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Verification of energy consumption modelling in a vehicle
under operating conditions of a transport company

Zbigniew Burski, Hanna Krasowska-Kolodziej

University of Life Sciences in Lublin; School of Engineering and Economics in Rzeszow

Summary. 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.

Key words: 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
efficient 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 profit [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 benefits of transport logistics as
a scientific field have been recognized in developed
countries and successfully implemented. This purpose

is served by research into vehicle kinetic energy, its ef-
ficient use and losses within different infrastructure, or
influence of the flow of traffic 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.
Specifically, 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 °C to 70 °C,

— Certification 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 modification of
the equipment or the speed sensor [13].

RESULTS AND ANALYSIS

The results of the reading of Stoneridge Electronics ta-
chograph’srecord of a vehicle in domestic freightare present-
edin Table (1), whereas in the international one —in Table (2).

Route 1. Bitgoraj - 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 significant 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):

v, =-0,0393x°+1,0342x"-9,7313x’+40, 35x*-
71,889x+42,842
R?=0,7768

¥, =-0,0358x%+0,9635x*-9,333x7+39,863x-
71,719x+43,617 (13)

R? = 0,8741

Table 1. The results of the reading of Stoneridge Electronics tachograph’s record of a vehicle in domestic freight

No Des.cription of daily Travel date (Route No I - V)

activities 04.05.11/1 06.05.11/11 09.05.11/I11 12.05.11/1V 13.05.11/V
1. Driving the vehicle 8 h 33 min. 4h 07 min. 5h 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 15h 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 9h 5h 25 min. 6 h 51 min. 9 h 27 min. 3 h 59 min.

Table 2. The results of the reading of Stoneridge Electronics tachograph’s record of a vehicle in international freight

No Description of daily Travel date (Route No VI - VII)
activities 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
s. 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.
Time of the driver’s .
7. e - 2 min. -
availability
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Table 3. The results of measuring fuel consumption for variable loading capacity, considering average speed

Loading Loading
Fuel capacity of the capacity of the Without load
No dTZfeeo"ffti‘:;g BY | consumption vehicle 100% vehicle 50 % 50 % load in% ?r:fvre Z;glflzi’lfed of
in 1/100 km load in% of load in% of of route
route route
20,34 86,0 - 14,0 59,5
I 3-6.05.2011 17,34 144 24,9 60,7 52,9
16,79 24,0 76,0 - 50,5
2. 9-13.05.2011 18,37 55,4 - 44,6 52,4
17,20 29,8 53,6 16,6 49,2

Table 4. The results of measurements of fuel consumption in variable transport infrastructure at average speed

Fuel Type of communication infrastructure in the whole route, %

No Type of route consumption

by date of travel 1/100 km Freeways European ways Local ways ﬁ;:e/l;]age speed

20,34 - 70,6 29,4 59,5

L 5-6.05.2011 17.37 13,8 50,9 353 52,9
16,79 - 7,5 92,5 50,5

2. 9-13.05.2011 18,37 7,4 394 53,2 52,4
17,20 - 33,1 66,9 49,2

v, =0,0086x°-0,2391x"+2,2732x°-8, 504x°+
12,311x-1,0867
R?=0,7395,

where:

vl (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
traffic infrastructure flow and utilization of the vehicle
capacity is presented by the following relationship:

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

where:

Gpg ,.; - global (operational) fuel consumption [1/100
km],

A, B, C - the percentage of capacity on a route,

a, b, ¢ - coefficients 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 — traffic flow rates of high speed road, in-
ternational (highway) road, provincial (voivodship) road
(35.0, 13.4, 43.7).

It follows that:

Gp, Gp, = - (Aa+ Bb + Cc + xex + Yan + Zwo ®)
where:
Gp, - loss of fuel related to operational load capacity
of a vehicle (Gp) and traffic flow (Gpp),
Gp, - global fuel consumption en route.

A more detailed analysis of fuel consumption, based
on the calculated coefficients 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):

Gp,, =24.0a+76.0b,
Gp,, =55.4a+44.6c,
Gp,; =29.8a+53.6b+16.6¢, (6+8)

where:
Gp,, +Gp,, =16,79+18,37;

a=0,29,
b=0,14,
c=0,07.

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 1, with the total consumption of
20-34 1/ 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 1;
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— For example, by driving the entire route with 100%
utilization of load capacity, the vehicle would burn
26.1 1, with 50% capacity used - 6,30 I (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 1;

— 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 1.

Dependencies (1+2) represent the amplitude prob-
ability distributions taken as typical for the occurring
in the studies traffic flow 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 traffic flow 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 1, and for driving on the provin-
cial road (29.4% of the route) - 2.61 I (at the consumption
of 20.34 1/100 km) which amounted to the total of 4.53 1;

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 1/100 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 1 at 18.37 1/100 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 1, at the consump-
tion of 17.1 1/100 km.

The figures (estimates) based on field tests of the
vehicle and the above-presented expressions point out
at the possibility of a wider scientific analysis of energy
consumption in transport infrastructure [18,19]. This is
important in optimizing fleet 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 traffic flows, the
related fuel consumption and statistical significance 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:
— adigital 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 scientific 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 significance of the processes) to optimize the
management of fleet 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 ENERGOCHLONNOSCI
POJAZDU W WARUNKACH EKSPLOATACYJNYCH
PRZEDSIEBIORSTWA TRANSPORTOWEGO

Streszczenie. W pracy przedstawiono wyniki badan
eksploatacyjnych samochodu w zmiennej infrastrukturze kra-
jowej i miedzynarodowej. Przedmiotem badan byta ocena re-
alizacji ustawy AETR oraz wptywu infrastruktury i wykorzy-
stania tadownosci pojazdu na zuzycie paliwa (konwencjonalne
i energii rozproszonej). W obliczeniach wykorzystano forma-
lizm matematyczny przyj¢tego modelu strukturalnego.

Stowa kluczowe: logistyka transportowa, infrastruk-
tura komunikacyjna, modelowanie strukturalne, czynniki eks-
ploatacyjne, zuzycie paliwa, zapis cyfrowy.
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The hierarchy of impact of technical and economic factors
on farmers’ dissatisfaction with orchard sprayers

Daniel Bury*, Waldemar Izdebski**, Jacek Skudlarski*, Stanistaw Zajgc***
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Summary. 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.

Key words: 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
anumber of new criteria. These criteria include the tech-
nical and economic factors that affect the efficiency 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 fit 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 significance 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 identified factors
are summarized in Table 1. The identified 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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Table 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

C11 Insufficient capacity of the pump in relation to demand

cl12 Insufficient fan output

Cc13 Inadequate storage capacity

Cl14 Turning radius too large

Cc1s Adverse fan gear ratio

C2 Dimensions of the sprayer and design solutions inadequate to applied technologies and working conditions
Cc21 No section compensation

c22 Too little protection of components susceptible to damage

c23 Limited access to a liquid tank

C24 Too high width and wheelbase

Cc25 Irregular snap output

C26 Inadequate lighting or its thereof

C3 Unsatisfactory reliability and efficiency of service and access to spare parts

C3l1 sprayer failure rate too high

Cc32 Unsatisfactory access to spare parts and / or inadequate supply of spare parts

C33 Unsatisfactory work of service staff (eg, too long waiting for the arrival of service staff)
C4 Manufacturer’s range of accessories too limited

C4l1 No braking system manufacturer in the offer

c42 No manufacturer’s offer for choice of sizes and types of tires

Cc43 No manufacturer offers for choice fan equipment

C44 No possibility to choose the type sprayer control components

C45 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

Csl1 Ease to rinse tank after the treatment

C52 Limited access to the main control valve

CS53 Too high level of noise generated by fan

C54 Insufficient access to the tank

C55 Unable to reverse without PTO switching off

C 56 Limited access to parts subject to adjustment, maintenance or replacement (eg filters, sprayers)
Cé Unsatisfactory economic aspects

col Too high price to purchase the sprayer

co62 Too high costs of services provided by service departments

Cc63 Too high prices of spare parts

is also 100%. Second order factors influence 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
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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 fitness to take part in the research
included such criteria as practical experience in the or-
chard production, field 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 Gréjec, 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 first place based on the coef-
ficient of variation, whose value for the needs of expert
and mathematical method is standardized [7,3]. If the
value of the coefficient of variation was less than 0.25 the
congruity of ranks appointed by experts was sufficient.
For values above those, 0.3 was considered to be low.
Subsequently, the experts congruity was tested with
the coefficient of concordance and y-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 - [V)
by setting their “importance / weight” and the average
value of the parameter in the interval (tablel). “Weight
of priorities” indicates the degree of accomplishment of
the main target by a group of factors, which was in this

12,00

10,00

priorities [%]

wartos¢ priorytetow systemowych [%] / Value of system

oznaczenia czynnikéw /sign of factors

ranga czynnika / rank of factor

B Priorytet
systemowy [%]

+ Pozycja

Fig. 1. The values of the priorities of local, III order factors

Table 1. System priorities ranges

Range number | Range limits | Labels of factors included in the range ,,w'elg}%t Of Méar? ‘./ah.le of system
priorities priorities in the range
1 8,96-11,37 c6.1 11,34 11,34
11 6,54-8,95 C6.2,C6.3 14,60 7,29
111 4,12-6,53 C14,C15,C32,C33 18,58 4,64
C12,C13,C53,C1.1,45,CC45,C32,C44,24,C
v 1,7-4,11 2.5,53,22,2.6,44,57,52,4.1,C5.6,C 55,49 2,64
54,C21,C23
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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 significant, 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 WPLYWU CZYNNIKOW TECHNICZNYCH
I EKONOMICZNYCH NA STOPIEN NIEZADOWOLENIA
ROLNIKOW Z POSIADANYCH OPRYSKIWACZY
SADOWNICZYCH

Streszczenie. Istnieje hierarchia technicznych i ekono-
micznych czynnikow wplywajacych na satysfakcje rolnikow,
ktérzy posiadaja opryskiwacze sadownicze dostgpne na rynku
w Polsce. Najwazniejszymi czynnikami, ktore powoduja nie-
zadowolenie z oferty rynkowej opryskiwaczy sa: zbyt wysoka
cena zakupu opryskiwacza, za ktérymi ida wysokie ceny czesci
zamiennych oraz wysokie koszty serwisu.

Stowa kluczowe: opryskiwacz sadowniczy, oceny,
hierarchia.
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Summary. The presented work introduces the results of
the various ripeness degrees of Admiro and Encore tomato fruit
varieties influence 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.

Key words: 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 final
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 define 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 influenced 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 Leonéw 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 profiled, 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].

0.15 - y = 0.6246x - 0.0244
R?=0.986
— 0.1
e
w
0.05
- 0 ‘
3 0.2 0.25
0.05 1 c [MPa]
y =-0.5151x+0.0169
01 J R*=0.9858

Fig. 1. Example of a dependence ¢(c) and ay(c) for the
stretched specimen

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-defined location of the skin
segment, even in case of partial damage. An additional
benefit 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 ¢ = f (o)
(Fig. 1), where ¢_is the relative elongation in the direc-
tion of the x-axis (-), and o 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):

F,

Gk =—= > (l)
S
&g

v=—— @
&

where: . — force maximum value corresponding to
destruction of a sample,

S — cross-sectional area,

¢ — relative elongation in the direction of the applied
tensile force F,

€,~ 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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Table 1. The average values of strength parameters determined in the study

The tomato skin surface dyeing degree
. . . Red fruits ripening Red fruits ripening

Variety Green fruits | Orange fruits at 13 °C at 21 °C

Admiro | 4.3 4.15 248 2.25
Young’s modulus £ [MPa]

Encore 5.55 5.94 4.19 2.98

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

Encore 0.51 0.56 0.43 0.47

Admiro | 0.21 0.29 0.19 0.19
Critical compressive stress g, [MPa]

Encore 0.48 0.49 0.36 0.18

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.

[e] Admiro
koS Encore
g | y =-0.4x? + 1.054x + 5.03 Encore

R? =0.9344 Admiro

E [MPa]

2.98
2.25

y=-0.02x2-0.682x + 5.15
R? = 0.8747

I I il v

Fig. 2. The average values of Young’s modulus £ along with
standard deviation determined for the skin of Admiro and En-
core varieties in various stages of maturity. I - green fruits,
IT - 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 £ 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 £ 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.

o Admiro
1 y =-0.0375x2 + 0.1085x + 0.6225
R = 0.9099 ¢  Encore
08 Encore
Admiro
: 0.6
BN 0.47
04 4
y =-0.025x + 0.555
R? = 0.3369
0.2

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, 111 - 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). Significantly higher values of the v
coefficient were determined for Admiro variety, however
in the case of green fruits of both cultivars ripening at
21 °C the coefficient 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]:
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—-1<v<

: ©)
D-1

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

—193%. @

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

“1<v<l, ©)

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
defined by equations (4) and (5). In the theory of elasticity
[5] Poisson’s ratio is defined as the negative value of the
deformation €, in a direction perpendicular to the direc-
tion of the stretching force divided by the value of the
deformation ¢_in the direction consistent with the force
direction. Since proposed method allows experimental
determining of both: €, and ¢ 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 o,
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
significantly 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 find
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, o, 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 coefficient 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 influence 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 WYTRZYMALOSCI SKORKI OWOCOW
POMIDORA W TRAKCIE ICH DOJRZEWANIA

Streszczenie. W pracy zaprezentowano wyniki badan
wplywu réznego stopnia dojrzatosci owocoéw pomidora odmian
Admiro i Encore na wybrane mechaniczne wlasciwosci ich
skorki. Wartosci wyznaczanych parametrow wytrzymatoscio-
wych: modutu Younga, wspotczynnika Poissona oraz napreze-
nia krytycznego malaly wraz z osigganiem przez owoce stanu
pelnej dojrzatosci i byty uzaleznione od odmiany pomidora.

Skorka czerwonych owocow pomidora odmiany Encore
dojrzewajacych w temperaturze 13 °C miata wyzsza warto$¢
modutu Younga niz skorka owocéw odmiany Admiro dojrze-
wajacych w takich samych warunkach. Najwyzsza wartos$¢
wspodtczynnika Poissona wyznaczono dla owocow o pomaran-
czowej barwie skorki i wynosita ona 0,73 dla odmiany Admiro
i 0,56 dla odmiany Encore. Najnizsza wartos¢ wspotczynnika
Poissona wynoszaca 0,47 uzyskano dla skorki czerwonych
owocow obu badanych odmian dojrzewajacych w temperatu-
rze 21 °C.

Stowa kluczowe: wilasciwosci wytrzymatosciowe,
skorka owocu pomidora, proces dojrzewania.
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Summary. 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 influence the growth of efficiency of the carried out
agricultural production.

Key words: 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 significant
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 influence 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 Parafiniuk [4] significantly influences
efficiency of farming. Proper organisation of transport
has a significant 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 efficient agricultural
production [1, 2, 3, 9]. The research they have carried out
shows the need for implementation of computer systems
in different fields 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 significant to know the problems of
ecological farms functioning, monitor their activity and
indicate the activities which would allow for an increase
of their competitiveness.

! The work was carried out within development grand NO. 12 0165 10 titled: “Innovative influence of technology and information
management supporting system on the production efficiency 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
difficulties 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 influences
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 influence 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 efficiency 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 field 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 confirm, 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 specified. 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
simplification, 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.

3 Gekko
Plik Tabele Opcje Pomoc

| Cedi&led |

Gospodarstwo | Pola/Rodliny |2wierzeia | Zakup/Sprzedaz | Zestawienia | Opcje |

Rok | 2012 -

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.
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Fig. 1. A fragment of a GEKKO programme data base concer-
ning the machinery park (relation scheme, basic version)
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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, efficiency 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 final effect. Taking the above into con-
sideration firstly, 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 specific 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,

— efficiency,

— power or power demand,

— type and unit fuel consumption,

— cumulated coefficient 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 specific for a particular group of ma-
chines. Diversity of parameters causes that it is dif-
ficult 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, first 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 first 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 first
area. It is justified 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 modified: “ 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 final 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 profitability
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 specific 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 influence the evaluation of the
technical base use. As a consequence, it will influence the
increase of efficiency of the farm management process.
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ZALOZENIA DLA ZBIERANIA INFORMACII DO MODULU
DOTYCZACEGO PARKU MASZYNOWEGO GOSPODARSTW
EKOLOGICZNYCH W PROGRAMIE GEKKO

Streszczenie. W pracy przedstawiono analiz¢ wypo-
sazenia parku maszynowego w grupie 100 gospodarstw eko-
logicznych. Byt to jeden z punktéw wyjscia do podjecia proby
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wypracowania modutu w programie komputerowym dotycza-
cego parku maszynowego w gospodarstwach ekologicznych.
Prace nad modutem zostaly przeprowadzone réwniez w opar-
ciu o konsultacje z ekspertami rolnictwa ekologicznego. Uzy-
skane wyniki badan i do§wiadczenia autoréw zdobyte w pracy
nad programem pozwalajg na wniosek, ze opracowany modut
moze by¢ stosowany w praktyce i moze utatwi¢ pracg dorad-

cow, inspektorow i przedstawicieli innych jednostek, ktore nad-
zoruja 1 wspotpracuja z producentami zywnosci ekologiczne;.
Ponadto, wptynie to posrednio na wzrost wydajnosci produkcji
rolne;j.

Stowa kluczowe: program komputerowy, park ma-
szynowy, gospodarstwa ekologiczne






TEKA. COMMISSION OF MOTORIZATION AND ENERGETICS IN AGRICULTURE - 2012, Vol. 12, No. 2, 27-34

The possibilities of using linear models
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Summary: 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 first 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.

Key words: 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 ! (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 defining 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 identifica-
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Fig. 2. The test object - Mitsubishi L200 car with trailer
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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:

_K5d' +K5b*  Kza—Ksb Kga
l/; IZZVS IZZ l/} IZZ
|: i| B 2 { :|+ K [6]’ (1)
Bl | mvi+Ksa-Ksb  Ks+Ks, |LB) | Kar
mv? myg myy

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;,, K,, - cornering coefficients of vehicle tyres,

m - mass of the vehicle,

v_- vehicle speed,

I__ - moment of inertia at the Z axis,

- yaw angle of the vehicle,

p - drifting angle of the vehicle.

The identification 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 identification was carried out to find 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 identification 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.

[
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Fig. 4. Motion paths for the study of the vehicle behaviour during double lane change - ISO TR38888 []
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Fig. 5. Steered wheel angle 3 recorded during the maneuver of double lane change



30 KAZIMIERZ DRESZER, RYSZARD GRZECHOWIAK, TADEUSZ PAWLOWSKI, JAN SZCZEPANIAK

02

015

psi pim [rad/s]

0.1 AR s
b -
o o
-0.15
o 1 2 4 5 6
time [s]

Fig. 6. Angular velocity of the vehicle deviation obtained from measurements and simulation
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The transfer function can take into account some THE CONCEPT OF CONTROL
parameters of driving characteristics such as driving time OF THE VEHICLES
delay with the aid of, for example, Pade aproximation [, ].
The model can be used then for the analysis of a driver Fig. 11 shows the scheme of control of the vehicle
‘s behaviour in the function of a driver’s effort [, ]. in which signals from the sensors [] are used to correct

After identifying the transfer function the model the car trajectory. The sensors are used to enable the
allows to get high compatibility between the results ob- obtainment of data on the actual position of the vehicle.
tained from measurements and from simulation (Fig. 9 The block named "Guidance system", based on predic-
and Fig. 10). tive simulation, generates steering angle 6 of the wheels.
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Fig 9. Y coordinate of the trajectory obtained from simulation using a block diagram of Fig. 8§ and from the measurement
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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 deflection y
and the angle W (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 6 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 flat model with two degrees of free-
dom,

— the stochastic model based on the identified 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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MOZLIWOSCI ZASTOSOWANIA MODELI LINIOWYCH
W AUTOMATYZACIJI KIEROWANIA
MASZYNAMI ROLNICZYMI

Streszczenie. W wyniku zwigkszania si¢ mozliwosci
obliczeniowych komputeréw w badaniach zachowania pojaz-
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dow zaczely pojawiac si¢ ich ztozone, nieliniowe modele. Jed-
nak istotng ich wadg jest koniecznos$¢ zebrania duzej liczby
danych opisujacych wlasnosci modelowanych pojazdow. Jest
to szczegdlnie istotne, gdy model jest przeznaczony do wyko-
rzystania na wstgpnym etapie projektowania, gdy wielu danych
jeszcze brak. Brakujace i niepewne dane zmniejszaja doktad-
no$¢ wynikow obliczen symulacyjnych, co stawia w wielu
przypadkach pod znakiem zapytania uzytecznos¢ takich modeli.

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

magajacych prace kierowcy maszyny rolniczej lub rolniczego
zestawu transportowego. Poddano analizie dwa rézne modele.
Pierwszy to model strukturalny o dwdch stopniach swobody,
a drugi model wykorzystuje funkcje transmitancji. Porowna-
no rezultaty uzyskane za pomoca obliczen symulacyjnych i za
pomocag pomiaréw. Przedstawiono koncepcj¢ systemu wyko-
rzystujacego takie modele.

Stowa kluczowe: maszyny rolnicze, modelowanie,
symulacja, wspomaganie kierowcy.
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Summary. The objective of this study was to investigate
the influence 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 55°C 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 specific grind-
ing energy increased too from 0.52 to 0.60 mm and from 28.3
to 42.6 kJkg', respectively. The values of grinding efficiency
index ranged from 0.31 to 0.18 m?kJ"! 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 influence both on quince mechanical properties
and the grinding process.

Key words: 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 verified, 19 in USA and around 86
in the old USSR, which were often mistaken by farmers.
It stated that difficult classification is due to the amount
of synonyms, polymorphism of fruits and leaves and the
existence of many trees propagated by seeds [Rodriguez-
Guisado et al. 2009]. Several studies have showed that

quince tree is a good and low-cost natural source of
phenolic acids and flavonoids [Oliveira et al. 2007, Costa
et al. 2009]. These compounds could provide a chemical
basis to some health benefits 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, fleshy, 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 [Wojdyto and Oszmianski
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
flavour. 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 flavour-
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 flavouring with prohealth properties.

The objective of this study is to investigate the influ-
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 Official Analytical Chemists (AOAC, 1984)
and the crude fiber ant the sugar contents were determined
according to the method presented by Rodriguez-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 55°C 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™' 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 (<, ) and shear work (W)
were evaluated.

The samples of dried quince were ground by using
the laboratory hammer mill POLY MIX-Micro-Hammer-
mill MFC equipped with round holes 3.0 mm screen.
The peripheral speed of the hammers was 17 ms™. 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,
PCLS8I18 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.

Force, N

Displacement of measuring head, mm-

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

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

i

d= Zn:q}d. mm )
i=1

where @ represents the differential weight fraction
(kg kg') of particles passing through the aperture size
d, (mm).

The specific grinding energy (£) was determined as
the ratio of the grinding energy to the mass of the mate-
rial taken for grinding. The grinding efficiency 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 Sokotowski’s grinding
index was calculated on the basis of the size reduction
theory described by Sokotowski (1996).

The measurements of grinding energy were replicated
10 times. The distribution of the particle size was evalu-
ated thrice and the values of Eg and K 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 significance level of o = 0.05.

RESULTS AND DISCUSSION

The average values of quince fat, fiber 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).
66 - -- a - --------=-=—-=--—————--— - —_
63+ - - - -
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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 significantly different (o0 = 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 (R? = 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 plastification 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].

I

Shear work, mJ

N
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<

Moisture content, %
Fig. 3. The relation between quince moisture content and shear

work; the values designated by the different letters are statisti-
cally significantly different (oo = 0.05)
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Fig. 4. Relation between the moisture content and the average
particle size of ground quince; the values designated by the
different letters are statistically significantly different (oo = 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 influ-
ence on the mass fractions of middle (0.63-0.8 mm) and
the fine (< 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 fine particles decreased from 17.6 to
10.3%. The particle size distribution is very important

Table 1. Particle size distribution of dried quince

form the technological point of view, because it has an
effect on many processes, and thus decides about the
quality of the final 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 (R*=0,945).

R i

A I y =0,589x * - 10,422x + 73,393

R? =0,9945

40+ ---------

L it

04+ ----

A e

Speecific grinding energy, kJkg"

20

Moisture content, %

Fig. 4. Relation between the moisture content and the specific
grinding energy of dried quince; the values designated by the
different letters are statistically significantly different (o = 0.05)

The changes of specific grinding energy were pre-
sented on Fig. 4. The results showed that as the kernel
moisture increased the specific grinding energy also
increased — average from 28.3 to 42.6 kJkg'. The rela-
tion was described by using a quadratic equation (R?
= 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
specific grinding energy increased too. The increase of
moisture content causes an increase of material plastic-

Mass fraction Moisture content (% w.b.)

(mm) 10 1 12 13 14

>1.6 0.1+£0.01*" 0.1£0.02° 0.1+0.02* 0.1+0.01° 0.1£0.01°
1.0-1.6 7.54+0.2° 8.3+0.2° 9.1+0.1¢ 10.4+0.24 8.9+0.2¢
0.8-1.0 9.3+0.3* 10.1+0.3° 13.1+0.3¢ 12.5+0.3¢ 13.0+0.3¢
0.63-0.8 16.8+0.3* 18.4+0.4° 21.7+0.4¢ 21.0+0.4¢ 21.4+0.5¢
0.4-0.63 24.7+0.5* 24.8+0.5% 25.0+0.42 27.3£0.5° 27.6+0.3°
0.315-0.4 8.8+0.3° 8.840.2° 7.0+0.1° 8.1+0.2¢ 8.6+0.2°
0.2-0.315 15.24+0.4° 12.5+0.3° 8.3+0.2¢ 10.0+0.3¢ 10.0+0.1¢
<0.2 17.6+0.4* 17.0+0.3° 15.740.3° 10.4+0.2¢ 10.3+0.3¢

‘the values designated by the different letters in the line of table are statistically significantly different (o = 0.05)
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ity and thus the material ground more difficult and the
energy of plastic deformation is mainly converted to the
heat and friction and thus the specific 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 efficiency index were pre-
sented on figure 6. The strong linear relationship was
found between quince moisture content and this index
(r=-0,992). The grinding efficiency index ranged form
0.31 to 0.18 m?kJ!. Similar values of this index were
obtained for wheat grain by Dziki [2008].

The Sokotowski’s grinding index changed from 32 to
55 kJkg'mm?®?, 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 confirmed 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 efficiency index; the values designated by the different
letters are statistically significantly different (o0 = 0.05)
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Fig. 6. Relation between the quince moisture content and the

Sokotowski’s grinding index, the values designated by the dif-
ferent letters are statistically significantly different (o = 0.05)

CONCLUSIONS

. The results showed that an increase of quince moisture

content from 10 to 14% caused the decrease of shear
force and shear work.

. 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 fine (< 0.2 mm) particles.

. Both specific grinding energy and Sokotowski’s grind-

ing index increased as the quince moisture content
increased, from 23.8 to 42.6 kJkg! and from 32 to 55
kJkg'mm?®?, respectively.

. The values of grinding efficiency index ranged from

0.31 to 0.18 m?kJ" and decreased as the quince mois-
ture increased.

. The results showed that the quince moisture content,

even in the narrow range (from 10 to 14%) has the
strong influence both on quince mechanical properties
and the grinding process.

REFERENCES

AOAC, 1984. Official Methods of Analysis, 14th edition.
Association of Official Analytical Chemists, VA, USA.
Chakkaravarthi A., Math R.G., Walde S.G., Rao
D.G. 1993. Grinding characteristics of carrots (Daucus
carota L.). Journal of Food Engineering 20(4): 381-389.
Costa R.M, Magalhaes A.S., Pereira J.A., Andrade
P.B. Valentao P., Carvalho M., Silva B.M. 2009.
Evaluation of free radical-scavenging and antihemolytic
activities of quince (Cydonia oblonga) leaf: A compara-
tive study with green tea (Camellia sinensis). Food and
Chemical Toxicology 47 (2009) 860—865.

Dziki D. 2008. Analiza wptywu wstgpnego zgniatania
zbdz na rozdrabnianie udarowe. Rozprawy naukowe AR
w Lublinie. z. 326 p. 73.

Dziki D., Laskowski J., Lysiak G. 1997: Uktad po-
miarowy do maszyn rozdrabniajacych z komputerowa
rejestracjg danych. IV Krajowa Konf. ,,Komputerowe
wspomaganie badan naukowych”. Swieradow Zdrgj.
Materiaty konferencyjne, s. 59—60.

Ferreira I.M.P.L.V.O., Pestana N., Alves M.R., Mota
F.J.M., Reu C., Cunha S., Oliveira M. B.P.P. (2004):
Quince jam quality: microbiological, physicochemical
and sensory evaluation. Food Control, 15, 291-295.
Laskowski, J., Lysiak, G., Skonecki, S., 2005. Me-
chanical properties of granular agromaterials and food
powders for industrial practice. In: Horabik, J., Las-
kowski, J. (Eds.), Part I1. Material Properties for Grind-
ing and Agglomeration. Institute of Agrophysics PAS,
Lublin (pp. 29-30).

Le Deschault de Monredon, F., Laskowski, J., Devaux,
M.F., 1999. Relationships between gluten content and
grinding properties of wheat (a short communication).
International Agrophysics 13 (3), 397-399.

Marzec A., Lewicki P. P. (2005): Antyplastyfikujacy
wpltyw wody na produkty zbozowe. Inzynieria Rolnicza.
11(71):301-307.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

INFLUENCE OF MOISTURE CONTENT ON THE MECHANICAL PROPERTIES AND GRINDING ENERGY 39

Oliveira, A.P., Pereira, J.A., Andrade, P.B., Valentao,
P., Seabra, R.M., Silva, B.M., 2007. Phenolic profile
of Cydonia oblonga Miller leaf. Journal of Agricultural
and Food Chemistry 55, 7926-7930.

Oliveira, A.P., Pereira, J.A., Andrade, P.B., Valentao,
P., Seabra, R.M., Silva, B.M., 2008. Organic acids
composition of Cydonia oblonga Miller leaf. Food Chem-
istry 111, 393-399.

Pittia P., Sacchetti G. (2008): Aniplasticization effect
of water in amorphous foods. A review. Food Chemistry.
106:1417-1427.

PN-ISO 1026:2000. Produkty owocowe i warzywne
- Oznaczanie zawarto$ci suchej substancji w wyniku
suszenia przy obnizonym ci$nieniu i zawartosci wody
w wyniku destylacji azeotropowe;j.

Rejman A. (red.). (1994): Pomologia — odmianoznaw-
stwo roslin sadowniczych. PWRIL, Warszawa, 662—663.
Rivera, D., Obo'n de Castro, C., R1'os, S., Selma, C.,
Me'ndez, F., Verde, A., y Cano, F., 1997. Las varie-
dades tradicionales de frutales de la cuenca del Segura:
Frutos secos, oleaginosos, frutales de hueso, almendros
y frutales de pepita. Ediciones de la Universidad de
Murcia 126-133.

Rodriguez-Guisado 1., Hernindez F., Melgarejo P.,
Legua P., Martinez R., Martinez J.J. (2009): Chemi-
cal, morphological and organoleptical characterisation
of five Spanish quince tree clones (Cydonia oblonga
Miller). Scientia Horticulturae 122, 491-496.

Rudy S. 2009. Energy consumption in the freeze —and
convection-drying of garlic. TEKA Kom. Mot. Energ.
Roln. 9, 259-266.

Rydzak L., Andrejko D. 2011. Effect of vacuum im-
pregnation and infrared radiation treatment on energy
requirements in wheat grain milling. TEK A Kom. Mot.
i Energ. Roln. 11c: 291-299.

Silva B.M., Andrade P.B., Martins R.C., Seabra
R.M., Ferreira M.A. 2006. Principal component analy-
sis as tool of characterization of quince (Cydonia oblonga
Miller). Food Chemistry 94:504-512.

Silva, B.M., Andrade, P.B., Martins, R.C., Valentao,
P., Ferreres, F., Seabra, R.M., Ferreira, M.A., 2005.
Quince (Cydonia oblonga Miller) fruit characterization
using principal component analysis. Journal of Agricul-
tural Food Chemistry 53, 111-122.

Silva, B.M., Andrade, P.B., Mendes, G.C., Seabra,
R.M., Ferreira, M.A., 2002. Study of the organic acids
composition of quince (Cydonia oblonga Miller) fruit

and jam. Journal of Agricultural Food Chemistry 50,
2313-2317.

22.  Sokolowski, M., 1996. Energy consumed in grinding
— a new idea of a general law of comminution — new
tests stands and testing results. Récents Progress en
Génie Procédés 10, 221-226.

23.  Umano K., Shoji A., Hagi Y., Shibamoto T. (1986):
Volatile constituents of peel of quince fruit, Cydonia
oblonga Miller. Journal Agriculture and Food Chem-
istry: 34, 593-596.

24. Velu, V., Nagender, A., Prabhakara Rao, P.G., Rao,
D.G., 2006. Dry milling characteristic of microwave
dried maize grains. Journal of Food Engineering 74
(1), 30-36.

25. Waojdylo A., Oszmianski J. (2010): Owoce pigwy po-
spolitej — potencjalny surowiec dla przetworstwa. Prze-
myst Fermentacyjny i Owocowo-Warzywny, 9: 7-16.

26.  Yildirim, H.T., Oktay, M., Bilaloglu, V., 2001. Anti-
oxidant activity of the leaf of Cydonia vulgaris. Turkish
Journal of Medical Sciences 21, 23-27.

WPLYW WILGOTNOSCI NA WEASCIWOSCI
MECHANICZNE I ENERGOCHEONNOSC ROZDRABNIANIA
SUSZONEJ PIGWY (CYDONIA OBLONGA MILLER)

Streszczenie. Celem pracy bylo okreslenie wplywu
wilgotnosci na wlasciwosci mechaniczne i energochtonnosé roz-
drabniania suszonej pigwy. Materiat badawczy stanowity owo-
ce pigwy (Cydonia oblonga Miller) — odmiany Lescovac. Prob-
ki o $rednicy 10 mm i grubosci 3 mm suszono w pojedynczej
warstwie w temperaturze 55°C do osiagnigcia rdéznych pozio-
moéw wilgotnosci: 10, 11 12, 13 1 14%. Dla tak uzyskanego ma-
teriatu okreslono sit¢ cigcia i prace ciecia pojedynczych probek.
Proces rozdrabniania przeprowadzono, wykorzystujac labora-
toryjny rozdrabniacz bijakowy POLYMIX-Micro-Hammermill
MFC wyposazony w sito o srednicy otwordw rownej 3.0 mm.
Na podstawie uzyskanych wynikéw badan stwierdzono, ze
wzrost wilgotnosci suszu w przedziale 10-14%pwodowat
spadek sity cigcia i pracy cigcia, odpowiednio od 62 N do
48 N i od 60 mJ do 50 mJ. Ponadto wzrost wilgotnosci probek
powodowal spadek sredniego wymiaru czastki $ruty (od 0.52
to 0.60 mm) oraz wzrost jednostkowej energii rozdrabniania od
(28.3 do 42.6 kJkg") i wskaznika efektywnosci rozdrabniania
(od 0.31 do 0.18 m?kJ"). Na podstawie uzyskanych wynikow
badan stwierdzono, ze zmian wilgotnos¢ suszu pigwy, nawet
w waskim zakresie od 10 do 14% miat silny wpltyw zaréwno na
wlasciwosci mechaniczne, jak i na proces rozdrabniania.

Stowa kluczowe: pigwa, wlasciwosci mechaniczne,
energia rozdrabniania
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Summary. 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 field of
ultrafine grinding.

Key words: grinding, food, grinding energy.

INTRODUCTION

Size reduction has got many benefits in solid food
processing. For example, dry milling yields flour 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 aflatoxins 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
flour milling and during feed production. Among the
physical properties of solid foods, the mechanical proper-
ties have the greatest influence 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
fibrous materials, and shearing forces are used for fine
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 significantly
affects both the degree of fineness 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 significant influence
on the grinding results. Low temperature causes change
of mechanical properties of food. The materials become
brittle, they crumble easily, permitting grinding to a finer
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 fire 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].
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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, — 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:

dE = —Kﬂn, 1)
X

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-
towski and other grinding theories. The equation (1) has
many solutions depending on » value. After the integra-
tion of equation (1) in the range from D to d we obtain:

E= ]i—Kx"’dx, )

D
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:

KY 1 1
E_(n—lj(d"'l_p"'lj' ®
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When » = 1, integration of the basic equation gives

Kick’s law [11]:
E. =K,(InD-Ind). )

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 final 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 findings assumed that
n = 2 and the integration of equation (2) give the fol-
lowing solution:

11
E, K(d Dj G)

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 fine 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
A ©)
2.,
d=—1 7

&
24

where: Gj and g, represent the mass fractions of par-
ticles D, and d, respectively.

