18.58%, while the fourth range has 21 
factors with „weight of priorities” of 55.49%. Although 
the „weight” factors in these ranges is signifi cant, the 
average factor value in the range is 4.64 and 2.64% only.

CONCLUSIONS

1. The most important factors that affect fruit growers 
dissatisfaction with the offer of orchard sprayers on 
the Polish market is too high purchase price of the 
sprayer, whose „priority weight” is 11.34%.

2. With regard to validity of the factors then two fac-
tors come: high prices of spare parts and high costs 
of services provided by service departments, whose 
„priority weight” is 14.60% and the average value of 
the priorities is 7.29%.

3. Other factors were in the range of average and be-
low average. „Weight of priorities” in these ranges is 
18.58% and 55.49%, while the average priority value 
range is 4.64% and 2.64%, respectively.
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HIERARCHIA WP YWU CZYNNIKÓW TECHNICZNYCH 

I EKONOMICZNYCH NA STOPIE  NIEZADOWOLENIA 

ROLNIKÓW Z POSIADANYCH OPRYSKIWACZY 

SADOWNICZYCH

S t r e s z c z e n i e . Istnieje hierarchia technicznych i ekono-
micznych czynników wp ywaj cych na satysfakcj  rolników, 
którzy posiadaj  opryskiwacze sadownicze dost pne na rynku 
w Polsce. Najwa niejszymi czynnikami, które powoduj  nie-
zadowolenie z oferty rynkowej opryskiwaczy s : zbyt wysoka 
cena zakupu opryskiwacza, za którymi id  wysokie ceny cz ci
zamiennych oraz wysokie koszty serwisu.

S o w a  k l u c z o w e : opryskiwacz sadowniczy, oceny, 
hierarchia.
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S u m m a r y. The presented work introduces the results of 
the various ripeness degrees of Admiro and Encore tomato fruit 
varieties infl uence on selected mechanical properties of their 
skin. There were determined the strength parameters values: 
Young‘s modulus, critical compressive stress and Poisson‘s 
ratio decreased along with the achievement of full maturity by 
the examined fruit and were dependent on the tomato variety. 
Red tomato fruit skin of Encore variety, ripening at 13 °C had 
a higher value of Young‘s modulus than the skin of Admiro 
variety maturing under the same conditions. The highest value 
of Poisson’s ratio was determined for the fruit with the orange-
colored peel and achieved 0.73 for Admiro variety and 0.56 for 
the Encore fruits. The Poisson ratio lowest value, accounting 
for 0.47, was obtained for the red fruit skin of both cultivars 
ripening at 21 °C.

K e y  w o r d s : strength properties, tomato fruit skin, the 
ripening process.

INTRODUCTION

A plant material characteristic in terms of its me-
chanical properties is associated directly with the fi nal 
product quality [22, 44]. In the case of tomato fruits the 
key factors deciding about their purchase are color and 
texture that are usually determined by using the senses 
but also with the instrumental measurements [6, 29]. Many 
instrumental methods of destructive and nondestructive 
character are based on force-deformation-time relation-
ship. Such measurements results defi ne the mechanical 
properties of the studied objects in terms of force, en-
ergy and pressure [12, 42, 55]. Parameters determined in 
a strength test are also correlated with the plant products 
rigidity, which being a criterion for assessing their quality 
and maturity before harvest, is directly related to their 
growth phase [17, 38]. Mechanical properties and textural 
characteristics of plant product are also infl uenced by 
biophysical and biochemical changes occurring as a result 
of maturation during storage [39, 41, 47] and devastat-

ing impact of external factors. Delicate plant material is 
exposed to damage in each phase of production, which 
is conditioned by the nature of the experienced load [16, 
32, 39, 49]. Reducing raw material surface damage and 
maintaining high quality standards is therefore extremely 
important in crop production. In the case of tomato glass-
house cultivation, radial and concentric cracking of their 
skin pose a serious problem. Fruit showing such surface 
defects is characterized by the reduced shelf life and 
is not intended for direct consumption [11]. Therefore, 
the knowledge of the skin mechanical properties is of 
major importance not only in terms of market product 
quality and safety, but also for its subsequent storage, 
processing as well as during designing machines and 
devices used in manufacturing [46]. The skin of tomato 
fruits functions mainly as a protection of soft internal 
tissue against external factors. Peel is involved in growth 
control [2, 3] and effectively insulates the interior from 
the outside atmosphere, reducing thereby the gas diffu-
sion process [1, 37, 50] as well as transport of water and 
other dissolved substances [10, 40, 45]. As the top layer 
of fruit is exposed to the greatest mechanical damage 
which size depends on the fruit’s physiological condi-
tion. The biomechanical properties of tomato fruit skin 
epidermis, depending on the fruit development stage [4] 
and changes in the strength parameters during storage at 
different temperature and humidity conditions [33] were 
determined throughout the strength tests. Taking into ac-
count the different maturity state, tomato fruit shape and 
surface cracking susceptibility, the mechanical properties 
of the skin [3, 8, 18] and enzymatically isolated epidermal 
[3] were also investigated. On the basis of the puncture 
test carried out on various elements of the tomato fruit’s 
internal structure hardness depending on the skin dyeing 
degree was determined [26], while in the compression 
test, among others, cracks on the surface were observed 
[35]. Furthermore, stiffness, the volume of strain and 
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force required to puncture the skin were analyzed [46], 
as well as the strain causing fracture, deformation energy 
and modulus of elasticity [28].

The aim of this study was to determine Young’s 
modulus, Poisson’s ratio and critical compressive stress 
values by the uniaxial tensile tests application for the 
tomato fruit skin in a various maturity stages.

MATERIALS AND METHODS

Laboratory tests were carried out on green tomato 
fruits of Admiro and Encore varieties, similar in size, 
supplied by the Leonów Greenhouse Gardening Company 
in Niemce near Lublin.

The experiment was conducted on the measuring 
position assigned for the determination of mechanical 
properties of biological material [20].

Young’s modulus, Poisson’s ratio and critical com-
pressive stress values were determined with the use of 
uniaxial tensile test. Collected from the parent plant green 
tomato fruits were placed in a climatic chamber at two 
temperatures: 13 °C and 21 °C (± 1 °C) making the need 
for the process of their maturation in the assumed tem-
perature conditions. Polish Standard (1993) recommends 
storing tomato fruit in early dyeing stage at a temperature 
of 13 °C while the temperature of 21 °C simulates the 
natural retail and storage conditions [36]. 

First measurements were performed immediately 
after green tomato fruits were harvested and the next 
when their skin dyed entirely in the orange color. The 
study were completed at the time when the skin of fruits 
stored at 13 °C and 21 °C received a red color, after 
28 and 12 days of storage respectively, at the assumed 
temperature conditions. Tomatoes were removed from 
the controlled environment chamber and kept in a labora-
tory until fruit temperature became equal to the ambient 
temperature. After washing and drying the fruit surface, 
skin specimens in the form of longitudinal strips were 
procured for tensile tests. The incisions were made with 
a profi led, single-blade knife with a limiter. Parameters 
such as length, width and thickness were measured before 
the examination.

Samples were cut from the meridional part of the 
fruit and had the shape of a strip with the length of 30 
mm ± 0.1 mm and the width of 10 mm ± 0.1 mm. Men-
tioned values were measured with the use of the caliper. 
Thickness of each sample was measured under an optical 
microscope at 5 points in the central part of the strip 
on both sides. Thickness measurement, which was an 
average of 10 individual measurements, was performed 
with the accuracy of ± 0.05 mm. 

Prepared samples were placed in clamping grips of the 
tensile machine, which allows constant and measurable 
tensile force value increase. Powdered graphite markers 
were randomly sprayed on the sample surface.

The method of random markers was applied to deter-
mine Young’s modulus and Poisson’s ratio of the tomato’s 
fruit skin. Mentioned method relies on the image analysis 

and the distance between points on the sample, subjected 
to uniaxial stretching tests, surface [19]. 
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The main advantage of this method is that obtained 
results are independent of the effects observed along the 
specimen’s edges which are close to the clamping grips 
of the testing machine. The random markers method al-
lows measurements at well-defi ned location of the skin 
segment, even in case of partial damage. An additional 
benefi t is the possibility to observe a permanent increase 
in strength rather than strain [19]. 

Each measurement series was performed in 30 rep-
lications. Young’s modulus value for each sample was 
determined basing on the value of the straight line slope 
which approximated individual dependence 

x
 = f ( )

(Fig. 1), where 
x
 is the relative elongation in the direc-

tion of the x-axis (-), and  is the value of stress (MPa). 
The critical surface tension of stretched specimen 

was determined using eq. (1), and Poisson’s ratio v was 
computed basing on dependence (2):
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where: F
z
 – force maximum value corresponding to 

destruction of a sample, 
S – cross-sectional area, 

x
– relative elongation in the direction of the applied 

tensile force F,

y
– relative elongation in a perpendicular direction 

to the applied force F.
The total values of Young’s modulus, Poisson’s ratio 

and the critical compression stress were the averages of 
all individual measurements.

RESULTS AND DISSCUSSION

Conducted research indicates that the skin of tomato 
fruit shows no tendency to increase in strength. It was 
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noted that with the ongoing maturation process skin 
becomes more fragile and susceptible to damage. Table 1 
shows determined for tomato peel of both varieties being 
in various maturity stages, average values of Young’s 
modulus, Poisson’s ratio and critical compressive stress.
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Fig. 2. The average values of Young’s modulus E along with 
standard deviation determined for the skin of Admiro and En-
core varieties in various stages of maturity. I - green fruits, 
II - orange fruits, III - red fruit maturing at 13 °C, IV - red fruit 
maturing at 21 °C

The value of Young’s modulus decreased with the 
ongoing process of fruit ripening (Fig. 2). In the case 
of Admiro variety skin, 42 % reduction in modulus of 
elasticity for red fruits ripening at 13 °C compared to 
the value of Young’s modulus determined for the skin 
of green fruits was observed. 

Approximately 48 % lowering in the value of E was 
noticed for red fruits of mentioned variety, ripening at 
21 °C in relation to the green fruits. Skin of Encore va-
riety ripening at 13°C achieved Young’s modulus value 
by 25 % lower (4.19 MPa) than modulus calculated for 
green fruit skin (5.55 MPa), while for fruit ripening at 
21 °C more than 46 % decrease in E value was received 
in comparison with values received for green fruits. Red 
fruit maturing at 13 °C had a higher Young’s modulus 
than those ripening at 21 °C [8, 18]. A greater difference 
in E values within this group of fruits, accounting for 
1.21 MPa, was observed for the Encore variety while for 
Admiro it reached only 0.23 MPa. 