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

selgw) o

where: K is the Bond’s constant and expresses the
energy needed to reduce the unit of mass theoretically
from infinity to such a size for which 80% of particles
is sieved to values lower then 100 um [15].

Bond expressed K, as function of W

©

o )

where: W, is defined as work index and characterizes
the resistance of material to grinding. This index can be

also defined as comminution energy of the unit of mass
from infinity size up to 100 um [4]:

11
E (00 > 100) =10, (————) = 10
( ) oo (10)

NS

Using the laboratory methods, Bond determined, the
values of 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 fitting 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]. Sokotowski [17]
has found out that the parameters D and d should be
calculated as follows:

1
D 11
Sl (i1
7 D!
d,=| ——| . 12)

g
2

where: G and g, have the same meaning as in the
equations (6) and (7), respectively.

Sokotowski [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:

2

1
D, , (13)
0,5 Z Gj
J \IDJ'
2
1
dy s (14)

g
i

then, the solution of equation (3) can be calculated
as follows:

1
B =K (ms rTj

where: K is the Sokofowski's constant and d ; and
D, represents the particle size before and after grind-
ing, respectively

(15)
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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, and K, differed significantly. Walde et al.
[20] studied the grinding characteristics of microwave
dried wheat. They found that the values of K, were al-
most two times higher than values of K. Pujol et al [16]
showed that Sokotowski's constant changed from 22
kJkg'mm?® for soft wheat to 54 kJkg'mm®® 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 (F) necessary to obtain the particle size y from
the material with the initial size x__ :

(16)

‘max

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:

MX :W)(ﬁ) ’
¥

where: ¥ is the mass of particles taken for comminu-
tion and o is the coefficient of particle size distribution.
The derivative of equation (17) is as follows:

a7

xa—l

a

y

dM, = aW,——dx. (18)

The solution of equation (16), after dividing at both
sides of equation by W can be expressed as:

Kqa

Eq, “ o ha—nin’ o (19)

where: K, is a constant dependent on the properties
of ground material.

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

a

Iny

N o (2 0)

E=C
n-1y

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 fineness. For large
particles (order of magnitude 0,01 m) and when the de-
gree of fineness 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 finest 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 modified the Bond’s theory and
proposed the following equation:

E, =M, K(dy" - Di™), @1

where: Mi represents the index depending on the
method of grinding, K is the grinding constant, and d,
and D, 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]:
f(@)=~(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 field of fine and
ultrafine 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 ZYWNOSCI O POSTACI STALEJ

Streszczenie. W pracy przedstawiono charakterystyke
procesu rozdrabniania zywnosci o postaci statej. W szczegdl-
nosci omowiono czynniki determinujace proces rozdrabniania
zywnosci oraz skupiono si¢ na najistotniejszych teoriach pro-
cesu rozdrabniania. Wykazano, ze opis procesu rozdrabniania
zywnosci jest znacznie bardziej skomplikowany nize dekohezja
innych materialow, takich jak np. materiatly mineralne i nie ma
uniwersalnej teorii rozdrabniania opisujacej proces redukcji
wymiardw zywnosci w catym przedziale wielkosci czastek,
a w szczegolnosci podczas rozdrabniania bardzo drobnego.

Stowa kluczowe: rozdrabnianie, zywnos¢, energia
rozdrabniania.
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Thermal and physical properties of some refractory layers
used in lost foam technology
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Summary. 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:
specific 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 modified 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.

Key words: lost foam casting, evaporative pattern, re-
fractory (ceramic) layer, thermal conductivity, thermal diffusiv-
ity, specific 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.l). 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 filling 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 defined physical and chemical properties,
including resistance to thermal and erosive effect of liquid

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

Refractory layer
Gaseous gap

Liquid
metal

Pattern

Fig. 1. Lost foam process [1]

The values of basic parameters of the refractory
(ceramic) layer covering the polystyrene pattern, such
as density, specific heat, thermal conductivity, etc. have
a significant impact on the process of pattern’s gasifica-
tion and indirectly affect the flow and filling 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 Coefficient, 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 solidification 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 solidification 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 defined by means
of their heat transfer characteristics (insulation properties,
high conductivity, etc.) and the gas flow 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 polytetrafluoroethylene 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:

AT)=a(T)e,(T) p(T) 1

where: a(T), cp(T) and (T) denote thermal diffusivity,
specific heat and density, respectively.

Thermal diffusivity was measured by means of laser-
flash 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-flash 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 fit and improved
Cape-Lehman model characterized by multi-dimensional
heat loss and non-linear regression.

DSC measurements are used for identification 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 specific
heat in fuction of temperature.

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

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

In this case specific heat can be calculated from
proportion:

Dstandard) (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 specific heat values were calculated using
DSC analysis software with measurement uncertainty of
+2.5% in the whole temperature range.

Csample = Cstandard (mstandard/ msample)(Dsample/

empty pan
D (sample) Tr

sample D {sapphire)

signal

Instrument

sapphire

time

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

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

Simple calculations lead to the formula:

p=p,/ (4B AT = p_/ (I+AL/L ) 3)
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Fig. 3. Exemplary analysis software screenshot showing dependence of thermal diffusivity on temperature for coating# 1.

Density p =m/V atroomtemperaturecanbe 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 °C 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 figure
and the laser shot response recorded by means of IR
detector has been shown in lower right end of the figure .
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Fig. 4. Specific heat of investigated coatings
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The eval.ua}ted Valu§s of Fhermal diffusivity and ther- 502 0.385 + 0,002 0.436
mal conductivity are given in Table 1.
200,1 0,321 £ 0,002 0,468
Tab. 1. Thermal diffusivity (a) and thermal conductivity 400,3 | 0,206+ 0,005 0,34
(b) of investigated coatings coating #2 | 600,3 | 0,185+ 0,001 0,259
Sample T, °C a, mm?¥s A, W/mK 800,4 0,193 + 0,006 0,233
50,3 0,373 0,005 0,461 1000,2 | 0,259 + 0,025 0,266
2002 0.280 + 0,003 0.435 1200,2 | 0,359 0,023 0,617
+ 4
400,2 0,175+ 0,001 0,294 50,3 0,368 + 0,007 045
200,1 0,309 + 0,001 0,46
coating #1 600,3 0,163 + 0,001 0,262
400,3 0,207 + 0,003 0,342
800,4 0,170 + 0,009 0,26
coating #3 600,3 0,188 + 0,001 0,282
1000,5 | 0,186+ 0,013 0,267
800,4 0,191 £ 0,005 0,277
1200,2 | 0,287 + 0,034 0,482 1000.2 | 0,266+ 0,009 0376
1200,2 | 0,380+ 0,045 0,823




THERMAL AND PHYSICAL PROPERTIES OF SOME REFRACTORY LAYERS USED IN LOST FOAM TECHNOLOGY1

The measured and calculated results are summarized
and compared in Fig.7a,b.

» 0,40
273 :
g 0,35
2 $
> 0,30 ® °
2 025 L
= }
5 020 i ] 4 ¢
£ , ¢
S 0,15
e
= 0,10
0 200 400 600 800 1000 1200
Temperature, °C
(a) ’0 coating #1 ® coating #2 ® coating #3
-
§ 0,90
= 0,80 L
2
s 0,70
S 0,60 ¢
2 0,50
S |8 8
= 040 .
€ 030 :
o ’ ’ * [ ]
= 0,20 ‘ |
0 200 400 600 800 1000 1200
Temperature, °C
(b) ’0 coating #1 ® coating #2 ® coating #3 ‘

Fig. 7. The summary of investigations — thermal diffusivity (a)
and thermal conductivity (b)

Dilatometric studies show that the coating # 1 is
characterized by the highest thermal expansion and the
lowest density. The destruction of this coating indicated by
shrinkage of dilatometric curve, begins at ca 940 °C i.e.
occurs about 100 °C higher than for coatings # 2 and # 3.
This proves the durability and resistance to high tempera-
ture coating # 1. It may be due to the absence in this mate-
rial unidentified phase transition at around 480 and 680 °C,
which can be seen to the coatings # 2 and # 3. Observation
of thermo-physical data connected with the heat conduc-
tion shows that the coating # 1 has the lowest temperature
conductivity in the whole temperature range. The obtained
results suggest that the more durable and more heat-
resistant material # 1 has a worse ability to heat removing
and greater permeability than the coatings # 2 and #3.

CONCLUSIONS

1. Thermal and physical properties: specific heat, thermal
expansion, density, thermal diffusivity and thermal
conductivity were established for the three refractory
layers utilized in lost foam casting technology.

2.

10.

11.

12.

The obtained result will be the enriched thermal and
physical properties database utilized in computer simu-
lation of casting processes performed in evaporative
pattern foundry applications.

. The obtained results will be utilized in optimization

of modified refractory 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.
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BADANIE PRZEWODNOSCI CIEPLNE] WYBRANYCH
WARSTW CERAMICZNYCH STOSOWANYCH
W TECHNOLOGII MODELI ZGAZOWYWANYCH

Streszczenie. Warstwa pokrywajaca model polistyre-
nowy musi by¢ zdefiniowania poprzez wyznaczenie podstawo-
wych parametrow termofizycznych (gestos¢, ciepto wiasciwe,
przewodnos¢ cieplna itp.). Nalezy rowniez okresli¢ jej prze-
puszczalno$¢ gdyz ona decydowac bedzie o przebiegu procesu
zgazowywania modelu a posrednio na przeptyw (lub jego brak)
metalu w formie. Poniewaz przez warstwe pokrywajaca model
nastepuje wymiana ciepla cieklego metalu z luzno wsypanym
piaskiem formy musi by¢ réwniez zdefiniowane wspotczynni-
ki pojemnosci i przewodnosci cieplnej warstwy ceramiczne;.
W artykule oméwiono sposoéb pomiaru o raz uzyskane wyniki.

Stowa kluczowe: technologia modeli zgazowywa-
nych, modele zgazowywane, pokrycia ceramiczne, przewod-
nos¢ 1 pojemnos¢ cieplna warstwy ceramiczne;.
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Poisson’s ratio of anisotropic biological media
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Summary. A model of a honeycomb structure is pre-
sented showing that in particular conditions Poisson’s ratio de-
termined for bodies revealing such structure may well exceed
not only 0.5 limit but even may reach values above 1. The
model is based on a real cell structure observed in scanning
electron microscopy images. Experimental results obtained for
fresh tomato skin using a uniaxial strength test are presented
and interpreted as an exemplary case. A model of a honeycomb
cell is used to compare experimental and calculated results.

Key words: Poisson’s ratio, tomato skin, mechanical
properties.

INTRODUCTION

Studies performed on biological materials often lead
to mechanical parameters that are beyond the limits of
the elasticity theory. Particularly, Poisson’s ratio (v) meas-
ured basing on uniaxial strength tests reaches values that
exceed 0.5 or even 1.0. Poisson’s ratio is a negative ratio
of transverse dimension change to longitudinal dimen-
sion change of a body under a stress applied along the
longitudinal direction [1, 12]. According to the elasticity
theory [12, 18] for isotropic 3D media -1 <v < 0.5 and
this limit is enhanced for 2D isotropic samples where -1
<v < 1. However, biological objects are rarely isotropic.
Most of these materials have quite complicated structure
and reveal different properties depending on geometri-
cal directions chosen as the main axis in the uniaxial
strength test. It is therefore necessary to stress that for
such anisotropic 3D and particularly 2D materials the
limits mentioned above become non valid. There are
many examples in the literature showing, that Poisson’s
ratio reaches values “beyond the limits” [2, 13, 14, 17].
Among others Tilleman et al. [16] found that for studied
biological materials Poisson’s ratio ranged from 0.25 up
to 0.85. Hamza et al. [10] measured Poisson’s ratio for
maize roots (whole roots, stele with cortex combined) and

obtained v=0.63. Elliott et al. [3] studied human patellar
articular cartilage and found that Poisson’s ratio in the
surface zone is about 1.9 and in the middle zone about
0.6. Hepworth and Bruce [11] reported Poisson’s ratio of
the onion epidermal tissue that reaches 2.0.

In this work, a model of a honeycomb structure is pre-
sented showing that in particular conditions Poisson’s ratio
determined for bodies revealing such structure may well
exceed not only 0.5 limit but even may reach values above
1. A honeycomb model can also be used to explain negative
Poisson’s ratio values. In that case so called re-entrant honey-
comb structure is proposed [15]. As an exemplary case, exper-
imental results obtained for fresh tomato skin are presented.

EXPERIMENT

Poisson’s ratio of the tomato skin was determined
on the base of uniaxial strength tests. The method of
random marking was used [5-8]. This method is based
on the analysis of the image and the distance of mutual
position of the points on the surface of the studied sample
being under the tests of uniaxial stretching. After starting
the test, the image of the stretched specimen together
with graphite markers randomly sprayed on its surface
and the current value of the tensile force corresponding
to each image are transmitted to a computer memory.
The signal from the tensometer is transmitted with the
use of an analogue-to-digital converter to the computer
memory and the registered image of the stretched speci-
men to the input of a video card. With the use of a CCD
camera equipped with microscope lens which enabled to
view the specimen at 240x320 pixel resolution and 5x
magnification, it is possible to observe stretched specimen.
The specimen is placed in clamping grips connected to
a Megaton Electronic AG&Co. KT-1400 tensometer with
a force measurement range of 0-100 N.
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The main advantage of the used random marking
method is that the obtained results are independent from the
effects occurring at the edge areas of the specimen. It is also
possible to perform measurements in the chosen place of
the studied material. An additional advantage is a possibili-
ty of monitoring the force instead of the total increase of the
strain as takes place in majority of strength testing machines.

MODEL

The simplest model of the body that leads to Pois-
son’s ratio exceeding 1.0 can be elaborated assuming the
rhombic structure of tested specimen cells. Figure 1 shows
a schematic view of changes occurring in such model
structure under applied uniaxial force and defines charac-
teristic geometric parameters of the rhombic cell. Assum-
ing that the rhomb sides are perfectly stiff and only angles
between them change, Poisson’s ratio can be defined as:

dy

v=-r )

This simplification is possible because at the initial
stage x=y. Taking into account that:

&
‘F—@i

F —

Fig. 1. Hypothetical changes of a rhombic cell under an applied
uniaxial force F. Parameters @, x and y determine a rhombic
cell dimensions

Figure 2 shows For such structure Poisson’s ratio
reaches values above 1.0. This simple model has been
applied earlier to explain results (v > 1) obtained for
dried bean covers [4, 6] as their cell structure is similar
to this assumed in the model. In the case of dried bean
covers that are characterized by relatively stiff cell sides
in comparison to a medium inside a cell, this model seems
to be adequate. However, in the case of a fresh tomato
skin a cross section images reveal rather a honeycomb
structure of a cell than a rhombic one. Moreover sides of
such honeycomb cells are surely not so stiff, so a more
developed model should be used. The model should also
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Fig. 2. Dependence of Poisson’s ratio on a relative longitudinal dimension change
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provide a constant value of Poisson’s ratio when a longi-
tudinal dimension of the cell changes.

Figure 3 presents a cross section image obtained
for a fresh tomato skin (of fruits cv. Admiro) with the
use of the BS300 TESLA scanning electron microscope
(STM) at accelerating voltage of 15 kV [9]. The image
illustrates the cell structure of a specimen. Therefore, in
the model a corresponding structure has been assumed.
Figure 4 shows a schematic view of the elongated hon-
eycomb cells and also defines characteristic geometric
parameters of the cell.

Momentary values of x, y and b under longitudinal
strength are as follows:

X =x, +d, 6)
y=y,+dy, (7
b = b, +db, ®)

where: x, y, and b indicate cell dimensions at the
initial stage.

-_— _ _
Fig. 3. STM cross section image obtained for a fresh tomato
skin (fruits cv. Admiro) [9]

Fig. 4. Schematic view of the elongated honeycomb cells used
in the model. Parameters x, y and » determine a honeycomb
cell dimensions

where: ¢ and ¢ are transverse dimension change and
longitudinal dimension change of a body, respectively,
and taking into account that

dx+db
T ©)
X, +b,
d
g, =2, (10)
Yo
we can calculate the transverse dimension change:
y=-t Ao (i
X, +b,
where:
e=1+2 (12)
X0

This provides that in the frame of the presented model
Poisson’s ratio remains constant during the honeycomb
cell evolution. It is necessary to mention that from math-
ematical point of view there is no limitation of Poisson’s
ratio in the model.

RESULTS AND DISCUSSION

Figure 5 presents as an example the experimental de-
pendences ¢ () and ¢ (6), where 6 means stress, obtained
for the stretched fresh tomato skin specimen. From the
linear fits given in the insets the calculated Poisson’s ratio
v=0.825. Introducing this value into the model it is pos-
sible to estimate changes of longitudinal and transverse
dimensions of the honeycomb cells. Figure 6 shows the
calculated dependences ¢ _and gona relative longitudinal
dimension change

2
§ =~ 20 (e 4 2yc(1-v)de+ 2y, (x4 8,). (13)
X, +b,

dx/x. The input parameters x, =100 pum, ;=100 um and
b,=400 um has been set basing on the image shown in
Fig. 3. The assumptions taken in both presented models
cause that the cross section surface S changes during
a cell evolution (see Fig. 7). From this plot we note that
the total surface of a cell cross section increases when
dx/x < 0.105, reaches its maximum (at this point AS/S =
+0.1%) and for dx/x > 0.105 decreases, because the total
cell surface follows equation (13) as calculated for hon-
eycomb cell. It is also worth to note that the dependence
of Poisson’s ratio on a relative longitudinal dimension
shown in Fig. 2 is nearly identical with that obtained by
Hepworth and Bruce [11] who studied changes of Pois-
son’s ratio of the onion epidermal tissue as a function
of the tensile strain applied parallel to the long axis of
the cell. Both experimental and the proposed by the au-
thors unrestricted reorientation model results show that
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Poisson’s ratio measured for biological media may well
exceed 1.0 (in the case of results presented in the men-
tioned work, v reaches 2.0). The model presented here is
based on another cell structure, however also proves that
for biological anisotropic media, relatively high values
of Poisson’s ratio can be explained with models that are
created basing on realistic cell structure, for example
mimicking observed cross section images obtained with
the use of the scanning electron microscopy.

CONCLUSIONS

1. Poisson’s ratio exceeding 1.0, frequently measured
in biological materials, should not be considered as
beyond the limits and therefore — not correct. The
-1<v<0.5 limit for 3D materials and -1<v<1 for 2D
materials is valid for isotropic body. Biological media
are often anisotropic and therefore do not follow limits
given by the elastic theory.

2. Models based on a real cell structure observed via dif-
ferent microscopy techniques, can be used to interpret
high values of Poisson’s ratio.

3. Model of a honeycomb cell seems to be adequate for
interpreting results of mechanical parameters obtained
from uniaxial strength tests of a tomato skin.
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WSPOLCZYNNIK POISSONA ANIZOTROPOWYCH
MATERIALOW BIOLOGICZNYCH

Streszczenie. W pracy zaproponowano model opar-
ty na strukturze plastra miodu, umozliwiajacy wykazanie,
ze w szczegdlnych warunkach materialy o takiej strukturze
moga charakteryzowac si¢ wspolczynnikiem Poissona nie tyl-
ko przekraczajacym wartos¢ 0,5, ale nawet wigkszym od 1.
Model oparty jest na obrazach rzeczywistej struktury skorki
pomidora obserwowanej przy uzyciu skaningowej mikrosko-
pii elektronowej. Wyniki doswiadczalne uzyskane w testach
jednoosiowego rozciggania skorek §wiezego pomidora zostaty
poddane analizie, jako przyktadowe. Model struktury plastra
miodu zostat wykorzystany do poréwnania wynikow doswiad-
czalnych i obliczonych.

Stowa kluczowe: wspdtczynnik Poissona, skorka po-
midora, wlasciwosci mechaniczne.
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Summary. The paper presents results of research aimed
at checking the anisotropic nature of the biodegradable film pro-
duced from potato starch. On the basis of tension test, Young’s
modulus as well as breaking force values were determined for
material samples cut from the film in directions parallel and
perpendicular towards to its production direction. Occurring
differences in the longitudinal modulus of elasticity and break-
ing force values depended on the procedure of sample prepara-
tion and indicated the tested material anisotropic nature. Addi-
tionally, the influence of granulated raw material composition
on the film thickness and strength parameters was examined.

Key words: biodegradable film, anisotropy, Young’s
modulus, breaking force.

INTRODUCTION

Growing demand for disposable packaging contrib-
uted to the significant development of the packaging
market. Simultaneously it created a problem with the
waste management. The major setback is presented by
the synthetic packaging which vast amounts pollute the
environment. One of the solutions to this problem is
recycling. However, recycling generates high costs and
brings difficulties with an appropriate waste segregation.
Unquestionable merit of the biodegradable packaging
is that it does not spoil the environment and constitute
a serious alternative for plastics which composting and
degradation requires large amounts of energy.

Regarding ecology, the most favourable way to reduce
the used packages is to produce biodegradable package
materials [2, 8]. The first stage of the biodegradation
process concerning traditional synthetic polymers can con-
centrate on plastics modification or introduction of supple-
ments capable of solar radiation absorption [11]. In recent
years in the industry, materials obtained from polyolefine
polymers supplemented with modified starch, also called
thermoplastic starch (TPS), have been introduced. They
belong to a generation of biodegradable materials based on

natural resources. Starch is relatively cheap and fully bio-
degradable. It can get plasticized through the barothermal
treatment as long as proper plasticizers are added [12, 15].
Unfortunately, the materials manufactured from a starch
alone tend to brittle, are not water-resistant and change
mechanical properties due to the recrystallization process.
Determined strength parameters values also vary accord-
ing to the way of load [5, 10, 17, 18]. In the case of biological
samples, encountered difficulties stem primarily from the
specific cellular and structural material building. The lit-
erature data shows that the plant material can exhibit both
isotropic [6, 7, 13], as well as anisotropic [16, 18] character.

The aim of this study was to examine mechanical
anisotropy through

Fig. 1. Stand for film extrusion [14]. The line was produced
by SAVO, Wigzowna the Young’s modulus and breaking force
values determination for the biodegradable film produced from
potato starch.
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MATERIALS AND METHODS

The thermoplastic starch granulate (TPS) was ob-
tained by the extrusion cooking process, commonly
known in the farm and food processing. The basic ma-
terials were potato starch “Superior” from ZPZ fLomza,
technical glycerol purchased at ZPCH Chemical Plants
Odczynniki Chemiczne in Lublin, water and emulsi-
fiers: BR1J 35 and TWIN 20 (alcohol derivatives). Table
1 presents the composition of the mixtures used in the
research [14].

The process of film extrusion with the blow mould-
ing method application was conducted in the Department
of Food Processing Engineering on a specially designed
production line for laboratory film (Fig.1).

The mechanical properties of obtained materials were
studied using an original method of random markers
[4]. The material for examination was thin-layer sheets
of biodegradable film. Young’s modulus and breaking
force determination was carried out by subjecting the
film samples to uniaxial tension test. Figure 2 shows the
outline of the measuring system. It should to be men-
tioned that such a test usually requires calculation of
the stress occurring near the clamps holding the sample
while the main advantage of random markers test is the
independence of the results from the boundary effects.
The main assumption of the Saint - Venant principle,
on which mentioned method is based is the fact that
in a sufficiently large distance between the ends of the
sample and mounting place, the stress distribution is
homogeneous throughout its volume [1, 9].

The computer program ,,Videoo” [3] controlled proc-
ess of collecting the data and the necessary calculations
during the measurement.

Two types of samples were cut from the sheet of the
film in order to carry the tests in both: the longitudinal
and perpendicular axis of the sample regard to the di-
rection of film production. The samples were dumbbell
shape with a length of 40 mm and a width equal to 5
mm at its tapered part. Samples were cut

== S,

sample

Fig. 2. A diagram of measuring station. C — camera, M — mi-
croscope object lens, S, i S, — clamps, T — tensometer, ¥ — force

with a special blanking tool that provides dimensional
stability. Since the method of random markers requires
a third dimension, the thickness of the sample was meas-
ured with the micrometer (accuracy = 0.01 mm) applica-
tion.Each measurement series consisted of 15 repetitions.
The value of Young’s modulus £ for each sample was
determined from the tangent of the curve, describing
the dependence of € = f (), slop angle, where ¢_- rela-
tive elongation in the direction of the x-axis (stretch-
ing direction), ¢ - stress value (MPa). The arithmetic
mean of all 15 individual measurements was the total
value of elasticity modulus E. The study also allowed
determining the breaking force value as the maximum
value of the force at which destruction of the sample
occurred.

RESULTS AND DISSCUSION

Figure 3 presents the mean values of Young’s modu-
lus for the examined film, determined with the random
markers method application. The values of longitudinal
modulus of elasticity £ differed depending on the choice
of direction during sample preparation, which indicates
the anisotropic nature of the tested material. In the case
of samples that were cut parallel to the direction of film
production, the value of Young’s modulus was higher than
calculated for the perpendicular direction. The highest
values of E, above 200 MPa, were obtained for films I and
IT (Fig. 3a) and were almost two times higher than for
samples that were cut in the perpendicular direction (Fig.
3b). Lower values of Young’s modulus with increasing
water content in the granules were noted for both ways
of cutting the samples. Doubling the water content in
the granules from 5 % to 10 % caused the decrease in £
value by more than 15 % for samples cut in the direction
of film production and more than 45 % for samples cut
perpendicular. Samples of film III with 10 % of water
content cut parallel to the direction of production were
characterized by Young’s modulus value at a level of
181 MPa, while for samples prepared in a perpendicular
direction was nearly three times lower and amounted to
62.3 MPa (Fig. 3a and 3b).
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Fig. 3. Young’s modulus average values with standard devia-
tion for samples I, II III (Tab. 1) cut a) parallel and b) perpen-
dicular to the direction of film production

Table 1. Biodegradable granulates material composition

Sample Glicerol Emulsifier Water
I Potato starch | 22 % BRIJ352% | -

11 Potato starch | 22 % - 5%
III | Potato starch | 22 % - 10 %
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Fig. 4. Breaking force average values with standard deviation
for samples I, I III (Tab. 1) cut a) parallel and b) perpendicular
to the direction of film production

Similar relationships were obtained for the tested
material when determining the value of breaking force.
Film II, without added emulsifier, turned out to have the
greatest resistance to rupture, for both methods of cutting
the samples (Fig. 4).

The average force value required to destroy the sam-
ples from such material prepared parallel to the direction
of film

0.3 0.31

0.
0.246

0.189

I
ISR N

Thickness [mm]
o

I
o ©

1 i 111
Number of sample
Fig. 5. Examined biodegradable film’s thickness for samples I,
11, III (see Table 1)

production reaching 8.5 N, while for the perpendicu-
lar direction was lower by about 43%. The emulsifier
presence in the composition of raw material resulted in
a lower tensile strength of the produced material. The
increase of water content from 5 % to 10 % in the gran-
ules without emulsifier resulted in the reduction of the
breaking force (Fig. 4).

For such films, reduction in the value of the break-
ing force by about 60 % for samples cut in a direction
parallel to the direction of film production and more
than 40 % for film cut in the perpendicular direction
has been observed. In the case of film I that contained
the emulsifier in the granules, the observed breaking
force values in a direction parallel and perpendicular
amounted for respectively 4.78 MPa and 3.0 MPa. The
smallest differences in the values of breaking strength
were noted in the case of material III without emulsifier
with 10 % water content in the granules. 3.39 N and 2.85
N respectively for samples cut in a direction parallel
and perpendicular to the film production were needed
to rupture the foil III (Fig. 4).

Figure 5 shows the differences in the thickness of
the obtained biodegradable film sheets. The material
made from granules containing 22 % of glycerol and
5 % of water addition (Table 1) turned out to have the
greatest thickness measured with an accuracy of + 0.01
mm. This film (II) was also over 1.5 times thicker than
containing an emulsifier and glycerin foil I, and about 1.3
times thicker than the third film having in its composition
glycerol and 10 % of water addition (Fig. 5).

Mechanical properties of the films determined during
the examination showed a correlation between Young’s
modulus and breaking force values and both: the granular
raw material composition and a way of preparing samples.
The differences in the values of strength parameters in-
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dicate that biodegradable films belong to the anisotropic
materials group.

CONCLUSIONS

The highest values of Young’s modulus in the case
of sampling in a direction parallel to the film production
were obtained for films produced from the granules with
the addition of an emulsifier (205.8 MPa) and for films
with 5 % water content in the granules (213.3 MPa).
These values were almost twice as high as in the samples
cut perpendicularly to the direction of film production.

Doubling of water content in the granules from 5 %
to 10 % resulted in the lower values of Young’s modulus
and breaking force in both directions.

In the case of material cut in a direction perpendicu-
lar to the direction of film production in the presence of
the emulsifier composition in granular led to obtaining
a rupture force values at the same level as at 10 % water
content.

Determined, significant differences in the values of
strength parameters of the tested material in two per-
pendicular directions indicate the anisotropic nature of
the examined films.
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ANIZOTROPOWOSC ODKSZTALCEN FOLII
BIODEGRADOWALNEJ WYTWORZONEJ ZE SKROBI TPS

Streszczenie. W pracy przedstawiono wyniki badan
majace na celu sprawdzenie anizotropowego charakteru folii
biodegradowalnej wytworzonej ze skrobi ziemniaczanej. Na
podstawie testu rozciggania wyznaczono warto$ci modutu
Younga i sily zerwania materialu w przypadku probek z folii
wycinanych w kierunku rownolegtym i prostopadtym do kie-
runku jej wytwarzania. Wystepujace réznice wartosci modutu
sprezystosci podtuzne;j i sity zerwania w zaleznosci od sposobu
preparacji probki wskazywaty na anizotropowy charakter ba-
danego materiatu. Poréwnano réwniez wpltyw sktadu surowco-
wego granulatu uzytego do produkcji folii na jej grubos¢ oraz
na warto$¢ wyznaczanych parametréw wytrzymatosciowych.

Stowa kluczowe: folia biodegradowalna, anizotropo-
wos¢, modul Younga, sita zerwania.
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Method for determining the ventilation air quantity
in buildings for cattle on a base of CO, concentration
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Summary. Quantity of the ventilation air stream in
buildings for cattle can be determined by means of constant
concentration of an indicator gas, which requires sophisticated
devices for data acquisition. Carbon dioxide emitted by animals
may play a function of the indicator gas. The paper presents
the method for calculating the ventilation air stream amount in
livestock buildings equipped with natural ventilation system.
The stream amount can be determined on the basis of mea-
sured concentration of the carbon dioxide and air temperature
in animal compartment applying the worked out equations. The
calculations take into account the livestock density and cow’s
dairy efficiency.

Key words: livestock building, natural ventilation, air
stream, calculation method.

List of symbols:

C — concentration of gas in the air, mg/m?

C,, — concentration of carbon dioxide in the air, mg/m’

hpu — heat production unit equal to 1000 W of the total
heat at temperature 20°C,

m — weight of animals, kg

M — molecular weight, g/mol

n —number of cows in herd, animals

p — pregnancy duration, days

t — temperature of internal air, °C

¥V — amount of ventilation air, m%/s

V. — molar volume, dm*/mol

Y, — daily dairy production, kg

@_ -~ total heat emitted by animals, W &_(t ) — total
heat emitted by animals at the ambient temperature
equaltot , W

INTRODUCTION

There are different solutions of ventilation systems
in livestock buildings depending on required quantity

of ventilation air stream, which depends in turn on type
of livestock in the building. The main task of the ven-
tilation system consists in removing the harmful gases
excess and maintaining the optimum air temperatures in
animal compartments [2,7,9,12]. Mechanical ventilation
is applied in buildings for poultry due to great needs
for air exchange and necessity to avoid excessive dust-
ing, which in consequence could lead to explosive gas
mixture formation [8].

Cattle buildings can be equipped with various con-
structional and functional solutions as well as various
devices depending on the herd size and animal husbandry
technology [6,15,16,17]. Ensuring the appropriate venti-
lation in animal compartment is a fundamental condi-
tion for maintaining the animal’s welfare and high dairy
production [3,4,5,13]. Buildings for cattle are most often
equipped with natural ventilation system, while chimney
ventilation is applied in buildings with relatively small
livestock density and utility garret, and natural ventila-
tion with ridge gap is useful in hall-type buildings with
no garret. The quantity of ventilation stream depends on
a spectrum of factors such as geometric dimensions of the
system elements, the air pressure difference between the
inlet and outlet, velocity, and direction of winds, as well
as air flow resistance (drag) [18]. There is a possibility
to some regulation of the stream intensity by means of
partial closing the supply or exhaust ventilation holes,
which results from different needs for air exchange in
summer and in winter.

THE AIM OF STUDY

It is possible to determine the true amount of ventila-
tion stream in a livestock building by means of measuring
the air flow velocity in a supply or exhaust channel (gap).
Mounting the anemometer, particularly in the ridge gap
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that is placed several meters up, is sometimes difficult,
and adjusting the measurement unit perpendicularly to
the air flow direction is often completely impossible.

There are also a variety of factors that make such
measurement disturbed and result precision biased:
strength and direction of winds, uncontrolled air ex-
change due to doors and windows opening.

The study aimed at presenting the method for deter-
mining the quantity of ventilation air stream in buildings
for cattle on the basis of carbon dioxide concentration in
animal compartment.

CARBON DIOXIDE CONCENTRATION
IN ANIMAL COMPARTMENT

Studies upon microclimate parameters in stanchion
barns for cattle indicate that carbon dioxide concentra-
tion usually does not exceed the permissible level [14].
This was confirmed by research performed in loose barn
localized in Ossowa. Measurements of carbon dioxide
concentration and air temperature within animal com-
partment as well as outer air temperature, were made
in winter 2008. The measurement device was set up to
measure and register the results at 15-minute intervals.
Carbon dioxide concentration oscillated within quite wide
range from 400 up to 1500 ppm (Figure 1), whilst it did
not exceed the maximum value (3000 ppm). Such large
differences in CO, concentrations were not the result of
the variations in animal’s emission, because livestock
density was constant. It rather resulted from the changes
in the intensity of natural ventilation system operation.
The quantity of ventilation air stream varies with time
and along with the change of pressure difference be-
tween the supply and exhaust. The air pressure difference
depends on the height difference (that is constant) and
difference between internal and external air temperatures
(that varies with time). Dependence of CO, concentration
in the air in animal compartment is presented on plots
(Figure 2).
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Date
11-Oct-08 12-Oct-08 13-Oct-08 14-Oct-08 15-Oct-08 16-Oct-08
10.00 — 1600

ifferenc
- N I re s
rbon di ion 7
8.00 A — 1400

1200

. — 1000
\/ ! p
N
\ | 1]
HINA 1 7
Wk |
2.00 ' — 800

0.00 — 600

o
5
8
_e
_\_‘g
R
”
o
Lo
=
/g,/c
&
2z
Lo
[

Temperature [OC]
IS
8
<
I —
ﬂ\
q
)
<
[
>
L
Carbon dioxide concentration [ppm]

8§ 8888888 88888888 88 8 8 8

Fig. 2. Carbon dioxide concentration and difference between
internal and external air temperatures.

METHOD FOR DETERMINING
THE VENTILATION AIR STREAM QUANTITY

There are methods for determining the exchanged
air stream in a building due to ventilation and infiltration
[1]. These are three methods applying the marker gas:
— Marker gas decline method,

— Constant injection method,
— Constant concentration method.

Four types of the marker gas are suitable for measure-
ments of the multiplicity of air exchange: helium, sulfur
hexafluoride, nitrogen oxide, and carbon dioxide. How-
ever, carbon dioxide cannot be used if the user is present
within the measurement zone, because he emits CO, as
well [PN-EN ISO [22]]. If it is assumed that the livestock
density in analyzed period is constant and carbon dioxide
emission does not change with time, the carbon dioxide
emitted by animals can be considered as the marker gas.
In fact, the CO, emission depends on animal’s activity and
ranges within a day [19]. The quantity of carbon dioxide
emitted by animals is strictly associated with the amount of
heat released. Amount of the total heat produced by dairy
cows at the ambient temperature (20 °C) [20,21] equals to:

@ =56m"" +22Y +1,6-10° p° W, )

Assuming that dairy cattle herd in an animal com-
partment consists of » animals, mean b&w cow’s body
weight is 600 kg, and average degree of cow’s pregnancy
advance is 100 days [Gluski 2009], equation #1 can be
written in the following form:

O =n-(694,9+22Y) W, @)

The outer temperature other than 20 °C is taken into
account in reference to hpu unit:

@, =1000+4-(20—1,) W, 3)
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Therefore, the amount of the total heat in the animal
compartment 7 produced by cattle herd consisting of n
COWS is:

)

420
(ch(l‘w):n-(694,9+22Yl)|:1+¥j| -

000

And in more simple form:
D_(t,)=n-(694,9+22Y,)(1,08 -0,004¢,) W, )

The quantity of produced CO, amounts to 0.185 m*h™!
in reference to a single #pu unit. The dairy cattle herd con-
sisting of # animals at the ambient temperature of t would
emit the following quantity of carbon dioxide per hour:

CO,(t,)=n-0,185-107(694,9 +22Y)
(1,08—-0,004z,) m°h. ©)

Carbon dioxide is one of the air components and
its proportion in clean air is 360 ppm (706.8 mg/m?).
Permissible CO, level in an animal compartment, where
dairy cattle is kept, amounts to 3000 ppm (5890 mg/m°).
The CO, concentration in air, as similar as other harmful
gases, is measured and expressed in ppm units (parts
per million). In order to recalculate the gas concentra-
tion from ppm onto mg/m?, following dependence can
be applied [11]:

C= M-x-ppm mg/m>. ™

v,
Molecular weight of carbon dioxide is 44.01 g/mol,
and molar volume is constant for all gases and equals

to 22,415 dm?*/mol:

44,01
€22 415

Carbon dioxide emitted by animals is removed out of
the animal compartment by ventilation system. Volume
of 1 m?® of internal air, in which measured carbon dioxide
concentration is x ppm, contains x 10°° m*> CO,, whereas
1 m® of the outer air contains CO, quantity corresponding
to 360 ppm, i.e. 0.00036 m®. Exchanging 1 m? of air per
hour by means of ventilation, the difference of carbon
dioxide between inner and outer air is removed. Because
the whole herd emits during an hour the carbon dioxide
described by equation #6, the stream of ventilation air V'
m’h! at the moment of CO, concentration measurement
in internal air, amounts to:

-x-ppm =1,963-x- ppm mg/m>. 8)

__cow)  _
(x—360)-10"°
~ n-0,185-107°(694,9 +22Y)(1,08 - 0,004, )
(x—360)-10°°
After simplifications, equation #9 is of the follow-
ing form:
p_n 185-(694,9 +22Y,)(1,08—-0,004¢,)
(x—360)

m*h, (9)

m’h?,  (10)

CONCLUSIONS

The method worked out during this research makes it
possible to determine the quantity of ventilation air stream
in buildings for dairy cattle equipped with gravitational
ventilation system. The method does not require any
sophisticated devices for data acquisition. The procedure
for determining the amount of ventilation air stream
consists of the following steps:

1. Making the measurements of carbon dioxide concen-
tration and air temperature within animal compart-
ment,

2. Determining the livestock density,

. Determining the average dairy efficiency in a herd,

4. Calculating the ventilation air stream.

W

REFERENCES

1. Baranowski A. 2007. Modelowanie wentylacji natu-
ralnej budynkow wielorodzinnych. Zeszyty Naukowe.
Inzynieria Srodowiska/Politechnika Slaska. 55.

2. Buczaj M., Sumorek A. 2011. The use of labview
environment for the building of supervision system
controlling the climatic and technical parameters in
farm rooms. TEKA Kom. Mot. Energ. Roln. — OL PAN,
2011, 11, 18-28.

3. Chodanowicz B., Wolinski J., Wolinska J. 2009a.
Problemy chowu bydta w oborach bez izolacji termicz-
nej. Inzynieria Rolnicza. Nr 5. (114). 49-53.

4, Chodanowicz B., Wolinski J., Wolinska J. 2009b.
Wentylacja w oborach bez izolacji termicznej. Inzynieria
Rolnicza. Nr 6. (115). 17-21.

5. Daniel Z. 2008. Wptyw mikroklimatu obory na mlecz-
no$¢ kréw. Inzynieria Rolnicza. Nr 9. (107). 67-73.

6. Horynski M. 2008. Heating system control in an in-
teligent building. TEKA Kom. Mot. Energ. Roln. — OL
PAN, 2008, 8, 83-88.

7. Gtluski T. 2003. Temperatury obliczeniowe w klasyczne;j
metodzie bilansowania ciepta w budynkach inwentar-
skich. Inzynieria Rolnicza 9(51). 325-333.

8. Gluski T., Siarkowski Z. 2003. Wyposazenie technicz-
ne ferm drobiarskich a zagrozenie pozarowe. Motorol.
Motoryzacja i energetyka rolnictwa. Tom 5.

9. Gluski T. 2005. System ksztattowania mikroklimatu
w budynkach dla bydta. Rozprawy Naukowe Akademii
Rolniczej w Lublinie, WAR w Lublinie, zeszyt 291, PL
ISSN 0860-4355.

10.  Gluski T. 2009. Parametry stada w procesie projekto-
wania mikroklimatu w budynkach dla bydta. Inzynieria
Rolnicza 6(115).

11.  Godish T. 2003. Air Quality. Lewis Publishers. ISBN:
978-1-56670-586-8.

12.  Kiilling D., Menzi H., Krober T., Neftel A., Sutter F.,
Lischer P., Kreuzer M. 2001. Emission of ammonia,
nitrous oxide and methane from different types of dairy
manure during storage as affected by dietary protein
content. J. Agric. Sci. 137: 235-250.

13.  Malaga-Tobota U. 2011. Operating costs of farm buil-
dings in selected ecological holdings. TEKA Kom. Mot.
i Energ. Roln. — OL PAN, 1lc, 181-190.



66

14.

15.

16.

17.

18.

19.

20.

21.

TADEUSZ GLUSKI

Marciniak A.M., Romaniuk W., Tomza A. 2005.
Wplyw systemu chowu na koncentracj¢ zanieczyszczen
gazowych (NH3, CO2, H2S) w oborach wolnostano-
wiskowych. Problemy Inzynierii Rolniczej Nr 4/2005.
Marczuk A. 2009. System ekspertowy wyboru tech-
nologii utrzymania zwierzat dla producentow bydta.
Inzynieria Rolnicza. Nr 6 (115). 183-189.

Marczuk A., Turski A. 2009. Wplyw warunkéw go-
spodarstwa na dobor maszyn rolniczych do produkcji
bydta. Inzynieria Rolnicza. Nr 6 (115). 191-197.
Siarkowski Z., Marczuk A. 2006. Komputerowe pro-
jektowanie wyposazenia technicznego w budynkach dla
bydta. Inzynieria Rolnicza. Nr 6 (81).

Wrotkowski K. 1999. Problemy okreslania oporow
przeptywu powietrza I wymiarowania wentylacji
w chlewniach. Inzynieria Rolnicza. Nr 4.(10). 257-263.
Pedersen S. 1996. Dirnural variations in animal activity
in buildings for cattle, pigs and poultry. Subresults from
EU-project PL 900703. National Institute of Animal
Science, Internal report No. 66. Denmark.

Pedersen S., Sillvik K. 2002. Heat and moisture
production at animal and house levels. 4™ Report of
Working Group on Climatization of Animal Houses.
CIGR. Horsens.

Pedersen S., Morsing S., Strom J. 2005. Simulation of
Heat Requirement and Air Quality in Weaner Houses for

Three Climate Regions Using CIGR 2002 Heat Produc-
tion Equations. Agricultural Engineering International:
the CIGR Ejournal. Vol. VII. Manuscript BC 05 001.

22.  PN-ENISO 12569 2004. Izolacja cieplna w budynkach.
Metoda gazu znacznikowego.

METODA OKRESLANIA ILOSCI POWIETRZA
WENTYLACYINEGO W BUDYNKACH DLA BYDEA
NA PODSTAWIE STEZENIA CO2

Streszczenie. Wielko$¢ strumienia powietrza wentyla-
cyjnego w budynkach dla bydta moze by¢ okreslana za pomoca
statej koncentracji gazu - wskaznika, co wymaga skomplikowa-
nych urzadzen do pobierania danych. Dwutlenek wegla emito-
wany przez zwierzg¢ta moze odgrywac funkcje gazu wskaznika.
W pracy przedstawiono metode obliczania wielkosci strumie-
nia powietrza wentylacyjnego w budynkach inwentarskich
wyposazonych w system wentylacji naturalnej. Wielkos$¢ stru-
mienia moze by¢ okreslona na podstawie zmierzonego st¢zenia
dwutlenku wegla i1 temperatury powietrza w pomieszczeniu dla
zwierzat, przy zastosowaniu opracowanych réwnan. Oblicze-
nia uwzgledniaja gestos¢ obsady i dzienng wydajnos$¢ mleczng
krow.

Stowa kluczowe: budynek inwentarski, naturalna
wentylacja, strumien powietrza, sposob obliczania.
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The economical and ecological aspects
of using the modified water-glass
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“Foundry Research Institute, Krakow, Poland

Summary. Moulding sands were prepared, using chemi-
cally modified water-glass, hardened with diacetate ethylene
glycol and CO,, and tested for their binding properties. In the
case of using of modified chemically water-glass his partici-
pation in moulding sands can be diminished about 20% (to
2,0 w.%.). Residual strenght of the moulding sands with modi-
fied chemically water-glass in the temperature range to 300 °C
is smaller from about 35% to about 60%, in temperatures 500 to
700°C has a nearing value to the residual strength of the mould-
ing sands with not modified water-glass and in temperatures
from 700 to 900°C stays practically invariable. The usage of
modified chemically water-glass, as binder in the “CO, pro-
cess”, makes possible the increase of the compression strength
of the sand mixes samples about 50%, comparatively to the
compression strength of the moulding sands, containing 3,0
weight % not modified water-glass.

Key words: moulding sands, water-glass, structure,
modification.

INTRODUCTION

Soluble sodium silicate (water-glass), along with other
binders and technology of casts from ferrous and nonfer-
rous metals, is one of the most popular self-hardening,
inorganic binders [18,20-21,23-24,28-29]. Water glass
used for over 50 years in foundry industry as binder for
cold hardening moulding and core sands is cheap, eas-
ily available and nontoxic. However, in comparison to
organic binders it has some drawbacks such as higher
brittleness, limited knock-out properties of moulding
mixtures, more difficult reclamation of the sand grains,
as well as insufficient thermal resistance and formation
of sinters due to a susceptibility of the Na,O-SiO, system
to react with quartz sand at elevated temperatures. These
disadvantages can be limited by producing in the silica
gel of organic nets /PN (IntraPenetratingNets) which
make reducing amounts of binder in moulding sands and

reducing residual strenght cores and moulds. Modified

soluble sodium silicate make possible:

— optimum conditions for hardening of moulds and cores
of required physical and mechanical properties,

— reduced strength of cores and moulds within tem-
peratures between 300 and 1200°C, and consequently
diminishes labor costs involved with knocking out
foundry moulds and cores from castings,

— easier reclamation of the sand grains.

These tasks should be developed together, i.e. better
mixture properties should be accompanied by improved
knock-out proprieties and reclamation capabilities.

Binding properties of sodium silicate solution can be
improved by introducing morphoactivators into its struc-
ture, to control morphology of the final product. Water
soluble high molecular compounds with active functional
group such as —OH, -NH,, =CONH, —~CONH,, ~COOH
and others can be used as modifiers. Modifiers accelerate
the process of dissolving solid silicate glass, contribute
to the formation of higher adhesive strengths, increase
especially cohesive strengths and reduce the brittleness of
the mass formed. Their presence in silicate solution can
rise its working performance as a cohesive, and reduce
its consumption [1-17, 19, 22, 25-27].

It was found that most favourable conditions for
chemical modifying sodium silicate solution exist in the
process of autoclave dissolving solid sodium silicate glass
in water. Hydrated silicate anions pass then continuously
into solution and undergo hydrolysis, to form of poly-
silicate anions and alkali metal cations, simultaneously.
The modifiers introduced in this step have a favourable
influence on shaping the structure and properties of the
silicate binder. Structures with intrapenetrating polymer
nets (IPN) are then formed, with a consequence that
sodium silicate polymer matrix becomes reinforced with
organic polymer bonds.
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Commercial sodium silicate solution is known to pos-
sess various chemical composition designated by SiO, to
Na,O molar ratio (M), ranging from 2 to 3.3. In the foun-
dry, to manufacture moulding mixtures where esters e.g.,
ethylene glycol diacetate, are used as hardeners, a product
with M = 2,0-2,5 is used, especially that of M = 2,0.

PURPOSE AND METHODS

Moulding sands were prepared, using chemically
modified water-glass R-145S/MC1,0 and R-150/MC1,0
[8], hardened with diacetate ethylene glycol and CO,,
and tested for their binding properties. As reference sam-
ple unmodified commercial water- glass of R-150 type
was used. The amount of binder in the moulding sands
accounted to 2,5 weight parts while the hardener rep-
resented 15% in relation to the mass of the water-glass.
The main fraction of the grains of the used quartz sand
was 0.20/0.40/0.32 with homogeneity index 90. At ambi-
ent temperature, the specimens prepared were tested for
bending strength (Rg"), tensile strength (R ), compressive
strength (R ), and - after baking at temperatures ranging
from 100°C to 900°C —residual strength R ". Permeability
(P*) of the samples of investigated moulding sands in
relation to hardening time was determined.

IRENA IZDEBSKA-SZANDA

RESULTS AND DISCUSION

Results of research represent on the fig. 1-3. Mould-
ing sands with the participation of modified chemically
water-glass R-145"S"/MCI,0 in the quantity 2,5 w.%,
possess nearing technological proprieties to the propriety
of technological sandmixes with the participation not
modified chemically water-glass R-150 in the quantity
2,5 w%.

In the case of using of modified chemically water-
glass R-150/MC1,0 his participation in moulding sands
can be diminished about 20% (to 2,0 w.%.). The moulding
sands with such participation of water-glass possess suf-
ficient technological proprieties. Permeability of moulding
sands with the participation not modified and modified
chemically water-glass, have nearing values (from about
420 to about 500 m - 10-%/Pa - s). Residual strength of
the moulding sands with chemically modified water-glass
R-145"S"/MC1,0 (2,5 w. %) in the temperature range to
300°C is smaller from about 35% to about 60%, com-
paratively to the residual strength of the moulding sands
with modified water-glass R-150 (2,5 w. %). In tempera-
tures 500 to 700°C residual strength of the moulding
sands with modified chemically water-glass R-145"S"/
MC1,0 has a nearing value to the residual strength of
the moulding sands with not modified water-glass R-150
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3.5
& 34 ORg3
E 2,5
5 D Rg24
2 -
157 i BRm3
l -
0,5 B Rm24
0- =
R-145"S"/MC1,0  R-150/MC1,0 R-150/MC1,0 R-150
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Fig. 1. Strenght proprieties of the samples of the moulding sands with the participation of the different content of chemically
modified water-glass R-145"S"/MC1,0; R-150/MCI,0 and not modified water-glass R-150, with diacetate ethylene glykol as
a hardener. Marks on the drawing refer compression strengths after 3 and 24 hours of setting (Rc3, Rc24), bending strengths after
3 and 24 hours of setting (Rg3, Rg24) and tensile strenght after 3 and 24 hours of setting (Rm3, Rm24).
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Fig. 2. Permeability of the samples of the moulding sands with the participation of the different content of chemically modified
water-glass R-145"S"/MC1,0; R-150/MC1,0 and not modified water-glass R-150, with diacetate ethylene glykol as a hardener.
Marks on the drawing refer permeability after 3 and 24 hours of hardening (Pu3, Pu24)
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Fig. 3. Residual strenght of the samples of the moulding sands with the participation of the different content of chemically modi-
fied water-glass R-745"S"/MC1,0; R-150/MC1,0 and not modified water-glass R-150, with diacetate ethylene glykol as a hardener

(2,5 w. %). In temperatures from 700 to 900°C residual
strength of the moulding sands with chemically modified
water-glass R-145"S"/MCI,0 stays practically invariable
(about 0,5 MPa), and in the case of the moulding sands
with not modified water-glass R-150 (2,5 w. %) her value
surrenders to the enlargement to about 3 MPa. The usage
of modified chemically water-glass R-145"S"/MCI,0 in
the quantity 3,0 w. %, as binder in the “CO, process”,
makes possible the increase of the compression strength

of the moulding sands samples about 50%, comparatively
to the compression strength of moulding sands samples,
containing 3, 0 w.% not modified water-glass R-/45. At the
participation in moulding sands of modified chemically
water-glass R-145"S"/MC1I,0 in the quantity 4,0 w.%.,
the compression strength of moulding sands samples,
is nearing to the compression strength of the moulding
sands samples containing 6,0 w.% not modified water-
glass R-145 (fig. 4-5).

1.8

OR-145

1,6

1.4
12

1 +4

H R-145"S"/MC1,0

0,8 1+

0,6 T

0.4 1
02 1

compression strenght R.", MPa

BR-150/MC1,0

4

water-glass, weight %

5

Fig. 4. Strength properties of the samples of the moulding sands (process CO,) with the participation of the different content of
chemically modified water-glass R-145"S"/MC1,0; R-150/MCI,0 and not modified water-glass R-145
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Fig. 5. Permeability of the samples of the moulding sands (process CO,) with the participation of the different content of chemi-
cally modified water-glass R-145"S"/MC1,0; R-150/MC1,0 and not modified water-glass R-145



70

10.

IRENA IZDEBSKA-SZANDA

CONCLUSIONS

. The chemical modification of the water-glass makes

possible the diminution of its contents in the mould-
ing sands and the improvement of their knock-out
properties. This improves economical efficiency of
the production in consequence of the material costs
decrease, diminishes costs of knocking out and clean-
ing of castings and improves the efficiency of the
regeneration process of the used sands.

. In many cases chemically modified water-glass replace

expensive and toxic bindings.
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EKONOMICZNY I EKOLOGICZNY ASPEKT STOSOWANIA
MODYFIKOWANEGO SZKEA WODNEGO

Streszczenie. Okreslono wlasciwosci technologiczne
mas formierskich wykonanych z zastosowaniem modyfikowa-
nego chemicznie szkla wodnego utwardzanego dwuoctanem
glikolu etylenowego i CO,. Stosujagc modyfikowane szkta
wodne mozna zmniejszy¢ jego zawartos¢ w masie formierskiej
0 okoto 20% (do 2 % masowych). Wytrzymatos¢ konicowa mas
formierskich z modyfikowanym chemicznie szktlem wodnym
ma mniejsza warto$¢ od okoto 35% do okoto 60% w tempera-
turze do 300°C, w temperaturze 500 do 700°C ma zblizong war-
tos¢ do wytrzymatosci koncowej mas wykonanych z nie mody-
fikowanym szklem wodnym, natomiast w temperaturze 700 do
900°C praktycznie nie ulega zmianie. Stosujac modyfikowane
chemicznie szkto wodne w ,,procesie CO,” mozliwe jest uzy-
skanie wartosci wytrzymatosci na $ciskanie masy formierskiej
wigkszej o okoto 50%, w poréwnaniu do wytrzymatosci na
$ciskanie masy formierskiej zawierajacej 3% masowych nie
modyfikowanego szkta wodnego.

Stowa kluczowe: masa formierska, szklo wodne,
struktura, modyfikacja.
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Hierarchy of influence of modern technical solutions
used in agricultural tractors on the effectiveness of their work
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Summary. An analysis of the impact of technological
and organizational factors on the efficiency of agricultural trac-
tors was made. Importance of modern technical solutions of
assemblies used in agricultural tractors was assessed. The study
showed that the values of technical and exploitation parameters
of the tractor and its availability are more important than the
modernity of technical solutions.

Key words: tractor, efficiency, modernity.

INTRODUCTION

Productivity and operation costs of machine units
depend on many factors [14,12,13,15,1]. One of them
is the modernity of solutions used in agricultural
tractors.

The concept of modernity is widely used in agri-
cultural technology, the more that the offer of innova-
tive solutions is a priority for manufacturers of tractors
and machinery. Studies made by Francik (2002) show
that farmers require to evaluate agricultural equipment
in terms of modernity. In the literature the works of
[2,3.,4] can be found, which demonstrate how to evalu-
ate modernity of technical - construction solution of
different models of tractors using neural networks. How-
ever, in the available literature no reports were found
on how modern technologies in tractors are important
and what impact they have on the efficiency of tractors.
Thus, the aim of the study was to prioritize the signifi-
cance of modern solutions in agricultural tractors with
regard to other factors affecting the economic efficiency
of their work. Moreover, the assessment was made which
will identify the specific technical solutions for which
the modernity has the greatest impact on the economic
efficiency of the tractor.

RESEARCH METHODS

The set research target was accomplished on the basis
of expert knowledge using expert and mathematical meth-
od called the Delphi method or a method of Delphi [5].

The Delphi method was developed in the 50s in the
U.S. center of strategic studies, the RAND Corporation.
Since then, the method has been used repeatedly for such
needs as health, defense, business, education, informa-
tion technology and transport. It also found a permanent
place in the foresight programs, among others in Japan,
South Korea, Germany, France, Great Britain, Hungary
and the Czech Republic [6]. The application of the Delphi
method in agriculture is presented in the work of [7,8,9,5].

The course of research procedure according to Delphi
method is shown in Figure 1.

Organizacja Formowanie
procedury grupy
badan ekspertow

A
Przeprowadzenie pierwszego etapu badan

A 4
Opracowanie wynikow pierwszego etapu badan

A
Przeprowadzenie drugiego etapu badan

A
Whioski z wynikow ekspertyzy

Fig. 1. A diagram of the research using expert and mathematical
methods
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The basic action in this test procedure was the devel-
opment of special research questionnaires through which
the experts gave their opinions on the issues analyzed.

The study questionnaire included two tables in which
the experts noted in the numerical values reflecting their
assessment. In order to facilitate the evaluation procedure
idea of the event tree was used, also called the Isikawa
tree [5]. In it the factors that the experts had assessed
were put in groups of factors. In this way the Isikawa
tree was created by placing group factors as targets of
the second order (Table 1), and factors in each group
(objectives III order) at a lower level.

Under the principle of Isikawa tree [5] it was as-
sumed that the impact of all groups of factors is 100
percent. Similar to the impact of each factor included in
the group. This principle was in force for experts who
have expressed their assessment by breaking 100 percent
down into individual factors, thus demonstrating their
relevance. In this way, the examiner evaluated separately
the significance (importance) of group of factors and
individually the factors’ significance in a group. Ratings
assigned by experts in accordance with the principle of
the Isikawa tree are called local priorities [5]

_C>O
¢/drugiego rx
QOO @@ QLECC

@EREE@E NN CORDEEs)

Cele trzeciego rzgdu
Legend: Cele drugiego rzedu: 2nd order targets; Cele trze-
ciego rzedu: 3rd order targets

Fig. 2. Event tree diagram (Isikawa diagram)

Information received from the experts in the research
questionnaires were entered into the calculation algo-
rithm prepared in Microsoft Excel where the statistical
processing according to the principles presented in the
literature followed [11,10]. In the first place compliance
in assessments given by the experts was analyzed. For
this purpose, the concordance coefficient was applied,
which in the absence of equal ranks was determined by
the formula [11,10].

0= 12;9
NI (5 —b)

In the case of the existence of similar ranks the coef-
ficient of concordance was determined by the formula
[11,10].

S
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GNP -D)-N3
where: S-sum of squared deviations of actual values
of ranks, Ne-number of experts, b - number of factors

evaluated, T i - index of similar ranks

The sum of squared deviations of actual values of
ranks calculated by the formula:

S=Y G-

where: 1j - the sum of ranks given by the experts, to
the j-th factor, r - the arithmetic mean of sum of ranks

b
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where: rij-rank given by the i-th expert to j-th factor.

Index of similar ranks was calculated by the formula
[11,10]:

1 &,
Ti=—) (ti =t
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where: p - number of groups of equal series in se-
rialization of j-th expert, ti - number of repetitions of
equal series in p-th group.

Concordance coefficient is equal to 1 if all of the
ranks given by the experts are the same, and 0 there are
no equal ranks.

In order to realize that experts’ compliance is not
accidental y-square test was used [10,11].

S
2 _
l - l 1 NY
ENE.b~(b+l)—ﬁZTi

L=l

Ifthe calculated value of y ? is greater than the tabular
% ° ., and concordance coefficient was significantly differ-
ent from zero, it was concluded that the compliance of the
experts’ evaluation is not random [10,11]. Moreover, com-
pliance of judgments of experts was assessed using the
coefficient of variation calculated by the formula [10,11]:

vi=25100 (%)
m
where: gj - standard deviation, mj - arithmetic mean
of evaluations given by the experts

— Ne
mj = [Zm,./)/ N,
i=1

where: Mij-standadized rate of stature j-th agent de-
signated by the i-th expert

The standard deviation was calculated by the formula:

According to the literature [10,11] compliance of
individual assessments set by the experts was considered
sufficient if Vj < 0.25. However, Vj values > 0.3 were
considered as insufficient compliance.
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In case of discrepancies in the assessments of experts
the second phase of the study provided for in the Delphic
method was carried out. Group of experts was chosen,
whose assessment differed significantly from the average
grade in the first stage. Then, questionnaires were sent to
them, which show the average evaluations of all experts.
These experts were to comment on the mean ratings and
express their acceptance or rejection. If successful, the
assessment given by the expert were replaced by aver-
age rating bringing in this way the expert to the mean.

The test procedure take into account the situation
in which the examiner would not agree with the ratings
presented. In this case, the method assumed an additional
interview with an expert in order to obtain explanations
and justifications for given ratings. In accordance with the
principles of the Delphic method that obtains satisfactory
reasons for evaluations discrepancies from the expert pro-
vide valuable information that there are experts, for whom
the importance of the factors is different than for others.

In this study, experts who missed the evaluation of
factor after consulting and obtaining the opinion of the
experts agreed with the opinions of other experts.

RESEARCH RESULTS

As aresult of research we have obtained assessments
of the factors given by 74 experts representing holdings
of between 11 to 1,000 acres located in different Polish
regions. Farms represented by experts pursued different
lines of production: only crop production, only livestock
production and the. A vast group was represented by
farms with only crop production and multidirectional
production.

Table 1. The hierarchy of importance of factors in terms
of impact on the efficiency of agricultural tractors

Coef. Of
variance

Sum of

. M
weights can

Target name

Modernity of solutions

cl applied in a tractor

207 15,0 0,24

The size of the technical-
operating parameters of
the tractor (engine power,
traction, etc.)

C2 95 21,8 0,21

Readiness to operate
(reliability, effectiveness
of the service, supply of
spare parts, etc)

C3 132 21,1 0,21

Tractor operating
conditions (the surface 281
field, terrain, etc.)

C4 0,26

Skills and experience of

CS5
the operator

241 15,1 0,22

The organization of

€6 works on the farm

340 12,5 0,23

Concordance coefficient 0,305

¥-square criterion 137,25

Source: own study

According to experts, the efficiency of agricultural
tractors was affected by such factors as : the size of the
technical - operating parameters of the tractor (which
can include such engine power, the power of WOM and
external hydraulics), and readiness of the tractor to work
(the level of which depends on parameters such as: re-
liability, effectiveness of the service, supply of spare
parts, etc.). The influence of such factors as the modern
technologies used in tractors, in the opinion of experts
is lower than the above factors and also is a factor as
important as a factor: the skills and experience of the
operator. So one can believe that an important activity
in order to increase the efficiency of the tractor is to
improve the skills of operators.

Table 2. The hierarchy of the impact on the efficiency
of agricultural tractors of modernity of individual technical
solutions used

Coef. Of
variance

Sum of

. Mean
weights

Target name

Modern technical
solutions used in the 138
engine

C21 20,11 0,22

Modern technical
c» so?utlons. used in the 99
drive train (clutch,

gearbox, axles)

19,92 | 0,22

Modern technical
solutions used in the
PTO system

Cc23 330 12,67 | 0,25

Modern technical
solutions used in the
hydraulic lift system
and external hydraulics.

C24 234 16,12 0,20

Modern technical
solutions used in tractor
steering , associated
with its operation and
control

283 14,67 | 0,24

The solutions used in
cab associated with
the work comfort,
control of its operation
C26 and w<.>rk of co- 201
operating machinery,
obtaining information
on the course of work
(performance, time,
etc.)

16,51 0,25

Concordance coefficient 0,449

¥-square criterion 170,52

Source: own study
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Analysis aimed to demonstrate which modern so-
lutions in tractor components reflect the influence of
modern technologies used in agricultural tractors on the
effectiveness of their work has shown that the efficiency
of agricultural tractor in the greatest extent depends on
the modernity of the solutions used in the engine and
drivetrain (clutch, gearbox, axles). Subsequently, the
solutions used in cab comfort associated with the work,
control the work of co-operation of the tractor and the
tractor machinery, obtaining information on the course of
work (performance, time, etc.) and modern technologies
used in the hydraulic lift system and SCV are significant.

CONCLUSIONS

The studies show that a modern technical solutions is
not the main factor affecting the efficiency of the tractor.
A more important factor is the size of the technical and
operating parameters and the operational readiness of the
tractor. In the opinion of experts the operator’s skill is
an equally important factor as compared to modernity,
implying that training of operators should be an effective
way to increase the efficiency of the tractor.

According to experts, modern technology should be
introduced to the engine and drivetrain.

The study was conducted within the research project
of Ministry of Science and Higher Education N N 115
089639

Badania przeprowadzono w ramach projektu bad-
awczego MNiSW N N 115 089639
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HIERARCHIA WPLYWU NOWOCZESNYCH ROZWIAZAN
TECHNICZNYCH STOSOWANYCH W CIAGNIKACH
ROLNICZYCH NA SKUTECZNOSC ICH PRACY

Streszczenie. Analizowano wpltyw czynnikow tech-
nologicznych i organizacyjnych na efektywno$¢ ciagnikow
rolniczych. Znaczenie nowoczesnych rozwigzan technicznych
podzespotow stosowanych w ciagnikach rolniczych bylo oce-
niane. Badania wykazaly, ze warto$ci technicznych i eksploata-
cyjnych parametrow ciagnika i ich dostgpnos$¢ jest wazniejsza
od nowoczesnosci rozwiazan technicznych.

Stowa kluczowe: ciggnik, wydajnos¢, nowoczesnosc.
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Impact of agricultural tractors advancement on productivity
of selected machine units
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Summary. An analysis of the impact of technical so-
phistication of tractors on the performance of selected machine
units was performed. It was found out that depending on the
degree of technical sophistication of tractor with relation to the
cooperating units, there is an increase in capacity from about
31 to about 55%.

Key words: tractor, performance, machine units.

INTRODUCTION

An important feature of a machine unit is its per-
formance [1,2]. The performance of a machine unit has
an impact on the duration and cost of application of agro-
technical activity. Krok and Piotrowski (1985) distinguish
the practical performance (Ap), calculated taking into
account the overall time utilization of shift (K08). This
rate in the structure of the time control change takes into
account time losses for reasons independent on the ma-
chine (such as meteorological and organizational) [5]. But
many writers of materials about selection of agricultural
machines such as [4,7] use the operational performance
(WO07) obtained from the product of theoretical yield (tech-
nical) and operating time utilization factor (K07) [4,3,2,7].

Knowledge of operational performance is essential
also for the economic evaluations of selection of ma-
chines and tractors for the farm. In the literature there
are works on optimizing the operation of machine units,
which help to increase their productivity [9,10]. However,
there is lack of publications on determining the opera-
tional performance depending on the degree of technical
sophistication of tractors. Determining the impact of
technological advancement of tractors on the operating
efficiency with the use of the operating time utilization
factor (K07) presented in the literature [6] is impossible,
because its value does not include changes in the time
structure of operating shift that are dependent on the
degree of technical sophistication of tractors.

There is therefore a need to define correction fac-
tors that take into account the degree of technical so-
phistication of tractors for presented in the literature
values of the coefficient of utilization of operating time.
The presented need has set the goal of studies that were
pursued in the research project of Ministry of Science
and Higher Education no. 115 089 639. The purpose of
study, whose results are presented below, was to assess
the impact technical sophistication of tractors on the
practical area performance (operational) of the selected
machine units (stubble cultivator, seed drill, generator,
sprayer and fertilizer spreader).

Yields were determined for the units cooperating
with tractors with power of 60, 86 and 110 kW.

METHODS

In order to assess the impact of technological ad-
vancement in the performance of tractor units it was
proposed to introduce to the formula for a correction
factor for practical area performance (operational) AApij
for the particular type of agricultural practices. Correction
factor taking into account the relation for the practical
area productivity (operational) is as follows:

W07,», =0,36-5,-v, 'Ko7,. 1, My 'AA,;,.]., )

where: WO07ij — area practical efficiency (operational)
of the i-th unit cooperating with a tractor with the equip-
ment corresponding to the j-th scenario [h - ha-1], b —
operating unit width [m], vi — machine operating speed
[m - s -1], KO7i - the utilization rate of shift overall time
[-] nvi - the working speed use ratio [-] nbi — operat-
ing width utilization factor [-] AApij - correction factor
taking into account the change in the practical perform-
ance of the unit depending on the cooperation with the
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Table 1. Scenarios of tractor technical sophistication variants

Scenario_1 Scenario_2 Scenario_3 Scenario_4
Engine Controlled mechanically | Controlled mechanically | Controlled mechanically | Electronically controlled
Controlled electro-hydraulically
Manual gearbox Manual gearbox Some gears shifted with optionally programmed
Gearbox . . .
(synchronized) (synchronized) under load activities performed
automatically (e.g. at turns)
Reverse no Controlled mechanically Electro-hydraulic Electro-hydraulic control

control

Front drive Controlled mechanically

Controlled mechanically

Electro-hydraulic
control

Electro-hydraulic control —
possible automatic control

Hydraulic lift Controlled mechanically

Controlled mechanically

Controlled electro-hydraulically
with optionally programmed
activities performed
automatically (e.g. at turns)

Electro-hydraulic
control (via EHR)

External

hydraulic system Controlled mechanically

Controlled mechanically

Controlled electro-hydraulically
with optionally programmed
activities performed
automatically (e.g. at turns)

Electro-hydraulic
control

WOM drive Controlled mechanically

Controlled mechanically

Electro-hydraulic Controlled electro-hydraulically

control — automatically

Differential lock | Controlled mechanically | Controlled mechanically Electro-hydraulic Controlleq electro-hydraulically
control — automatically

HVAC no, Tractor is equipped Tractor is equipped Tractor is equipped

Source: own study

tractor with the equipment corresponding to the j-th
scenario [-].

AApij coefficient value was calculated on the basis of
expert knowledge using expert and mathematical methods
(Delphic) and the scenario method. For this purpose, based
on the analysis of available in Poland tractor manufactur-
ers offer four scenarios of technical equipment of tractors
were developed, reflecting different degrees of technical
sophistication (Table 1). These scenarios represent the
most common variants of technical sophistication of
tractors. Scenarios 1 and 2 correspond to tractors with
low-technical sophistication, scenario_3-average tractors
and scenario_4 - highly sophisticated tractors.

Research organization in accordance with the expert
and mathematical methods (Methods Delphic) included
the following activities [7]:

— finding the required number of experts

— obtaining the consent of an expert to participate in
research and conducting a preliminary interview

— providing the expert with research questionnaire

— acquisition of a study questionnaire from the expert

— preliminary analysis of the research questionnaire to
determine the correctness of its filling in (no blank
rows, to the compliance of sum of points allocated to
parameters, etc.)

— entering the data obtained from the questionnaire to
a calculation program

— control of the experts’ compliance concerning their
assessments

— preparation of the next stage of testing procedures in
the event of insufficient experts’ compliance

The basic action in the test procedure provided in
the mathematical expert method was the development of
special research questionnaires through which the experts
united their opinions on the issues analyzed.

The task of an expert in the various scenarios was
to enter the percentage value reflecting a change in pro-
ductivity of the tractor during agronomic work listed in
the questionnaire (tillage work, sowing grain, mineral
fertilizing, chemical protection, agricultural transport)
in the variants of more favorable conditions (e.g. large
field, the field without rocks , flat ground, the soil is not
waterlogged) and in less favorable conditions (e.g. small
fields, hilly terrain, rocky fields, marshy soil). The refer-
ence point for expert was operating performance in case
of use of older generation tractor (equipment and work
comfort corresponding to models produced in the 80’s).
It is worth noting that the K07 coefficients given by [6]
were determined in the 80’s.

After developing a research questionnaire the group of
experts was approached. The group of experts consisted
of qualified persons with practical experience in direct
contact with machinery (tractors operating or managing
the machinery) and evaluating the work of agricultural
tractors from economic and agro-technical point of view.

The procedure of forming a group of experts as-
sumed the choice of people, who could boast good
economic results and the farm’s production resulting
from their knowledge. Other features that were taken



IMPACT OF AGRICULTURAL TRACTORS ADVANCEMENT ON PRODUCTIVITY

into account that were less relevant to the knowledge
derived but significant in the test procedure were:
kindness and willingness to participate in the survey.
Experts’ competence assessment was made based on the
evaluation given by the persons leading the research and
expert’s self-esteem.

On a scale of 0 to 10 the following expert features
were evaluated:
— Practical experience in farm management
— Practical experience in the operation of agricultural

tractors
— Knowledge of modern solutions in the construction of
tractors and their impact on the effects of the tractor.

The method of deliberate selection of experts was
applied. Candidates for the experts were indicated by
experts from the industry of agricultural technology
(such as journalists, agricultural magazines specializing
in agricultural technology, local dealers for agricultural
tractors and machinery, ODR workers). After the initial
conversation and positive verification of the suitability
of a person’s expertise with regard to the aforementioned
criteria, he or she was included in the list of experts.