Analysis of available literature proves a strong de-
pendence of Young’s modulus values determined for 

tomato fruit skin on the variety [2, 3, 4, 23, 24, 34, 52]. 
Such large variations of this parameter may indicate dif-
ferences in the cellular structure of the skin and different 
strength properties.
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Fig. 3. The average values of Poisson’s ratio v along with stan-
dard deviation determined for the skin of Admiro and Encore 
varieties in various stages of maturity. I - green fruits, II - oran-
ge fruits, III - red fruit maturing at 13 °C, IV - red fruit maturing 
at 21 °C

The varying maturity degrees of tomato fruit dif-
ferentiate the value of Poisson’s ratio (Fig. 3). 

Value of Poisson’s ratio for green fruit was less than 
in case of orange-colored skin, for which the highest 
value amounting to 0.73 was determined towards Ad-
miro variety. Skin of Encore cultivar in the same state 
of ripeness was characterized by the Poisson’s ratio value 
equal to 0.56 (Fig. 3). Signifi cantly higher values of the v
coeffi cient were determined for Admiro variety, however 
in the case of green fruits of both cultivars ripening at 
21 °C the coeffi cient reached 0.47 [30].

Literature data indicates that the skin of examined 
tomato fruit cultivars was characterized by similar values 
of Poisson’s ratio as the skin of apples [9, 21], onions [48] 
and broad beans [19].

The theory of elasticity [31] for isotropic 3D systems 
precludes the existence of materials, for which Poisson’s 
ratio v exceed the value of 0.5. Using this theory, the 
v dependence on the degree of tested object isotropic 
dimension could be obtained [54]:

Ta b l e  1 .  The average values of strength parameters determined in the study 

The tomato skin surface dyeing degree

Variety Green fruits Orange fruits
Red fruits ripening 
at 13 °C

Red fruits ripening 
at 21 °C

Young’s modulus E [MPa]
Admiro 4.3 4.15 2.48 2.25

Encore 5.55 5.94 4.19 2.98

Poisson’s ratio v [-]
Admiro 0.68 0.73 0.57 0.47

Encore 0.51 0.56 0.43 0.47

Critical compressive stress 
k
[MPa]

Admiro 0.21 0.29 0.19 0.19

Encore 0.48 0.49 0.36 0.18
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1
1

1D
� � �

�
� . (3)

For isotropic three-dimensional objects (D = 3) Pois-
son’s ratio v:

1
1

2
� � �� . (4)

However, for very thin or two-dimensional (D = 2) 
isotropic objects mentioned constraints change:

1 1� � �� . (5)

It should be remembered that as certain restrictions 
are applied only to isotropic objects. For anisotropic 
materials, Poisson’s ratio v can greatly exceed the limits 
defi ned by equations (4) and (5). In the theory of elasticity 
[5] Poisson’s ratio is defi ned as the negative value of the 
deformation 

y
 in a direction perpendicular to the direc-

tion of the stretching force divided by the value of the 
deformation 

x
 in the direction consistent with the force 

direction. Since proposed method allows experimental 
determining of both: 

x
 and 

y
 values, there are no con-

traindications to use the name of Poisson’s ratio, even 
when v > 1 [53]. Obviously using other expressions of 
elasticity in the case when they refer to a material with 
Poisson ratio v >1 should be done very cautiously.
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Fig. 4. The average values of critical compressive stress 
k

values along with standard deviation determined for the skin 
of Admiro and Encore varieties in various stages of maturity. 
I - green fruits, II - orange fruits, III - red fruit maturing at 
13 °C, IV - red fruit maturing at 21 °C

As previously mentioned Poisson’s ratio values 
signifi cantly above 0.5 were observed in the different 
anisotropic materials, also including biological [13, 51].

For the green and orange tomato skin of Admiro 
and Encore varieties as well as for Admiro cultivar peel, 
maturing at 13 °C, Poisson’s ratio was higher than 0.5 
(Table 1), which means that exceeded the usually taken 
as a limit value for isotropic biological materials [7, 14, 
43, 54]. In other cases, the value of this ratio ranged from 
0.43 to 0.47. Examples of plant materials for which the 
value of Poisson’s ratio was higher than 0.5 might be fi nd 
in literature, for example for potato tissue [15], soybean 
hypocotyl [25], the maize root [27] and beans covers [19].

Figure 4 presents the average values of the critical 
compressive stress determined for examined tomato cul-

tivars skin. With the fruits maturity increase, which was 
characterized by the skin red color, the critical compres-
sive stress value decline was observed.

Encore variety tomato fruit skin was characterized 
by larger values of critical compressive stress in com-
parison to Admiro cultivar. In the case of red fruits of 
Encore variety ripening at 21 °C, over 62 % lower value 
of critical compressive stress than in case of green fruit 
of this cultivar was observed. For Admiro tomatoes, in 
contrast, 

k
 depreciation amounted to only 10 %.

CONCLUSIONS

1. The strength parameters were determined: Young’s 
modulus, Poisson’s ratio and the critical compres-
sive stress values decreased along with fruit maturity 
process. Green fruit skin of both cultivars was char-
acterized by higher values of Young’s modulus than 
the one determined for the skin of red fruits ripening 
at 13 °C and 21 °C.

2. The Young’s modulus value depends on the tomato 
variety. Red fruit skin of Encore variety maturing at 13 
°C had a higher Young’s modulus value than the skin 
of Admiro fruits ripening under the same conditions.

3. The highest value of Poisson’s ratio was determined 
for the orange-colored skin and amounted to 0.73 for 
Admiro and 0.56 for Encore cultivar. The lowest value 
of this coeffi cient of 0.47 was obtained for the red fruits 
skin of both cultivars ripening at 21 °C.

4. The critical compressive stress value determined for 
the skin of both tomato cultivars decreased along with 
achieving full maturity.

5. Ripening temperature had a dominant infl uence on the 
rate of skin dyeing. Fruits ripening at 21 °C after 12 
days of storage in a climate chamber were completely 
stained, while those maturing at 13 °C to achieve 
comparable state required 4 weeks of storage.
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ZMIANA WYTRZYMA OSCI SKÓRKI OWOCÓW 

POMIDORA W TRAKCIE ICH DOJRZEWANIA

S t r e s z c z e n i e . W pracy zaprezentowano wyniki bada
wp ywu ró nego stopnia dojrza o ci owoców pomidora odmian 
Admiro i Encore na wybrane mechaniczne w a ciwo ci ich 
skórki. Warto ci wyznaczanych parametrów wytrzyma o cio-
wych: modu u Younga, wspó czynnika Poissona oraz napr e-
nia krytycznego mala y wraz z osi ganiem przez owoce stanu 
pe nej dojrza o ci i by y uzale nione od odmiany pomidora. 

Skórka czerwonych owoców pomidora odmiany Encore 
dojrzewaj cych w temperaturze 13 °C mia a wy sz  warto
modu u Younga ni  skórka owoców odmiany Admiro dojrze-
waj cych w takich samych warunkach. Najwy sz  warto
wspó czynnika Poissona wyznaczono dla owoców o pomara -
czowej barwie skórki i wynosi a ona 0,73 dla odmiany Admiro 
i 0,56 dla odmiany Encore. Najni sz  warto  wspó czynnika
Poissona wynosz c  0,47 uzyskano dla skórki czerwonych 
owoców obu badanych odmian dojrzewaj cych w temperatu-
rze 21 °C. 

S o w a  k l u c z o w e : w a ciwo ci wytrzyma o ciowe,
skórka owocu pomidora, proces dojrzewania.
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S u m m a r y. The work presents an analysis of the ma-
chinery park equipment in the group of 100 ecological farms. 
It was one of the starting points to undertake an attempt of 
working out a module, in a computer programme concerning 
a machinery park in ecological farms. Works on the module 
have been carried out also based on consultations with ecologi-
cal agriculture experts. The obtained research results and the 
authors’ experience gained at the study on the programme al-
low for the conclusion that the worked out module can be used 
in practice and can facilitate the work of advisers, inspectors 
and representatives of other units which supervise and cooper-
ate with the producers with ecological food. Moreover, it will 
indirectly infl uence the growth of effi ciency of the carried out 
agricultural production. 

K e y  w o r d s : computer program, machinery park, eco-
logical farms.

INTRODUCTION

Ecological farming means “the system of farming, 
which activates natural environment production mecha-
nisms through application of natural, technologically non-
processed means, and at the same time ensures durable 
soil fertility and animal health as well as high biological 
quality of agricultural products” [7]. The Polish mar-
ket of ecological products is characterised by slow but 
systematic increase of the number of farms producing 
food in this system and at the same time the increase of 
the offer scale. Poland has very good natural and social 
conditions for ecological farming development. A supe-
rior participation of family agricultural farms, usually 
of multi-directional production, which easily transform 
into farms producing healthy food are a very signifi cant 
factor of this development. Moreover, factors such as low 
environmental pollution, big surface area of the protected 

terrains, low level of chemical crop boosting substances 
use, multi-directional character of production of agricul-
tural farms and high resources of free and considerably 
cheap work force in agriculture, positively infl uence the 
development of ecological production in Poland.

Present and future development of agricultural farm-
ing is strictly connected with its competitiveness towards 
other agricultural systems. Streamlining of activities in 
agriculture, consisting in, inter alia, the best use of the 
equipment used in agricultural production, also requires 
the knowledge on the shaping factors of the machinery and 
the tractors exploitation process in a farm, which accord-
ing to Kocira and Parafi niuk [4] signifi cantly infl uences 
effi ciency of farming. Proper organisation of transport 
has a signifi cant meaning from the plant production point 
of view through the optimal selection of transport means 
[5, 6]. Many authors indicate legitimacy of using modern 
information technologies supporting effi cient agricultural 
production [1, 2, 3, 9]. The research they have carried out 
shows the need for implementation of computer systems 
in different fi elds of activity concerning agricultural pro-
duction, inter alia, for managing of a widely understood 
agricultural information, optimisation of agricultural 
production and achieving required quality indexes of 
food products. The required reporting which accompanies 
ecological agricultural production is a basic condition 
for obtaining the available union subsidies in this scope 
[8]. At the same time, agriculture is also an area where 
implementation of IT systems may activate agricultural 
environment to use modern tools supporting manage-
ment. Therefore, it is signifi cant to know the problems of 
ecological farms functioning, monitor their activity and 
indicate the activities which would allow for an increase 
of their competitiveness. 