The study involved 74 experts attended representing
the holding of between 11 to 1,000 acres located in dif-
ferent Polish regions.

Compliance of experts’ evaluation was assessed using
the coefficient of variation calculated by the following
formula [10,11]:

52100 (2]
m
where: gj - standard deviation, mj - arithmetic mean

given by the experts

Vi= @

m; = [fmﬁj/zve, 3)
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where: Mij-stature ratio normalized of j-th factor
designated by the i-th expert

The standard deviation was calculated from the for-
mula:

@

According to the literature [10,11] it was considered
that if Vj <0.25, the compliance of individual assessments
appointed by experts is sufficient. If Vj 0.3, compliance
were considered to be low.

In case of discrepancies in the assessments of experts
the second phase of the study provided for in the Delphic
method was conducted. Group of experts was selected,
whose assessment differed significantly from the average
grade in the first stage. Then, questionnaires were sent to
them, which showed the average evaluations of all experts.
These experts were to comment on the mean ratings and
express their acceptance or rejection. If accepted, the
assessment given by the expert was replaced by aver-
ages, in this way bringing the expert closer to the mean.
The experts to whom questionnaires were sent with an
average rating of all experts agreed with the opinions
of other experts.

Obtained on the basis of expert knowledge productiv-
ity changes were processed later in the test procedure as
the value of the correction factors AApij for individual
agricultural practices with the fact that it was expressed
as decimals.

K07 coefficients, necessary for the calculation of
operational performance for each treatments were taken
from the literature [6]. Based on the literature operating
speed and the values of the coefficients of used width and
speed were assumed. Working widths were assumed on

Table 2. Characteristics of machine units included in the analysis of performance

Item Stubble machine CultiYation-seed sprayer Fertilizer distributor
machine

Tractors power 80 HP

producer Unia Group Unia Group Unia Group Unia Group

type CUTL 2,8X510 ECO 3501 LUX 1015 MX 1200h

Operating width [m] 2,8 3 15 30

Tractors power 117 KM

producer Unia Group Unia Group Unia Group Unia Group

type ARES T XL 3,0 ECO 550 EUROPA 11 4024 RCW 10 000

Operating width [m] 3 3 24 30

Tractors power 150 KM

producer Unia Group Unia Group Unia Group Unia Group

type ARES T XL 4,0 IDEA 2200/3 EUROPA 11 4028 RCW 10 000

Operating width [m] 4 3 28 30
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the basis of the technical data presented by the manu-
facturer. For tractors of the same group the same set of
machines was selected (Table 2).

For fertilization treatments and chemical protection
it was assumed that the machines are constantly working
on the field and working and liquid fertilizers are deliv-
ered means of transport. By adopting this assumption
spreaders and sprayers efficiency was calculated based
on formula No. 1

For tractors with a power of 110 kW only scenarios
3 and 4 were analyzed, because the market in Poland
does not provide tractors with equipment corresponding
to scenarios 1 and 2.

RESULTS

Results obtained on the basis of the Delphic method
are presented in Table 3.

The calculated efficiency of machine units coop-
erating with tractors with technical advancement cor-
responding to the analyzed scenarios are summarized
in Tables 5-7.

The performed analyzes showed an increase in per-
formance depending on the degree of technical sophis-
tication of the tractor. For example, if of cultivation of
stubble made with 110 kW power unit demand, it is an
increase from 2.57 to 3.98 ha - h-1. In the case of mineral
fertilizers spreader cooperating with a tractor of 110 kW
capacity, it is an increase from 18.47 to 26.78 h-ha-1 in
the case of unfavorable working conditions and the level
of 28.26 ha - h-1 for favorable working conditions.

CONCLUSIONS

The performed analyses have shown that techni-
cal advancement results in increases in the efficiency

Table 3. Changes in performance of machine units depending on the tractor tech advancement scenario

Changes in performance of machine units [%]
Activity performed in less favorable Activity performed in favorable conditions
conditions (e.g., small fields, hilly terrain, (e.g. large field, the field without rocks , flat
rocky fields, marshy soil) ground, the soil is not waterlogged)
SCENARIO_1

:ilcl.l)tivation works (plowing, harrowing, 33,60 087

Sowing cereals 31,68 40,82

Fertilization, chemical protection 36,25 40,36

Transportation of agricultural products 36,44 40,25
SCENARIO_2

gtlclgcivation works (plowing, harrowing, 4137 4429

Sowing cereals 38,55 43,10

Fertilization, chemical protection 39,45 41,90

Transportation of agricultural products 36,88 39,90
SCENARIO_3

Eﬁtl:'l)tivation works (plowing, harrowing, 4672 51.64

sowing cereals 46,42 50,90

Fertilization, chemical protection 45,08 50,50

Transportation of agricultural products 46,64 50,16
SCENARIO_4

eCtl:.l)tivation works (plowing, harrowing, 48,54 55,51

Sowing cereals 46,46 52,05

Fertilization, chemical protection 45,41 53,46

Transportation of agricultural products 45,03 50,51

Source: own study
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Table 5. operational performance of cooperating units of tractors with power of 60 kW [h - ha-1]

Item Stubble machine il;lctl:\i/lz:?on-seed sprayer gle:tt:::)leet:)r
lf\;I:tcohrine efficiency without correction 1.80 1.87 641 18.47
Scenario_1
Unfavorable work conditions 2,39 2,46 8,72 25,12
Favorable work conditions 2,57 2,63 8,98 25,86
Scenario_2
Unfavorable work conditions 2,53 2,58 8,91 25,67
Favorable work conditions 2,59 2,67 9,04 26,04
Scenario_3
Unfavorable work conditions 2,62 2,73 9,30 26,78
Favorable work conditions 2,71 2,80 9,62 27,70
Scenario_4
Unfavorable work conditions 2,66 2,73 9,30 26,78
Favorable work conditions 2,78 2,84 9,81 28,26
Source: own calculations

Table 6. Operating Efficiency of units cooperating with tractors with a power of 86 kW [h - ha-1]
Item Stubble machine il;lctlll\il::zmn-seed sprayer gf:tt::ll)zlliir
lf\;[:tcoliine efficiency without correction 1.92 1.87 10.26 18.47
Scenario_1
Unfavorable work conditions 2,56 2,46 13,95 25,12
Favorable work conditions 2,75 2,63 14,36 25,86
Scenario_2
Unfavorable work conditions 2,71 2,58 14,26 25,67
Favorable work conditions 2,77 2,67 14,47 26,04
Scenario_3
Unfavorable work conditions 2,81 2,73 14,88 26,96
Favorable work conditions 2,90 2,82 15,39 27,70
Scenario_4
Unfavorable work conditions 2,85 2,73 14,88 26,78
Favorable work conditions 2,98 2,84 15,70 28,26

Source: own calculations

81
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Table 7. Operating Efficiency of units cooperating with tractors with a power of 110 kW [h - ha-1]

Item Stubble machine Cultivation-seed machine | sprayer Fertilizer distributor
iﬁ?:::gzszf;‘c’lt‘;‘;cy without 2,57 1,87 11,97 18.47

Scenario_3

Unfavorable work conditions 3,74 2,73 17,36 26,96

Favorable work conditions 3,87 2,82 17,96 27,70

Scenario_4

Unfavorable work conditions 3,80 2,73 17,36 26,78

Favorable work conditions 3,98 2,84 18,31 28,26

Source: own calculations

of machine units. Depending on the degree of tractor
advancement, the performance increase is 31.68% to
55.51%. The highest values of productivity growth have
occurred for the cultivation work, and lower for trans-
portation work. In the case of performing the work under
conditions favorable in comparison to the work carried
out under less favorable conditions the difference is about
6%. Differentiation of labor units performance, depend-
ing on the degree of technological advancement should
be taken into account in analyses of cost-effectiveness
of purchased tractors. Due to the fact that values of the
KO7coefficient reported in the literature are outdated
at the present time, the authors postulate to include the
proposed correction factor in the efficiency calculation.

The study was conducted within the research project
of Ministry of High Education and Science 115 089639

Badania przeprowadzono w ramach projektu bad-
awczego MNiSW N N 115 089639
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WPLYW ZAAWANSOWANIA TECHNICZNEGO CIAGNIKOW
NA WYDAJINOSC WYBRANYCH PODZESPOLOW MASZYN

Streszczenie. Analizowano wplyw zaawansowania
technicznego ciggnikow na charakterystyke wybranych podze-
spotéw maszyn. Stwierdzono, ze w zaleznosci od stopnia za-
awansowania technicznego ciagnika w stosunku do jednostek
wspotpracujacych, nastgpuje wzrost ich mocy od okoto 31 do
okoto 55 procent.

Stowa kluczowe: ciagnik, wydajnos¢, podzespoty
maszyn.
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The test stand calculations of the research station
of sub-atmospheric pressure press with implementation
of the finite element method
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Summary. This article presents the application of CAD
systems with the use of the finite element method (FEM) in
calculations of parameters of the research station of sub-atmo-
spheric pressure press. The obtained results of calculations have
been shown as numerical maps, tabular statements and charts.
The proposed method of research shall be practically used for
fulfilling orders for the needs of agricultural machinery and
device industry, building industry, defense industry.

Key words: computer aided design, finite elements
method, contact stress, sub-atmospheric pressure press.

INTRODUCTION

The test stand of a sub-atmospheric pressure press
is intended for laboratory tests of the construction of
a press which is used for adhesion process of large-size
and multi-ply composite elements. The composite ele-
ments are used for production of self-supporting container
constructions of various use. The composite wall elements
are used for cold store constructions and erecting of farm
compartments in agricultural technology.

In this paper, the following problem has been dis-
cussed: numerical modeling and strength calculations
of the major test station components of the large-size
press intended for sub-atmospheric adhesion of multi-ply
composite panels and non-standard size constructions.
The framework of the test stand functions is based on
utilization of a sub-atmospheric effect (vacuum) generated
between the suitable shaped surface of the work table and
arubber membrane covering elements of the panels which
are to be adhered. It is the value of the sub-atmospheric
pressure generated which plays the most important role in
admissibility of the holding down degree of the adhered
elements of a multi-ply panel. The sub-atmospheric effect
is output within implementation of a correctly selected
vacuum pump which sucks the air off the space between
the work table and the rubber membrane.

The work over the project on the test stand calculations
of a sub-atmospheric pressure press has been co-supported
financially by the European Regional Development Fund
within frames of the Innovative Economy Programme.

Within the limits of the realized work, a digital model
(3D) of the press has been made, with implementation of
a solid modeling method of the CAD systems. Over the next
stages of the assigned work, strength-stiffness calculations
of the major components and parts constituting the support-
ing structure of the test stand with utilization of calculating
instruments of the CAD systems (a frame analyzer, a finite
element method) were done. The final effect of this work
was the press test stand construction which enables verifica-
tion of numerical calculations based on empirical research.

Fig. 1. The test stand of the sub-atmospheric pressure press -
practical realization

THE DIGITAL MODEL OF THE SUB-ATMOSPHE-
RIC PRESSURE PRESS WORK UNIT

The digital model of the construction of the sub-
atmospheric pressure press test stand has been completed
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in the 3D Autodesk Inventor modeling technology. The
model contains all the features of the real object (to the
scale): geometric, material and dynamic ones. The charac-
teristics of these constructive features have been defined
in two aspects - both qualitative and quantitative.

The major element of the digital model of the sub-
atmospheric pressure press work unit is the frame, de-
signed of structural steel sections.

The inter construction of the supporting frame lat-
ticework was made of beams, welded perpendicularly
to the frame side members. Perpendicularly to the outer
beams and the inter beams, two-row-placed struts were
welded; the struts were welded in a particular way so
that they make, together with the frame side members
and the cross-bars, a uniform surface on which work
panel unit was placed.

The model of the work panel of the sub-atmospheric
pressure press was placed on the leveled surface of the
supporting frame. This model consists of two layers of
laminated panels arranged in a particular way so that the
bonds of the lower layer were placed in the scope of axes of
the inter beams of the supporting frame and in crosswise
axes of the upper layer of the laminated panels. The prop
steel legs, which were allocated in three rows, bear the
supporting frame of the sub-atmospheric pressure press.

The air-duct, which was modeled with suitably
matched structural sections and joined with use of weld-
ing technology, was the further constructional element
of the digital model of the test stand.

The rubber membrane is a complement to the sub-
atmospheric pressure press work unit. The membrane
(a rubber oilproof plate) whose dimensions are longer
than length and width of the work table is intended for
air-tight closure of the sub-atmospheric pressure chamber
in which the whole adhesive process is completed. The
dimensions of the membrane are dependent on the height
of the adhered elements.

Completion of the digital model of the sub-atmos-
pheric pressure press work unit has been the basis for
MES strength calculations.

THE MES STRENGTH CALCULATIONS
OF THE PRESSURE PRESS WORK UNIT

To obtain calculations of forces which are loading the
frame of the pressure press work unit, the MES method
was applied (the finite element method). Creation of the
model of cooperation of a unit of components (a steel
frame, panels, a multi-ply composite panel, a rebate,
a rubber membrane), taking contact stresses between
deformable objects into account, was the central objection
to the main stage of assigned work. This task was put into
practice by modeling the contact zone with application of
the “surface-to-surface” method in the following steps:
— creation of the geometrical model of the discussed

object,
— selection of the material characteristics,
— definition of the contact zone,

— assignment of the contact type,

— creation of the finite element network,

— application of the boundary conditions,

— realization of the calculations,

— analysis of the calculation effects - assignment of the
reactive forces which are loading individual elements
of the frame.

The analysis of the deformable body contact belongs
to nonlinear problems, and usually requires considerable
analytical inputs and an efficient numerical model of the
model being researched. The contact zone is not exactly
known and depends on the following factors:

— loading,

— material characteristics,

— boundary conditions.

The contacting surfaces of the bodies can come into in-
teraction and lose it in unpredictable way. Friction is an ad-
ditional factor which introduces nonlinearity and it can also
produce difficulties in convergence of an iterative process.
There are three basic ways of realization of this contact:
— node-to-node,

— nod-to-surface,

— surface-to-surface.

To obtain the strength analysis of the unit, arranged
in a particular way as board-rebate-composite panel- rub-
ber, the “surface-to-surface” method was applied. The
Autodesk Inventor System, working in automatic mode,
detected 138 contact pairs between particular elements
in the digital model. All the contact pairs were qualified
by the system as “bound”.

Fig. 2. Sample of a bonding (an adhesive-joint-model) between
two chip panels

The digital model was subdivided into 227 259 ele-
ments, in which 466 848 nodes were separated. The
number of the elements was determined by the iterative
process of the network consolidation, which was carried
on up to the moment when successive steps of the consoli-
dation did not change the value of the calculated stresses.

Fig. 3. The detailed section of the work unit with the finite
element subdivision
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The boundary conditions were defined by application
of loading values to the system and by determination of
the bearing props (a place and kind). The loadings were
defined by application of working pressure values for
selected surfaces of the press work unit.

The 400 hPa sub-atmospheric working pressure, used
for the adhesive process, was put on the surfaces of the
inter elements of the press work unit, on the contrary,
the 1000 hPa atmospheric-corresponding pressure was
put on the surfaces of the outer elements.

The bonds (deprivation of degree of freedom of
the unit) were put on the surface of the contact of the
press frame with the lower surface of the chip panels.
55 permanent bonds for the contact surface of structural
sections of the press frame with the lower surface of
the laminated chip panels were generated. For surfaces,
margins or tops, the bonding of permanency was used.
The bonding of permanency eliminates all degrees of
freedom between selected components, which is in con-
cord with technology of adhesion of the lower chip panel
layer to the upper surface of structural sections which
constitute the carrying frame of the sub-atmospheric
pressure press.

Fig. 4. The detailed section of the work unit press - a view of
pressures applied

For the needs of further research on the digital model
of the prototype press, in the whole scope of the MES
calculating process, basic values which enable to carry on
the strength analysis of particular elements of the press
were registered. Strength values, reduced in agreement
with the von Mises (Huber) hypothesis, were determined.
The strength values had been settled on by the computer
system, according to the following relation:

2 2 2
o,+0,+0.-0,0,-0,0,—

O-red =

2 2 2
—0.0,+37,, +37, +37,

where:

6 _— the component of a vector of normal stresses
along with the X-axis of the accepted frame of reference,

o, — the component of a vector of normal stresses
along with the Y-axis of the accepted frame of reference,

6, — the component of a vector of normal stresses
along with the Z-axis of the accepted frame of reference,

Ty~ the component of a vector of tangential stresses
in the XY plane of the accepted frame of reference,

T, the component of a vector of tangential stresses
in the YZ plane of the accepted frame of reference,

T, — the component of a vector of tangential stresses
in the ZX plane of the accepted frame of reference.
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Fig. 5. The distribution of stresses in a layout of chip panels

Table 1. The summary of the calculation results of the
reduced stresses

The name of the The value of maximal reduced stresses
element G, . [MPa]

chip panels 0,1910

steel rebate 28,0100

composite panel 0,0534

rubber membrane 1,5590

The minimal value of the factor of safety was: 7,39;
in connection with the above, the strength condition, with
reference to the whole unit, has been fulfilled.

THE DIGITAL MODEL
OF THE SUB-ATMOSPHERIC PRESSURE
PRESS FRAME UNIT

The condition for the strength analysis of the con-
struction of the frame unit of the test stand of the sub-
atmospheric pressure press was completion of its digital
model. The model has been completed with implementa-
tion of the “generator of frames” module of the Autodesk
Inventor system. The basic carrying element of the sub-
atmospheric pressure press prototype is the steel frame
made of 55 steel structural sections.

With help of the ,,frame analyzer” module set in the
AutoDesk Inventor system, the skeleton model of the
frame was generated; the model consisted of 174 nodes
and 64 stiff bonds between the bends. The bends were put
out at the end of all the structural sections constituting
the frame. The stiff joints between the nodes correspond
to the welded joints which were configured in the digital
model of the frame. The frame unit was supported with



86 LECH JAKLINSKI, DARIUSZ LODWIK, WEODZIMIERZ MALESA, JERZY WIKTORSKI

51 permanent hinge props, whose allocation corresponds
to the position of the prop steel legs bearing the press.
In the nomenclature of the Autodesk Inventor system,
these props are named ,,fastened bond”. The way the
fastenings are allocated is shown in the picture below.

Fig. 6. The digital solid model of the frame unit of the sub-
atmospheric pressure press

Fig. 7. The digital model of the frame with its nodes

The loading of the construction of the frame unit is
originated in the weight-pull force of the particular beams;
they come into existences as a result of interaction of
the panels-rebate-composite-rubber membrane unit. The
other type of interaction considers the bare weight of the
particular elements of the work press unit and additional
stresses which arise when working sub-atmospheric pres-
sure is implemented. The summary calculations of the
beam loading were carried on for the 400 hPa working
pressure. It is a presumed working sub-atmospheric pres-
sure which is required in the technological process of
adhesion of composite ply materials.

The remaining values of loading for the particular
beams (continuous loading and moments of forces) were
determined with use of the MES analysis of the press
work unit. Values of components of vectors of forces
and moments were adjusted to the orientation of the
co-ordinate system; the co-ordinates connected with the
digital model of the frame unit.

THE STRENGTH CALCULATIONS
OF THE SUB-ATMOSPHERIC PRESS FRAME UNIT

The continuous loading of the Q type (components:
Qx, Qy, Qz), was implemented to the upper planes of

the sections constituting the frame unit; the loading was
determined in the MES calculations. The vectors of mo-
ments of the M type (components: Mx, My, Mz) were
additional outer loading.

Fig. 8. The visual view of the outer loading implemented to the
sections of the frame unit

After the strength calculations of the frame were
carried out, the value of reaction, in the points where the
frame unit is supported, was determined. Sequencing fur-
ther, the maximal value of relocation, defined by a com-
puter system, was determined. The determined value met
the requirements of permissible limits which are provi-
sioned by technological conditions of adhesive process.
Typ: Przemieszczenie
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Fig. 9. The layout of the frame unit relocations

The distribution of normative stresses Smax exist-
ing in the maximally loaded beam of the frame unit is
shown in the picture below. The maximal stress value
was 66,65Mpa, which is a value far smaller than the yield
point of the material used in this construction.

In progress of the realized MES calculations of the
digital model of the test stand of the sub-atmospheric
pressure press, the results meeting all the basic strength
indicators and the operational criteria were obtained. The
maximal relocation of the construction did not exceed the
admissible values, specified by the operational require-
ments for the sub-atmospheric pressure. On the contrary,
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the maximal normal stresses in the beams of the carrying
frame was far smaller than the yield point (the calculated
factor of safety exceeds the 7,0 value). The numerical
analysis indicated that the construction operated with the
400 hPa working sub-atmospheric pressure meets both the
operational requirements and the conditions of strength.
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Fig. 10. The layout of reduced stresses in a selected beam of
the carrying frame

VERIFICATION OF THE OBTAINED
RESULTS OF CALCULATIONS

The test stand was built in the Production of Build-
ing Components Firm “Container” - LLC in Ptock, Po-
land based on the digital model of the sub-atmospheric
pressure press. Experimental research on realization of
the adhesive process of large-size composite panels was
completed. The results of the numerical calculations were
acknowledged by the empiric research. The construction
met both the presumed criteria of strength and stiffness.
The press deformations, during realizing the process of
technological adhesion of panels, did not exceed the ad-
missible values, do to this fact, the desired geometry of
large-size and multi-ply composite objects was performed.

Fig. 11. The composite panel produced with implementation of
the vacuum adhesion technology

CONCLUSIONS

The obtained results of calculations have been shown
as numerical maps, tabular statements and charts. The
analysis of the theoretical calculations proved that they
meet the results obtained by means of the empiric research
conducted in the Production of Building Components
Firm “Container” - LLC in Plock, Poland. Practical imple-
mentation of the CAD systems and the MES calculations
into the issue presented and discussed in this paper gives
useful advantage in the following questions:

— considerable reduction of the time needed to conduct
research, due to the numerical analysis of many al-
ternatives of the press,

— relief given to a research unit from routines and un-
creative activities,

— undertaking veracious research with application of
computer systems -

— just at the stage of the press design,

— ability to perform the numerical analysis of press func-
tioning for cases dealing with adhesion of many types
of composite elements differing in both the geometry
and the layered structure.

The proposed method of research shall be practically
used for fulfilling orders for the needs of agricultural
machinery and device industry, building industry, de-
fense industry.
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OBLICZENIA STANOWISKA BADAWCZEGO PRASY
PODCISNIENIOWEJ Z ZASTOSOWANIEM METODY
ELEMENTOW SKONCZONYCH

Streszczenie. W artykule przedstawiono zastosowanie
systemow CAD i metody elementéw skonczonych do obliczen
stanowiska badawczego prasy podcisnieniowej. Uzyskane wy-
niki obliczen przedstawiono w postaci map numerycznych, ze-
stawien tabelarycznych oraz wykresow. Zaproponowana me-
todyka badan zostanie praktycznie wykorzystana do realizacji
zlecen dla potrzeb przemystu maszyn i urzadzen rolniczych,
budownictwa oraz przemystu obronnego.

Stowa kluczowe: komputerowo wspomagane projek-
towanie, metoda elementéw skonczonych, napr¢zenia kontak-
towe, rozktad napr¢zen w glebie, prasa podcisnieniowa.
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Summary. The results of the modeling of thermal cycle
of spark ignition internal combustion engine are presented. The
modeling was carried out in the AVL Fire. The authors under-
took an effort to generate a complete mesh for the test engine,
including the intake and exhaust ports and the valves. This in-
volved four computational domains generating. The number of
computational cells of engine geometry was optimized. There
was included a local and temporary thickening of the mesh
which has contributed to more accurate solutions and short-
ening of computing time and, consequently, the engine cycle
calculations.

Key words: engine, simulation, modeling, combustion.

INTRODUCTION

Engines are designed to maximize power and econ-
omy while minimizing exhaust emissions. This is due
to growing concern for decreasing energy resources and
environmental protection. For this reason, there is still
carried out intensive research and development in internal
combustion engines. An engine should operate with the
greatest efficiency with the least toxic compound emis-
sions. Researches on how to improve the combustion
process, introduce a new fuel such as hydrogen, and
optimize engine parameters are still carried out. Maxi-
mizing the performance of the engine (BMEP) usually
causes the occurrence of the so-called knock combus-
tion. Therefore, intensive researches and development in
internal combustion engines are being conducted.

Researches based on numerical simulations using
advanced mathematical models have recently been de-
veloped very intensively. The development of numeri-
cal modeling is heightened by increasing computational
power that allows modeling not only of flow processes
but also combustion in 3D [1,2,3]. One of more advanced
numerical models used for combustion process in internal
combustion engines modeling is AVL FIRE [4]. In 2009
Institute of Internal Combustion Engines and Control En-

gineering of Czestochowa University of Technology began
University Partnership Program with AVL Company.
This allowed the use of the Fire software to IC engine
thermal cycle modeling [5,6,7]. The AVL FIRE software
belongs to programs which are used to modeling of ther-
mal cycle of internal combustion engines. FIRE allows
the modeling of flows and thermal processes occuring in
the intake and exhaust manifold and in combustion cham-
ber of internal combustion engine. This program allows
modeling of the transport phenomena, mixing, ignition
and turbulent combustion in internal combustion engine.
Homogeneous and inhomogeneous combustion mixtures
in spark ignition and compression ignition engine can be
modeled using this software as well. Kinetics of chemical
reactions phenomena is described by combustion models
which take oxidation processes in high temperature into
consideration. Several models apply to auto ignition proc-
esses. AVL FIRE allows modeling knock process which
occurs in combustion chamber of IC engine. This program
allows to create three-dimensional computational mesh,
to describe boundary conditions of surfaces and initial
conditions of simulation, as well.

NUMERICAL MODEL

The test engine was constructed on the basis of a four-
stroke compression-ignition engine 1HC102 manufac-
tured by “ANDORIA” Diesel Engine Manufacturers of
Andrychow. After some constructional changes, this
engine was redesigned for the combustion of gasoline
as a spark-ignition engine. For this reason, the engine
was equipped with a new fuel supply system and an
ignition installation. As a result of modernization the
shape of the combustion chamber and the compression
ratio was reduced from 17 to 8.5. This is a stationary
engine, equipped with two valves with horizontal cylinder
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configuration. The engine is equipped with a cooling
system based on the evaporation of liquid.

Figure 1 shows the modernized combustion chamber
with spark plug location of the test engine. On the basis
of the test engine geometry the computational mesh was
created (Fig. 3). Valve lifts curves were determined by
measuring the engine cams. The modeling takes into
account only the intake and exhaust channels located in
the engine head.

Tab. 1. Main engine parameters

bore cylinder 100 mm
stroke piston 120 mm
connecting rod length 216 mm
direction of cylinders horizontal
squish 11 mm
compression ratio 8.5
engine speed 1500 rpm
number of cylinders 1

Fig. 1. Experimental engine

The computational mesh can be obtained as surface
or volume discretization. In AVL Fire the Finite Volume
Method (FVM) is used to calculate the heat flows. For
four-stroke engine four computational domains are re-
quired. The first domain includes the intake stroke until
closure of the intake valves. The second domain is used
since the closure of the inlet valve until the exhaust valve
timing, at a time when the valves are closed. The third do-
main is used since the opening of the exhaust valve to the
end of the exhaust stroke. And finally the fourth domain
is required for the whole engine cycle. The division cycle
of three domains eliminates the problem of return flows
in the crevices between the valve train and valve seat.

The first step is to draw the engine workspace (Fig. 2).
Due to software, valves must be slightly open. This ge-

ometry is loaded into the preprocessor of Fire program.
On the basis of this geometry the computational moving
mesh is generated (Fig. 3).
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Fig. 3. Computational mesh of engine, a) intake, b) compres-
sion, ¢) exhaust, d) complete mesh

The computational mesh around valves was con-
centrated to obtain more accurate results. Fire gives the
possibility of temporary thickening of the grid.

Modelling of the thermal cycle of the test spark igni-
tion engine in the AVL FIRE [4] software was carried out.
Modelling of combustion process was carried out using an
advanced combustion model. ECFM (Extended Coherent
Flame Model) model was used based on the basis of turbu-
lent mixing zone of air, fuel and exhaust. The ECFM was
developed in order to describe combustion in spark ignition
engines. This model allows the modelling of the combus-
tion process of air-fuel mixtures with EGR effect and NO
formation. The model is based on the description of unburnt
and burnt zones of the gas. The concept of combustion
model is based on a laminar flamelet idea, whose velocity
and thickness are mean values, integrated along the flame
front. The thickness of the flame front layer depends on the
pressure, temperature and content of unburnt fuel in the
fresh zone. In addition, it is assumed that reaction takes
place within relatively thin layers that separate the fresh
unburned gas from the fully burnt gas. This model uses
a 2-step chemistry mechanism for the fuel conversion. Un-
burnt gas phase consists of 5 main unburnt species: fuel, O,,
N, CO, and H,O. After the burnt gas phase it is assumed that
no fuel remains. The burnt gas is composed of 11 species,
such as O, O,, N, N, H, H,, CO, CO,, H,0, OH and NO.

Tab. 2. The main input parameters

ignition advance angle 12 deg
fuel gasoline
fuel temperature 320K
initial pressure 0.085 MPa
initial temperature 365 K
excess air factor 1.0
density 1.19 kg/m?

As a result of numerical analysis a number of char-
acteristic quantities of combustion process in the engine

RESULTS

were obtained such as: pressure, temperature, parameters
of flow field, turbulence, heat transfer, species, toxic
parameters and others.
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Fig. 5. Cross sections of the engine cylinder during intake stroke - velocity field with streamlines
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Fig. 6. Cross sections of the engine cylinder at the beginning of combustion and during exhaust stroke - temperature
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Figure 4 shows pressure and heat release rate, and
accumulated heat release courses. The values of these
parameters are realistic, and these are close to parameters
obtained by real engine indications. The publication does
not present the analysis results of the engine thermal
cycle, and is only capable of modeling a complete engine
cycle. The results of the analysis will be presented in
subsequent publications of the authors.

In Figure 5 the flow field in the modeled engine dur-
ing intake stroke is presented. The main swirl process by
the streamlines is underlined. There, the so-called tumble
swirl is visible. This swirl is responsible for flame kernel
direction propagation.

Figure 6 shows the cross sections of the engine cyl-
inder where the temperature field is presented. The first
two pictures show flame propagation in the combus-
tion chamber. The direction of flame propagation is de-
termined by fluid flows generated during intake stroke
(Fig. 4). In Figure 4 the tumble flow is highly visible.
The second two pictures show the exhaust stroke when
the exhaust valve starts to open and when it is full open.

CONCLUSIONS

AVL FIRE program is a research tool that can be suc-
cessfully used to model the thermal cycle of the internal
combustion engine. The AVL FIRE up-to-date numerical
code used during research made possible to generate
3D geometric mesh of combustion chambers of the test
engine and allowed to perform numerical calculations
of processes occurring in this engine. Simulations of
combustion process have delivered information concern-
ing spatial and time-dependent pressure and temperature
distribution in combustion chamber. This information
would be extremely difficult to obtain by experimental
methods. It allows analyzing not only the combustion
chamber but also the intake and exhaust process.
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MODELOWANIE PELNEGO CYKLU CIEPLNEGO SILNIKA ZI

Streszczenie. W pracy przedstawiono wyniki modelo-
wania obiegu cieplnego tlokowego silnika spalinowego o za-
ptonie iskrowym. Modelowanie przeprowadzono w programie
AVL Fire. Autorzy poj¢li trud wygenerowania kompletnej
siatki dla posiadanego silnika spalinowego, z uwzglednieniem
kanatéw dolotowych wraz z zaworami. Wymagato to wygene-
rowania czterech domen obliczeniowych. Dokonano optyma-
lizacji ilosci komoérek obliczeniowych siatki geometrii silnika.
Uwzgledniono miejscowe i chwilowe zaggszczanie siatki, co
przyczynito si¢ do uzyskania doktadniejszych rozwigzan oraz
skrocenia i tak dlugiego czasu obliczen cyklu silnika.

Stowa kluczowe: silnik, symulacja, modelowanie,
spalanie.
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Summary. The paper aimed at evaluation of the re-

sults of sprinkling uniformity measurements for four reel
Bauer Rainstar 90/300 sprinkling machines, realized during
three years on the lands of agricultural company Agrocoop,
Imel’. The sprinkling rate uniformity was evaluated with the
use of general indexes for irrigation technique work quality.
Value of the uniformity coefficient was determined according
to STN ISO 7749-2 Standard. There were used from 30 to
70 measuring cups, spaced by 1 to 2 m. Particular sprinkling
rate values ranged from 0.41 mm to 49.16 mm, while average
values ranged from 15.19 to 31.60 mm. Satisfactory values of
sprinkling uniformity coefficients CU according to Frieling-
haus and Ruzicka criterion (more than 70 %) were obtained
for three sprinkling machines during sprinkling without over-
lapping (CU,,=72.72%, CU,,=73.32%, CU,=73.23%). The
requirements of Klement and Heinige criterion (CU more than
80%) were satisfied for three sprinkling machines (Z1, Z2, Z4),
only when overlapping was introduced. None of the investi-
gated sprinkling machines satisfied the requirements of STN
ISO 7749-2 Standard (CU above 90%), even when overlapping
was applied.
The lowest value of variance coefficient was found for sprin-
kling machine Z3 (33.29 %), while the highest value for sprin-
kling machine Z2 (41.31 %); the sprinkling overlapping was
found as an effective factor.

Key words: quality of operation, sprinkling, coefficient
of sprinkling uniformity CU.

INTRODUCTION

Setting of sprinkling rate values is the first step to-
wards determination of sprinkling uniformity. Therefore,
the well-known methods are used that are common in the
evaluation of operational quality of irrigation technology.

The applied measuring methods depend on kind of
devices used: sprinkling machines with spaced sprinklers,
machines with hoses of wide pivot angle or sprinkling
machines with reel devices [9,4].

Sprinkling was executed upon decrease in the actual
soil moisture content under conditions of hydrolimit value
and reduced access to water. Such conditions call not only
for soil moisture monitoring but also for controlling of
tractors’ traction properties in the field [17,19,15,2,78].

During sprinkling, the reel sprinkling machines with
sprinklers move continuously along the field. In practice,
the sprinkling rate measured on elementary surfaces does
not consider the effect of other input factors (sprinkler
model, jet diameter, water pressure, sprinkle sector, speed
of movement, spacing of sprinklers) [9].

The sprinkling quality is regarded from the viewpoint
of correct intensity and uniformity. The sprinkling in-
tensity means the water amount in mm supplied in time
unit. The sprinkling uniformity depends on the correct
functioning of sprinklers and, particularly, on correct
selection of sprinkler jet, water pressure in the flow line
and appropriate selection of spacing and reach of the next
sprinkler position [11].

PURPOSE AND METHODS

The aim of the presented paper was to evaluate the
results of sprinkling uniformity measurements for four
Bauer Rainstar 90/300 reel sprinkling machines Z1, Z2,
73, Z4.

The practical measurements were executed during
three years in the agricultural company Agrocoop a.s.,
Imel, situated in the southest Slovakia in Komarno re-
gion, with rather flat fields of slope ranging from 0 - 2°.

The company uses 30 reel sprinkling machines of
model Bauer Rainstar 90/300 (Fig.1); four of them were
randomly selected.
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Specifications
* Hose diameter and length 90 mm / 300 m
* Maximal belt length 340 m
* Flow rate 17 — 65 m*.h!
» Connecting pressure 0,35 — 1 MPa
o Jet size 16 — 30 mm
» Weight with hose and water 3270 kg

* Weight with hose and without water 1850 kg
» Total length with stand 5350 mm
* Maximal width at greatest spacing 2050 mm
» Total height 3060 mm

The sprinkling machine was equipped with the
sprinkler SR-101 of jet diameter 20 mm. The sprinkling
machine was controlled with microcomputer Ecostar
4000. The sprinkling uniformity evaluation was carried
out on a parcel of land with potato crop.

Fig. 1. Sprinkling machine Bauer Rainstar 90/300 TX Plus Eco-
star 4000 with sprinkler SR101

The sprinkling equipment was controlled with buttons
on the panel. The system was equipped with sprinkling
belt length detector, electronic panel, winding speed
detector, solar collector and detector of electric energy
source connector. Ecostar 4000 has four lines’ display
and it shows the settings of machine working parameters.
They are: winding speed, time to the end of sprinkling,
length of the moved out hose, prior irrigation (irrigation
at the beginning before the start of stand movement)

and after irrigation (irrigation at the end of irrigation
after the stop of stand movement). The irrigation rate, or
more precisely the winding speed, can be adjusted during
sprinkling to obtain the so called variable sprinkling rate
within one pass of machine.

The most advanced method for sprinkling uniformity
evaluation involves application of uniformity coefficient
CU, according to CHRISTIANSEN (1942) in [18]:

n

2=,
CU =100.[1-2—— )
n.

m

where: h, — rainfall height on elementary surfaces
(mm),

h_—average rainfall height on the examined surface
(mm),

n — number of elementary surfaces making up the
sprinkled surface, equal in size (pc),

n
Z|h,. —hm| — absolute sum of variance of average
i=1

rainfall.

Measurements of sprinkling uniformity is evalu-
ated according to STN ISO 7749-2 Standard for the reel
sprinkling machines and must be performed on a flat
ground (maximal gradient 1%). The winding velocity
cannot exceed 1.5 m.s™ during investigations; overlapping
values of 4, 8 and 16 m are applied in determination of
the uniformity coefficient CU (%).

Trrigator

15\?2!201!10 s 5 10 15 20 25 30 35

Cups

Line of travel

Fig. 2. Spacing of measuring cups in one radius, position of ir-
rigators (rainfall cups, sprinkler, sprinkler movement direction)
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RESULTS AND DISCUSSION

The layout of practical measurements is presented in
Fig. 2, while the input values for work quality evaluation
of the selected reel sprinkling machines together with
calculated values of uniformity coefficient according to
Christiansen CU are listed in Table 1. As it is evident from
the results, the highest value was found for the reel sprin-
kling machine Z3 and the lowest one for the machine Z2.

Many experiments aimed at investigating the con-
nection between irrigation irregularity and crop. [1,12]
independently came to conclusion that plants were equal
with respect to sprinkling irregularity. Frielinghaus [3]
confirmed it and found the Christiansen uniformity co-
efficient value equal to 70% as satisfactory one. The
measurement accuracy is negatively affected by wind
activity, pressure variation in the distributing main and
the like [20].

values of outer cups rainfall increase after application of
overlapping and so does the uniformity coefficient value.

Razicka [1996] found out that sprinkling uniformity
is maintained at sprinkling uniformity coefficient of 70%.
[6] consider the value CU = 80 % as good uniformity,
while TNV 754307 Standard recommends the uniform-
ity coefficient value according to Christiansen as CU =
90 % for cross uniformity. The Standard recommends
also that 80 % of surface should be sprinkled within
the range from 0.85 to 1.15 of the average rate at wind
velocity of 2 m.s™.

Klementové and Heinig [6] requirements were
achieved only after the introduction of overlapping and
only for three sprinkling machines; the recommendations
of TNV 754307 Standard [16] (CU higher than 90%)
were failed without and with application of overlapping.

Table 2. Sprinkling uniformity with overlapping, Bauer
Rainstar 90/300

Table 1. Sprinkling uniformity, overlapping = 0 L . R
P g y pping Serial Overlapping, Sprinkling uniformity CU, %
Sprinkling | CUPS - Averj Sum g vi |y, number | m z1 |zz2 |73 |H
. spacing, | Vi, Vi,

machine mm %

m mm ml 1 0 72.72 67.57 73.32 73.23
Z1 1 15.19 10383 1063.46 | 72.72 2 4 76.79 74.06 | 76.27 | 83.50
72 1 23.77 14158 1450.10 67.57 3 8 83.68 | 81.89 | 73.45 88.39
73 2 24.18 7082 725.36 73.32 4 16 84.15 83.04 71.32 83.89
74 2 31.60 9256 948.03 73.23

It was found out that 75% of investigated sprinkling
machines achieved the satisfactory uniformity. Therefore,
there is a need for further investigations to determine the
ways for increasing the uniformity coefficient CU. One
of them is overlapping with the next sprinkling belt, for
example. The values of sprinkling uniformity coefficient
CU at covering of 4, 8 and 16 m are presented in Table
2 together with work quality performance according to
Frielinghaus. The CU values increased at the increased
overlapping for sprinkling machines Z1, Z2 and Z4, while
for Z3 it increased only for overlapping value of 4 m, and
then decreased at bigger overlapping values. The minimal

One of the first researchers who began to evaluate
the sprinkling uniformity was [13]; he followed the rule
in sprinkling uniformity evaluation that the maximal
intensity of sprinkling should not exceed the double value
of minimal one, with the exception of outside zone. He
developed isograms (the lines like rainfall heights) on
the basis of rainfall heights measurements in the rainfall
cups, and he evaluated visually the uniformity as very
good, good, satisfactory and bad [9].

The descriptive statistics was introduced to Table
3 for the investigated sprinkling machines Z1, Z2, Z3
and Z4. The average irrigation rate was not equal, but
it ranged from 15.19 to 31.60 mm. The measuring cups

Table 3. Descriptive statistics, measurements 2010, sprinkling machine 1, Bauer Rainstar 90/300

Value
Parameter Sprinkling Sprinkling Sprinkling Sprinkling
machine 1 machine 2 machine 3 machine 4
Average value, mm 15.19 23.77 24.18 31.60
Divergence max — min, mm 23.15 37.69 31.75 48.34
Minimum, mm 1.84 0.41 7.17 0.82
Maximum, mm 24.99 38.10 38.92 49.16
Sum, mm 1063.46 1450.10 725.36 948.03
Number, pc. 70 61 30 30
Level of reliability (95.0%) 1.3 2.51 3.01 4.35
Variance coefficient, % 35.94 41.31 33.29 36.84
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number amounted to 30, 61 or 70 pc.. Values of particu-
lar irrigation rates ranged from 0.41 mm to 49.16 mm.
The lowest value of variance coefficient was found for
sprinkling machine Z3 (33.29 %) and the highest one for
sprinkling machine Z2 (41.31 %)).

The graphical evaluation of results for particular
reel sprinkling machines Z1, Z2, Z3 and Z4 is presented
in Fig. 3.
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Fig. 3. Irrigation rate, overlapping 0, sprinkling machines Z1,
72,73 and Z4

CONCLUSIONS

The presented article was focused on the work qual-
ity evaluation of four reel sprinkling machines in agri-
cultural company Agrocoop Imel, a.s. The method of
Christiansen (STN ISO 7749-2 [14]. Standard, 1999) was
applied for evaluation. Its value is affected by a series
of external factors like: the shape of sprinkling curve,
spacing and the wind effect. One can find on the basis
of [10,3] recommendations (the sprinkling uniformity
coefficient value over 70 %), that the three reel sprin-
kling machines met the conditions. The requirements
were fulfilled with application of overlapping for all the
examined reel sprinkling machines. However, the use of
overlapping is effective only to a limited degree, because
an increase in overlapping decreases the effective output
of reel sprinkling machines. As a result, the time and
economic items increase; this may point out at the need
for optimization of effective spacing of the sprinklers.
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OCENA JAKOSCI PRACY DESZCZOWNI SZPULOWEJ
BAUER RAINSTAR 90/300 W PRZEDSIEBIORSTWIE ROLNI-
CZYM AGROCOOP IMEL SA

Streszczenie. Celem badan byto przeprowadzenie ana-
lizy réwnomiernosci opadu deszczowni szpulowych Bauer Ra-
instar 90/300. Pomiary rownomiernosci opadu przeprowadzono
na polach uprawnych przedsigbiorstwa rolniczego Agrocoop,
Imel SA na Stowacji. Badania prowadzono w ciggu 3 sezonow
agrotechnicznych. Obiektem badan byly cztery deszczownie
szpulowe Z1, Z2, Z3, i Z4. Wspdtczynnik réwnomiernosci
opadu byt okreslany wedlug normy STN ISO 7749-2. Liczba
uzywanych kubkoéw pomiarowych, ktore rozstawiano w odle-
glosci do 1 do 2 m, wynosita od 30 do 70.

Wartosci poszczegdlnych $rednich dawek polewowych byty
w zakresie od 15,19 do 31,60 mm. Zadawalajace wartosci
wspotezynnikéw réwnomiernosci opadu wedlug kryterium
Frielinghausa i Rtzicki (CU powyzej 70%) uzyskano dla trzech
deszczowni przy deszczowaniu bez zaktadu (CU,, = 72,72%,
CU,, = 73,32% i Cu,, = 73,23%).

Wymagania wedtug kryterium Klementovej i Heiniga (wartosé
wspolczynnika CU powyzej 80% CU) spetnione byty dopiero
po zastosowaniu zaktadow i to tylko w przypadku trzech desz-
czowni Z1, 72 1 Z4.

Wymaganiom wedlug normy STN ISO 7749-2, wedhug ktorej
wspotczynnik rownomiernosci opadu powinien mie¢ wartosé
powyzej 90%, nie odpowiadaly wartosci CU uzyskane dla zad-
nej z badanych deszczowni, nawet po zastosowaniu zaktadow.
Najnizsza warto$¢ wspoétczynnika wariancji uzyskano dla desz-
czowni Z3 - 33,29%, a najwyzsza wartos¢ dla deszczowni Z2
—41,31%.

Stowa kluczowe: jakos¢ pracy deszczowni, deszczo-
wanie, wspotczynnik réwnomiernosci opadu CU.
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Entropy analysis of energy price movement
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Summary. The paper presents a novel method of anal-
ysis of energy price movement with use of sample entropy,
which is used to measure the complexity or information content
of a given data set (time series). This technique is used to verify
the efficient market hypothesis. The results show that although
the price movement is nearly random, there is a statistically
significant difference from a completely random walk.

Key words: energy price, efficient market hypothesis,
sample entropy.

INTRODUCTION

Prices of fossil energy sources are crucial for the en-
ergy industry and the economy of countries, regions and
the world. The crude oil cost increase observed over the
last few years has been a challenge not only to individual
consumers but even more, to companies whose economy
is highly dependent on the cost of energy. In the crisis
conditions there is a need to find new approaches towards
increasing the efficiency of finance management [12].
The energy cost has a great impact on people life qual-
ity: International Monetary Fund estimates that a crude
oil price growth of 5 USD per barrel results in economy
development rate decrease by 0.3 % [16]. Increasing fuel
costs result in increased production costs in the whole
industry, especially in agriculture [17].

Another group of people interested in crude oil price
behavior are investors, who try to profit from price move-
ment. Recently, many internet-based trading platforms
have been made available to individual investors, who
can implement their trading strategies easily. For all the
groups: individual investors, institutional investors and
company management, to be able to forecast the future
cost of energy means profit. With this in mind, the author
would like to look at the efficient market hypothesis,
which in general states, that the price of a given asset

responds quickly and accurately to relevant information,
so that the future price is unpredictable [3].

The classical definition of market efficiency from
1976 by Jensen is as follows: 4 market is efficient with
respect to information set Q) if it is impossible to make
economic profits by trading on the basis of information
set Q. [11] quoted after [19].

Many authors try to address the question of market
efficiency with unconclusive results [6]. In this paper
the author employs sample entropy method to verify
the hypothesis.

SAMPLE ENTROPY

Entropy is a way to measure complexity or dynam-
ics of a given time series. Shannon entropy is classically
defined as [5,4]:

H(X) =~ p(x)log p(x,) = ~E[log p(x,)], (1)

x; €0

where: X represents a random variable with a set of
values © and p(x) is a probability that X will be equal
x,. For a time series representing output of a stochastic
process, joint entropy is calculated. A major disadvantage
of this definition of entropy is that its value strongly
depends on the length of the time series.

In 2000, Richman and Moorman proposed a new
algorithm for the calculation of entropy, called sample
entropy (S,) [15], which is a function of the time series
X={x, x,, ..., x}, template length m and tolerance r. In
order to calculate S,, the algorithm finds the first m-
length sequence (template) of data points and then looks
for matching pattern through the rest of the series. The
pattern is considered as matching if the consequent data
points are within a distance of r to the corresponding
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points of the template. The number of matches is counted
as n™. Then the same procedure is performed for the m+1
- length sequence and the number of matches counted
as n™"!. The whole process is repeated until the end of
the time series is reached. In this way S, is defined as:

N-m

Sy (m,r,N)=In——. )

The difference between n” and n’” is such thatin n’”
self-matches are not counted. For an illustration of how
the S, is calculated, the reader is referred to reference [5].

S, is precisely equal to the negative of the natural
logarithm of the conditional probability that sequences
close to each other for m consecutive data points will
also be close to each other when one more point is added
to each sequence [5]. When entropy is calculated in the
previously stated method, it is less dependent on the
length of the time series.

Sample entropy has been widely used in analysis of
bioelectrical signals, mainly ECG and EEG [2,18,13,2].
Recently some attempts have been made to employ this
technique in analysis of various markets (stocks and
commodities) [1,14,8]. This paper aims to use Sample
entropy to verify the Efficient Market Hypothesis.

DATA, METHODS AND TOOLS

The data that was used for the analysis was daily spot
price of brent type crude oil for the years 1988 - 2011 (6091
points). The data is freely available from the Internet [20].

There is no consensus on how the prices of energy
sources should be modeled [9]. In the presented study the
author decided to take subsets of the original data points
in two ways. The first method is to simply divide the data
into periods of calendar years (approximately 255 points,
depending of the year) and then calculate sample entropy
for each period as described below. The second is to create
subsets consisting of z data points continually for all points
of the main dataset starting at point z until the end of the
set according to the following expression:

Y= {xi-z’ Xizip o

i

s X Q)

in which Y, is the subset calculated for the i-th point
of input data. It is clear from looking at the equation
that the smallest 7 for which the subset Y, can be created
equals z+1. In analogy to a moving average indicator used
widely by technical traders, S, calculated for subsets Y,
will be called “moving entropy” in this paper. The mov-
ing entropy was obtained for z=200.

Once the subsets are obtained, the data must be
prepared for entropy calculation. As, according to the
description presented in the previous subsection, the
entropy algorithm looks for patterns and the price has
various ranges, the value will be recalculated to ob-
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tain the day-to-day price difference Z using the equat-
ion (4): '

2=, @

Then the data must be normalized so that the mean
value of the subset is equal to 0 and standard deviation
is 1. This can be illustrated by equation (5):

_vi- n(v)
si o (V)

©)

where:

v, is the price difference at point i,

v, is the normalized value of v at point i,
n(v) is arithmetic mean of all points of v,
o(v) is standard deviation of all points of v.

For each of the subsets S, was calculated with typical
parameters used widely: template length m=2 and toler-
ance =0.15. The scripts used were based on the examples
found on the Physionet website [10] and executed in the
Octave programming environment [7].

In order to verify the Efficient Market Hypothesis,
sets of random data points with normal distribution were
generated. Its length depended on the subset length and
for the yearly entropy comparison it consisted of 248 sam-
ples (lowest number of data points in the years analyzed)
and for the moving entropy - 200. The number of test
sets was equal to number of subsets of the original data
according to each method: 24 for the 24 years used for
yearly analysis and 5891 subsets for the moving entropy
comparison. Additionally, to see some statistical proper-
ties (especially possibly maximum and minimum values)
of §, calculated for normal distribution 50 000 data sets of
lengths respectively 248 and 200 samples were generated.
Than, a statistical t-test was performed to verify whether
the difference between entropies calculated for price
data subsets and random sets is statistically significant.

RESULTS

Table 1 presents the S, values for daily crude oil price
in the years 1988-2011, table 2 summarizes its statistical
properties and table 3 shows statistical properties of S,
calculated for 50000 samples calculated for data set of
248 points with normal distribution.

The p-value for statistical two-tailed t-test performed
for 24 S, values obtained for yearly oil prices and 24
sets of 248 samples of random numbers with normal
distribution is equal to 0.018 which proves that there is
statistically significant difference between the groups.

Figure 1. presents daily brent price for the years 1988
- 2011 along with moving sample entropy. Because the
first 200 points are needed to calculate the first value of
the indicator, there first value is presented for point 201
on the chart.

The p-value for statistical two-tailed t-test performed
for 5891 subsets of 200 points of daily oil price and 5891
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Table 1. Sample Entropy values for crude oil prices for the years 1988-2011.

Year 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999
S, 1.990 2451 1.604 1.545 2.329 2.475 2.533 2.356 2.569 2.327 2.345 2.456
Year 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

S, 2.322 2.350 2.547 2.448 2.425 2.467 2.483 2.465 2.374 2.451 2.405 2.321

Table 2. Main statistical properties of SE calculated for
crude oil prices for the years 1988 - 2011.

Maximum Minimum Arithmetic mean

2.569 1.545 2.335

Table 3. Main statistical properties of SE calculated for
50 000 sets of 248 normally distributed points.

Maximum Minimum Arithmetic mean

2.857 2.138 2.485

sets of 200 points of normally distributed random values
is well below 0.0001.

CONCLUSIONS

At the first look, the results of the analysis would
support the Efficient Market Hypothesis: in most cases
the values of the sample entropy calculated for lie within
the range of SE values for random data sets. This would
suggest that the price movements are random and it is
not possible to forecast its future direction.

However if we take into consideration the results
of the t-tests, it is clear that the behavior of the price is

not random. The p-value for the yearly entropies for oil
price and random data sets groups reflects the fact that
the probability of the null hypothesis (i.e. that the two
groups are not statistically different) is 0.018 which is
very low. Traditionally, a level of 0.05 is considered as
proving statistical significance. The value p-value for the
moving sample entropy/sample entropy for random data
sets is even lower.

The results show that the sample entropy value for
crude oil price is lower than for randomly generated data
with normal distribution, which means that the price
change are more predictable than a purely random walk.
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ANALIZA ENTROPII ZMIENNOSCI CEN ENERGII

Streszczenie. Artykut przedstawia nowoczesng meto-
de analizy zmiennosci cen energii przy wykorzystaniu sample
entropy, ktora to wielkos¢ jest uzywana do okreslania ztozono-
$ci oraz zawartosci informacji w danym zbiorze danych (sze-
regu czasowym). Technika ta jest wykorzystana do weryfikacji
hipotezy efektywnosci rynku. Wyniki wskazuja, ze pomimo ze
ruchy cen sg niemalze losowe, istnieje statystycznie istotna roz-
nica w poréwnaniu z czysto losowym ruchem cen.

Stowa kluczowe: cena energii, hipoteza efektywnosci
rynku, sample entropy.
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Summary. The results of studies comparing the use of
potential production capacity of means of transport in the con-
text of farm size are presented. In the studied objects the level
of annual use of the production potential is low, the lowest
on average for trucks — 4.53 %, and the highest for delivery
vans — 5.80 %. 67.11% of tractors are now fully depreciated.
Among the most commonly used means of transport - box trail-
ers, as much as 64.79% of trailers with an average load capacity
(range 3-5 tons) are now fully depreciated.

Key words: transport, means of transport, tractors, trail-
ers, cars, exploitation, production potential.

INTRODUCTION

One of the main farm activities is transportation. Hence
the correct, both qualitative and quantitative, selection of
vehicles — which are one of the basic technical means — is
directly reflected in the efficiency of transport works, but
also in the expenditures incurred on a farm [2,6,1]. Reduc-
tion of expenses incurred for transport can be achieved by
proper selection of the means and effective organisation
of transport processes, and also by an optimum use of the
resources [7,8,10]. The results of studies, presented by many
authors, on the use and the associated level of effort clearly
indicate that the volume of work and equipment, transport
means and their use is usually characterized by consider-
able variability depending on the context of analysis [9,5].
Based on previous research, it can be concluded that the
efficiency of means of transport varies considerably, and
it results, among others, from the use of the potential and
the ways in which such potential is used [2,3,11,13,12].

SCOPE AND PURPOSE OF THE STUDY

The effectiveness of management and the expenses for
production depend not only on the technical resources -

including means of transport — but also on their use in the
production process. Therefore, the objective of this study
is to assess the use of the potential of means of transport,
available on farms with various sizes of arable area. The
subject of the study is multipurpose box-type means
of transport available in selected farms in Malopolskie
voivodship. 166 farms from Malopolskie voivodship were
studied. The study included farms in the range of the
secondary and vocational agricultural schools — children
of the farm owners attend those schools and declare to
take over the farms after graduating. It should therefore
be presumed that the farms are developing entities. Due
to large variations of the basic technology of agricultural
production - agricultural areas of the surveyed farms
were divided into three groups:

* A —up to 10.00 ha — 61 farms —36.75%;

* B -10.01 — 50.00 ha — 83 farms — 50.00%;

» C —above 50.01 ha — 22 farms — 13.25%.

RESEARCH METHODS

The research was conducted with the aid of a guided
interview, and the objects of studies were selected delib-
erately — declaration to continue agricultural production
at the same level or, which is quite frequent, increasing
it. One of the basic questions of the interview concerned
the available means of transport, their types and charac-
teristics (load capacity, utilisation, year of manufacture
and purchase). To evaluate the use of potential production
capacity of means of transport, the ratio of production
capacity utilisation was assumed after Tabor [Tabor 2008]
as follows:

K, = We.. 100,

W,
v n

(7]

where:
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K., — the level of utilization of the production po-
tential [%];

W _ — the actual utilization per annum [h];

n — resource — normative utilization of the resources
during the lifetime [h];

Resource — the normative use during the lifetime

according to the Swiss data, after Lorencowicz [5].

RESULTS

Table 1 characterises the farms under study. An average
size of the studied farms was 26.24 ha of arable area, with
considerable variability between the area groups A—6.46
to C — 97.14. A high level of permanent grassland is also
remarkable, on average almost 27 %, as well as a consider-
able share of hired land —38.83 % on average. These facts
prove that the farm owners see their future in agricultural
production. Farm size and livestock density, as the pri-
mary factors generating traffic volume are crucial for the
equipment and structures of the owned means of transport.
Another basic element is the distance of transport opera-
tions. The average distance for home transportation - 2.91
km - (2.04 Group A and 3.50 km Group B) is very high.

Table 1. Description of the studied farms

The considerable distance in the external transport,
on average 15.25 km is characterized by low variability.
Purchase of means of production and sales, in the case
of commercial farms, shows no significant variations.

The number of tractors per 100 ha of arable land
shows that the smallest farms are best equipped, this group
can even be found over-invested in this respect. Average
tractor power in all the area groups is very similar.

Similar differences are found in the means of transport
as in the case of tractors. It has to be noted that the studied
farms also owned special means, such as feed wagons,
volume trailers and trailers for bales. Their average number
per farm was 0.21, with the average load capacity 3.67 t.
At the same time, each farm had dung spreaders, 0.94 pcs
on average, with average load capacity 3.93 t. The index
of tons of load capacity per 1 ha of arable land, with the
average of 0.33 tons in the smallest farms, is almost 13
times higher than that of the largest farms. This may be
perhaps due to the fact that the largest farms, because
of the volume of purchasing of the production means
and sales, hire companies which provide combined sales,
purchase and transport.

Expenditures in transport depend not only on the
equipment quantities, but mainly on the types of means.

Farm size
Specification unit
average Group A Group B Group C
Arable area ha 26,24 6,46 21,98 97,14
% of AL share % 73,09 62,69 60,24 86,01
% of hired arable land % 38,82 11,76 29,27 51,97
Livestock SD-100ha’'AL 69,18 61,22 79,05 49,77
Installed power (tractors+trucks) kW-1ha'AL 9,45 8,04 14,24 18,03
Internal transport distance km 2,91 2,04 3,50 3,05
External transport distance km 15,25 15,56 14,24 18,03
Tractors
Number per 100 ha of arable land pes. 6,90 29,64 7,83 2,11
Average tractor power kW 50,01 49,59 51,63 45,93
Means of transport”
Number per 100 ha of arable land pes-100ha'AL 10,78 32,5 10,24 2,57
>tons of load capacity per farm tfarm™ 8,64 7,92 9,07 9,00
Tons per 1 ha of arable land t-1ha'AL 0,33 1,29 0,41 0,10
Average load capacity t 3,88 3,78 4,03 3,60
Share of means of transport in their load capacity per farm

Trucks % 4,64 3,41 3,83 10,60
Delivery vehicles % 6,26 5,65 5,67 10,02
Box trailers % 82,38 84,63 82,68 75,74
Tractor cars % 6,72 6,31 7,82 3,64

Source: own studies.
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As the data presented clearly shows, the quality of trans-
port fleet, expressed as a share of vehicles with total load
capacity, increases with the area of farm. This is a very
beneficial trend, since the transport needs and related
expenditure in larger farms can be reduced by the use
of more efficient means of transport.

In the studied objects (Table 2), the index of produc-
tion potential use of tractors, with an average annual use
of 527 h per tractor, is from 2.81 % in the medium-sized
farms, to 10.85 % in the largest farms.

Comparing the number of years till full depreciation
with the current age of tractors used after being fully
depreciated, there are 68.11 % tractors in the studied

Table 2. Utilization of production potential
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population. In the group of box trailers, the average annual
use of the production potential is 5.35 % and increases
with the area of farms. In this group of vehicles, 42.15 %
are fully depreciated — requiring replacemet. In spite of
the low use of production potential in the group of trucks,
all vehicles have not achieved the full depreciation level,
and those are the youngest ones. In the group of delivery
vans, only 23.21 % are fully depreciated.

The utilization of tractors depends on their basic
technical parameter — engine power. For the analysis,
division of tractors into so called operating groups has
been adopted after Kuczewski. [Kuczewski J., Majewski
Z.1999].

Farm size
Specification Unit
Average Group A Group B Group C
Tractors
Operating hours p/a, field+ transport h 527 281 479 1085
The most beneficial resource h 10000 10000 10000 10000
Use of productivity % 5,27 2,81 4,79 10,85
No. of years to depreciate years 19 36 21 9
Current age years 17 21 16 20
% of means after resource % 67,11 93,10 51,23 73,07
Box trailers
Operating hours p/a h 294 161 288 479
Resource h 5500 5500 5500 5500
Use of productivity % 5,35 2,93 5,24 8,71
No. of years to depreciate years 19 34 19 9
Current age years 21 22 20 19
% of means after resource % 42,15 9,72 54,55 54,39
Trucks
Operating hours p/a h 725 593 753 867
Resource h 16000 16000 16000 16000
Use of productivity % 4,53 3,71 4,71 5,42
No. of years to depreciate years 22 27 21 18
Current age years 12 15 10 10
% of means after resource % 0,00 0,00 0,00 0,00
Delivery vehicles
Operating hours p/a h 545 536 549 570
Resource h 9400 9400 9400 9400
Use of productivity % 5,80 5,70 5,84 6,06
No. of years to depreciate years 17 18 17 17
Current age years 14 17 11 16
% of means after resource % 23,21 23,81 11,76 33,33

Source: own studies.
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Table 3. Utilization of the production potential in context of power

Operating group of tractors
Specification Unit
Light Medium Heavy Very heavy
Operating hours p/a, field+ transport h 400 446 583 1306
Resource h 10000 10000 10000 10000
Use of productivity % 4,00 4,46 5,83 13,06
No. of years to depreciate years 25 22 17 8
Current age years 24 18 12 5
% of means after resource % 55,17 63,87 36,05 15,38

Source: own studies.

Table 4. Utilization of the production potential of trailers in context of their load capacity

Trailer load capacity [t]
Specification Unit
Upto 3,0 3-5 5-8 Above 8

Operating hours p/a h 163 232 274 306
Resource h 5000 5000 6000 6000
Use of productivity % 3,26 4,64 4,57 5,10
No. of years to depreciate years 31 22 22 20
Current age years 19 23 18 7

% of means after resource % 19,30 64,79 45,83 14,29

The results shown in Table 3 indicate a clear trend
— the annual use of the potential of tractors significantly
increases with the increase of their power. The most
commonly used are the medium-sized universal tractors
—63.97 % are already fully depreciated.

The basic technical indicator of a transport vehicle,
crucial for its applications and efficiency, is its load ca-
pacity. In general, it can be presumed that the use of the
potential of the means of transport increases with the
increase of load capacity.

This is a positive phenomenon, since vehicles with
higher load capacity usually generate higher cost of use.
The worst situation is in the group of medium trailers
where, with the annual index of use 4.64 %, as much as
64.79 % trailers are already fully depreciated.

CONCLUSIONS

Based on the results of the studies, it can be con-
cluded that in the studied objects the level of annual use
of their productivity is low, the lowest on average for
trucks —4.53 %, and the highest for delivery vans — 5.80
%. 67.11% of tractors are now fully depreciated, and for
the trailers, the index is 42.15 %. Analyzing the use of
tractors in context of their power, the medium-universal
tractors were found to be the most commonly used ones.
Among the most commonly used means of transport - box
trailers, with the average annual use of the potential of

Source: own studies.

5.35 %, as much as 64.79% of trailers with an average
load capacity (range 3-5 tons) are now fully depreciated.
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WYKORZYSTANIE POTENCJALU PRODUKCYJNEGO
POJAZDOW NA FARMACH O ROZNYCH ROZMIARACH

Streszczenie. Artykut prezentuje wyniki badan po-
rownujacych stosowanie potencjalnej zdolnosci produkcyjnej
srodkow transportu w kontekscie wielkosci gospodarstw sa
prezentowane. W badanych obiektach poziom rocznego wy-
korzystania potencjatu produkcyjnego jest niski, najnizszy od
$redniej dla samochodow cigzarowych - 4,53%, a najwyzszy
dla samochodow dostawczych - 5,80%. 67,11% ciagnikow sa
to maszyny w petni zamortyzowane. Wsrdd najczesciej wy-
korzystywanych §rodkéw transportu - przyczep skrzyniowych,
64,79% przyczep o S$redniej nos$nosci (zakres 3-5 ton) jest
w peli zamortyzowane.

Stowa kluczowe: transport, srodki transportu, ciagni-
ki, przyczepy, samochody, eksploatacja, potencjat produkcyjny.
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Application of akaike information criterion for the detection of outliers
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Summary. For the detection of outliers (observations
which are seemingly different from the others) the method of
testing hypotheses is most often used. This approach, however,
depends on the level of significance adopted by the investigator.
Moreover, it can lead to an undesirable effect of “masking” the
outliers. This paper presents an alternative method of outlier
detection based on the Akaike information criterion. Statistical
calculations and comparative analysis for the proposed method
were conducted with commonly used statistical tests on the
basis of the classical Grubbs experiment and the research into
the combustion of biomass with plant composition. The ad-
vantages of the method and rationale for the selection of the
appropriate statistical model were formulated in the form of
conclusions.

Key words: outliers, data entropy, Akaike information
criterion, Dixon test, Grubbs test.

1. INTRODUCTION

In the experiments carried out in the field of technical
sciences, natural sciences and humanities we are often
dealing with a sample, where the numerical values of
some observations differ significantly from the others.
The presence of such an observation in a sample (i.e.
an outlier) may be due to various types of measurement
errors, equipment failures, etc. In other words these ob-
servations should be regarded as undesirable, derived
from a different population and ultimately excluded from
statistical analysis.

However, outliers with apparently large or small val-
ues can be accepted by the probability distribution of the
characteristic, which would mean that in the considered
experiment we have a feature of less common value. So,
it should be saved for further statistical analysis, thus
increasing its efficiency.

For the detection and final evaluation (inclusion or
exclusion from further analysis) of an outlying single
observation the appropriate statistical test can be used,

described by [24]. The problem with rejecting one outly-
ing observation for the sample taken from a population
with normal distribution was investigated by numerous
researchers e.g. [8,9,10,12,16,18,25]. In a multivariate
normal model rejecting outliers was considered e.g. by
[8,13,17,20,21,23,24].

It should be noted that the detection of outliers with
a test makes the statistical inference dependent on the
level of test significance, which in practice may mean
obtaining different conclusions for different levels of
the test. Also, statistical conclusions drawn from the
performed test often depend on the number of obser-
vations considered as outliers (masking outliers). This
means that the same “suspicious” observations in one
subset of measurements may be recognized as outliers,
and in another may not.

The purpose of this paper is to present an alternative
method for detecting outliers based on the general crite-
rion of Akaike. This criterion, derived from information
theory, was applied to select the best statistical model that
describes (in terms of maximum entropy) real experiment
data. The following discussion is based on the results of
[1,2,21] allowing for the choice from the models describ-
ing real data of such a model that maximizes entropy by
using the function:

AIC = 2In(W) + 2K, )

where:

W - likelihood calculated for the parameter estimates,
obtained by the method of maximum likelihood, K -
number of parameters.

As suggested by Sakamoto, it would be best to choose
the model for which AIC value is the lowest.
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2. THE MODEL OF OUTLIERS

Let us consider observation test n which, when rear-
ranged according to increasing values, creates the set:
Xy S Xy S0 S Xy

So x ,, is the value of the k-th positional statistics X .
In the rest of the paper we use the following notation:
w(x; i, %) is the density of a normal distribution with
mean y and variance o2, ®(x; u, ¢°) is the distribution

function of this distribution, and f (x; i, 6°) is the density
of r-th positional statistics from the normal population, i.e.:

w(x,1,0°) = ! exp {— (x— él) }, @
\/27[0'2

20

(—u)
O'

f.(x;u,0°)=B(r,n —r+1)’1CD(x; 1,07
x{l—CD(x; 1, 02)"”}1//(x;y,0'2), )

D(x; 1,

}dt 3)

where:

1
B(p,q)=[t""A=0""dt, p>0, g>0 (5)
0

denotes the function Beta [David 1979]. It is known
that:

(P _ (p-Dig-D!
Flp+q)  (p+q-D!
for natural p and q.

B(p,q) = (6)

The model describing data with possible outliers
after taking into account (2) - (6) can be represented by
the density function:

w(xu,07) 1<r<n
B(X) =3 S oo, G 1,07)  r=m 41, n—n, (7)
l//(x;,u,z,az) r=n-n,+1,...,n

The model described by (7) means that n, of initial
observations: x,,...,%,, n-n-n, of the middle obser-
vations: x(nﬁl),...,x(nfnz)and n, of the final observations:
X(nny 1>+ +»X(n are realizations of normal variables with
the same variance ¢, and the means, respectively, u,, 1, 1.
In this model, we consider the results x,,,...,x, and
X(non+1y5- - > XS »,candidates” for outlying observations.

Likelihood function of the model (7) can be written

as follows:
L(x;m, 1y, i, 1y, Jly, 0 ) = Hw(x(,-),ul,az)

n—n,

X Sy (3 1,07 % H WX, t:0,)  (8)

i=n+1 i=n—-ny+1

From logarithms of functions (7) we get the rela-
tionship:

11:—%{nln27r+nln0' +—Z(xl) u'y? }

- Z [InB(.k=j+D)=(=DIn{®(x, |~ (k= Nnfi-p ()] )

i=m+1)

where:
j=i-n, k=n—-n-n, (10)
and
My, 1<isn
u=u, n<i<n-n, n
M, n—n,<i<n

By (8) - (11) the modified Akaike criterion (the mini-
mum value (1)) takes the form:

2 (i, . 67) +2x2 (= j=0)

=20, (x3i, o f1, f1,67)+2x3 (i#0,j=0
AIC(, ]) = V(5075 1 f4,67)+2x3 (i#0,7=0)
0,j=0)

, (12)
=20, (x3, j, s f1,,67) +2x3 (i =
=20 (x5, J, b, f, f1,,67)+2x4 (i #£0, ) #0)
where: 4, f1,, f1,,6 denote parameter estimates ob-
tained by the method of maximum likelihood.

3. STATISTICAL CALCULATIONS
FOR CLASSICAL TESTS AND
INFORMATION CRITERION

Below is a description of the most popular classical
tests for detecting one or two outliers.
a) Tests for a single outlying observation
X -X
i) 7 =—7, T,=""—
s

) (13)
where: s is the sample standard deviation.

b) Dixon tests

X —X X =X

(i+1) (1) n _ 7(n) (n—i)
IS E—— r=— (14)
Xy =X

.. 1
(i) i = .

Xon-jy ~Xqy

where:
i=1,j=0 forn<7,

i=j=1 forn=8,9,10 (15)
i=2,j=1 forn—111213
i=j=2 fornzl4
c¢) Grubbs tests:
nS; nS’
(L =— , L, = 5 (16)
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where:

n

nS?* = Z(x(i) _f)z >
i-1
n

o 1 &

nSl2 = Z(x([) —xl)zx1 = —Zx([),
n—1i3
1

i=2

n-1 n-1
nS, = Z(x(i) -%,)", %, :ﬂzx(i)' (17)
i1 L=

d) Tests for multiple outliers (single-sided case):

. nS? nSfﬁ
(iv) L, = I’IS]; s Ly = I’lSzk’ (18)
where:
2 < —=\2 2 L vy 2
nS, = .;1()6(1,) -X,) ,nS, = Zl(x(i) =X, ),
X, = ! Zn:x X —Lni‘:x (19)
K n—k 55 @ " n—k 3 @
e) Tests for multiple outliers (double-sided case):
n—k
Z(zi -z )2
W E =5— (20)

Z (Zi - f)2

where: z, is the value X, of the i-th smallest distance

_ _ 1 n—k
from the mean X and z, = p ZZ,.
n—K -

Critical values for these statistics for certain signifi-
cance levels are given in [10,11].