Assumptions for collecting information for a module concerning
a machinery park of ecological farms in GEKKO programme1

Micha� Cupia�, Józef Kowalski, Anna Szel�g-Sikora 

Institute of Agricultural Engineering and Informatics, 
The Hugon Ko���taj University of Agriculture in Krakow

ul. Balicka 116 B, 30-149 Kraków. e-mail: anna.szelag-sikora@ur.krakow.pl

1 The work was carried out within development grand NO. 12 0165 10 titled: Innovative infl uence of technology and information 
management supporting system on the production effi ciency in ecological farms”
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OBJECTIVE AND THE SCOPE

In the age of information it is hard to imagine a well 
operating system of food production without using an 
electronic calculation technique, which would determine 
the assumptions, rules of operation as well as complex and 
fast evaluation of the economic activity of agricultural 
units producing ecological food in an organised way. 

Presently, ecological farm owners meet considerable 
diffi culties at keeping detailed production documenta-
tion as a statutory requirement. GEKKO programme is 
dedicated to support reporting with the use of a compu-
ter. Considering farmers’ needs, an attempt was taken 
up to form the assumptions which will be used to form 
a module collecting information on a machinery park of 
ecological farms. The module, upon being designed and 
included in the programme, will allow for the support of 
rational machinery park management.

RESEARCH AND INITIAL 
ANALYSIS RESULTS

Many authors consider ecological farms as extensive, 
weakly equipped and using low-advanced production 
technologies. Providing that an extensive character can 
be explained by conditions resulting from ecological 
production rules, technical equipment frequently does not 
differ from conventional farms operating in comparable 
conditions (natural conditions, surface area of a farm, 
region of activity). As a result, production technologies 
are not less advanced than in conventional farms. Neces-
sity of limiting the use of chemical substances may cause 
necessity of frequent agrotechnical operations, inter alia, 
mechanical weed destruction. This, in turn infl uences 
the need to purchase modern machines. Table 1 presents 
machinery park equipment of ecological farms covered 
by the research within grant NO 12 016510. The data 
included in the table concern the results obtained in the 
initial research on 100 ecological farms on the territory 
of south Poland. These facilities were divided into 8 
area groups. The analysed objects involved on average 
1.58 tractors per one farm, and this value was not lower 
than one in any of these groups. From among the listed 
group of machines, cultivating machines were the most 
numerous - in each area group more than 2 units per 
farm. The machines for green forage harvesting were 
also numerous. High level of machinery park equipment 
at the investigated farms with green forage harvesting 
machines results directly from the structure of use of this 
facilities, where extensive production based on mead-
ows and pastures was carried out many times. Among 
the studied farms, there was also a group of 20 farms 
designed for milk production, where green forage and 
hay are the basic fodder. Moreover, they have to apply to 
ecological farming rules i.e. cattle grazing. In the evalu-
ated population, fertilization, protection and plant care 
machines constituted a substantial group. It results from 
the fact that guidelines concerning the rules of using those 

machines in ecological farms disable the use of machines 
from these groups in ecological and conventional farms 
at the same time. Therefore, farmers, whose use of serv-
ices is limited (using equipment in conventional farms), 
are forced to purchase this type of a machine (Table 1). 

In the case of the remaining listed group of functional 
machines, their number is satisfactory. Although, the 
quantity analysis indicates considerably good technical 
equipment, one should remember that in majority these 
are old and worn out machines of parameters far too 
different from modern standards. It is caused by goods 
production of ecological farms which is lower than in 
conventional farms and at the same time by lower in-
comes, which infl uence their low investment potential 
even upon considering a fund. As a consequence, majority 
of ecological farms can not afford to purchase modern ma-
chines. It concerns mainly farms of a small surface area. 
Therefore, considering the necessity of applying modern 
technologies connected with a low investment potential 
of farms, proper machinery work organisation and the 
rational use of the possessed machines gets a new mean-
ing. Specialistic computer programmes can play a signifi -
cant role in rational management of a machinery park.

Farmers obliged to keep reports of the production, 
which they carry out in the ecological system, may use 
presently GEKKO programme. Originally, this pro-
gramme includes statutory guidelines and requirements 
of supervising units concerning agricultural machines 
and mechanisation. Developing this programme with 
a module that collects information on the machinery 
park, will allow support of the rational machinery park 
management. As a result, a farmer using a reporting 
programme will gain additional tool informing him on 
a present state and indicating directions of organisation 
activities which allow obtaining indexes characterising 
effective use of the machinery park.

GEKKO programme in its basic application is de-
signed to simplify keeping the reports in ecological farms, 
which is required by the supervising institutions. Howev-
er, application of the programme for this purpose, does not 
exclude its other applications, inter alia, calculations con-
cerning effi ciency of the used mechanisation. In this situa-
tion, widening the functionality of application with a mod-
ule concerning agricultural engineering is well grounded.

Preparing guidelines, which may serve for working 
out a module collecting data concerning a machinery park 
in GEKKO programme, was carried out in four stages:

1. THE ANALYSIS OF INFORMATION REQUIRED 

BY INSTITUTIONS, LISTED WITH INFORMATION 

RECOMMENDED BY EXPERTS.

The scope of data required by binding law and super-
vising institutions, concentrates as a rule on areas which 
are not connected with mechanisation. In principle, the 
required documentation does not include any information 
concerning machines which farmers possess. Only in 
the registry of agrotechnical activities, a farmer should 
list fi eld works technologies which are used in a farm. 
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However, there is no information in the forms concern-
ing the machines which have been used, and in original 
forms their use may be listed in additional notices. This 
system causes that farmers do not enter information which 
is note required (including machines) and additionally 
list only activities and agrotechnical operations, which 
in their opinion may be essential from the point of view 
of ecology rules (basically they confi rm, that the applied 
technologies are ecological).

Consultations concerning functionality of GEKKO 
application were carried out many times with experts, i.e. 
farmers, advisers, inspectors supervising ecological farms, 
employees of licensing units and scientists. During consul-
tation, introduction of a larger number of the collected data 
on the machinery park was suggested. At the beginning 
the method of using these data was not specifi ed. However, 
it was soon determined that these data may be used inter 
alia in the process of preparing subsidy applications (not 
necessarily connected directly with ecological production) 
and for obtaining information on using and operational 
costs of the possessed equipment. Although, in the initial 
stage, it was assumed that because of the programme use 
simplifi cation, it will collect only a minimal scope of data, 
the authors found it purposeful that a developed version 
of application for experts should be designed. A module 
concerning mechanisation will be one of these modules.

2. DETERMINATION OF THE SCOPE OF INFORMATION 

CONCERNING MECHANISATION AND TECHNICAL 

MEANS OF PRODUCTION COLLECTED IN GEKKO 

PROGRAMME IN THE PRESENT VERSION.

Although, a current documentation of ecological farms 
operation does not require information concerning a ma-
chinery park, information on agricultural machinery and 
their use in technologies has been already anticipated in the 
basic version of GEKKO programme. Fig. 1 presents a frag-
ment of a data base of this programme concerning the ma-
chinery park and Fig. 2 presents an exemplary screen shot.

Fig. 1. A fragment of a GEKKO programme data base concer-
ning the machinery park (relation scheme, basic version) 

Fig. 2. An exemplary screen shot of GEKKO programme (actions module)



ASSUMPTIONS FOR COLLECTING INFORMATION FOR A MODULE CONCERNING A MACHINERY PARK 23

This information includes the name of the machine, 
type and the year of production. Additionally, in the 
table of activities, effi ciency of a particular activity may 
be entered and in table 2 under the “Use Machine” key 
word, all applied machines and tractors can be listed. 
As a result of entering data concerning the machine and 
information included in the “Field Register” table, which 
constitutes an equivalent of the record of agrotechnical 
activities, one may obtain information on:
– farm equipment with tractors and agricultural ma-

chines,
– age of the owned equipment,
– machines used in particular technologies.

Additionally, the following may be calculated:
– number of machines and tractors of particular types,
– their real use,
– dates on which they operate. 

An exemplary screen shot of GEKKO programme 
was presented in Fig. 2.

3. DETERMINATION OF THE SCOPE OF INFORMATION 

INDICATED FOR BEING INCLUDED IN THE MODULE 

WHICH IS BEING DESIGNED.

This part of analysis is designed to concern the scope 
of the introduced data. However, their scope has to be 
subordinated to a fi nal effect. Taking the above into con-
sideration fi rstly, a minimal scope of information, which 
has to be obtained at the programme output, should be 
determined. 

As a result of consultation, it was assumed, that the 
programme, which concerns the use of the machine should 
give an opportunity to list their:
– use,
– dates, when they are used,
– exploitation period,
– operation costs,
– replacement and current value (upon deducting ap-

preciation charge),
– exploitation period,
– replacement value of a machinery park.

A part of the above mentioned indexes may be cal-
culated as soon as after entering complex data in the 
standard version. The remaining has to be included in 
the designed module. Whereas, the scope of additional 
data may be divided into two parts: 
– the one concerning a specifi c machine (which basically 

has to be entered by a farmer) and 
– the typical one for the group of machines (which may 

be downloaded from a built-in data base).
This division is crucial from the point of view of 

ergonomics of the programme use, since it enables the 
decrease of amount of data entered by the programme 
user. This effect is obtained through placing these data in 
the built-in data base or downloading from outer sources. 
However, it should be mentioned that, although there are 
indexes typical for the group of machines, in special 
cases they have to be treated separately for particular 
machines. Therefore, the programme has to enable en-

tering a particular index for a single machine, although 
the index for a group has a different value.

As a consequence, it has been determined, that enter-
ing the following data to the programme is necessary: 
– machine price (or its replacement value),
– maximum exploitation period,
– operation potential (the amount of work, which the 

machine can use in the exploitation period),
– surface area taken by a machine,
– effi ciency,
– power or power demand,
– type and unit fuel consumption,
– cumulated coeffi cient of repairs and technical service,
– annual insurance costs,
– type and unit consumption of additional materials,
– number of personnel,
– energy mean cooperating with a machine,
– others - e.g. load capacity, mass, volume, etc. or other 

data which are specifi c for a particular group of ma-
chines. Diversity of parameters causes that it is dif-
fi cult to predict all possibilities on the stage of the 
programme design. 

The above data, entered to the system, upon applica-
tion of suitable algorithms, will allow calculation of the 
assumed indexes.

4. THE METHOD OF IMPLEMENTATION OF 

ADDITIONAL INFORMATION IN THE PROGRAMME 

- INSTRUCTIONS FOR MODULE CONSTRUCTION.

The method of implementation in the programme 
has to concern, fi rst of all, two areas, which has to be 
considered by programmers at working out a module. 
Data, which have to be collected in order to enable 
further calculations, constitute the fi rst area, whereas 
algorithms and methods of indexes calculations which 
result from the module operation are the other area. In 
the study herein, the authors concentrated on the fi rst 
area. It is justifi ed by the fact, that collection of proper 
data may enable calculation of further indexes in the 
future, even these, which can not be predicted on this 
stage. Additionally, it has to be mentioned that the data 
collected today may enable future calculations. Whereas, 
lack of proper input information may effectively disable 
even basic calculations. Fig. 3 presents a fragment of 
a data base of GEKKO programme concerning a ma-
chinery park in the version extended with additional 
elements. 

When analysing data placed in the scheme (Fig. 3) 
one may notice that as a result of the suggested modifi -
cations only two tables will be modifi ed: “ Machines” 
(including data of machines in a farm) and “Machine 
type” (concerning machine types - universal data). Such 
a small integration in a developed structure of a full data 
base of the programme, including few dozens of tables (53 
composing tables in the 0.45 version of the programme) 
is advantageous. However, it may happen that the scope 
of changes will be bigger in the fi nal version. 
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Fig. 3. A fragment of a GEKKO programme data base con-
cerning a machinery park (relation scheme, extended version) 

A correct design of a data base will result in a pos-
sibility of entering new procedures of calculations in the 
programme using existing data.

SUMMARY

Ecological farming, despite differences from con-
ventional farming does not diverge from the accepted 
standards within the scope of the machinery park. Since, 
also in this case, a proper mechanisation of both plant 
and animal production conditions effective farming. The 
initial research, which was carried out within the research 
project, proved that quantity equipment of the machinery 
park in the researched farms is on the satisfactory level 
and allows mechanising particular agro-technical opera-
tions. However, frequently the only fact of possessing 
machines gives no bases for effective use. Thus, only the 
rational and planned use is a condition of profi tability 
of their exploitation. In this aspect, the problem of plan-
ning and recording activities concerning the scope of the 
machinery park use appears. In the case of ecological 
farming, farmers meet the necessity of keeping reports 
in the moment of starting their agricultural activity in 
the system of healthy food production. Upon getting 
acquainted with the required reporting and consulta-
tions with experts on ecological farming, the authors 
attempted to prepare a module for registration of ac-
tivities concerning a machinery park while working out 
a computer programme. Expanding the programme with 
this module is a result of cooperation with agricultural 
advisers, who indicated “the usefulness” of operating 
the data concerning agricultural machines. They fre-
quently make use of this information while preparing 
applications e.g. concerning purchase of agricultural 
machines within particular operations of the Develop-
ment of Country and Rural Areas Programme. In these 
operations, to justify a specifi c purchase, a state of the 
present equipment of the machinery park and inter alia 
possibilities of using a machine, the purchase of which 
is intended must be listed.

In the case of ecological farming, farmers who keep 
a record of activities using the worked-out computer 
programme will be able to assign the used machines 
and tools to the activity, apart from the recording of 
the activity. In effect, the designed module will become 
a perfect tool, which will infl uence the evaluation of the 
technical base use. As a consequence, it will infl uence the 
increase of effi ciency of the farm management process.
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ZA O ENIA DLA ZBIERANIA INFORMACJI DO MODU U

DOTYCZ CEGO PARKU MASZYNOWEGO GOSPODARSTW 

EKOLOGICZNYCH W PROGRAMIE GEKKO

S t r e s z c z e n i e . W pracy przedstawiono analiz  wypo-
sa enia parku maszynowego w grupie 100 gospodarstw eko-
logicznych. By  to jeden z punktów wyj cia do podj cia próby 
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wypracowania modu u w programie komputerowym dotycz -
cego parku maszynowego w gospodarstwach ekologicznych. 
Prace nad modu em zosta y przeprowadzone równie  w opar-
ciu o konsultacje z ekspertami rolnictwa ekologicznego. Uzy-
skane wyniki bada  i do wiadczenia autorów zdobyte w pracy 
nad programem pozwalaj  na wniosek, e opracowany modu
mo e by  stosowany w praktyce i mo e u atwi  prac  dorad-

ców, inspektorów i przedstawicieli innych jednostek, które nad-
zoruj  i wspó pracuj  z producentami ywno ci ekologicznej. 
Ponadto, wp ynie to po rednio na wzrost wydajno ci produkcji 
rolnej.

S o w a  k l u c z o w e : program komputerowy, park ma-
szynowy, gospodarstwa ekologiczne
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The possibilities of using linear models 
in the automation of agricultural machinery driving
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S u m m a r y :  As a result of developing computer technol-
ogy very complex, nonlinear models of vehicles have started 
to appear. But an important disadvantage of a model with high 
degree of freedom is a great deal of data needed to describe the 
vehicle features. It is especially important while the model is 
being adapted to use at a preliminary design stage, when many 
data lack. Lacking and uncertain data decrease accuracy of re-
sults obtained by simulation and put usefulness of expenditure 
of work connected with the model building in question. The 
paper presents the possibility of using simple linear models of 
agricultural transport units in the systems supporting the work 
of the driver. Two different models were analyzed. The fi rst is 
the structural model with two degrees of freedom, and the sec-
ond model uses transmittance functions. The results obtained 
by computer simulation and by measurements were compared. 
The concept of the system using such models was presented. 

K e y  w o r d s : agricultural machine, modeling, simulation, 
driver support.

INTRODUCTION

As a result of developing computer technology very 
complex, nonlinear models of vehicles have started to 
appear. But an important disadvantage of a model with 
high degree of freedom is a great deal of data needed to 
describe the vehicle features. It is especially important 
while the model is being adapted to use at a preliminary 
design stage, when many data lack. Lacking and uncertain 
data decrease accuracy of results obtained by simulation 
and put usefulness of expenditure of work connected 
with the model building in question. For such a case we 
made an attempt of using a comparatively simple model 
with little degree of freedom []. 

The systems supporting a driver's work in an agri-
cultural vehicle have a few basic functions. The relief 
operator's continuous monitoring and making correction 

of drive direction in addition to the controlling function 
of an agricultural machine is the most important [].

Realization of the tasks can be provided by appro-
priate controllers allowing for the keeping of a vehicle 
motion's stability and realization of this motion's assumed 
direction.[, ].

A typical example of an agricultural vehicle is a wa-
ter cart for transporting liquid waste (Fig. 1). There are 
issues connected with the behavior of the vehicle when 
it is driven on any curve. Due to the fact that the trac-
tors currently can reach speed of 18 m.s -1 (65 km/h), we 
should, in the kinematics of the whole system, take into 
account the lateral dynamic susceptibility of the front 
and rear suspension []. 

However, it is the most convenient to consider the is-
sue of impact of the suspension stiffness using an example 
of the widely-used in agriculture delivery vehicle [, ]. An 
example is the Mitsubishi L200 (Fig. 2) in combination 
with a trailer. An important argument in favor of adopt-
ing it for the investigation is defi ning its stability by the 
standards. You can name here at least basic standards 
such as ISO 4138, ISO TR3888, ISO 6597, ISO 7975, ISO 
9816, ISO 7401 and ISO 12021. For agricultural vehicles 
such standards have not been developedas yet, hence our 
interest in the set of car - trailer.

Dynamics and kinematics of the tested vehicle is 
presented in Fig. 3. It should be noted that on the diagram 
there is no semitrailer. It was introduced in order to ob-
tain more clarity of motion equations and their analysis. 

EQUATIONS OF MOTION

The basic equations of motion were derived after the 
adoption of the assumption that the transverse stiffness of 
the front and rear suspension obtained in the identifi ca-

Kazimierz Dreszer, Ryszard Grzechowiak, 
Tadeusz Paw�owski, Jan Szczepaniak
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Fig. 1. Diagram of dynamics and kinematics of a tractor

Fig. 2. The test object - Mitsubishi L200 car with trailer

Fig 3. Diagram of dynamics and kinematics of the car Mitsubishi L200
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tion process are included in tire stiffness [, ]. Thus, for 
the presented scheme of dynamic and kinematic they can 
be written in the form of linear differential equations:
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a -  distance of the front axle of the vehicle from its 
center of gravity,

b -  distance of the rear axle of the vehicle from its 
center of gravity,

K
1
, K

2
 - cornering coeffi cients of vehicle tyres,

m -  mass of the vehicle,
v

s
-  vehicle speed,

I
zz
 -  moment of inertia at the Z axis,
-  yaw angle of the vehicle,
 -  drifting angle of the vehicle.

The identifi cation of the lateral stiffness of the front 
and rear suspension was performed using the measure-
ments during double lane change meneuver and driving 
in a circle [].

Parametric identifi cation was carried out to fi nd the 
values of the parameters listed above, which would ensure 
compliance variables, obtained from the model and meas-
urement results. The function describing the estimation er-
ror was non-negative function of estimated parameters [, , ].

COMPUTER SIMULATION

To validate the model we adopted the path in accord-
ance with ISO TR3888 (Fig. 4), for which the forcing is 
shown in Fig. 5.

After the identifi cation of the model, series of meas-
urements of set car with semitrailer parameters during the 
driving were made. The obtained results were compared 
with the results from computer simulation. Based on the 
results, as illustrated in Fig. 6 and Fig. 7, we can conclude 
that the used model correctly predicts the behavior of the 
vehicle on the road.

Another type of linear models that can be used to 
describe the behavior of sets of agricultural vehicles are 
models using transmittance functions. Figure 8 shows 
a diagram of such a model taking into account the effect 
of the driver activity.