Grubbs [1969] cites the following data on the percent-
age clongation at break of selected synthetic materials
(after ordering):

2,02:2,22:3,04:3,233,59;3,73;3,94:4,05:4,11:4,13

In this case, you can only initially get interested in
outlying observations to the left of the mean, because
the very high readings indicate a remarkable plasticity
of the material, which is a desired feature. Questionable
results here are the two lowest values: 2.02, 2.22. We
calculate the values of tests:

Below is the statistical calculation based on the fig-
ures from the experience performed by G. Maj in 2011.
The experiment tested, among others, [May 2011] the
percentage of ash in pellets made from 11 different plant
materials, depending on the combustion temperature and
moisture levels. Combustion of the tested biomass in
the form of test pellets was performed using the muffle
furnace Nabertherm L3/B180. 1-2 g test sample of solid
fuel was placed in the oven and heated to the temperature
of 600°C or 815°C. The ash content in the test sample of
solid fuel was calculated using the following formula:
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3,406 2,02
0,7711
o 222-2,02_ o0

4,11-2,02
L= 3,217
5,351
1,197
5,351

T = =1,7975
=0,6011

L =0,224

A :u.loo
my —m

@

where:

A®- ash content of the test sample [%)],

m,- ignited cell mass [g],

m,- cell mass with the weighed solid fuel [g],

m,- cell mass with ash [g].

One series of measurements in the context of our
discussion seems to be particularly interesting. The giant
Miscanthus combusted at 815°C rendered the following
results:

3,4;3,42;3,45;3,67;3,71;25,93.

The theory presented in Part 2 allows calculation of
the Akaike information criterion for various configura-
tions of outliers. The results of calculations are presented
in Table 4.1, while the values of classical tests after the
calculations are as follows:

_25,93-7,625

: =2,2358,
8,3481
o 25,93-371_ ge67
25,93-3,41
Lo 00840
418,14

Table 4.1. Values of Akaike information criterion for the
ash content in giant Miscanthus

High outliers
25,39
None 25,39 425

None 32,6507 32,0385 43,4342
z
21 341 38,4383 37,8094 44,4609
3
g |34 41,1633 40,9162 46,7224
S| 342

4. SUMMARY AND CONCLUSIONS

The presented modified Akaike information criterion
allows for the choice of the correct statistical model in
the set of models describing a particular experiment and
takes into account the maximum value of entropy. At the
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same time it is independent from the selected different
levels of significance of statistical tests used to verify the
hypotheses formulated within the study. Simultaneously,
it is an analytical indication concerning the exclusion
of the optimal number of outliers in the sample, while
maintaining a hypothetical probability distribution of
the tested characteristic. Unambiguous indication by
the criterion of the outliers which need to be removed
naturally eliminates the potential for masking effect of
outliers in the sample.

Conclusion 1. The classic experiment of Grubbs dis-
cussed by many authors is a typical example of the ambi-
guity of statistical inference based on the classical tests.
None of these tests recognizes the outlying of the lowest
value (the lowest single observation) in the sample. The
resulting test values do not exceed the predicted critical
thresholds because 7, <2,18; 7, <0,477; L, >0,418,
while the calculated value L, = 0,224 <0,2305 at the
significance level a = 0,05 detects the outlying of the
two lowest observations, while for higher values «a still
does not detect outlying.

The above-mentioned problems are not noticed in
the case of the modified Akaike criterion, since the low-
est value of the function (1.1) at 16.041 obtained for the
two low outliers clearly suggests the rejection of the two
lowest observations.

Conclusion 2. The calculated values of the criterion
presented in Table 4.1 clearly indicate the correct model
configurations (single outlier value to the right of the
mean), because the maximum observation value 25.39
(shown in Table 4.1) corresponds to the minimum value
of the function (1.1). This conclusion, in this case, is
consistent with the conclusions of the classical tests, since
at the level of significance a = 0,05 we obtain:

T, =2,2358 >1,996; 1’ =0,9867>0,56; L, =0,002<0,2032

which means that the values of all the classical tests
are in the critical area.

REFERENCES

1. Akaike H., 1973: Information theory and an extension
of the maximum likelihood principle. 2" International
Symposium on Information Theory, eds B.N. Petrv and
F. Csaki, 267-281. Budapest; Akademiai Kiado.

2. Akaike H., 1977: On entropy maximization principle.
Proc Symposium on Applications of Statistics, ed. P.R.
Krishnaiah, 27-47, Amsterdam: North Holland.

3. David H.A., 1956a: On the application of an elementary
theorem in probability. Biometrika 43 85-91.

4. David H.A., 1956b: Revised upper percentage points of
the extreme deviate from the sample mean. Biometrika
43 449-451.

5. David 1979. Pariadkowyje statistiki. Mockba Nauka

6. Ellenberg, J.H., 1973: The joint distribution of the
standardized least squares residuals from a general linear
regression.J. Amer.Statist. Assoc. 68 941-943.

ANDRZEJ KORNACKI, KHACHATUR KYUREGHYAN, SZYMON IGNACIUK

7. Ellenberg J.H., 1976: Testing for a single outlier from
a general linear regression. Biometrics 32 637-645.

8. Ferguson T.S., 1961: On the rejection of outliers. In
Proc.Fourth Berkeley Symposium Math.Statist.Prob.1,
253-287.

9. Galpin J.S., and Hawkins D.M. 1981: Rejection of
a single outlier in two or three-way layouts. Techno-
metrics 23 65-70.

10.  Grubbs F.E., 1950: Sample criteria for testing outlying
observations. Ann. Math.Statist. 21 27-58.

11.  Grubbs F.E., 1969: Procedures for detecting outlying
observations in samples. Technometrics.11 1-21.

12.  Joshi P.C., 1972: Some slippage tests of mean for a sin-
gle outlier in linear regression. Biometrika 59 109-120.

13.  Karlin S., and Traux D., 1960: Slippage problems.
Ann.Math.Statist 31 296-324.

14.  Kudd A., 1956: On the testing of outlying observations.
Sankhya 17 67-76.

15. Nair K.R., 1948: The distribution of the extreme deviate
of the sample mean and its studentized form. Biometrika
35 118-134.

16. Niedziétka 1., Szymanek M., 2010: An estimation of
phisycal properties briquettes produced from plant bio-
mass. TEKA commission of motorization and energetics
in agriculture Vol. 10, No. 2, 301-307.

17.  PanJ.X., and Fang K.T., 1995: Multiple outlier detec-
tion in growth curve model with unstructured covariance
matrix.Ann.Inst.Statist. Math.47. 137-153.

18. Queensberry C.P., and David H.A., 1961: Some tests
of outliers Biometrika 48 370-390.

19.  Schwager S.J and Margolin B.H., 1982: Detection of
multivariate normal outliers. Ann.Statist. 10. 943-954.

20.  Siotani M., 1959: The extreme value of generalized
distances of the individual points in the multivariate
normal sample. Ann.Inst.Statist. Math 10 183-208

21.  Srikantan K.S., 1961: Testing for the single outlier in
regression model. Sankhya A 23 251-260.

22.  Srivastava M.S., 1997: Slippage tests of mean for a sin-
gle outlier in multivariate normal data Amer.J. Manage.
Sci.

23. Srivastava M.S., and Von Rosen D., 1998: Outliers
in Multivariate Regression Models.J. Mult. Anal. 65.
195-208.

24.  Stefansky W., 1972: Rejecting outliers in factorial de-
signs. Technometrics. 14 469-479.

25.  Thompson W.R., 1935: On a criterion for the rejection
of observations and the distribution of the ratio of the
deviation of the sample standard deviation. Ann. Math.
Statist. 6 214-219.

26.  Wilks S.S., 1963: Multivariate statistical outliers.
Sankhya A. 25 406-427.

ZASTOSOWANIE KRYTERIUM INFORMACYJNEGO AKAIKE
DO WYKRYWANIA OBSERWACII ODSTAJACYCH

Streszczenie. Do wykrywania obserwacji odstajacych
(pozornie odbiegajacych od pozostatych) najczesciej stosuje si¢
metody testowania hipotez. Podejscie takie zalezy jednak od
przyjetego przez badacza poziomu istotnosci. Ponadto moze
ono prowadzi¢ do niepozadanego efektu ,,maskowania” osta-
jacych obserwacji. W niniejszej pracy przedstawiono alterna-
tywna metod¢ wykrywania odstajacych obserwacji bazujaca
na kryterium informacyjnym Akaike. Kalkulacje statystyczne
oraz analiz¢ poréwnawczg, proponowanej metody z powszech-
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nie stosowanymi testami statystycznymi, przeprowadzono na Stowa kluczowe: obserwacje odstajace, entropia da-
podstawie klasycznego eksperymentu Grubbsa oraz badan nych, kryterium informacyjne Akaike, test Dixona, test Grub-
dotyczacych spalania biomasy o sktadzie roslinnym. Zalety bsa.

metody oraz uzasadnienie wyboru odpowiedniego modelu sta-

tystycznego sformutowano w postaci wnioskow koncowych.
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Summary. Jerusalem artichoke was previously used as
raw material, food, pharmaceutical and fodder. Its yield po-
tential and low requirements meant that it could be of inter-
est in the energy sector. Aboveground parts turned out to be
a good raw material for production of fuel pellets. Studies have
shown high energy value of dry stalks of Jerusalem artichoke
two varieties: Albik and Rubik. The parameters characteriz-
ing the aboveground plant parts were similar to other types of
biomass. There were no significant differences in the chemi-
cal composition or energy parameters of the tested cultivars.
Sulfur and chlorine content exceeds the standards that apply to
the pellet in some European Union countries, which indicates
a less useful raw material for production of pellets. Jerusalem
artichoke ash has a high content of alkali oxides and low melt-
ing temperatures, which indicates the risk of its deposition on
heating devices. Accordingly, it is proposed to mix Jerusalem
artichoke plant biomass with other raw materials.

Key words: Jerusalem artichoke, biomass, heating
value, ash content.

INTRODUCTION

High potential yield and wide possibilities of us-
ing Jerusalem artichoke (Helianthus tuberosus L.) have
caused an increase of interest in this species. There are
many uses of this plant, but in Poland it is used mainly
as a vegetable for food. Especially tubers with white skin
and regular shape are widely used for culinary purposes
on chips, salads and as cooked and fried foods. Tubers
are also a good raw material for alcohol production (in-
cluding energy sources) and fructose syrups. They can
be used for animal feed, without evaporation, as is the
case with feed potatoes. The tubers contain inulin poly-
saccharide, particularly valuable in the diet of diabetics.
The juice of the tubers and flower infusions are used
to treat gastrointestinal diseases. Jerusalem artichoke
stems and leaves are fed to livestock animals, they are
also suitable for silage, drought or pellets for animals.

Chaff from the raw stems is a good substrate for the
production of edible fungi, including oyster [2]. Due to
the rich set of polysaccharides, proteins, organic acids,
vitamins and other compounds, bulbs and flowering tops
of young shoots are also a raw herb.

Jerusalem artichoke, as a species with great ability to
bind solar energy and processing of the biological mass,
can be used as energy plant for direct combustion, co-
firing with coal and the production of biogas [5, 6, 16, 14,
20]. Another form of use of this species is the reclama-
tion of land devastated by the industry and utilities [2].
Jerusalem artichoke is a species with very high production
potential. On fertile soils, with plenty of water, fresh bio-
mass yields can reach up to 200 Mg per ha, and yield the
same tubers to 90 Mgxha'x [1, 15]. In Polish conditions,
average dry matter yield of aboveground parts ranges
from 10 to 16 Mgxha™, and of tubers 12-36 Mgxha™.

MATERIALS AND METHODS

Aboveground parts of two varieties of Jerusalem
artichoke: Albik and Rubik were obtained at the Experi-
mental Station of the University of Life Sciences in Lublin,
located in Zamos¢ on brown soil, belonging to quality
class II, good wheat complex. Biomass in the form of
residual stems and leaves (most leaves had fallen under
the influence of wind and precipitation) were collected
after drying in the winter of 2005 and 2006. Random
samples in bulk were analyzed for the elemental content,
energy and heat of combustion in the Power Research and
Testing Company “Energopomiar” in Gliwice. Measure-
ment of moisture content, ash content and volatile matter
were made by gravimetric method. To determine the
heat of combustion of biomass, calorimetric method was
used. Based on this, the calorific value was calculated,
according to the following formula:
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Q=Q -LOH+W) Q)

where:

Q, - net calorific value

Q, - gross calorific value

L — heat of vaporization (2 257 kJ-kg")

H, — hydrogen content

W, - moisture

Study of carbon, hydrogen and sulfur was performed
by infrared absorption, nitrogen - by katharometric meth-
od, and chlorine - by titration. Biomass analysis was
performed for analytical, dry and ash-free dry states.

Ash was obtained at 600 °C, the elemental composi-
tion was analyzed with plasma spectrometer ICP OES.
The contents of individual components were given for
the dry state. Characteristic melting temperature of ash
as determined (in half-reduced atmosphere): as well as
the temperature of sintering, softening, melting and pour.
Based on the analysis results, the ¢ coefficient was cal-
culated, which characterizes ash susceptibility to form
deposits, according to the following formula [18]:

_ Fe, 03+ Ca0O+ MgO+ Na,O+ K, 0+ P05

2
m Si0, + AL, O, + TiO, @

C

RESULTS

Analytical samples were characterized by a similar
moisture level 9,6-9,7% (Tab. 1). This moisture, known
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as air-dried, stored in biomass is characterized by a room
devoted to combustion or pre-processed to form granules:
briquettes or pellets. Perennial plants, where the above-
ground parts dry up after the end of the growing season,
have a high dry matter content without drying, which also
results in low moisture of samples. This feature also ap-
plies to Jerusalem artichoke and is one of its advantages.
The ash content was slightly higher in the stems of
the variety Rubik, which was 5.1% in the state analysis
and 5.6% in absolute dry state and in the aboveground
parts of the variety Albik, which was respectively 4.9
and 5.4%. The content of combustible substances of both
cultivars was very similar and amounted to an average
of 85.4% in the analytical condition and 94.5% in the
dry state. Also content of volatile matter in biomass was
not dependent on the varieties of Jerusalem artichoke.
The heat of combustion of biomass of the examined
varieties of Jerusalem artichoke obtained analytically
varied within narrow limits 15.64-15.81 MJxkg!, while in
the dry state 17.31-17.49 MJxkg™, while the calorific value,
respectively 14.32-14.49 MJxkg!and 16.10-16.30 MJxkg™!
(Tab. 1). The study revealed that the variety Albik was
characterized by less favorable energy parameters, which
results from its chemical composition. The carbon content,
the desired element in any energy raw materials, was pres-
ent in the biomass at 41.72% in Albik and 46.16% in the
dry state, while in the stems of the variety Rubik, respec-
tively, at 43.27% and 47.90%. At the same time higher oxy-
gen content was reported in the biomass of Albik variety.
Biomass of selected varieties of Jerusalem artichoke
was also examined in terms of sulfur content and chlorine

Table 1. Energetic parameters of two cultivars of Jerusalem artichoke

Condition
Parameter Symbol Unit analytical dry dry and ash-free
Albik Rubik Albik Rubik Albik Rubik
Analytical moisture A % 9,6 9,7 - - - -
Ash A % 4,9 5,1 5.4 5,6 - -
Burnt matter - % 85,5 85,3 94,6 94,4 - -
Volatile matter A% % 67,2 66,9 74,4 74,1 78,6 78,5
keal-kg! 3736 3775 4134 4179 4371 4427
Gross calorific value Q.
MIJkg! 15,64 15,81 17,31 17,49 18,30 18,53
kealkg! 3419 3460 3846 3892 4066 4123
Net calorific value Q,
MJkg! 14,32 14,49 16,10 16,30 17,02 17,26
Carbon C, % 41,72 43,27 46,16 47,90 48,81 50,74
Hydrogen H, % 4,97 4,94 5,50 5,47 5,81 5,79
Oxygen (6} % 38,69 36,92 42,81 40,87 45,26 43,29
Nitrogen N % 0,08 0,10 0,09 0,11 0,09 0,12
Total sulphur S, % 0,02 0,05 0,02 0,06 0,02 0,06
Chlorine Cl % 0,190 0,240 0,210 0,266 - -

Source: own research
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— the elements responsible for the corrosion of heating
appliances. Participation of sulfur was 2.5-fold higher in
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Table 3. Characteristic fusibility temperature of Jerusa-
lem artichoke ash [°C]

the biomass of Rubik variety and 3-fold higher for dry . . Cultivar
and ash-free dry mass. The difference was less chlorine [O%I]lpera ure Symbol : :
content, although the stems of the variety Rubik’s contents Albik Rubik
were higher (Tab. 1). Sintering t 620 620
Table 2. Composition of Jerusalem artichoke biomass ash Softening b 685 690
[7] Melting t, 965 960
Cultivar Pour te 1260 1120
Component Symbol
Albik Rubik Source: own research
Silikon .
dioxide Sio, 7.83 6.80
Iron Fe,O, 0.50 0.51 DISCUSSION
Aluminium AlL0, 0.46 0.46 The most important parameters of thermophysical
Manganese Mn,0, 0.04 0.05 fuels are: calorific Value. and heat of comb.ustlon. Thes.e
parameters depend mainly on the chemical composi-
Titanium TiO, 0.02 0.02 tion and humidity of the material. The calorific value
Calcium CaO 197 18.8 of dry straw is contained in a relatively narrow range
- and depends primarily on the type of plant: from 14 to
Magnesium | MgO 2:40 1.06 15 MIxkg™'. For comparison, the calorific value of coal
Sulphur SO, 1.83 1.85 varies from 18.8 to 29.3 MJxkg"! [4]. In studies of [16]
the average calorific value of Jerusalem artichoke was
Phosph PO 5.35 3.69 .
oSpRoTH 2 15.6 MJxkg, but that varies from 14.8 to 16.4 MJIxkg'.
Sodium Na,0 0.45 0.54 [10] described the heat of combustion of biomass with
Potassium K,0 337 358 moisture. content 20% to about 15 MJ><kg:1 biomags, while
: [7] obtained the value of 14.9 MJxkg"' in working con-
Barium BaO 0.03 0.04 ditions (17.6% humidity), while in the dry state — 18.0
Strontium SrO 0.07 0.09 MIJxkg!. The calorific value of Jerusalem artichoke with
X the humidity of 15%, determined by [14], amounted to15.9
Chlorides c 388 47 MIJxkg!. The calorific value of Jerusalem artichoke as
Carbonates co, 22.8 24.6 defined in our study can analytically oscillate around14.4
-1 . _
o coofficient | < e 230 MIJxkg!. The he'at of combustl'on ranged at 15.64-17.49
m il MJxkg! depending on the moisture content of the raw

Source: own research

Small differences were found out in the elemental
composition of Jerusalem artichoke cultivars of ash (Tab.
2), while in the biomass the significant characteristic
was the alkali oxide content, responsible for the reduced
melting temperature of ash. There was particularly high
CaO and K,O content in ash (18.8 and 19.7% for CaO,
and 33.7 and 35.8% K,0O). The ash of the variety Albik
also showed large amount of PO, (5.35%). The sum of
alkali oxides in the ashes of both varieties is large and
shows the danger of a strong build up of deposits on the
heaters during the combustion of biomass. Greater pres-
ence of chlorides in the ash varieties were found at Rubik
(4.74%), while the ash of the variety Albik contained
3.88% chloride (Tab. 2).

The ash of Jerusalem artichoke was characterized by
relatively low melting point (960-965°C), which makes
it strongly adhere to the heating surface of boilers, heat
exchange disturbing (Tab. 3). Ash flow temperature of
the variety Albik was higher in comparison with the ash
of the variety Rubik.

material and it showed typical values for many types of
biomass [8, 18]. Moilanen [11] reviewed the literature
on the chemical composition and energy parameters of
biomass from agriculture and forestry. As is clear from
the data presented by him, the minimum calorific value
was 16.75 MJxkg!, and the maximum specified in the dry
state was 19.70 MJxkg! (heat of combustion, respectively
18.06 and 20.95 MJxkg"), while the minimum values were
found for cane biomass, and the maximum ones for the
bark of pine trees. [12] compare the calorific value of straw
(wheat, barley, rapeseed, corn), granules (pellets, wood
briquettes and straw), wood chips and oats. The calorific
value of all the energy raw materials was contained in
the range 14-18 MJxkg™!, with the highest energy value
characterized by the pellet. Comparison of the results
of the authors’ own research and presented in database
containing information about the energy performance
of biomass and some waste [Phyllis] indicates that the
composition and energy value of Jerusalem artichoke
is comparable with the one presented in the literature.
The combustion of clean biomass produces small
amounts of ash and its contents in biomass is 0.5-12.5%
[12]. Although ash from the combustion of biomass can



120

be used for fertilizing, considering the possibility of using
plant materials in co-firing, excessive ash content may
be unfavorable feature. The ash content in coal, accord-
ing to research of [18] is 22.2%, is 0.3% in pine, 0.8%
in beech, 2.2% in willow biomass. Reported [4] that the
ash content in coal is 12%, 3-4% in cereal straw, and
in wood is even smaller and ranges from 0.6 to 1.5%.
Niedziotka and Zuchniarz [12] have reported that dur-
ing the combustion of clean biomass, a small amount of
ash is produced, estimated at 0.5-12.5%, while its larger
share of the pollution provides the raw material. Wilk
[21] defines the ash content in the biomass of wood on
0.3-7.4%, while in the straw of cereals on 4.3-10.4%. Ac-
cording to the author there is a weak negative correlation
between ash content and energy value of raw material, and
it calculated the correlation coefficient at 0.3093, which
means that with increasing ash content in the biomass
a decline in the value of heat of combustion follows. In
light of the quoted results it can be stated that the ash
content in the biomass of two cultivars of Jerusalem
artichoke, analyzed and presented in our study, did not
differ from the average values obtained for other plant
materials. Biomass of Rubik and Albik varieties were
characterized by the participation of ash at the level of
4.9-5.1% DM, but in the light of standards for pellets [§]
they did not meet their requirements.

Jerusalem artichoke biomass also exceeded Western
European standards for wood pellets in terms of chlorine
content. Wilk [21] states that the maximum chlorine
content found in the straw of different plants studied in
the laboratory of the Institute for Chemical Processing of
Coal stood at 1.023%, while in biomass wood at 0.039%.
Sciazko et al. [18] have emphasized that the high content
of chlorine can lead to increased corrosion and corrosive
sludge accumulation in the boiler during the direct com-
bustion of biomass. Total sulfur content in the biomass
of Jerusalem artichoke was measured in hundredths of
a percent (0.02-0.05%), while [3] has reported that in the
straw of different species of agricultural plants the sulfur
content is 0.1-0.4%.

The high carbon content of energy raw materials is
very desirable, because correlative relationship between
the content of this element and the calorific value of
biomass is positive. In studies of [21] coefficient of de-
termination R? was 0.9976. The share of carbon in dry
weight Jerusalem artichoke ranged from 46.16 to 47.90%,
while in the straw it was 42-43%, and in coal 59% [4].

Wasilewski [19] compares the composition of the ash
from combustion of coal and wood chips from willow
and beech. The content of alkali oxides in the ash from
coal is low and amounts to: 2.66% CaO, 2.98% K O,
0.89% P,O,. In the ash from willow it is, respectively:
44.5,8.51 and 5.9%, while in the beech chips these values
are as follows: 29.6, 10.27 and 2.68%. The percentage
of SiO, and Al O,, thus limiting the adverse properties
of oxide deposition of ash on heating devices, in the ash
from coal its total is 79.46%, while 22.49% from willow
and 34.1% from beech chips. Also [18] have indicated
a much higher content of acidic compounds in the ash
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resulting from burning coal (the sum of SiO, and Al O,
was 79.7%) compared to the ashes of wood (16.9%), straw
(50.3%), sediment sludge (31.4%) and bone meal (5.96%).

According to research conducted by the Institute for
Chemical Processing of Coal in Zabrze [19], the melting
temperature of coal ash amounted to (°C): t 920, 1230
t,, t, t. 1400 and 1420°C For ash willow chips these tem-
peratures were, respectively: 830, 1520, 1530 and 1540°C,
for spruce sawdust: 1090, 1190, 1220, 1290°C, for two
samples of cereal straw: 800+810, 860+900, 1140+1150
1220+1280°C. Scigzko et al. [18] have mentioned that the
characteristic melting temperature of both fly ash from
coal, biomass as well as the one designated on a labora-
tory scale often give insufficient information on potential
risk slagging of heating surfaces, due to different design
solutions for boilers, prolonged exposure to exhaust, the
combustion process changes, etc. .

CONCLUSIONS

The observed growing demand for biomass energy
has caused considerations of the possibility of the energy
use of plants grown for food and feed. Particularly desir-
able features of energy crops are: a high potential yield, re-
sistance to environmental conditions and durability. These
features are present in Jerusalem artichoke. The study
shows that the above-ground parts obtained after drying
are characterized by the energy parameters which are not
inconsistent with other types of biomass. Varieties Albik
and Rubik have similar chemical composition and energy
parameters. The stems of both varieties have a relatively
high content of chlorine and sulfur, and therefore their
mixing is proposed with other types of biomass for the
production of granules (pellets), which will be important
in order to meet quality parameters. Negative feature is
the Jerusalem artichoke biomass chemical composition
of ash and its low melting temperature. These parameters
indicate the risk of deposition of the heating devices and
thus reducing the efficiency of boilers.
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SEONECZNIK BULWIASTY (HELIANTHUS TUBEROSUS L.)
JAKO ODNAWIALNY SUROWIEC ENERGETYCZNY

Streszczenie. Stonecznik bulwiasty znajdowat dotych-
czas wykorzystanie jako surowiec spozywczy, farmaceutyczny
i paszowy. Jego duzy potencjat plonowania i mate wymagania
sprawily, ze znalazt si¢ w kregu zainteresowania energetyki.
Czgsci nadziemne okazuja si¢ by¢ dobrym surowcem do pro-
dukcji granulatéw opatowych. Badania wykazaty wysoka war-
tos¢ energetyczng suchych todyg stonecznika bulwiastego dwu
odmian: Albik i Rubik. Parametry charakteryzujace nadziemne
czesci roslin byty zblizone do innych rodzajow biomasy. Nie
stwierdzono znaczacych roznic w sktadzie chemicznym badz
parametrach energetycznych badanych odmian. Zawartos$é
siarki i chloru przekracza normy, jakie obowiazuja dla pele-
tow w niektorych krajach Unii Europejskiej, co wskazuje na
mniejszg przydatnos$é surowca do produkcji granulatow. Popiot
topinamburu charakteryzuje si¢ wysoka zawartoscia tlenkow
alkalicznych 1 niskimi temperaturami topliwosci, co §wiadczy
o ryzyku jego odkladania si¢ na urzadzeniach grzewczych.
W zwiazku z powyzszym proponuje si¢ mieszanie biomasy
topinamburu z innymi surowcami roslinnymi.

Stowa kluczowe: stonecznik bulwiasty, biomasa, war-
tos¢ opatowa, zawartos¢ popiotu.
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Summary. In the publication, the issues associated with
land use and reclamation were presented. Causes of land deg-
radation resulting in the creation of wasteland and directions of
its reclamation were characterized. When choosing the direc-
tion of restoration, the development plan objectives have been
taken into account, as well as the local needs and protection of
the environment. The forest or agricultural directions are the
commonest and the complete or partial reconstruction of the
soil profile is the basis of reclamation.

In the last decades vast agricultural areas have been ex-
cluded from use. They were allocated mainly for housing es-
tates, industrial areas, roads and communications paths, min-
ing areas or water reservoir sites. Simultaneously, thanks to
reclamation and the following development, a great deal of the
downgraded part has been restored for agricultural use.

Key words: reclamation, land use, wasteland, decline,
devastation, agriculture, soil, land.

INTRODUCTION

Life of the man is inseparable from using the environ-
ment, which also involves exploitation of the needed raw
materials. Such activity can affect positively or negatively
the environment, and in many cases it leaves a permanent
track. The destroyed or vandalized surface of the earth
requires a thought-over and effective reclamation and
the following development. One of the legal documents
concerned is the Reclamation Act on the Protection of
Agricultural and Forest Areas, which resolves the prin-
ciples of protection of agricultural and forest lands as
well as the reclamation and improvement of the utility
of ground.

The process of reclamation consists in the restora-
tion of the utility of ground which has been downgraded
or vandalized as a result of human activity or natural
disasters, through performing technical, biological or
agrotechnical treatment. We rank the ground degraded
by the industry and mining, landfill sites, slag heaps

among areas requiring reclamation and the like [10,11,18].
Reclaimed ground should be subjected to rational de-
velopment consisting in the realization of the sequence
of treatments which will enable to use this ground to
agricultural, forest, or other purposes.

The reclamation and development are interrelated.
The direction of reclamation has a considerable influence
on the direction of development and depends on: demo-
graphic conditions, the structure of using the surrounding
ground, costs of individual tasks, land development plan
on which the reclaimed area lies and needs of changes
in the structure of using the area [13].

In order to expand cities, build motorways and new
factories, new areas are needed. Therefore, the change
is inevitable from using agricultural lands to other func-
tional purposes. According to the statistical yearbook
in Poland in the years 2000 — 2009, 23 thousand ha of
agricultural lands were turned off to nonagricultural
destinations, including 15 thousand ha of farmland [2].
In order to stop this rush one should reclassify areas
in the well-conceived way and, if possible, conduct the
rehabilitation in agricultural direction.

PROTECTION OF LAND

The protection of ground consists in reducing ac-
tivities affecting the environment and downgrading or
vandalizing the areas in question.

Agricultural and forest areas constitute a crucial
element in the functioning of environment, therefore
their appropriate protection is important. In the light of
the act from 3 February, 1995 on the protection of agri-
cultural and forest areas, the protection of agricultural
areas consists in:

— limiting their allocation to non-agricultural or non-
forest units,
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— preventing the degradation processes and devastation
of agricultural land as well as damage in agricultural
production occurring as a result of non-agricultural
activities and of movements of the earth masses,

— reclaiming and developing land towards agricultural
purposes,

— keeping peat bogs and small ponds,

— limiting changes of the natural shape of the earth areas.

Similarly, the protection of forest areas consists in:

— limiting their allocation to non-forest or non-agricul-
tural units,

— preventing degradation processes and devastation of
forest lands as well as the damage in tree stands and
forest production resulting from non-forest activity
and movements of the earth masses,

— restoring the utility of ground which lost the character
of forest land as a result of non-forest activity,

— improving their utility as well as preventing or lower-
ing their productivity,

— minimizing the changes of natural forming of the
earth area.

The level of soil protection is dependent on two fac-
tors, the origins and class. The highest classes and organic

soils deserve top protection levels [3].

THE DECLINE AND DEVASTATION
OF THE SOIL ENVIRONMENT

The industrialization and urbanization are the main
causes of soil degradation causing the increase of waste-
land. The destructive character of this devastation is
obvious, the effects are most often irreparable, and the
adverse influence is unquestioned. The decline of soil
is caused by many factors, and the most important are:
the building development and changes in using ground,
mining exploitation of raw materials, waste disposal,
industrial and automotive environmental pollution, use
of chemicals in farming and forest, water and wind ero-
sion, inappropriate land reclamation [17].

With its big interference in the environment, mining
is the branch of industry which is most often matched
up. It results from the specificity of the mining industry
both underground, above the ground and to a large degree
opencast. It is an undeniable fact that in Poland over 60%
of all wasteland is the effect of activity of coal mining
and the mining of raw materials [1]. The area of land
occupied by the mining engineering is decreasing and in
2008 it was over 36 thousand [2] ha. Until recently, they
still left the degraded areas to themselves without any
corrective actions, hoping that the nature alone would
restore a particular area. It contributed to the creation
of the opinion that mining was highly harmful to the
environment. At present, restoration works are being
conducted not only after the completed use but also while
the use is lasting.

Nevertheless, wasteland is coming into existence for
natural reasons and it includes; bogs, sand dunes, areas
with disadvantageous land features on which conditions
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for inhabiting are insufficient. Such wasteland, incurred
for natural reasons, should be protected, since in spite of
the lack of utility it usually has a considerable natural
value. In the years 2000 - 2010 wasteland constituted
1.6% of the area of the country [2].

Every owner of land, including farmlands and ground
reclaimed to agricultural destinations, is obliged to the
counteraction of soil decline. If a suspicion exists about
the possibility of the appearance of erosion or of mass
movements the afforestation rate can be ordered to the
owner of the ground by way of a decision requiring the
afforesting, planting bushes on the ground or arranging
permanent grassland on it. Also, the duty of keeping the
technical efficiency of devices in the state preventing
erosion and of devices of detailed land reclamation lies
with the landholder on which the devices are staying.

The basic forms of soil degradation include: erosion,
acidity, making barren, alkalization, salinity, breach of
balance between nutrients, environmental pollution of
soil with toxic elements.

Erosion of soil is the process of soil cover decay
which in a significant way influences the sculpture of
the earth’s crust. It can be triggered by water, wind or,
in special cases, gravity. For its straining depends on
the terrain, properties of topcoat of the lithosphere, cli-
matic conditions, flora and the way of using ground [1].
The dense flora constitutes the cover of soil, influences
its properties, increases the water retention, shapes the
local microclimate and influences the accumulation of
nutrients. The liquidation of flora in order to increase
the cultivated area increases the erosion processes to
a considerable degree. It is caused by the long-lasting or
periodic denudation of soil and performance of treatments
aerating the soil. The sandiest soils are exposed to ero-
sion and weakly clayed. They are characterized by great
permeability and low content of functional constituents.
Agricultural use of sandy ground causes a sequence of
disadvantageous changes such as: increased outflow of
rain waters, scouring fertilizer elements, which in conse-
quence results in fertility decrease. Finally, the lowered
profitability of cultivation causes cease of the agricultural
use and appearance of wasteland. In Poland, 27.6% of
the cultivated soil is potentially threatened with wind
erosion, including 17.3 in the weak degree, 9.3% in the
average degree and 1% in the strong degree. 27.5% of
agricultural and forest areas are endangered with surface
water erosion, and17.5% with ravine erosion [2].

Acidification of soil is an enormous problem all over
the country. It is caused by air pollution, applying mineral
fertilizers for a long stretch of time, activity of bacteria,
decomposition of humus and storage of sour and acidic
waste in landfills. Under natural conditions, soils are
characterized by high acidity caused by some sedimentary
rocks [12]. As a result of soil acidification a sequence of
disadvantageous changes occurs: nutrients are scoured,
the concentration of toxic metals and other adverse fac-
tors in the soil grows, roots of plants are damaged. The
effective but also long-term method of neutralization of
acid soils is liming. In order to neutralize the compact
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soil to the reaction being neutral for a majority of plants,
even several dozen years are needed. According to the
statistical yearbook in the year 2009 the area of soil re-
quiring liming in different degrees reached 72%. These
results were received after examining 3635 thousand ha
of the area.

Making the soil barren consists in the drop of nutri-
ents. It is most often caused be applying the monoculture
i.e. the cultivation of one kind of soil plants with about
the same requirements in the same area for a few years.
As a result, the reduction in content of nutrients which
can assimilate in the soil causes the dwarfing of plants.
In the organic cultivation, fertilizing with manure and
mineral fertilizers is the best-known way of soil enrich-
ment. At present, a research on fly ashes applicability to
this purpose is being conducted [16].

Another adverse factor is upsetting the balance be-
tween nutrients. With every collected crop there comes
a whole range of nutrients, especially microelements. In
order to supplement them, mineral fertilizers which in
contrast with natural fertilizers do not have all the es-
sential microelements are more and more often applied.
This gap upsets the balance between nutrients in the
soil causing the sequence of disadvantageous changes.

Alkalization of soil is another disadvantageous oc-
currence. Alkalization can be caused by cement waste,
waste from calcareous, smelly chemical plants, landfill
ashes and slags, sewers and urbanized areas. As a result
of the alkalization of the soil a concentration of nitrates
is growing. It causes delayed plant ripening, their weak-
ening and the associated reduction of their resistance to
vermin and illnesses.

Salting the soil is the process of salts accumulation in
the soil profile as a result of natural weather conditions
or improper irrigation [5]. It is triggered by water-soluble
salts, mainly sulphates, chlorides, sodium carbonates. It
adversely affects the flora to a great extent since it hampers
or completely stops the consumption of water through the
root. At the setting of 0.3% and concentration of 0.5%
dying out of plants starts taking place [5]. Withering of
leaves or dying of roadside trees is the most frequent
manifestation of salinity as the effect of exaggerated ap-
plication of salt in winter in an attempt at the liquidation
of black ice. The exaggerated salinity also causes erosion
by knocking deep-sea waters, containing waste disposal
NaCl off to rivers, which because of the great solubility
easily make it out to soil environment and waters. Since
the concentration of salt is dependent on the amount of
water in soil, salinity is not a permanent phenomenon.

Another danger is environmental pollution of soil
with toxic elements. The toxic effect of a substance can
result in greater concentration of components of poison-
ous character. To the most dangerous ones belong heavy
metals, herbicides, petroleum products, WWA.