Fig. 4. Motion paths for the study of the vehicle behaviour during double lane change - ISO TR38888 []

time [s] 

[rad]

Fig. 5. Steered wheel angle  recorded during the maneuver of double lane change
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Fig. 6. Angular velocity of the vehicle deviation obtained from measurements and simulation

Fig. 7. Drift angle  of the vehicle obtained from measurements and simulation

Fig. 8. Block diagram of the linear model using transmittance functions (in Matlab Simulink)
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The transfer function can take into account some 
parameters of driving characteristics such as driving time 
delay with the aid of, for example, Pade aproximation [, ]. 
The model can be used then for the analysis of a driver 
‘s behaviour in the function of a driver’s effort [, ].

After identifying the transfer function the model 
allows to get high compatibility between the results ob-
tained from measurements and from simulation (Fig. 9 
and Fig. 10).

THE CONCEPT OF CONTROL 
OF THE VEHICLES

Fig. 11 shows the scheme of control of the vehicle 
in which signals from the sensors [] are used to correct 
the car trajectory. The sensors are used to enable the 
obtainment of data on the actual position of the vehicle. 
The block named "Guidance system", based on predic-
tive simulation, generates steering angle  of the wheels. 
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Y
 [

m
] 

time [s] 

simulation 

test

Fig 9. Y coordinate of the trajectory obtained from simulation using a block diagram of Fig. 8 and from the measurement

an
gu

la
r 

ve
lo

ci
ty

 [
ra

d/
s]

 

time [s] 

Fig. 10. The course of the angular velocity of defl ection angle  obtained from simulation using a block diagram of Fig. 8 and 
from the test 
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It is implemented by means of hydraulic or mechanical 
device installed in the vehicle (block Controller on Fig. 
11). The response of the vehicle to change of the angle 
depends on the properties of the vehicle (Vehicle Dynam-
ics block). Based on the values of the lateral defl ection y 
and the angle  (Fig. 13), lateral deviation of the vehicle 
in the vehicle reference point (indicated in Fig. 13 as C) 
is calculated (L is the distance between the axles of the 
vehicle) [].

Guidance block is presented in detail in Fig. 12. 
Steering angle  is calculated on the basis of the cur-
rent vehicle position relative to the set path (angle  on 
Fig. 13) [], data describing the state of the vehicle (speed, 
acceleration) obtained from the sensors and the linear 
model of the vehicle [].

THE CONCLUSIONS

Based on computer simulations it can be accepted 
that the two presented linear models meet the conditions 
of conformity with the test results:

– the deterministic fl at model with two degrees of free-
dom, 

– the stochastic model based on the identifi ed functions 
of transmittance.

This suggests that such models can be used in the 
study of motion and stability in systems supporting the 
driver’s work in agricultural vehicles as well as the driver’s 
behaviour. 
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MO LIWO CI ZASTOSOWANIA MODELI LINIOWYCH 

W AUTOMATYZACJI KIEROWANIA 

MASZYNAMI ROLNICZYMI

S t r e s z c z e n i e . W wyniku zwi kszania si  mo liwo ci
obliczeniowych komputerów w badaniach zachowania pojaz-

Fig. 13. The pure pursuit method of calculating the vehicle position relative to a point lying on the trajectory []



KAZIMIERZ DRESZER, RYSZARD GRZECHOWIAK, TADEUSZ PAW OWSKI, JAN SZCZEPANIAK34

dów zacz y pojawia  si  ich z o one, nieliniowe modele. Jed-
nak istotn  ich wad  jest konieczno  zebrania du ej liczby 
danych opisuj cych w asno ci modelowanych pojazdów. Jest 
to szczególnie istotne, gdy model jest przeznaczony do wyko-
rzystania na wst pnym etapie projektowania, gdy wielu danych 
jeszcze brak. Brakuj ce i niepewne dane zmniejszaj  dok ad-
no  wyników oblicze  symulacyjnych, co stawia w wielu 
przypadkach pod znakiem zapytania u yteczno  takich modeli. 

W prezentowanym artykule przedstawiamy propozycj
wykorzystania prostych, liniowych modeli w systemach wspo-

magaj cych prac  kierowcy maszyny rolniczej lub rolniczego 
zestawu transportowego. Poddano analizie dwa ró ne modele. 
Pierwszy to model strukturalny o dwóch stopniach swobody, 
a drugi model wykorzystuje funkcje transmitancji. Porówna-
no rezultaty uzyskane za pomoc  oblicze  symulacyjnych i za 
pomoc  pomiarów. Przedstawiono koncepcj  systemu wyko-
rzystuj cego takie modele.

S o w a  k l u c z o w e : maszyny rolnicze, modelowanie, 
symulacja, wspomaganie kierowcy.
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S u m m a r y. The objective of this study was to investigate 
the infl uence of moisture content on the mechanical properties 
and grinding energy requirements of dried quince fruits. The 
investigations were carried out on quince fruits (Cydonia ob-
longa Miller) - cv. Lescovac. The samples (mono layer) were 
dried at 55oC to adjust moisture water contents to: 10, 11 12, 
13 and 14% w.b. The shear test was used for evaluation the 
mechanical properties of individual dried quince slices. The 
samples of dried quince were ground by using the laboratory 
hammer mill POLYMIX-Micro-Hammermill MFC equipped 
with round holes 3.0 mm screen. The results showed that an 
increase of quince moisture content form 10 to 14% caused 
the decrease of shear force and shear work from 62 to 48 N, 
and from 60 to 50 mJ, respectively. As the moisture increased 
the average particle size of ground material and specifi c grind-
ing energy increased too from 0.52 to 0.60 mm and from 28.3 
to 42.6 kJkg-1, respectively. The values of grinding effi ciency 
index ranged from 0.31 to 0.18 m2kJ-1 and decreased as the 
quince moisture increased. The results showed that the quince 
moisture content, even in the narrow range (from 10 to 14%) 
has the strong infl uence both on quince mechanical properties 
and the grinding process.

K e y  w o r d s : quince, mechanical properties, grinding 
energy.

INTRODUCTION

The quince (Cydonia oblonga Miller), is the sole 
member of the genus Cydonia and native to warm-
temperate southwest Asia in the Caucasus region. It is 
a small, tree, growing usually for 3–5 m tall, related to 
apples and pears [Rejman 1994]. The quince tree shows 
high genetic variability. In Europe the existence of 30 
different cultivars are verifi ed, 19 in USA and around 86 
in the old USSR, which were often mistaken by farmers. 
It stated that diffi cult classifi cation is due to the amount 
of synonyms, polymorphism of fruits and leaves and the 
existence of many trees propagated by seeds [Rodríguez-
Guisado et al. 2009]. Several studies have showed that 

quince tree is a good and low-cost natural source of 
phenolic acids and fl avonoids [Oliveira et al. 2007, Costa 
et al. 2009]. These compounds could provide a chemical 
basis to some health benefi ts claimed for quince leaf and 
fruit in folk medicine, namely in cardiovascular diseases, 
haemorrhoids, bronchial asthma, and cough [Yildirim et 
al., 2001, Oliveira et al. 2008, Costa et al. 2009].

Quince is a golden yellow pome fruit, fl eshy, downy, 
and with rich aroma and variable number of seeds. It 
shows different shapes, sizes and weights depending on 
cultivars [Rivera et al., 1997]. The mass of fruit ranged 
usually from 100 to 200 g [Wojdy o and Oszmia ski 
2010]. Quince fruit is not very appreciated for fresh market 
because of pulp hardness, bitterness and astringency. But 
when ripe, quince yields pleasant, lasting and powerful 
fl avour. In the food industry quince fruits demanded for 
processing marmalades, jams, jelly and cakes production 
[Silva et al., 2002, 2005, Ferreira et al. 2004]. Quince 
fruits are very aromatics and can be used as fl avour-
ing. The 82 different compounds consist of quince fruit 
aroma [Umano and in 1986]. The industrially manufac-
tured quince jam is prepared with quince puree, sugar 
and additives (preservatives such benzoic and sorbic 
acids, antioxidants such as ascorbic acid, acidity regu-
lators such as citric and tartaric acids, etc) [Silva et al. 
2006]. 

There are no work concerning the mechanical proper-
ties and grinding characteristics of dried quince fruits. 
Drying and grinding are two very important and energy-
consuming processes in the food industry [Rudy 2009]. It 
is worth noting that the grinding methods of dried fruits 
are not enough developed. Dried and ground quince fruits 
can be used as fl avouring with prohealth properties. 

The objective of this study is to investigate the infl u-
ence of moisture content on the grinding energy require-
ments of dried quince fruits. The mechanical properties 
of fruits were also evaluated. 
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MATERIALS AND METHODS

The investigations were carried out on quince fruits 
(Cydonia oblonga Miller) - cv. Lescovac collected in 2011 
at Lublin Voivodeship. The dry matter content was evalu-
ated according to PN-ISO 1026:2000. Fat percentages 
were assessed by a Soxhlet extractor according to the 
Association of Offi cial Analytical Chemists (AOAC, 1984) 
and the crude fi ber ant the sugar contents were determined 
according to the method presented by Rodríguez-Guisado 
et al. [2009]. The fruits were cut on slices 3 mm thick and 
the round samples (10 mm diameter) were prepared by 
using a special blanking die. The samples (mono layer) 
were dried at 55oC to adjust moisture water contents to: 
10, 11, 12, 13 and 14% w.b. (±0,1%). 

The shear test was used for evaluation the mechanical 
properties of individual dried quince slices. The single-
blade knife (length 60 mm, high 35 mm, thickness 1,0 
mm) was used for the test. During the test the knife 
displaced with the speed 10 mm·min-1 along the special 
accessory with a gap. On the basis of obtained shear 
curves (Fig. 1) and by using special computer software 
the maximum shear force (F

max
) and shear work (W) 

were evaluated. 
The samples of dried quince were ground by using 

the laboratory hammer mill POLYMIX-Micro-Hammer-
mill MFC equipped with round holes 3.0 mm screen. 
The peripheral speed of the hammers was 17 ms-1. The 
changes occurring in the values of power consumption 
of the electric current during the grinding process were 
recorded with a frequency of 200 Hz by using the labo-
ratory equipment, including the grinding machine, the 
power transducer, and a special data acquisition card, 
PCL818 L, connected to a computer. The grinding energy 
was calculated by using special computer software ac-
cording to the methodology described by Laskowski et 
al. (2005). The ground material was collected for sieve 
analysis. Samples were sieved for 5 min on a Thyr 2 
sifter, using 200-mm diameter wire mesh sieves of 1.6, 
1.0, 0.63, 0.5, 0.4, 0.315 and 0.2 mm.