Heavy metals pass through the entire food chain
and gradually accumulate in it. The toxicity of heavy
metals results from the degree of the contamination of
the environment and the biochemical role they fulfill in
metabolic processes. The environmentally most hazardous
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ones are: cadmium, lead, mercury, zinc, copper, chro-
mium and arsenic. These elements enter mainly through
dusts emitted from the combined heat and power plants
and factories and falling down into the soil. In trace
amounts they have a stimulating effect on the growth
of plants, however in higher quantities they lead to their
dying out [6,14].
Soil often gets contaminated with petroleum and
its products, especially in places gas and petroleum ob-
tainment, surroundings of refinery and as a result of
the breakdown while storing fuels. Soil pollution with
petroleum-derived products adversely affects the crop
production.
At present in soils increased contents of long-lasting
organic pollutants are recognized, and the frequently
observed pollutant is WWA. These compounds come
from natural and anthropogenic processes.
Applying herbicides in too large doses, at wrong
weather conditions and at incorrect development phases
can cause plant damaging.
The process of soil self-cleaning is the longest with
reference to long-lasting components. It depends, among
others, on the kind of pollutant, the degree of contamina-
tion, and the kind of soil.
We distinguish three main methods of soil cleaning to:
— extraction and separation of pollutants from soil with
the help of water solutions,

— thermal processing consisting in the burning of pol-
lutants or treatment with infrared radiation,

— Dbiodegradation [5].

Fig. 1. Opencast mine of the lignite coal Rusko-Jaroszow
[A. Kowalska]

DIRECTIONS OF RECLAMATION
AND DEVELOPMENT

Reclamation not always means restoring ground to
its original condition but according to the principle of the
forming of diversified environmental conditions can be
conducted in other, more desired directions [7]. Degraded
areas are often characterized by peculiar properties which,
through appropriate actions, can become more attractive
and benefit a lot. Therefore, there is no ready standard of
behavior with this type of areas, but one should carry out
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a thorough analysis of all the factors. At first, one should
determine the current functions of the area performed
before the decline, to recognize the character and scale of
ground degradation in order to determine the appropriate
functions of the area intended for reclamation. Here are
the main factors on which the choice of direction of the
reclamation depends:

Landscape features. Especially vertical shaping en-
joys a considerable influence on the direction of reclama-
tion. Technical and economic aspects of the performance
of works depend on the gradient. A steep slope predis-
poses degraded areas to direction of the reclamation in
which the terrain has a lower significance or for which
varied vertical landscape features are necessary.

The area of devastated ground and the kind of sur-
roundings. Small sizes are predisposed to the direction
of reclamation in accordance with the kind of surround-
ing ground. If the surrounding ground is being used in
agricultural or forest way, the direction of reclamation
should be identical in order to keep the spatial structure of
the use. In the vicinity of the building land, recreational
or cultural directions are recommended [4,10].

Water relationships. Apart from vertical landscape
features, from economic reasons, water conditions have
a considerable influence on the direction of reclama-
tion. On heavily watered areas, water direction is proper
if necessary, i.e. when the conditions make it a right,
natural direction.

Coating with tree flora and greenery. Direction of
reclamation should be selected in such a way as to integrate
the existing flora. However, the flora does not condition the
specific direction of reclamation. It participates, however,
in creating the biologically active layer of soil needed in
reclamation, mainly in agricultural or forest directions.

The type of soil has a considerable influence on the
direction of reclamation, particularly when a layer of bio-
logically active soil is essential. On sandy soil, planting the
coniferous forest is recommended; sandy, clay, dust and ar-
gillaceous soils can be reclaimed in agricultural direction.

It is possible to reclaim a degraded area in a few
directions. The most often chosen directions are forest
and agricultural ones. In 2009 they amounted to 93% of
the whole reclaimed ground [2].

Agricultural direction. The reclamation involves
devastated areas which stay in the agricultural category
of arable land and are laid for the use as e.g. pastures.
Works are focused on the improvement in the biological
properties of active soil or its reconstruction, but also on
the improvement in water relationships and landscape
features.

Forest direction. In forest direction laying the
ground for the arboriculture is the purpose of reclama-
tion. Reclamation works consist in landscape features
improvement, creating the layer of soil and regulating
water relationships.

Fishing direction. If the reclaimed area has a proper
shape, lowering the permeable bottom and the possibil-
ity of keeping the essential water level can be used to

form fish ponds. Reclamation works consist mainly in
the proper forming of the bottom, forming edges and
ensuring the essential water level. For example post-
mining excavations can be used, incurred after extracting
sands and gravels, which are usually characterized by
the highest level of waters.

Recreational direction. It is one of more expensive
directions on account of a lot of works needed in order
to get a safe and attractive area. In a majority of cases
a body of water for recreational purposes is involved.

In order to allow the degraded area to serve peo-
ple, one should form the bottom of the container, its
edges, ensure the appropriate level and quality of wa-
ter, as well as prepare the grounds for pedestrians,
build car parks and roads. In case of the allocation
for pedestrian areas, forming the terrain, regulating
water conditions and producing the layer of biologi-
cally active soil are included in the scope of works.

Land improvement direction. We distinguish two
subtypes: hydro-drainage and phyto-drainage. In the first
case a small pond serving as a small retention container
is created, in the second, afforesting mid-field [1].

Infrastructure direction. As a result of reclamation
in the direction of infrastructure, devastated areas are
converted into economic, housing, building and other
types. The works focus mainly on the proper landscape
features, draining and preparing access roads. If the area
is to be developed in this way it must fulfill a number
of conditions such as: endurance of ground, appropriate
terrain as well as appropriate water conditions [1].

The essential system of the marking of directions
introduced to the reclamation in the PN-G- 07800 norm,
2002 has been supplemented and extended. Apart from
trends, also detailed directions were set, which it is pos-
sible to survey in order to get all sorts combinations.
Such solution was suggested by U. Kazmierczak and J.
Malewski and mentioned in the work by P. Kasprzyk [7].

Table 2. General and specific reclamation directions by
Kazmierczak [1,9]

Detailed Detailed
Trend of the direction Trend of the direction
reclamation of the reclamation of the
reclamation reclamation
. nature
cultivations
reserve
Agricultural
. landscape
breeding P
park
area of
economy protected
Natural landscape
rotection species
Forest P protection
natural
. feature of
recreation . .
historic
importance
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documentary
s osition of
buildings p .
geological
Water features
. ecological
recreation
use
Natural
. natural-
the housing
. landscape
industry
) team
Economic
industry
the green belt
services

For areas with a large surface, wider general and
detailed directions of the reclamation and development
were drawn up. Cultural direction in which the artis-
tic, teaching and contemplative initiative is contained
is a novelty.

Table 3. General and specific directions of reclamation
and development of terrain-space components [8§]

breeding: of animals, poultry, fish

Agricultural cultivations: arable land, orchards, meadows,

pastures, home-grown gardens

protection

economic

Forest - - -
recreation: tourist routes, couples, walking-

bicycle paths, health, forest paths promotional
complexes

recreation: bathing beaches, water sports

Water economic: holding containers, containers of the

drinking water

Natural forms of protection depending on natural values

the housing industry, campuses, garages

industry

services: incubators, magazines, shops,
wholesale companies, car parks, sports facilities
and the like

Economic

landfill sites

teaching: thematic tracks, laboratories

Cultural contemplative

artistic: museums, exhibitions, showrooms and
concert, stages, amphitheatres and the like

METHODS OF THE RECLAMATION
OF DEGRADED AND VANDALIZED AREAS

The reclamation consists in sending or restoring the
degraded or vandalised utility or natural ground through
due forming of the terrain, regulating water conditions,
reconstructing the soil, improvement of the physical and
chemical properties. The technique of the reclamation of
degraded or vandalised areas depends very much on many
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factors resulting both from the character of reclaimed
ground and from the scope of works essential for the set
direction of rehabilitation. We distinguish three phases
of reclamation of degraded areas: preparatory, technical
and biological.

In the preparatory phase the recognition of deter-
minants takes place, consideration of the correctness of
performing the reclamation, establishment of the direc-
tion of reclamation and development, drawing up and
estimate of the technical documentation.

They fall within the scope of the technical phase of
reclamation: forming of the relief of the reclaimed area,
regulation of water conditions (including the structure of
necessary facilities and hydro-technical devices), neutrali-
zation of toxic pollutants in the ground, fertilizing works,
complete or partial reconstruction of the soil profile and
the building of necessary infrastructure [8,15].

The biological phase consists in improving the physi-
cal and chemical biological properties of ground and wa-
ters, the technical and biological structure of hillsides of
heaps and escarpments of excavations, implementing the
flora, reconstructing biological conditions and protecting
against the sheet erosion of the reclaimed areas as well
as storing water in the post-mining holes intended to
become bodies of water [1]. The biological reclamation
also includes agrotechnical treatments such as: mechani-
cal cultivation of ground, mineral fertilizing, inserting
carious blends, mainly papilionaceous and digestive ones.

The role of flora in the process of the reclamation is
significant and relies on the protection of areas against
industrial pollutants, stabilization of loosely-knit soil-
grown works and protection against water erosion and
air. Flora also plays an important role in processes of
soil formation.

CONCLUSIONS

According to the Polish constitution and the Act
on the protection of agricultural and forest lands every
citizen is obliged to look after the natural environment,
including ground. However, human activity is connected
with interference in the environment and its decline.
Deterioration of the state of biologically active layer of
soil results from acidification, getting barren, alkaliza-
tion, salinity, upsetting the balance between nutrients
and environmental pollution of soil with toxic elements.
A number of developed and tested techniques enabling
to obtain optimal conditions for the life of plants and
animals exists which, applied during the process of
reclamation, can bring notable benefits to the areas in
question. We are singling out some of the directions of
reclamation. In Poland, agricultural and forest direction
is the commonest. There are some main factors on which
the choice of reclamation direction depends: landscape
relief, area and kind of devastated ground as well as the
kind of surroundings, forming the coverage with tree
flora and greenery, water conditions or type of works in
the degraded area.
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KIERUNKI REKULTYWACIJI
1 ZAGOSPODAROWANIA NIEUZYTKOW

Streszczenie. W publikacji przedstawiono zagadnienia
zwigzane z rekultywacja i zagospodarowaniem terenow zde-
gradowanych. Scharakteryzowano przyczyny degradacji grun-
tow prowadzace do powstania nieuzytkow oraz kierunki ich
rekultywacji. Przy wyborze kierunku rekultywacji bierze si¢
pod uwage zatozenia planu zagospodarowania przestrzennego,
potrzeby lokalne oraz zasady ochrony $rodowiska. Najczesciej
wybierane s kierunki rolny i les$ny. Istota przeprowadzenia
rekultywacji w tych kierunkach jest catkowite lub czesciowe
odtworzenie profilu glebowego.

Przez ostatnie dziesieciolecia wylaczonych z uzytkowania
zostato wiele gruntéw rolnych. Przeznaczone byty gldwnie na
tereny osiedlowe, przemystowe, pod drogi i szlaki komunika-
cyjne, pod uzytki kopalne oraz pod zbiorniki wodne. Jednocze-
$nie dzigki rekultywacji i nastgpujacemu po niej zagospodaro-
waniu udalo si¢ przywrdci¢ cze¢s¢ zdegradowanych, gtownie
przez przemyst, gruntéw pod uzytkowanie rolne.

Stowa kluczowe: rekultywacja, zagospodarowanie,
nieuzytki, degradacja, dewastacja, rolnictwo, gleba, grunt.
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Influence of heating plates temperature on freeze drying
energy requirements and quality of dried vegetables
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Summary. The paper presents the results of research
concerning the influence of heating plates temperature of
freeze dryer (40, 50, 60, 70°C) on specific drying energy and
selected properties of dried vegetables (celery, parsley, carrot).
The results showed that an increase of heating plates tempera-
ture caused a decrease a specific drying energy (average about
60%), but rehydartion ability and L-ascorbic acid content also
decreased. The highest changes of this acid were observed
when temperature increased from 60 to 70°C. The optimum
temperature during freeze drying process of investigated veg-
etables was 60°C.

Key words: lophylization, drying, specific energy, qual-
ity, vegetables.

INTRODUCTION

Freeze drying of foods is one of the best methods
of water removal which results in the highest quality of
final product. The freeze drying process was first used
to food products after the Second World War, in order to
preserve and store foods without the refrigeration. Veg-
etables, fruits, fish, meats, dairy products, herbs and food
flavourings can be successfully lyophilized [10,14]. Low
temperature during freeze-drying stops microbiological
activity and thus the quality of the final product is better.
Another important advantage is that during this process
the various heat-sensitive biological compounds are not
damaged [8,9]. This process retains the physical struc-
ture of the food product and preserves it for re-hydration
at a later date. It is generally accepted that the flavor
of freeze dried foods is better than the air dehydrated
products [16,19,21]. However due to the process-specific
mechanisms, time of drying and the costs of system
is viewed as one of the most energy-consuming food
preservation methods [3,12,18]. Thus generally the use
of freeze drying in the food industry is limited.

The sublimation rate is the mass of ice sublimed (kg)
per unit time (s), which can be expressed [17]:

dm P —-P

ice C 1
dr Rp +R’ M

where: dm/dt is ice sublimation rate (kg/s), P, is
the equilibrium vapor pressure of ice at the sublimation
interface temperature (Pa), and R, and R_are the dry
layer and stopper resistance, respectively, to water vapor
transport from the sublimation interface (Pa-s-kg™").

Iturria et al [7] have given the formula (2) for cal-
culation the total energy for frozen drying process of
biological material. In the formula (2) O, is the total
heat transferred to the sample (J), 7, ample is the sample
temperature (K), f is the radiation view factor, ¢ is the
sample surface emissivity, ¢ is the Stefan—Boltzmann
constant (Jm?K*s™), 4, is the sample radiation area (m2)
T . the average surroundmgs temperature (K), T el 1
the shelf temperature (K), t, is the starting drying t1me
(s), t, is the ending drying time (s), h,is the contact heat
transfer coefficient (J-m*K'-s") and A_is the sample
contact area (m?).
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)dt. @)

The temperature of freeze drying process has signifi-
cant influence both on of dried material quality, time of
drying and costs of process [11,13,15,20]. Many studies
concerning the increase of freeze drying capacity tak-
ing into account minimal energy consumption and good
quality of product [1,2,16].

Vegetables are the most readily available sources
of important proteins, vitamins, minerals and essential
amino acids, in the diet. However due to the high mois-
ture content, vegetables are very perishable with low



130

storage life [4,5,6]. Freeze drying increases the shelf life
to between 10 and 20 years of food without altering its
reconstituted texture [21]. The aim of this work was to
evaluate the influence of heating panel temperature on
freeze drying energy requirements and selected quality
parameters of dried celery, parsley and carrot.

MATERIALS AND METHODS

The material for investigation were roots of celery
(cv. Makar), parsley (cv. Berlinska) and carrot (cv. Ce-
zaro). Before drying, the raw materials were cut into
10 mm cubes. The process of drying was continued until
the mass of the sample reached the constant moisture
(5% w.b.). The convection dryer load was 3,5 kgm. The
investigation were carried out at the temperature of freeze
dryer plates 40, 50, 60, and 70°C and with the constant
pressure in the drying chamber — 63 Pa.

The drying process was conducted using the freeze
dryer ALPHA 1-4 (Fig. 1). This dryer consists of a drying
chamber, cooling and heating systems, vacuum system,
and a control and measuring system. Beside of this, the
measuring stand consists of: electronic balance cooper-
ated with Wing v.2.05 program and a electric power
meter M4660-M cooperated with software Digiscop
v.2.41 [19].

000000000000
000000000000

Fig. 1. Lyophilisator ALPHA 1-4: 1 — drying chamber, 2 — ice
condenser, 3 — frame with heating plates, 4 — electro-magnetic
valve, 5 — vacuum pump, 6 — computer, 7 — aeration valve,
8 — cooling system of ice condenser, 9 — control and measur-
ing system, 10 — heating system, 11 — tensometric balance,
12 — electric meter

The rehydration of dried products was evaluated by
ability of water absorption according to PN-90/A-75101/19.
The content of L-ascorbic acid in raw material before
and after drying was determined according to PN-A-
04019:1998.
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The measurement of the electrical energy supply to
particular subassemblies of the lyophilisator, was regis-
tered as the power distribution during the drying process
with a sampling constant of 0.5 s.

The total value of energy supplied for particular sub-
assemblies of the lyophilisator during one cycle of drying
was calculated by using the numerical integration method
and spreadsheet [19].

The specific drying energy was calculated as the total
energy supplied to lyophilisator during drying process
related to 1 kg of dried raw material.

The investigations were replicated five times for each
temperature of heating plates. The obtained data was
further subjected to a statistical analysis and the conse-
quent evaluations were analyzed for a variance analysis.
Statistical tests were evaluated by using the Statistica 6.0
software (StatSoft, Inc., Tulsa, USA). All the statistical
tests were carried out at the significance level of oo = 0.05.

RESULTS AND DISCUSSION

The longest drying time of vegetables was noted at the
temperature of heating plates /= 40°C and the shortest at
t = 70°C The longest drying time was 610 min, 570 min
and 510 min for celery, parsley and carrot, respectively,
whereas the shortest time ranged from 210 min (carrot)
to 260 min (celery). For all vegetables, as the temperature
of heating plates increased a linear decrease of drying
time was observed.

The analysis of variance confirmed that the tem-
perature of heating plates has a significant influence on
the drying time. (Tab. 1). An increase of temperature of
heating plates caused a significant decrease of drying
time for all vegetables (Fig. 2).

Table 1. The results of variance analysis of drying time
under the influence of temperature of heating plates

Variable Sou‘rce of Slllm‘ofsquares p-value |F-test
variance within groups

Drvin Temperature

tinfe € | ofheating 44.99331 7.99E-17 | 2.724944
plates

700 -

600 - k celery
—_ M parsley
£ 500 -

E M carrot
g an

% 300

o

40 50 60 70
Plates temperature (°C)

Fig. 2. The relation between the temperature of heating plates
and drying time of vegetables



Table 2. The regression equations described the influence

INFLUENCE OF HEATING PLATES TEMPERATURE ON FREEZE DRYING ENERGY

of heating plates temperature on specific drying energy

Raw material | Regression equation R?

Parsley e=-474t+28.85 0.9832
Celery e=-4.54t+26.7 0.9810
Carrot e=-4.12t+24.1 0.9778

Table 3. The results of variance analysis of specific dry-
ing energy under the influence of temperature of heating
plates during freeze drying process
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100 g of dry weight, respectively and the initial moisture
content 85.4% and 83.8%, respectively.

700 - parsley

celery

i -3
600 - i@ carrot

500 - =
400 |
300 -

200 -

Rehydration rate [mI*100 g drought']

100 -

0

40 50 60 70

Plates temperature (°C)

Fig. 4. Relation between temperature of heating plates and re-
hydration rate

Table 4. The results of variance analysis of rehydration
rate under the influence of temperature of heating plates
during freeze drying process

Variable Sou'rce of ng.of squares p-value |F-test
variance within groups
Specific | Temperature
drying of heating 426.6838 1.9E-47 |2.724944
energy plates
30 —o— celery
—8— parsley
25 | —=x— carrot
*g 20 -
&
S 15
i
£ 10-
5
40 50 60 70

Plates temperature (°C)

Fig. 3. Relation between temperature of heating plates and spe-
cific drying energy

The results showed a significant decrease of specific
drying energy as the drying temperature increased (av-
erage from 22.0 to 9,2 MJkg?) (Fig. 3). It is caused by
shortening of drying time. The highest specific drying
energy was obtained during drying of celery and the low-
est for carrot. The highest decrease of energy utilization
was observed when drying temperature of heating plates
increased from 50 to 60°C. The relations between drying
temperature and specific drying energy were described
by linear regression equations (Tab. 2).

The results of variance analysis confirmed that the
temperature of heating plates has a significant influence
(a=0.05) on specific drying energy during lophylization
process (Tab. 3).

The results of dehydration rate for dried vegetables
were presented on Fig. 4. An increase of heating plates
temperature caused a slight but significant and linear
decrease of dehydration rate of all vegetables (Tab. 4)
The highest changes of rehydration index were obtained
for dried celery (12% in the case of extreme temperatures
of heating plates)

The roots of celery had the initial moisture content
86.3% and contained average 71.5 mg per 100 g of dry
weight of L-ascorbic acid. Whereas the average value of
this acid in carrot and parsley was 72.0 and 174.7 mg per

Variable Sou.rce of SquOf squares p-value | F-test
variance within groups
iﬁ;};{d;?gi?e d Temperature
. of heating 3420.678 5.85E-81 | 2.724944
material, R/
plates
Rmax

The temperature of heating plates has a little influ-
ence on L-ascorbic acid content. However, the increase
of temperature form 40°C to 70°C caused a significant
decrease of this acid content, average about 13%, 17% and
18% for parsley, carrot and celery, respectively (Tab. ).
The highest changes of L-ascorbic acid content (decrease
about 8-9%) were observed when drying temperature of
heating plates increased from 60 to 70°C (Fig. 5). The
changes of L-ascorbic acid in the function of heating
plates temperature were described by using the quadratic
equations.

Table 5. The results of variance analysis of L-ascorbic
acid content under the influence of temperature of heating
plates during freeze drying process

Variable Sou'rce of Sl%m.Of squares p-value | F-test
variance within groups

L-ascorbic | Temperature

acid of heating 791.9623 3.23E-57 | 2.724944

content plates

Table 6. The regression equations described the influence
of heating plates temperature on L-ascorbic acid content

Raw material | Regression equation R?

Parsley L=-31¢2+87t+149.6 0.9934
Celery L=-1.65t+4.67t+60.3 | 0.9795
Carrot L=-125t>+347t+474 0.9858
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Fig. 5. Relation between temperature of heating plates and L-
ascorbic acid content

CONCLUSIONS

1. The specific drying energy during lophylization proc-
ess of vegetables decreased as temperature of heating
plates increased (average from 22.0 to 9,2 MJkg™"). The
highest decrease of drying energy was observed when
temperature increased from 50 to 60°C.

2. An increase of heating plates temperature caused a de-
crease of rehydartion index of dried vegetables. The
highest changes of rehydration index (decrease about
12%) were obtained in the case dried celery

3. The content of L-ascorbic acid decreased as the tem-
perature of heating plated increased. The highest
changes of this acid were observed whet temperature
increased from 60 to 70°C.

4. According to these results we can conclude that the
optimum temperature of heating plates during freeze
drying process of investigated vegetables is 60°C.
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ANALIZA WPLYWU TEMPERATURY PLYT GRZEINYCH
LIOFILIZATORA NA ENERGOCHLONNOSC PROCESU
1 CECHY JAKOSCIOWE SUSZU Z WYBRANYCH WARZYW

Streszczenie. W pracy przestawiono wyniki badan do-
tyczace wptywu temperatury plyt grzejnych na energochton-
no$¢ procesu liofilizacji oraz wybrane cechy jakosciowe wa-
rzyw (selera, pietruszki i marchwi). Na podstawie uzyskanych
wynikow stwierdzono, ze wzrost temperatury ptyt grzejnych
powodowal spadek jednostkowych naktadow energii suszenia
(Srednio o 60%). Nastgpowato takze pogorszenie wskazni-
ka rehydracji suszu oraz zmniejszenie zawartosci kwasu L-
askorbinowego. Najwigksze zmiany tego kwasu odnotowano
przy wzroscie temperatury plyt grzejnych z 60 do 70°C. Za opty-
malng temperature liofilizacji badanych warzyw przyjeto 60°C.

Stowa kluczowe: liofilizacja, suszenie, energochton-
nos¢ jednostkowa, jakos¢, warzywa.
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in vibroacoustic diagnostics

Waldemar Kurowski

The Department of Mechanical Systems and Automation Engineering
Warsaw University of Technology, Faculty of Building, Mechanics and Petrochemical Industry
Adres: Jachowicza 2/4, 09 - 402 Ptock, Poland, qurovski@wp.pl

Summary. The objective feature of the reflection allows
for using measurable physical quantities that characterize the
processes accompanying the operation of a mechanical device,
as signals carrying encoded information. In order to decode this
information, the signal has to be retrieved and converted into
a characteristic, usually determined in frequency domain. Using
the DFT procedure, the computer allows for calculations of the
estimates of frequency characteristics. For the effective use of
the numerical methods, one needs to know how the information
encoded in the signal is generated during its processing. In or-
der to investigate these problems, a model that reflects the A/C
conversion and the periodization of the fragment of retrieved
signal in a closed time frame was used. The investigation of
this model has shown that the DFT procedure generates stripes
representing the harmonic waves of a signal only for admissible
frequencies, equal to the total multiplicity of the inverse of sig-
nal retrieval time. To present the wave of another frequency, the
DEFT procedure generates a substitute spectrum. Consequently,
the discrete spectrums are a result of a superposition of waves
representing the harmonic signal components of frequencies
that belong to the admissible set as well as waves of frequencies
that do not belong to this set and form substitute spectrums.

Key words: vibroacoustic diagnostics, numerical signal
processing, Fourier transformation.

INTODUCTION

For construction and operation of mechanical devices
information related to its technical conditions, its proper-
ties and processes taking place is necessary. In reference
to mechanical devices the obtainment of such knowledge
requires a realization of a research process consisting in
acquiring and interpretation of information. This is the
task of technical diagnostics [4, 5, 9, 10, 11, 14].

A reliable source of information on a mechanical
device is research. It is known that ‘the matter-character-
istic, objective feature of the reflection is shown through
generating and conveying information on the conditions

of objects of the material world’ [17]. This feature allows
using measurable physical quantities that characterize
the processes accompanying the operation of a device as
diagnostic signals carrying encoded information. In order
to decode this information the signal has to be retrieved
and converted into a characteristic.

Most of the processes occurring in a device in op-
eration that are the sources of the signals are series of
events that repeat periodically. That is why the charac-
teristics of these signals are usually determined in the
frequency domain.

Computers of high computational power and modern
algorithms allow cheap and quick calculations of different,
sometimes very complex frequency characteristics of the
diagnostic signal through numerical methods. For the ef-
fective use of the numerical methods of signal processing
one needs to know how the information encoded in the sig-
nal is generated during its processing and how the informa-
tion is distorted and presented in the signal characteristics.

THE SUBJECT OF INVESTIGATION

The subject of the investigation is a mechanical de-
vice composed of elements joined in kinematic pairs.
An operating device can be perceived as a controlled
acting system, schematically presented in figure 1. The
system is characterized by an open flow of the stream
of mass, energy and information that is divided into two
components. The first appears at the output in the form of
a working process. The other is an uncontrolled stream
of mass, energy and information that accompanies this
process. In a correctly functioning device the amount of
mass and energy in the second component is miniscule
in comparison to the mass and energy of the first one.
Yet, the flow of information related to the functioning
principle is similar to the first component [10, 17].
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technical system

working
process
input
accompanying
processes

Fig. 1. Flow of stream of mass, energy and information

The second component of the flow stream appears
in the form of processes that accompany the operation
of the device. The most important are: deterioration,
vibroacoustic and thermal processes. The cause-and-
effect relation between the symptoms that characterize
the conditions of the device and the processes that take
place in this device as well as the relation between the
processes emitted to the outside allows using ‘reflection’
for diagnostic purposes. The physical quantities that
characterize these processes are used as signals carrying
information on the device.

During the operation sources of wave distortions
located in various kinematic pairs and parts of the me-
chanical device activate. Some of them have been shown
in figure 2.

N
L
Fais

external
operation
", symptoms

Fig. 2. Sources of wave distortions

The wave distortions generated by the sources,
marked with x, (#),.....,x, (¢) in figure 3 are subject to feed-
back through propagation. Between the sources and the
output of the system representing the investigated device
forms a channel of flow of information. At the output of
the channel appears signal () whose coordinates are
the selected physical quantities [10, 11].

input

Fig. 3. The channel of the flow of information

In practice, individual time realizations of these
quantities are used as diagnostic signals. The amount
of information included in realization f{#) depends on
its versatility that shows through changes in time. Each
change is one bit of information. The higher the frequency
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of these changes the more information in a time unit will
be conveyed to the output of the flow channel. In this
case the vibroacoustic signals (mechanical and acoustic
vibrations) are the best choice out of all signal emissions
by the operating device. An additional advantage of these
signals is their accessibility outside of the device without
distorting their operation [2,10, 17].

FOURIER TRANSFORM

In 1807, the baron Jean-Baptiste Joseph Fourier,
a mathematician, engineer, member of the French Acad-
emy presented an essay treating on the fact that periodic,
linear function f{¥) fulfilling the Dirichlet conditions can
be expressed as a sum of series:

fO)=a,+Y (a,cos2zvnt +b,sin2zvnt) (1)

n=1

1 T/2 2 T/2
where: a, =? .[f (t)dt ,a, :F j f(t)cos2zvntdt,
-T/2 =T/2

2 T/2
b == j F(t)sin2zvntdt.

-T/2

Coefficient a is an average value, a , b are the co-
efficients of the harmonic distribution of function f{7).
Index n=1,2,...,.0 denotes the expressions of the series,
T — period of function f{#), v=1/T — frequency. Because:
v =va=n/T and v =v(n+l)=(n+1)/T the increment
Av=v=1/T=const. Equation (1) presents function f{¥) as
an infinite sum of cosine and sine functions of discrete
frequencies growing by a step of Av.

We can assume that for the non-periodic function
T—o, then Av—dv. Taking this assumption into account,
after transforming series (1), we obtain a formula for the
Fourier Transform [1, 3, 13]:

F(v) = [ f()exp(~j2mvi)d ©)

The integral (2) is a functional, in which the nucleus
exp(—j2zvi)dt, in function f{¥) seeks a harmonic wave of
the frequency of ve[0,00) and describes it with a com-
plex number, containing the time-averaged te(—o0,00)
information on the amplitude and phase of this wave. In
the complex coordinate system this number determines
the point that is the end of a vector (in this paper the
complex values will be typed in bold):

F()=a()+jb() ©)

of the phase module and angle:

|FO)[=ya* () + 6% (v) @

Y(v)=arctg[b(v)/a(v)]+ mm, where m=0,£1,12,....
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Vector F(v) presented in figure 4 is a spectrum of the
harmonic wave of frequency v, contained in function f{?).
Because operation (2) of the transformation of function f{¥) is
repeated for all frequencies from the range [0,00), transform
F(v) show the course of signal f{7) in the frequency domain.

Alm

F(vn)\f
¥ (vn)

Vn

v

Fig. 4. The spectrum of the harmonic component of function

A0

Using the phase module and angle from dependence
(4), equation (3) can be notated according to the Euler
theorem in the trigonometric form:

F()=|F)|cosy )| FO) | sing(0)=|F) | expip )] (5)

Hence:

a()=|F)| cosy(v), ~bv)|Fm)|siny(v) (6)

In the system of three coordinates: real part a(v),
imaginary unit jb(v), frequency v - continuous course of
the Fourier transform is a place of the geometrical end
of vectors F(v) just like the ones in figure 4, distributed
on the axis of frequency every dv—0. Taking the depen-
dences (4) into account, we can present the transform in
the form of two courses: module spectrum |F (v)| and
spectrum of the phase angle y/(v).

Time realization f{7) is always a real function of
time. The results of the Fourier transformation of such
a function will be a complex transform. Knowing the
course of the cosine and sine functions we can prove
that a(v)=a(—v) and —b(v)=b(—v). The Fourier transform
of the real function fulfills the Hermite conditions. This
means that the real part is even and the imaginary unit
is odd. As a consequence the course of the module is
an even function: |F ) | = | F (—v)| and the course of the
phase angle is an odd function: —y(v)=w(-v) [1, 3].

Time realization f{) and Fourier transform F(v) re-
main in the equivalence relation. The equivalent pair
f(H)<=F(v) fulfills the theorems of linearity and additive-
ness and mutual symmetry. The transform of the product
of two functions f/(f)£,(?) equals to the wreath product
(convolution) of their transforms F,(v)*F,(v); the reverse
theorem is also true.

THE MEASUREMENT WINDOW

An infinite period of function f{#) manifests through
infinite boundaries of integration of transformation (2).
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In diagnostic research of mechanical devices we retrieve
a fragment of a signal f{7):7e[-7/2,T/2]. The finite re-
trieving time 7 becomes a basic period of function f{7)
and determined the frequency of the periodization of
the retrieved fragment: v,=1/T. This is contrary to the
assumption that 7—oo for non-periodic function f{7) that
the basis for the transformation of series (1) to the form
of an integral (2) [1, 6, 8, 10].

7 N

wit
4&)\ : £t
/\/ h
V2R .~

-1/2 T/2 t

4+

Fig. 5. Diagnostic signal in the measurement window

Range [-7/2, T/2] determines a rectangular measure-
ment window such that: w(f)=1 for te[-7/2,7/2] and
w(t)=0 for t¢[-T1/2, T/2] presented in figure 5. The Fourier
transformation is performed on signal f{¥):t€[-7/2,T/2]

=[f(0): te(—o0,0)] - w(?):

(L7 ()] exp(=j2mve)dt =
= [ 1) exp(=j22v)dt =F()* W () %

-T/2

where the transform of the rectangular measurement
window was w(?):

T/2

inzvT
[exp(-j2mnydi =7 227

W)= ]Ew(t) exp(—j2zvt)dt = ®)

T2 v

Fig. 6. Transform of the rectangular measurement window

The course of the transform W(v) for v=0, presented
in Figure 6, is suspended on the abscissa of the coordinate
system. If signal f{f) contains harmonic component of
this frequency and amplitude that equals one then this
component should manifest in figure 6 in the form of
a stripe of module spectrum |F(v)| on the ordinate.
Because the signal was retrieved in finite time 7, then as
a result of the convolution (7) the stripe of the spectrum
will be represented by local maximum of the course
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sin zvT

W) for v=0. Because for v—0 lim =1 value

vl
T determines the scale that will adjust the height of this

maximum against the length of the stripe.

In the spectrum of the module of the actual signal,
the stripes denoting the amplitudes of the individual
harmonic components occur for different frequency v,
where n=1,2,3..... The expression (8) will take the form:

sinz(v—v,)T

W =1 zv—-v)T

©

The stripe of the module spectrum for v=v will
be distorted by the rectangular measurement window
identically as the stripe for v=0.

The rectangular measurement window effect shows
as a leakage and lateral waves of the Fourier transform of
signal f{7) : te[-T/2, T/2]. The leakage makes the differen-
tiation of the neighboring stripes difficult and sometimes
impossible and the lateral waves distort their value.

THE PROCESSING PRINCIPLES
OF VIBROACOUSTIC SIGNALS

The time realization retrieved as a diagnostic sig-
nal is in fact an ergodic and stochastic process f((?),
where: ¢ — time, { — random variable. In a sufficiently
long range function f{¢):t€[-7/2, T/2] carries encoded
information contained in process f((,7). The processing
that should enable reading of this information consists
in determining of the non-random characteristics from
function f{¢):te[-1/2,T/2]. 1t is assumed that in range
[=772, T/2]this function is linear, stationary and fulfills
the Dirichlet conditions [1, 10].

The characteristics can describe signal /{7) : te[-772, T/2]
in three domains: value, time and frequency. In the diag-
nostic of mechanical devices the most frequent sample is
the one consisting in transformation of the signal to the
frequency domain with the use of the Fourier Integral.
This is particularly the case in vibroacoustic signals.

Equivalence f(r)<> F(v) means that the following
relation is true: | f(t)|2<:>|F(v)|2. The squared course of
the module spectrum is a frequency image of the energy
contained in signal f{f) and carries information of the
intensity of the wave distortions that were activated while
the mechanical device was in operation. This information,
read and properly interpreted may form a message regard-
ing the technical condition of the parts and kinematic
pairs of the device where these sources are located [2, 10].

The sources of distortions are characterized by pe-
riodic repeatability of reversible events that manifest as
wave phenomena. The values of frequencies determined
based on the knowledge of the system composition and
structure represented by the device can be deemed as
common addresses of spectral components and sources
that generated it. The addresses of a given pair source-
component are usually different for each pair. The infor-
mation resulting from relation | f(l)|2c>|F(v)|2 regard-
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ing the value of the module of the spectral component
of the signal is at the same time information regarding
the energy resulting from the intensity of functioning
of a given source of distortion. The schematics of the
conveyance channel presented in figure 3 shows that
signal f(f):t€[-1/2,T/2] carries information regarding
the energy of different sources that are mixed due to
mutual feedbacks. Course |F(v)|depicts the frequency
decomposition of the signal that allows identifying and
estimating the energy generated by given sources. That
is why the Fourier transformation is an important tool
in signal processing used in vibracoustic diagnostics of
mechanical devices.

The computers allow calculations of the estimates
of different characteristics that are difficult to deter-
mine through direct analogue measurement. The Fourier
spectrum is a perfect example here. The database for the
calculations of the spectrum is a series of values repre-
senting continuous time realizations of signal fragment
fO:te[-172,T/2] [10, 11, 16].