F
o
rc

e,
 N

F
max

Displacement of measuring head, mm

Fig. 1. An example of shear curve of dried quince

The average fi nal particle size (d) was calculated as 
follows (Velu et al., 2006):

1

,
n

i i

i

d d
=

= ��  mm (1)

where  represents the differential weight fraction 
(kg kg-1) of particles passing through the aperture size 
d

i
 (mm).

The specifi c grinding energy (E
r
) was determined as 

the ratio of the grinding energy to the mass of the mate-
rial taken for grinding. The grinding effi ciency index 
was calculated as a ratio of the grinding energy to the 
surface area of the pulverized material (Le Deschault de 
Monredon et al., 1999). The surface area of the pulver-
ized material was evaluated according to the procedure 
described by Velu et al. (2006). The Soko owski’s grinding 
index was calculated on the basis of the size reduction 
theory described by Soko owski (1996).

The measurements of grinding energy were replicated 
10 times. The distribution of the particle size was evalu-
ated thrice and the values of E

g
 and K

s
 were calculated 

from the average particle size (d). The obtained data was 
further subjected to the statistical analysis and the conse-
quent evaluations were analyzed for a variance analysis. 
The statistical differences between the two treatment 
groups were estimated through Tukey’s test. Statistical 
tests were evaluated by using the Statistica 6.0 software 
(StatSoft, Inc., Tulsa, USA). All the statistical tests were 
carried out at a signifi cance level of  = 0.05.

RESULTS AND DISCUSSION

The average values of quince fat, fi ber and sugar 
content were 1.68 (±0.1), 1.8% (±0.1), and 13.8 (±1.3%), 
respectively. The results of quince mechanical properties 
showed that an increase of quince moisture content caused 
a decrease of shear force average from 62 to 48 N (Fig. 
2). The strong linear relationship was found between the 
quince moisture content and this parameter (r = -0,991). 
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Fig. 2. The relation between quince moisture content and shear 
force; the values designated by the different letters are statisti-
cally signifi cantly different (  = 0.05)

The shear work of quince slices also decreased as 
the moisture increased (average form to 60 to 50 mJ) 
(Fig. 3). The relation between quince moisture content 
and the shear work was described by using the quadratic 
equation (R2 = 0.987). 

The shear force is one of the most often used pa-
rameter to describe the mechanical properties of food, 
especially the food texture. The decrease of quince shear 
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force and shear work is caused by plastifi cation effects 
of water on the material structure. This effect is demon-
strated in many of others studies [Marzec and Lewicki 
2005, Pittia and Sacchetti 2008].
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Fig. 3. The relation between quince moisture content and shear 
work; the values designated by the different letters are statisti-
cally signifi cantly different (  = 0.05) 

       a

a

b
b b

y = -0,0061x 2 + 0,1675x - 0,5581

R
2 = 0,9452

0,45

0,48

0,51

0,54

0,57

0,60

0,63

9 10 11 12 13 14 15

Moisture content, % 

A
v
er

a
g

e 
p

a
rt

ic
le

 s
iz

e,
 m

m

Fig. 4. Relation between the moisture content and the average 
particle size of ground quince; the values designated by the 
different letters are statistically signifi cantly different (  = 0.05) 

The particle size distribution of the ground dried 
quince fruit are given in Table 1. The results showed that 
the increase of moisture content had the greatest infl u-
ence on the mass fractions of middle (0.63-0.8 mm) and 
the fi ne (< 0.2 mm) particles. The fraction of particles 
0.63-0.8 mm increased from 16.8 to 21.4%, whereas the 
mass fraction of fi ne particles decreased from 17.6 to 
10.3%. The particle size distribution is very important 

form the technological point of view, because it has an 
effect on many processes, and thus decides about the 
quality of the fi nal products.

The increase of quince moisture content caused 
a slightly increase of average particle size from 0.52 to 
0.60 mm. However the differences between the values of 
this parameter obtained for quince moisture content form 
12 to 14% were not statistically different. The relation 
between the average particle size and the moisture content 
was described by using a quadratic equation (R2 = 0,945). 
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Fig. 4. Relation between the moisture content and the specifi c 
grinding energy of dried quince; the values designated by the 
different letters are statistically signifi cantly different (  = 0.05) 

The changes of specifi c grinding energy were pre-
sented on Fig. 4. The results showed that as the kernel 
moisture increased the specifi c grinding energy also 
increased – average from 28.3 to 42.6 kJkg-1. The rela-
tion was described by using a quadratic equation (R2

= 0.995). There are many publications concerning the 
grinding energy requirements of food raw materials. 
However the most of them concerning the cereal grains 
[Dziki 2008, Rydzak and Andrejko 2011] and only a few 
are concerned a grinding characteristic of dried fruits 
or vegetables. Chakkaravarthi et al. [1993] studied the 
grinding process of dried carrot. They also found that as 
the carrot moisture content increased from 10 to 15%, the 
specifi c grinding energy increased too. The increase of 
moisture content causes an increase of material plastic-

Ta b l e  1 .  Particle size distribution of dried quince

Mass fraction 
(mm)

Moisture content (% w.b.)

10 11 12 13 14

>1.6 0.1±0.01a* 0.1±0.02a 0.1±0.02a  0.1±0.01a 0.1±0.01a

1.0-1.6 7.5±0.2a 8.3±0.2b 9.1±0.1c 10.4±0.2d 8.9±0.2c

0.8-1.0 9.3±0.3a 10.1±0.3b 13.1±0.3c 12.5±0.3d 13.0±0.3c

0.63-0.8 16.8±0.3a 18.4±0.4b 21.7±0.4c 21.0±0.4c 21.4±0.5c

0.4-0.63 24.7±0.5a 24.8±0.5a 25.0±0.4a 27.3±0.5b 27.6±0.3b

0.315-0.4 8.8±0.3a 8.8±0.2a 7.0±0.1b 8.1±0.2c 8.6±0.2a

0.2-0.315 15.2±0.4a 12.5±0.3b 8.3±0.2c 10.0±0.3d 10.0±0.1d

<0.2 17.6±0.4a 17.0±0.3a 15.7±0.3b 10.4±0.2c 10.3±0.3c

*the values designated by the different letters in the line of table are statistically signifi cantly different (  = 0.05)
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ity and thus the material ground more diffi cult and the 
energy of plastic deformation is mainly converted to the 
heat and friction and thus the specifi c grinding energy 
increased. However the results of shear force and shear 
work indicated that increase of quince moisture content 
caused decrease of these parameters. Thus it is practical 
conclusion that during grinding of raw material about 
higher moisture content the size reduction should by 
given mainly by shear forces. 

The results of grinding effi ciency index were pre-
sented on fi gure 6. The strong linear relationship was 
found between quince moisture content and this index 
(r = -0,992). The grinding effi ciency index ranged form 
0.31 to 0.18 m2kJ-1. Similar values of this index were 
obtained for wheat grain by Dziki [2008]. 

The Soko owski’s grinding index changed from 32 to 
55 kJkg-1mm0.5, as the quince moisture content increased. 
The relation between moisture content and this index 
was described by using the quadratic equation (Fig. 6). 

All determined grinding indices confi rmed that 
increase quince moisture content caused an increase 
of grinding energy requirements. However the highest 
changes of these indices were observed when quince 
moisture content ranged from 11 to 14%. 
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Fig. 5. Relation between the quince moisture content and the 
grinding effi ciency index; the values designated by the different 
letters are statistically signifi cantly different (  = 0.05)
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Fig. 6. Relation between the quince moisture content and the 
Soko owski’s grinding index, the values designated by the dif-
ferent letters are statistically signifi cantly different (  = 0.05)

CONCLUSIONS

1. The results showed that an increase of quince moisture 
content from 10 to 14% caused the decrease of shear 
force and shear work.

2. As the moisture increased the average particle size of 
ground material increased, too. The highest changes 
were observed in the mass fraction of middle (0.63-0.8 
mm) and the fi ne (< 0.2 mm) particles.

3. Both specifi c grinding energy and Soko owski’s grind-
ing index increased as the quince moisture content 
increased, from 23.8 to 42.6 kJkg-1 and from 32 to 55 
kJkg-1mm0.5, respectively.

4. The values of grinding effi ciency index ranged from 
0.31 to 0.18 m2kJ-1 and decreased as the quince mois-
ture increased. 

5. The results showed that the quince moisture content, 
even in the narrow range (from 10 to 14%) has the 
strong infl uence both on quince mechanical properties 
and the grinding process. 
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WP YW WILGOTNO CI NA W A CIWO CI

MECHANICZNE I ENERGOCH ONNO  ROZDRABNIANIA 

SUSZONEJ PIGWY (CYDONIA OBLONGA MILLER)

S t r e s z c z e n i e . Celem pracy by o okre lenie wp ywu
wilgotno ci na w a ciwo ci mechaniczne i energoch onno  roz-
drabniania suszonej pigwy. Materia  badawczy stanowi y owo-
ce pigwy (Cydonia oblonga Miller) – odmiany Lescovac. Prób-
ki o rednicy 10 mm i grubo ci 3 mm suszono w pojedynczej 
warstwie w temperaturze 55oC do osi gni cia ró nych pozio-
mów wilgotno ci: 10, 11 12, 13 i 14%. Dla tak uzyskanego ma-
teria u okre lono si  ci cia i prac  ciecia pojedynczych próbek. 
Proces rozdrabniania przeprowadzono, wykorzystuj c labora-
toryjny rozdrabniacz bijakowy POLYMIX-Micro-Hammermill 
MFC wyposa ony w sito o rednicy otworów równej 3.0 mm. 
Na podstawie uzyskanych wyników bada  stwierdzono, e
wzrost wilgotno ci suszu w przedziale 10-14%pwodowa
spadek si y ci cia i pracy ci cia, odpowiednio od 62 N do 
48 N i od 60 mJ do 50 mJ. Ponadto wzrost wilgotno ci próbek 
powodowa  spadek redniego wymiaru cz stki ruty (od 0.52 
to 0.60 mm) oraz wzrost jednostkowej energii rozdrabniania od 
(28.3 do 42.6 kJkg-1) i wska nika efektywno ci rozdrabniania 
(od 0.31 do 0.18 m2kJ-1). Na podstawie uzyskanych wyników 
bada  stwierdzono, e zmian wilgotno  suszu pigwy, nawet 
w w skim zakresie od 10 do 14% mia  silny wp yw zarówno na 
w a ciwo ci mechaniczne, jak i na proces rozdrabniania.

S o w a  k l u c z o w e : pigwa, w a ciwo ci mechaniczne, 
energia rozdrabniania 
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S u m m a r y. The paper presents the characteristics of 
grinding processes of solid foods. Especially the factors de-
termining the size reduction process of solid foods were de-
scribed and the most commonly used grinding theories were 
presented. The most important grinding laws were discussed. 
It can be concluded that the description of grinding process of 
solid foods is more complicated than of the comminuting pro-
cess of other materials such as minerals and there are neither 
universal theories reported today nor any empirical comminu-
tion laws describing the process of solid foods size reduction 
over the entire range of particle sizes, especially in the fi eld of 
ultrafi ne grinding.

K e y  w o r d s : grinding, food, grinding energy.

INTRODUCTION

Size reduction has got many benefi ts in solid food 
processing. For example, dry milling yields fl our and 
semolina, which can be used for making breakfast cereals, 
puffed snacks, pasta products and staple food items like 
cuscus. Dry milling has also been reported to help in re-
distribution of afl atoxins which got concentrated in the by-
products during screening, whereas the main products con-
tained only 12–30% of the level in the original grain [19]. 
This size reduction process is usually conducted by me-
chanical destruction of large fragments by impact or com-
pressive action in devices of various engineering designs.

However, this process is one of the most energy con-
suming ones in food processing. For example, grinding 
consumes a majority of the total power during the wheat 
fl our milling and during feed production. Among the 
physical properties of solid foods, the mechanical proper-
ties have the greatest infl uence on grinding energy. The 
amount of energy needed to fracture food is determined 
by its tendency to crack (its friability), which in turn de-
pends on the structure of the food. Harder foods absorb 
higher energy and consequently require a greater energy 
input to create fractures [6]. The method of grinding 

depends on the properties of raw material. For example, 
compression forces are used to fracture friable foods; 
combined impact and shearing forces are necessary for 
fi brous materials, and shearing forces are used for fi ne 
grinding of softer foods. It is thought that foods fracture 
at lower stress levels if force is applied for longer times. 
The extent of size reduction, energy expended and the 
amount of heat generated in food, therefore, depend on 
both the size of the forces that are applied and the time 
in which the food is subjected to the forces [7].

Moisture content greatly affects the mechanical prop-
erties of foods. Figure 1 presents an example of compres-
sion curves obtained for barley kernels with different 
moisture contents. Thus, the water content signifi cantly 
affects both the degree of fi neness and the mechanism of 
breakdown in foods. Dry solid foods are brittle and easy 
to grind, they also need less energy for grinding [12]. 
An increase in water content causes an increase in food 
plasticity, especially when higher energy is required for 
grinding. During the comminution of solid foods, also 
the raw material temperature has a signifi cant infl uence 
on the grinding results. Low temperature causes change 
of mechanical properties of food. The materials become 
brittle, they crumble easily, permitting grinding to a fi ner 
and more consistent size. An especially considerably 
smaller size can be obtained under cryogenic condi-
tions [9]. Apart from this grinding in inert atmosphere 
of liquid nitrogen, gas reduces the risk of fi re hazards 
and dust explosion [13]. 

Three types of force are used to reduce the size of 
foods: compression forces, impact forces and shearing 
(or attrition) forces. In most size reduction equipment 
all the three forces are present, but often one is more 
important than the others. For example, when hammer 
mill is used for pulverizing, the impact forces are more 
important than shearing forces, and compression forces 
are the least important [5]. 

The size reduction theories of solid foods
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Fig. 1. Examplary curves obtained during compression of barley kernel with different moisture contents, F – loading force, L – 
displacement of measuring head, F

r
 – rapture force

Grinding energy is one of the most common meas-
urement parameter. To calculate the needed grinding 
energy against the grain size reduction many of size 
reduction theories were proposed. The aim of the work 
was to work out the characteristics and comparison of 
the grinding laws.

THE GRINDING LAWS

The amount of energy required for size reduction of 
solid foods can be theoretically calculated based on the 
following equation:

d
,d

n

x
E K

x
= � (1)

where: dE is the energy required in breaking a unit 
mass of diameter x about size dx, K and n are constants 
depending on the ground material and grinding methods. 

The relation (1) has been classically interpreted in 
many ways, referred to as Rittinger, Bond, Kick, Soko-
owski and other grinding theories. The equation (1) has 

many solutions depending on n value. After the integra-
tion of equation (1) in the range from D to d we obtain:

d ,

d

n

D

E Kx x�= �� (2)

where: D and d represent the particle size before and 
after grinding, respectively. When we assume, that n > 
1, the solution of equation (2) is the following:

1 1

1 1
.

1 n n

K
E

n d D� �

� �� �= �� �� ��� �� �
 (3)
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When n = 1, integration of the basic equation gives 
Kick’s law [11]:

(ln ln ).K KE K D d= � (4)

The Kick’s law states that the energy required to 
reduce the size of particles is proportional to the ratio 
of the initial size of a typical dimension (for example the 
diameter of the particles) to the fi nal size of that dimen-
sion. This relation is derived directly form the elasticity 
theory of ideal brittle solids. In practice it has been found 
that Kick’s law gives reasonably good results for coarse 
grinding in which there is a relatively small increase in 
surface area per unit mass [8].

Rittinger based on empirical fi ndings assumed that 
n = 2 and the integration of equation (2) give the fol-
lowing solution:

1 1
R RE K

d D

� �= �� �
� �

.  (5)

Rittinger’s law [5] states that the energy required for 
size reduction is proportional to the change in surface 
area of the particles. Rittinger’s law gives better results 
with fi ne grinding where there is a much larger increase 
in surface area. 

According to Rittinger [5], the D and d should be 
calculated as follows:

1

j

j j

D
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D

=

�
,  (6)
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i

i i

d
g

d

=

�
,  (7)

where: G
j
 and g

i
 represent the mass fractions of par-

ticles D
j
 and d

i
, respectively. 

Bond [2] assumed that n = 1.5 and the integration of 
equation (2) give the following solution:

80 80

1 1
,B BE K

d D

� �
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� �
� �

 (8)

where: K
B
 is the Bond’s constant and expresses the 

energy needed to reduce the unit of mass theoretically 
from infi nity to such a size for which 80% of particles 
is sieved to values lower then 100 m [15].

Bond expressed K
B
 as function of W

i
:

80 80

1 1
10 ,B iE W

d D

� �
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� �
� �

 (9)

where: W
i
 is defi ned as work index and characterizes 

the resistance of material to grinding. This index can be 

also defi ned as comminution energy of the unit of mass 
from infi nity size up to 100 m [4]:

1 1
( 100) 10 ( ) .

100
i iE W W� � = � =

�
 (10) 

Using the laboratory methods, Bond determined, the 
values of W

i
 for different materials. Therefore, his grinding 

theory is very often used in practice. Bond’s law combines the 
Kick’s and Rittinger’s laws by means of fi tting factors which 
take into account the mechanical properties of the materials 
subjected to size reduction and their destruction conditions.

However, it is worth noting that the values of D and
d in the equations (4) and (5) had different meanings in 
comparison to equation (9), although many authors have 
not differentiated between them [4, 20]. Soko owski [17] 
has found out that the parameters D and d should be 
calculated as follows:
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where: G
j
 and g

i
 have the same meaning as in the 

equations (6) and (7), respectively. 
Soko owski [17] showed that the value of exponent 

(w) changed from 0.25 to 0.85 for comminuted materials 
and when we assume the average value of w = 0.5, the 
error of estimation is low, but the solutions of equations 
(11) and (12) are simple, and we obtain:
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then, the solution of equation (3) can be calculated 
as follows:

0,50,5

1 1
,S SE K

d D

� �
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 (15)

where: K
s

is the Soko owski`s constant and d
0.5

 and 
D

0.5
 represents the particle size before and after grind-

ing, respectively 
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It is worth noting that equations (4), (5), (8) and (15) 
were developed mainly from studies of hard mineral 
materials such as coal and limestone, but many authors 
have used these laws for description of comminution 
process of solid foods. Djantou et al. [4] studied the effect 
of pre-treatment on the grinding ability of dried mango 
for powder production. They observed that values of 
constants K

K
 and K

R
 differed signifi cantly. Walde et al. 

[20] studied the grinding characteristics of microwave 
dried wheat. They found that the values of K

B
 were al-

most two times higher than values of K
K
. Pujol et al [16] 

showed that Soko owski`s constant changed from 22 
kJkg-1mm0.5 for soft wheat to 54 kJkg-1mm0.5 for durum 
wheat. Dziki [5] found that this constant also depended 
on the method of grinding.

Charels [3] extended existing theories of comminution 
and proposed the equation to calculate the comminution 
energy (E) necessary to obtain the particle size y from 
the material with the initial size x

max
:

max0

( d )d ,

y x

n

x

E Kx x M�= �� �  (16)

where: dM represents the mass of particles in the 
range of sizes from x to x+dx. According to Stambolidis 
[18] the mass of particles with sizes lower then x can be 
expressed as: 
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  (17)

where: W
o
 is the mass of particles taken for comminu-

tion and  is the coeffi cient of particle size distribution. 
The derivative of equation (17) is as follows:

1
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�
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The solution of equation (16), after dividing at both 
sides of equation by W

o
 can be expressed as:
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where: K
Ch

 is a constant dependent on the properties 
of ground material. 

The detailed way of determining equation (19) and 
coeffi cients  i n was described by Stamboliadis [18]. He 
found out that for most materials the expression (  – n + 1) 
is equal to zero, thus the equation (19) cannot be used to 
determine the energy of comminution and he proposed 
the formula: 

ln
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s

C y
E

n y
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  (20)

Hukki [10] assumed that in the equation (19) ex-
ponent (1-n) is not constant, but depends on the size of 
comminuted material and degree of fi neness. For large 
particles (order of magnitude 0,01 m) and when the de-
gree of fi neness is low, the grinding energy is mainly 
derived from the volume of material and Kick’s theory 
of grinding is adequate. For smaller grinding (order of 
magnitude of ground particles 0,01 m) the Bond’s grinding 
theory should be used and for the fi nest grinding (orders 
of magnitude 0,001), the grinding energy is proportional 
to the area of comminuted particles and thus the Rit-
tinger’s grinding theory can be used. It is caused by the 
fact that the small particles need much more stresses 
to comminution [1]. Similar conclusions were obtained 
by Morrell [14] which modifi ed the Bond’s theory and 
proposed the following equation: 

( ) ( )

80 80( ),f d f D

r iE M K d D= � �  (21)

where: Mi represents the index depending on the 
method of grinding, K is the grinding constant, and d

80

and D
80

 have the same meaning as in the equation (8). 
For particles with size x, the function describing the 
changing of exponent can be calculated as follows [14]:

( ) ( ),bf x a x= � + (23)

where: a and b are constants, and x is such a size of 
the screen diameter for which 80% of particles are sieved. 

Beside the described grinding theories there are many 
others, but they are seldom used in practice. 

CONCLUSIONS

1. The description of grinding of solid foods is more 
complicated than of the comminuting processes of 
minerals or metals. It is due to the fact that the results 
of grinding depend strongly on food moisture content 
and temperature. 

2. Some foods are sensitive to increases in tempera-
ture or oxidation during comminution, and mills are 
therefore cooled by chilled water, liquid nitrogen or 
carbon dioxide.

3. There are neither theories reported today nor any 
empirical comminution laws describing the process 
of solid foods comminution in the fi eld of fi ne and 
ultrafi ne grinding.

4. None of the common mathematic approximations of 
the grinding behavior of solid foods is equally accurate 
over the entire range of particle size.
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TEORIE ROZDRABNIANIA YWNO CI O POSTACI STALEJ 

S t r e s z c z e n i e . W pracy przedstawiono charakterystyk
procesu rozdrabniania ywno ci o postaci sta ej. W szczegól-
no ci omówiono czynniki determinuj ce proces rozdrabniania 
ywno ci oraz skupiono si  na najistotniejszych teoriach pro-

cesu rozdrabniania. Wykazano, e opis procesu rozdrabniania 
ywno ci jest znacznie bardziej skomplikowany ni e dekohezja 

innych materia ów, takich jak np. materia y mineralne i nie ma 
uniwersalnej teorii rozdrabniania opisuj cej proces redukcji 
wymiarów ywno ci w ca ym przedziale wielko ci cz stek,
a w szczególno ci podczas rozdrabniania bardzo drobnego.

S o w a  k l u c z o w e : rozdrabnianie, ywno , energia 
rozdrabniania.
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S u m m a r y. Evaluation of the applicability of the selected 
coatings applied in foundry practice was determined on the ba-
sis of comparative measurements of the thermal and physical 
and mechanical properties. Thermal and physical properties: 
specifi c heat, thermal expansion, density, thermal diffusivity 
and thermal conductivity were established for the three refrac-
tory layers utilized in lost foam casting technology. The ob-
tained results can be utilized in optimization of modifi ed refrac-
tory layers spread on the foamed patterns. More durable and 
more resistant to high temperature material # 1 has a worse heat 
transfer parameters than the coatings # 2 and # 3, which may 
be indicative of its higher permeability.

K e y  w o r d s : lost foam casting, evaporative pattern, re-
fractory (ceramic) layer, thermal conductivity, thermal diffusiv-
ity, specifi c heat.

INTRODUCTION

Lost foam technology is a kind of casting process 
using patterns made of foamed polystyrene, which can 
evaporate when the molten metal is poured into the mould. 
Each pattern is combined into a single set, together with 
a gating system using gluing. A pattern set prepared 
in such a way is coated with a ceramic layer. Complex 
patterns are molded and the mould is compressed by 
vibration. When pouring, liquid metal acts on the model, 
causing it to evaporate (Fig.1). Foaming is performed 
not only to make the model of the required shape, but 
also to achieve the required density of the model. One 
of the main parameters determining the proper course 
of evaporation process during the fi lling of the mold 
with liquid metal, are physical and chemical properties 
of the ceramic coating applied to a polystyrene pattern. 
These factors include permeability, mechanical strength 
and thermal and physical properties of ceramic coatings. 
Ceramic coatings that are applied to polystyrene pattern 
should have defi ned physical and chemical properties, 
including resistance to thermal and erosive effect of liquid 

metal and the suitable permeability of gases produced 
from gasifi ed polystyrene model.

Fig. 1. Lost foam process [1]

The values   of basic parameters of the refractory 
(ceramic) layer covering the polystyrene pattern, such 
as density, specifi c heat, thermal conductivity, etc. have 
a signifi cant impact on the process of pattern’s gasifi ca-
tion and indirectly affect the fl ow and fi lling the mould 
by the liquid metal.

The other parameters characterizing the heat ex-
change processes in the system metal-mould (Fig. 1) 
are permeability of refractory layer and heat transfer 
parameter (Heat Transfer Coeffi cient, HTC).

These parameters represent the basic thermal charac-
teristics used in computer simulation methods, currently 
heavily developed. For example, they are used to simulate 
the solidifi cation processes with aim to minimize the 
porosity in aluminium alloys cast by lost foam technol-
ogy [4]. A small number of literature sources devoted to 
research and analysis and a limited resource of thermal 
and physical databases provide incentives for compre-
hensive studies of thermal and physical properties of 
materials used in the lost foam method. The aim of the 
study was to determine the temperature dependence of 
thermal and physical parameters of the ceramic layer ap-
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plied to a model of polystyrene in the perspective of the 
use of computer simulation data to the solidifi cation and 
cooling processes of alloys cast by lost foam technology.

MATERIALS AND EXPERIMENTAL 
PROCEDURE

Three ceramic layers consisting of grain matrix, bind-
er and additives modifying and stabilizing the substance 
has been selected for the study of thermal conductivity. 
The properties of coatings are usually defi ned by means 
of their heat transfer characteristics (insulation properties, 
high conductivity, etc.) and the gas fl ow characteristics 
(low, medium or high permeability). With the increase 
of temperature requirements for ceramic coatings are 
getting higher. The study conducted at the Foundry Re-
search Institute […] has shown that with the increase of 
temperature of molten metal above 1400 C the impact 
resistivity of coatings for thermal and hydrostatic effect 
of molten metal stream decreases.

Components required to prepare the liquid ceramic 
coating used for covering of polystyrene models are:
– solvent-water,
– adhesive-silica colloid,
– combination of polytetrafl uoroethylene and stearin-

butadiene latexes,
– a mixture of surface-active anionic and non-ionic,
– measure counteracting setting up a foam,
– refractory material meal.

Zirconcar is a mixture of mineral substance, contain-
ing zirconium and binders consisting of silica sol and the 
set of surfactants and organic latex.

EXPERIMENTAL

The complex, thermal and physical properties deter-
mination of refractory layers spread on patterns utilized 
in lost foam casting technology was performed, using 
modern thermal analysis equipment utilized in Foundry 
Research Institute.

Thermal conductivity (T) can be calculated accord-
ing to the formula:

( ) ( ) ( ) ( )pT a T c T T� �=  (1)

where: a(T), c
p
(T) and (T) denote thermal diffusivity, 

specifi c heat and density, respectively.

Thermal diffusivity was measured by means of laser-
fl ash Netzsch LFA 427/4/G apparatus shown in Fig. 2. This 
equipment and measurement technique enable determina-
tion of thermal diffusivity of metals, alloys and ceramic 
materials in the temperature range of RT  1500 C with 
uncertainty of 3%. 

Basing on thermal diffusivity data it is possible to cal-
culate the thermal conductivity with 5% error in a whole 
temperature range. The equipment consists of high tem-

perature furnace, sample holder, high power 1064 nm 
Nd:YAG laser, infrared InSb detector with LN2 cooling.

The principle of measurement of thermal diffusivity 
by means of laser-fl ash method is heating of the frontal 
sample’s surface with a very short laser impulse resulting 
in temperature increase on the opposite side. This signal 
is measured in a function of time, by means of infrared 
detector. Data acquisition unit enables signal analysis 
with pulse length correction and heat loss corrections 
utilized non-linear regression for Cowan fi t and improved 
Cape-Lehman model characterized by multi-dimensional 
heat loss and non-linear regression.

DSC measurements are used for identifi cation and 
analysis of phase transformations proceeding during heat-
ing or cooling, determination of the enthalpy changes in 
solid and liquid states and for determination of specifi c 
heat in fuction of temperature. 

Differential scanning calorimeter Netzsch DSC 404C 
Pegasus was utilized for determination of specifi c heat of 
material under investigation. according to the compara-
tive, ASTME 1269 standard method. 

Fig. 3. shows the principle of determining of spe-
cifi c heat by comparative method consisting of three 
DSC measurements (curves): empty crucible, crucible 
+ standard (sapphire) and crucible + sample.

In this case specifi c heat can be calculated from 
proportion:

c
sample

 = c
standard

 (m
standard 

/ m
sample

)(D
sample 

/ D
standard

) (2)

The measurements were performed using platinum 
crucibles with alumina liners and sapphire as standard 
sample, with heating rate 20 K/min with atmosphere of 
pure argon. The specifi c heat values were calculated using 
DSC analysis software with measurement uncertainty of 

2.5% in the whole temperature range.

Fig. 2. The principle of specifi c heat measurement with sap-
phire as standard

According to density defi nition (T) = m/V(T) the 
knowledge of volume changes on temperature V(T) is 
required and the dilatometric method, which enables 
determination of L/L is adequate.

Simple calculations lead to the formula:

 = 
o
 / (1+

m
T)3 = 

o
 / (1+ L/L

o
)3 (3) 
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Density �Uo = m/Vo at room temperature can be determined 
by means of hydrostatic balance or pycnometric method.

Dependence of density on temperature was found 
using dilatometric method and Netzsch DIL 402C/4/G 
was applied.

The measurements were performed in pure argon at-
mosphere, at temperature RT, 200, 400, 600, 800, 1000 and 
1200 �qC using three laser shots at every temperature step.

RESULTS

Exemplary chart of analysis software (Fig.3) shows 
the dependence of averaging thermal diffusivity on tem-
perature for coating #1. The shape of laser shot (impulse) 
lasting 0.8 ms was shown in lower left edge of the Þ gure 
and the laser shot response recorded by means of IR 
detector has been shown in lower right end of the Þ gure .

Fig. 3. Exemplary analysis software screenshot showing dependence of thermal diffusivity on temperature for coating# 1.

Legend: pokrycie - coating

Fig. 4. SpeciÞ c heat of investigated coatings