MODEL OF A DISCRETE SIGNAL

The retrieved time realizations f{7) : te[-1/2, T/2] are
continuous. A series of values from which the computer
will calculate the Fourier transform is generated in two
phases by the A/C converter from the retrieved signal:
1. sampling that consists in discretization of the function
argument: f{r) : te[~7/2, T/2] in moments: £ ,f,,...,t,,...t, |
€[-7/2,T/2]. The difference: At=¢ _ —t, =T determines
the constant period of sampling and the frequency
of sampling: v,=1/T . Values T and T, determine the
number of samples: N=7/T =int. that will fit into the
measurement window,

2. quantization of realization f{¢):t[-7/2,7/2] in mo-
ments: £,f,,...,t,....t,, , that determines the value of signal
JWT) for: £=0,1,2,....,N-1.

The discrete function: f(kT) represents a series of
subsequent events each of which has an assigned number
value. Separately, none of them carries any important
information, but a series of N — events in timely order,
does. In the database obtained during the A/C conver-
sion information is stored regarding the signal in the
measurement window in the moment of sampling. Other
information that can exist in the signal is lost.

In order to analyze the process of generating the infor-
mation during numerical processing we can use a model
that reflects the A/C conversion and the periodization
of the fragment of the retrieved signal in a closed time
frame [10, 12,15]. For the creation of such a model we
can use the Dirac comb:

() = |J 8(r—aT,), where & ==%5-s=L0L....00

shown in figure 7a. It is a series of impulses evenly dis-
tributed on the time axis maintaining a distance equal to
signal sampling period At=T =const. The multiplication
by the function of window w(f) takes into account the
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retrieval of the signal of the period of [-7/2,7/2] and
limits the number of samples determined by the Dirac
impulses to the value N:

ST =(f(1):1 € (—o0,:))-
w(t)- ) 8-aT)

a=-xn

(10)

The periodization of signal (10) we can reflect through
convolution of signal f*(k7,) through Dirac comb II’
= U 6(t —nT) in which the impulses are distributed

n=-0

on the time axis every At=T=const. and are numbered
with an index: # =-x,...,—1,0,1,2,...,00:

JKT)=(f(1):1 € (-o0,0))-

w(t)- O S(t-al)* Cj 5(t—nT) an
111 a |11 Y] ®
i 10

Fig. 7. Dirac comb in the time and frequency domain

Signal f(kT)) for k=0,1,2,...,N-1 is a series of events
that is why operations (10) and (11) marked U, are not
algebraic addition but a summing of events.

DISCRETE FOURIER TRANSFORM

Taking into account the theorem on the transform
of the algebraic product and convolution of two func-
tions the Fourier transformation of signal f{(k7) can be
notated as follows:

FO)=[ [ f@)exp(-j2av)dt -
: j [ LD’ (£)]- exp(—j27ve)dt * f (11 (£)]- exp(—j27ve)de (12)

The Fourier integral from —7/2 to 7/2 takes into ac-
count the algebraic multiplication through window w(f).
The result of the integration is the convolution of the
function f{¢)e(—o0,00) transform and the transform of the
rectangular measurement window occurring on the right
side in formula (7).

The Fourier transform of the Dirac comb that is de-
termined in the time domain remains the Dirac comb in
the frequency domain [15]. It has a form of distribution
of a period of 1/A¢, shown in figure 7b. The transforms
1II(7) and II’() will be respectively:

W) =v, J@—av), ) =v, |J G-nv,),

a=—on n=-n
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where: v =1/At=1/T,, v.=1/At=1/T and a,n=—o0,...,
-1,0,1,...,00.

Algebraic multiplication through comb HI’(¢) will
result in a discretization of the spectrum to the form of
a series of vectors referred to as stripes. Value v,=1/T
determines a constant distance between the stripes and
determines the discrete spectrum resolution. The values
nv, determine frequencies for which these stripes can
appear. The rectangular measurement window limits the
number of stripes to value N.

The convolution by I(v) results in a periodization
of the discrete spectrum. It is shown as a reproduction
of the spectrum every v, value for an infinite number of
times because a=-0,...,~1,0,1,...,00. Frequencies v, and v,
occurring before the sums of events in the transforms
of the Dirac combs III’(v) and II(v) determine the scale
of the multiplication operation and do not influence the
way the discrete spectrum is formed.

Figures 8a, b and ¢ show the process of the forma-
tion of the discrete spectrum of the module of the tested
signal represented by the real function of time.

According to the Hermit conditions, the spectrum
of the module of the real function is even. In figure 8a
spectrum |F (v)| and its even reflection |F (—v)| are sym-
metrical and form a unity that as a result of periodization
is ‘suspended’ on the abscissa determined by stripes 0- v,
and 1-v,. The reproduction of the spectrum results in
that the information in all ranges [a-v,, (e+1)-v ), where
a=-m,...,—1,0,1,...,00 will be the same. That is why for the
considerations only one range needs to be included: [0, v ).
In this range N=v /v, stripes will fit that are numbered
with index n=0,1,...,N—1.

In figure 8b spectrum |F(v) , suspended on abscissa
v,=0-v and its left hand reflection | F(-v) | suspended on
abscissav =1-v are subject to superposition in frequency
range [0,v ). The determined spectrum is a sum of super-
imposed courses: |F(v)| and |F(—v) | This phenomenon
is called aliasing.

a Fov)l
TV, T, gl
b Fol {,
| ﬁ
}
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Fovl
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Fig. 8. Periodization, aliasing and filtering of the discrete spec-
trum
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The middle of range [0,v) is determined by the Ny-
quist frequency: Yy —0 5v,. If in spectrum |F(v)| that
is suspended on strlpe 0-v, occurs a local maximum
for frequency v>v, o then, due to symmetry, the same
maximum will occur in spectrum |F( v)| suspended on

stripe 1 -v, forv<v | g A8 2 result of aliasing in frequency
range [0,v, ) spectral information will be conveyed that
is not contamed in the signal. If we want to avoid that,
we should use a low-pass filter of the signal that will
damp the harmonic components of frequencies equal or
greater than the Nyquist frequencies as shown in figure 8c.

Ifsignal /(kT) determined by formula (11) is subjected
to low-pass filtering then in frequency range [O,VNyq) then
at the most NV/2 of the stripes of the discrete spectrum
will fit that are numbered with an index: n=0,1,2,...N/2—1.

Replacing the integration with addition after
k=0,1,2,..N/2—1 and substituting time and frequency in
the discrete form from dependence (12) we can derive
a formula for the discrete Fourier transform:

F(nv;)= %gf(kﬂ) ~exp(—j2mv,kT,)  (13)

In the dimensionless domain of indexes k£ and n,
transformation (13) takes the form of Discrete Fourier
Transform (DFT):

F(n) = (14)

%gf(k)~exp(—j2mk/N)

F(0)

Fig 9. Signal discrete spectrum

Dependence (14) shows a system of equations for
n=0,1,2,...N/2—1. The results of the solution of each equa-
tion is transform F(r) in the form of a complex number that
determines the module and phase angle of a single stripe
of a spectrum for frequency nv,. The whole spectrum is
a sum of harmonic components of a signal occurring on
the frequency axis for values nv,:

N/2-1

Fv,)=J Fm

n=0

(15)

Figure 9 presents the signal discrete spectrum cal-
culated from the DFT dependence.

SPECTRUM OBTAINED THROUGH
THE DFT METHOD

While generating spectrum F(n) of signal f(k) the
discretization with period 7 results in a periodization of
the spectrum with period v,=1/T. Sampling frequency
v, =1/T, determines band [O,VNyq: 1/2v, where the stripes
of the discrete spectrum are contained.

The periodization of the signal f{k) with period T
results in a discretization of the spectrum with resolution
v,=1/T. The DFT procedure generates stripes only for
admissible frequencies nv, of values equal to the total
multiplicity of the inverse of signal retrieval time. The
strips carrying original information on the harmonic
components of the signal, are numbered with index
n=0,1,2,..,N/2—1.

The frequency structure of the signals generated by
the sources of wave distortions that function in mechani-
cal devices is unknown. The frequencies of the harmonic
components that form the signal depend on the physical
nature of the sources and they are independent from
value 7 and v,=1/T . That is why we should expect that
the frequencies of many components (possibly all) of
the retrieved signal would not belong to the admissible
set [7, 10, 11].

Figure 10a shows the signal in the form of a harmonic
wave that was subjected to a discrete Fourier transforma-
tlon Because the retrieval time 7=n- T, where n=2 and

— the period, the frequency of the Wave belongs to
the admissible set. The spectrum of the module, presents
the stripe for n=2 shown in figure 10b. The reduction
of time 7 results in that 7#n- T, and frequency v,=1/T
of the wave does not belong to ‘the admissible set In
order to present this wave the DFT procedure generates
a substitute spectrum in the form of a set of waves of
admissible frequencies that do not exist in the signal.
The local maximum of the substitute spectrum shown
in figure 10c occurs for admissible frequencies close to
the value of 1/T . We can expect that the result of the
superposition of waves of the substitute spectrum will
be the approximate course of the signal.

/——\\ a
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Fig. 10. The signal, its real and substitute spectrum
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The analysis of the results presented in Figure 10 gives
grounds for a formulation of the following hypothesis: the
waves of the discrete substitute spectrum are determined
by the DFT procedure according to the Fourier series for
a preset and limited set of admissible frequencies nv,.
The trueness of the hypothesis can be verified through
comparing the spectrum of the signal obtained from the
development into a Fourier series with the spectrum of
this signal calculated with the DFT method.

After a transformation of the sum of the cosine and
sine function in formula (1) the Fourier series can be
notated in the form of a sine function taking into account
the phase angle:

N/2-1
f= 34, sin( 2k Ly, ]
n=0

N (16)

In series (16) function f(k) where £=0.1,2,....N—1
represents a discrete form of the investigated wave
f(t)=Asin2zvt retrieved in finite time 7. The argument
of the sine function determines the dimensionless domain
of admissible frequencies that belong to range [O,VNyq)
marked with index: #n=0,1,2,...,N/2—1. In comparison to
series (1), in formula (16) the summing was limited to
N/2 of the components. Symbol y denotes the phase
angle of the n—th component of function f{(k).

Because in the experiment 7T=const was assumed,
the set of admissible frequencies preset for the develop-
ment of function f{k) will be constant. In order to obtain
information that could confirm (or reject) the assumed
hypothesis one should investigate different substitute
spectrums. To this end we need to ensure the possibility
of modification of the wave frequency without changing
the retrieval time.

Let wave frequency v=(1+¢)/T. Then for e=0— a sin-
gle wave period equals 7'and its frequency v=v,= 1/T. For
each value £€(0,1) maintaining a constant retrieval time
the frequency of the wave will not belong to the admis-
sible set. After substituting the dependence: v=(1+¢)/T,
T=NT, and t=kT, the argument of the sine function in
formula (16), assumes the form 2z(1-+¢)k/N. Then:

k)= Asin27(1+ 5)% a7

Wave f(k) has been determined for A=1 and N=16
samples numbered with index: £=0,1,2,...,15. The modi-
fied wave presented in figure 11 was generated for: e=2/3.
Taking the Nyquist criterion into account the spectrum
was determined for N/2—-1 of the frequencies marked
with index n=0,1,...,7.

Substitute spectrums of the module of the investigated
wave calculated from the Fourier series and through the
DFT method have been presented in figure 12. The stripes
superimposed on the admissible frequency mesh show
a spectrum obtained from formula (16) and the stripes
in the immediate vicinity through the DFT method. The
height of the stripes obtained with two methods is identi-
cal, which is confirmed by the adopted hypothesis.
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DISCRETE SPECTRUM DISTORTION

The average value of the original wave of e=0, repre-
sented by the component of the spectrum for n=0, equals
zero. The performed modification of the frequency of this
wave results in an unintended and incidental change of
the average value of the retrieved fragment of the signal.
That is why in the substitute spectrum in figure 12 the
stripes for n=0 are non-zero.
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Fig. 11. Wave for £=2/3
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Fig. 12. Discrete wave spectrums for ¢=2/3
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Fig. 13. Discrete wave spectrums for £=2/3 after resetting of
the average value

In figure 11 the axis of abscissa has been shifted so
that the average value of the fragment of the wave for
e=2/3 equaled zero. Figure 13 presents the courses of the
discrete spectrum of the module of this fragment of the
wave after shifting the axis of abscissa. The component
of the spectrum for n=0 equals zero and the stripes rep-
resenting the outstanding components are the same as in
figure 12 before the shift has been carried out.

From the course of transform W(v) in figure 6 and
dependence (8) results that for the admissible frequen-
cies n/T=nv, when n=1,2,..=int, complex integer
F(»)*W(»)=0 because W(v)=0. For n=0, this product is
other than zero and the transform of the window influ-
ences the stripe of the spectrum through change of the
scale. Formula (9) confirms that this statement is correct
for each stripe of the spectrum irrespective of value nv,
for which it occurred on the condition that n=int.

Because in the discrete spectrum the total multiplicity
of the inverse of the retrieval time determines the set of
admissible frequencies, the discretization of the spectrum
eliminates the distortions triggered by the rectangular
measurement window in the form of a leakage and lateral
waves. The filtering characteristics of periodical distribu-
tion III’(7) starts manifesting itself. Because dependence
(7) remains true we can assume that the distortions of
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the discrete spectrums from the rectangular measurement
window would display themselves in a different form
than it directly results from this dependence.

In order to estimate the transfer of the information the
original harmonic waves has been reproduced from the
substitute spectrum. Figure 14 presents the comparison
of the course of the wave generated for ¢=2/3 and the
course of the wave that was a result of a superposition
of the harmonic waves recovered from the stripes of
the substitute spectrum. Figure 15 shows the residuum
determined by the difference between the recovered and
the original wave.
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Fig. 14. The original and recovered waves for e=2/3
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Fig. 15. Residuum of the original and recovered waves for
e=2/3

CONCLUSIONS

The discrete spectrums generated and emitted by
mechanical devices in operation are a result of a super-
position of waves representing the harmonic components
of the signal of frequencies that belong to the admissible
set as well as waves of frequencies that do not belong to
this set and form substitute spectrums. Thus resulting
distortions of the discrete spectrum are consequence of
the existence of a rectangular measurement window of
retrieval time of 7.

The DFT procedure generates a substitute spectrum
according to the Fourier series irrespective of the re-
searcher’s intention. The stripes of the spectrum are deter-
mined for admissible frequencies that belong to a limited
range. The values of these frequencies and the boundary
frequencies of this range are preset and determined by
values 7T selected by the researcher. The substitute spec-
trum transfers approximately true frequency information
in the form of a sum of untrue information that is not in
the signal. The amount of information is limited by the
width of the range [O,VMW).

The superposition of the waves of the substitute spec-
trum, taking the phase shifts into account, recovers the
course of the harmonic wave. The courses of the residuum
determined from the comparison of the original wave and
the same wave obtained from the substitute spectrum
shows that the recovery is inaccurate and incomplete.
This mainly results from the fact that the recovered wave
is a result of limited number N/2 — waves of the substi-
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tute spectrum contained in frequency range [0,v, ) not
a infinite number of waves as the Fourier series requires.

The finite retrieval time, selected by the researcher,
results in the fact that the average value of the processed
fragment of the signal is mostly non-zero. The informa-
tion transferred by the stripe of the discrete spectrum for
n=0 is incidental and thus unreliable. The distortion of
the spectrum from the constant component can be elimi-
nated by assuming this value to be zero by definition.
From the courses of the residuum we can see that the
wave recovered from the components of the substitute
spectrum was more accurate as compared to the original
wave. Such an action does not trigger a change of the
components for »>0 and does not generate additional
spectrum distortions.

The existence of the measurement window, which is
an inevitable consequence of the limited retrieval time, as
well as discretization of the signal during the A/C conver-
sion are in opposition to the assumptions based on which
from series (1) Fourier integral was derived (2). That is
why the described distortions of the discrete spectrum
are inevitable and with today’s level of knowledge cannot
be eliminated nor reduced through adjustment windows
used when determining the spectrums with analogue
methods (spectrometers).

Each adjustment window is a function of weight.
The signal multiplied by this function assumes a zero
value at the beginning and at the end of the retrieval.
This multiplication results in deletion of some informa-
tion contained therein and addition of other, carried by
the window function not contained in the signal. Prod-
uct (7) assumes a form F(v)*W,(v) and transform of the
adjustment window is W, (v)#1. That is why the discrete
Fourier transform of the fragment of the signal improved
by the adjustment window, beside the harmonic compo-
nents of the signal and substitute spectrums also includes
the components contained in the window function. This
results in an additional inaccuracy of the information
contained in the discrete spectrum.

The distortions of the discrete Fourier spectrum of
the retrieved fragment of the signal that come from the
substitute spectrums can be reduced by extending of the
retrieval time. It is known that for constant bandwidth
[O,vNyq) as the retrieval time 7 grows the size of the set of
admissible frequencies increases and the distance between
them decreases. The number of the signal components that
are probable to find their place in the set of admissible
frequencies grows. As a result, the amount of information
that can be accurately conveyed in the discrete spectrum
increases. Also increases the number of the components
of the substitute spectrums recovering the components
of the signal of frequencies that do not belong to this
set, which results in a better accuracy of the recovery.

For 7—0o frequency v,—0 the admissible frequency
set becomes infinitely large and the discrete spectrum
approaches a continuous form. A practical realization
of such a case is impossible due to an infinite length of
the retrieval time. Even if that were possible, the deter-
mination of a discrete spectrum of an infinitely dense
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set of admissible frequencies would not eliminate the
distortions.
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TRANSFORMACJA FOURIERA — WAZNE NARZEDZIE
W DIAGNOSTYCE WIBROAKUSTYCZNEJ

Streszczenie. Mierzalne wielkosci fizyczne, charak-
teryzujace procesy towarzyszace funkcjonowaniu urzadzenia
mechanicznego, moga by¢ wykorzystane jako sygnaty niosace
zakodowane informacje. Aby je odczyta¢ sygnal nalezy pobraé
i obrobié. Obrobka polega najczesciej na transformacji sygna-
hu do dziedziny czgstotliwosci metoda DFT. Wykorzystanie
takiej obrobki wymaga wiedzy jak informacja diagnostyczna
jest wytwarzana w dyskretnej charakterystyce sygnalu. W tym
celu nalezy bada¢ model, ktdry odzwierciedla pobranie sygnatu
w skonczonym przedziale czasu, jego przetwarzanie A/C i pe-
riodyzacj¢. Badania wykazuja, ze procedura DFT wytwarza
prazki reprezentujace sktadowe harmoniczne sygnatu tylko dla
czestotliwosci nv,, ktére sa catkowitg krotnoscig odwrotnosci
czasu pobrania. Sktadowe o innych czgstotliwosciach sg przed-
stawiane w postaci widm zastgpczych. W konsekwencji, widma
dyskretne sa rezultatem superpozycji fal o czgstotliwosciach
nalezacych do zbioru dopuszczalnych i widma zast¢pczych re-
prezentujacych fale, ktére do tego zbioru nie naleza.

Stowa kluczowe: diagnostyka wibroakustyczna, nu-
meryczna obrobka sygnalow transformacja Fouriera.
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Summary. This paper presents the findings of analyses
depicting changes in solar radiation conversion efficiency in
flat and vacuum solar collectors. It also sets out the efficiency
for the entire system based on a 24-hour cycle. On the basis of
results models have been found which define these efficiencies
through experience (storage tank fluid capacity, surrounding
temperature and total solar radiation). This model has also been
validated and confirmed as useful for estimating efficiency and
therefore, for selecting surfaces of the analyzed types of col-
lectors in systems using these kinds of devices. Concerning the
approved conditions the time required for the reimbursement of
investment costs has also been defined.

Key words: flat and vacuum solar collectors, conver-
sion efficiency, solar radiation

1. INTRODUCTION

The growing cost of energy, fear associated with the
possibility of exhaustion of fossil energy sources, the need
to increase the security of fuel and energy supply and
concern for environmental protection have led to rapid
growth of interest in the use of renewable energy. Solar
radiation energy, which is converted into heat in flat and
vacuum solar collectors, is being used more and more
often as a component of renewable energy resources.

Of'its many possible applications, heat obtained from
solar collectors is also used in horticultural production,
primarily for: supplementing the heating of structures
under cover [Kurpaska et al 2004, Vox et al 2007], sup-
plementary or basic heating of plastic tunnel bedding with
the purpose of accelerating crop growth, preparation of
processing water for the watering of plants, preparation
of seedlings for planting, heating requirements for the
post-harvest preparation of fruit and vegetables and heat
treatment of soil pathogens [Al-Karaghouli and Al-Kayssi
2010]. A number of research centres has analysed in
detail matters relating to the conversion of radiation for
various configurations and conversion system equipment.

Adsten et al [2002] analysed the impact of solar collector
locations (both flat and vacuum) in northern Europe for
operating effectiveness. The impact of annual energy
was determined and it was confirmed that the amount of
obtained energy is closely related to surrounding climate
conditions. Apart from research on the use of individual
collectors for energy purposes, specialist literature also
provides the findings of research focusing on the coupling
of collectors with heat pumps (so-called bivalent or hybrid
systems). Hawlader et al [2001] researched the energy
effects of the system in which the heat pump was cou-
pled with the solar collector. The researchers defined the
Coefficients of Performance for given system constituents.
They also defined the rate of return on financial outlay
and the COP for the entire system. Kjellsson et al [2010]
carried out an analysis of the use of renewable energy
for a residential building, provided by solar collectors
corresponding with a heat pump. They concluded that it
was necessary to optimise system components because
the configuration of the system and the dimensions of its
components depend on local environmental conditions.
Eisenmann et al [2004] analysed the possibility of saving
materials in the production of collectors and, amongst
other things, replacing them with other more available
materials. Following research and the optimisation of
collector construction, the above researchers noted a pos-
sible reduction of 25% in traditional material without
negatively impacting the effectiveness of converting solar
radiation energy into heat. Aye et al [2002] studied the
use of a compressor heat pump coupled with solar col-
lectors for the purpose of heating processing water in
residential buildings. In their analysis they compared
aspects of energy and cost-effectiveness of the system
under consideration in relation to separate constituent
parts and indicated the conditions for which the proposed
solution may be used in other facilities. Sozen et al [2008]
used neural networks for the purpose of analysing the
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work effectiveness of flat solar collectors; they used the
following as input values: collector surface temperature,
solar radiation intensity and duration, angle of declination,
azimuth angle and inclination angle. In their summary
they indicated their usefulness of the elaborated network
architecture. Trillat-Berdal et al [2007] analysed the use of
a heat pump coupled with solar collectors for the purpose
of heating residential buildings. This system guaranteed
the channelling of heated water (following the meeting of
given conditions) through collectors to a buffer tank in
which lower heat source exchangers were located. Heat
exchanger performance and general system operating ef-
fectiveness were defined. They also analysed heat pump
operation in which the lower heat source was the intake
of geothermal water and solar collectors. When using the
existing numeric model they defined the operating param-
eters of the system under consideration and presented the
energy and economic effects and the quantity findings
of reducing the emission of harmful substances into the
atmosphere. Kaygusuz [1995] presented the findings of
theoretical and experimental analysis of the heating sys-
tem in which a heat pump (used for heating purposes) was
coupled with solar collectors. The model took into account
given system components, whilst experimental research
demonstrated satisfactory comparison. The model permits
the calculation of collector surface, their efficiency and
heating medium temperature. Badescu [2002] presented
the findings of theoretical analysis in which he considered
two systems used for the heating of buildings, namely
the hybrid system (solar collectors coupled with the heat
pump) and the single system in which only the heat pump
was used for heating the building. The coefficient of
performance of the heat pump was defined and it was
concluded that the hybrid system is more useful for the
heating of facilities. Fuller [2007] carried out a theoreti-
cal analysis and performed an experimental verification
of the system in which use was made of water heated
up in solar collectors for the heating of plastic tunnels.
The water was collected in a storage tank and from there
channelled (in a closed system) for the washing of the
surface covering the facility. The energy effects of the
system were defined and its usefulness in areas of high
radiation was indicated.

Generalizing the results of research one may also
state that the effectiveness of conversion depends not
only on system configuration but also on the parameters
of the surrounding climate.

The main purpose of research involved analysis of
the effectiveness of conversion.

2. MATERIAL AND METHODS
2.1. EXPERIMENT SET-UP
Tests were conducted with the use of laboratory fa-

cilities located at the Agricultural University in Krakow
(Figure 1).
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KSP- computer measurnig system (CMS)

1- storage container; 2- heat pump
compressor; 3- buffer tank; 4-
traditional heating system; 5- impulse
flow meter; 6- PT1000 resistance
ensors; 7- pyranometer

Fig. 1. Scheme of the laboratory stand

As indicated the laboratory facility comprises flat
(7.8m? effective surface) and vacuum (surface of 4.3m?)
solar collectors. The circulating medium flowed through
a coil located in the buffer tank, which resulted in higher
temperature of the water in the tank. Heat reception from
the tank (1) was attained thanks to heat pump operation
(2), in which the lower source constituted an additional
heat exchanger located in the buffer tank. Heat was sup-
plied to the plastic tunnel heating system (4) from the
buffer tank (3). During the performance of the experi-
ments, whose purpose was to analyse the effectiveness
of collector operation, one of the collector types (liquid
or vacuum) did not participate in the conversion of solar
radiation.

During research the following was used for measuring
the analysed values: the liquid stream flowing through
the impulse flow meter (5), water (inside container, cir-
culating liquid) and air temperature measured with the
use of copper-constantan thermocouples (6) and solar
irradiation by pyranometer (7).

All values were monitored and archived during sam-
pling every 30 seconds with the use of the computer
measurement system (CMS).

2.2. ANALYSIS

System efficiency analysis may be may be considered
as instantaneous efficiency (depending on dt sampling
time and long-term efficiency.

e Instantaneous efficiency of solar collectors

Heat obtained from the collector during dt is equal to:
Q(Ar)=m~cw~(Tz—Tp)dz', J (1)
In turn, conversion efficiency according to the stand-

ard expressed in the relationship between heat from the

conversion and the sum of solar radiation energy, in
other words:

0(Ar)

SR, -F, -dt

zewn

n= )
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where: 71 - stream of circulating medium mass, kgxs™;
¢ - medium specific heat, Ixkg IxK'; T , Tp- respective
feed temperature (T) and return (T) of the circulating
medium; ZR - - Sum of solar radiation, Wxh; Fk- sur-
face of tested collectors, respectively 4.3 m? (vacuum)
and 7.8 m? (liquid collector).

e [ong-term efficiency

In the considered system this efficiency expresses
the relationship between the quantity of energy stored
in the storage tank i.e. the difference between useful
collector heat and total heat loss from the tank into the
environment and the sum of solar radiation energy which
reaches the collectors. In consideration of the above this
dependency is expressed as follows:

Iy

1:'. Q(T)dz' —ASUSd_[,[TS (z’)—Tm (z’)]dr

nmed == hy (3 )
Ec Rzew ( T )dT

hg

where: h,, h - time of solar radiation penetration on
the collector, A - surface heat loss of the storage tank, m?;
Us- replacement ratio of heat loss from the tank, W m
K'; T.- instantaneous temperature of the liquid in the
tank, °C; T_- tank surrounding temperature, °C, - time, s.

»

to the
heat

pump

Fig. 2. Storage tank with coil: A - coil surface, m* U - ratio
of heat penetration from the coil to water, W m? K'; T,, T,-
tank liquid temperature, °C; m_- stream of circulating medium
flowing through the coil, kg s™'.

For the purpose of the analysis a period of time equal
to 24 hours was approved as the long-term storage period.

In the presented dependency a difficulty arises in
indicating the penetration ratio of tank heat into the at-
mosphere (Ug). The diagram of this system is indicated
graphically in Figure 2.

The following method was used for the purpose of
designating the U, coefficient. The tank is an exchanger
in which there is liquid of a given mass (m) and specific
heat (c ). Water is heated in the tank following the transfer
of heat from the medium which flows through the coil.
There is thermal stratification in the tank, as a result of
which a vertical temperature gradient takes place (t, and t,
water temperature). In order to introduce the dependency
defining change of tank water temperature, taking into
account heat loss (Qstr), use has been made of standard
heat balance. The dependency on indicating the U coef-
ficient in dr differential time was designated as follows (4):

a m~cp-(T0—TAr) @
*4(T,,-T,)de

a

where, T, is average liquid temperature at the be-
ginning and at the end of the dr interval, °C; T, T, - is
liquid temperature at the beginning (T,) and at the end
of the interval (T,), °C.

On the basis of findings a model dependency was
established between efficiency defined through mea-
surement and efficiency designated from the model. In
order to define the differences application was made of
relative differences and mean square error calculated
from the dependence:

2 \0:5

Z (nc-alc - nmod ) (5)

i=1 n

O =

where: y_,, - calculated (n,,) and designated
efficiency (1, ) from the proposed model, n- number
of comparisons.
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Fig. 3. Heat quantity generated in a solar vacuum collector in terms of total solar radiation.
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Fig. 4. Heat quantity generated in a flat vacuum collector in terms of total solar radiation.

3. RESULTS AND DISCUSSION

Tests were carried out on varying volumes of water in
the tank, between 1.25 m? and 1.78 m* (vacuum collectors)
and between 2.22 m? and 3.75m? for flat collectors. The
quantity of test liquid for flat collectors was respectively:
2.22 m3, 2.58 m?, 2.9 m? and 3.22 m?; and for vacuum
collectors: 1.25 m3, 1.4 m3, 1.6 m? and 1.78 m®. Figures
3, 4 and 5 present examples of measured amounts.

The dependency, which arose as a result of solar radia-
tion conversion, between the quantity of heat generated
in the collectors (in relation to unit surface) in terms of
total solar radiation energy, is depicted in Figures 3 and
4, respectively for vacuum collectors (Figure 3) and flat
collectors (Figure 4).

Under test conditions the scope of heat quantity
change spanned between 0.2 to 364.2 kJxm? ,(vacuum
collectors), and between 2.6 to almost 280 kJ/m? for flat
collectors. In turn, average quantities of obtained heat
stood at 130 kJxm? ,(vacuum collectors), and 103 kJxm
(flat collectors). Taking into account the above data it

600

stems that from the unit surface of a vacuum collec-
tor (based on average values) almost 18% more heat is
obtained in comparison to flat collectors. This analysis
was carried out for similar surrounding conditions (the
sum of solar radiation energy, surrounding temperature).

Assuming the futility of providing all possible ap-
proaches, Figures 5 and 6 illustrate the impact of sur-
rounding temperature and the sum of solar radiation on
the change of effectiveness of the conversion of radiation
for flat collectors. Calculations were performed in relation
to the unit surface of flat collectors (Figure 5) and for
storage tank fluid capacity at 2.25 m®. The same course
of change of effectiveness for vacuum collectors (for tank
capacity equivalent to 1.25 m?) is presented in Figure 6.

For maximum liquid volumes applied in the buffer
tank (flat collectors, 3.22m* and vacuum collectors,
1.78m?) the obtained calculations have been presented
graphically in Figures 7 and 8.

In analyzing the obtained values one may state un-
equivocally that conversion effectiveness grows together
with the growth of the sum of solar radiation and sur-

\\
N
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™ . “\
= .
= 40 - .
§’; L \‘\ .
2 T~ RS
5 300 - e
B 200) > e "~
~_ < RS
qT ~ T~ — 0,453
\\ ~._ -— 0,506
R R 0,558
0 ™~ -- T~ --- 0.611
10 12 14 16 18 20 22 24 26 - 0,664

ambient temperature, °C

Fig. 5. Impact of surrounding temperature and the sum of solar radiation on the effectiveness of radiation conversion for flat

collectors (liquid volume equivalent to 2.25m?).
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Fig. 6. Impact of surrounding temperature and the sum of solar radiation on the effectiveness of radiation conversion for vacuum

collectors (liquid volume equivalent to 1.25m?).
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Fig. 7. Impact of surrounding temperature and the sum of solar radiation on the effectiveness of radiation conversion for flat

collectors (liquid volume equivalent to 3.22m?).
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Fig. 8. Impact of surrounding temperature and the sum of solar radiation on the effectiveness of radiation conversion for vacuum

collectors (liquid volume equivalent to 1.78m?).
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rounding temperature. Under test conditions, the aver-
age efficiency value for tested collectors kept chang-
ing depending on liquid volume in the storage tank for:
vacuum collectors — from 0.46 to 0.72 (respectively for
tank capacity of 1.25 and 1.78 m?), and ion the case of
flat collectors from 0.4 (tank capacity of 2.25m?) to 0.6
(for capacity of 3.22m?). On the basis of obtained data it
stems unequivocally that in order to obtain the highest
level of efficiency through a solar collector system it is
necessary to apply the above indicated liquid volumes
in storage tanks. It was also noted that under the same
conditions (for vacuum collectors almost 900 measure
cycles were performed and 840 cycles for flat collec-
tors), conversion effectiveness for vacuum collectors is
on average 18% higher than in the case of flat collectors.
The increase in conversion effectiveness as a positive
function of temperature increase and the sum of solar
radiation is the outcome of the growth in direct radiation
share and reduced heat losses from the collector casing
into the surroundings.

Following the performance of a series of tests, us-
ing non-linear estimation by means of the quasi-Newton
method whilst retaining rates of convergence at 0.001,
a dependence was found between independent variables
(liquid volume in the tank - V,, surrounding tempera-
ture - ¢ and the sum of solar radiation energy — R ).
This connection for vacuum collectors is defined by the
following dependence:
n=-0.5V,+124-1" +3.85-10°- > R}":

sl

R?*=0.87

for the scope of application: 1.25 <V, < 1.78 m’; 10.3 <
t <375°C; 1.78; 152 <R < 525 Wh

In turn, for flat collectors this connection is expressed
as follows:

n=-022-V,+0.52-1'" +0.0168- 3" R,*; R>=0.82

ot

for the scope application: 2.25 <V, <3.22 m’; 10.3 <t
<37.5°C; 1.78; 152 <R ;< 525 Wh
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These forms of dependence were selected on the basis
of the largest coefficient of determination. In order to
compare measured and calculated efficiency according to
the proposed dependencies, in Figures 9 and 10 a global
comparison between these values has been presented
(for vacuum collectors Figures 9 and Figures 10 and for
flat collectors).

Calculated heat penetration coefficient form the tank
to the surroundings (from model 4) stood at 2.4 W/m?’K.
This illustrates unsatisfactory storage tank insulation.

Assuming the futility of providing all possible ap-
proaches, it has been decided to present in Figure 11 sample
changes of long-term efficiency ([J, ) calculated from the
model (3) in terms of independent variables (surrounding
temperature and sum of solar radiation). These dependen-
cies are obtained for flat collectors and water volume in
tanks equivalent to 2.22m?. Under the test conditions this
efficiency changes from 0.21 to 0.52. When analysing all
combinations (type of collector, tank liquid volume), this
scope ranges between 0.18 to 0.52 (flat collectors) and
from 0.23 to 0.61 (vacuum collectors). Smaller values were
obtained for larger liquid capacity in the storage tank.

Changes in analysed efficiency are the outcome of
reduction in temperature differences (collector tempera-
ture, tank temperature — surrounding temperature) and
the larger share of direct radiation. The greater the values
of these independent variables the smaller the heat loss
from the collector, the storage tank and the more efficient
conversion of direct radiation.

Summing up the research findings one may state
that, apart from their cognitive values (defined under
operating conditions), could also be applied. This stems
from the fact that in each designed system which stems
from its specifics, it is necessary to have an understand-
ing of the efficiency of converting solar radiation into
heat. The analysis also shows that vacuum collectors
are more effective in converting radiation into useful
heat. Conversion efficiency obtained through research
demonstrates somewhat lower values than the parameters
indicated by the producers of this equipment. However,
the difference in the operating effectiveness of flat and
vacuum collectors (higher efficiency) analyzed during

08 1 7
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<
07 o o° o
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6=0,0328; em>*=21%

Efficiency from equation, [-]

0,55

0,6 0,65 0,7

0,75 0,8

Experimental efficiency, [-]

Fig. 9. Comparison between efficiency calculated from the proposed model and efficiency designated from vacuum collector tests.
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Fig. 10. Comparison between efficiency calculated from the proposed model and efficiency designated from flat collector tests.
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the summer (May - September) depended primarily on
the surrounding temperature and solar radiation.

Of course, the attractiveness of the solution and the
recommendation of a given type of collector depend on
financial analysis. For this reason, in order to illustrate
this topic, a calculation was made of payback on financial
investment. The analysis took into account the follow-
ing: The cost of purchasing the installation in entirety
(vacuum or flat collectors included), average quantity of
solar radiation (according to latitude of 54°), installation
operating time and cost of electricity. For calculation
purposes, tank capacity corresponding to maximum
collector efficiency and total respective solar collector
surface (4 flat collectors) of 7.8 m? and 4.3m? (flat collec-
tors). Analysis findings, assuming that a flat collector set
costs PLN 9,000 and a vacuum collector set costs PLN
12,000, indicate that return on investment would be 6.7
years and 6.5 years respectively.

) concerning surrounding temperature and sum of solar radiation energy.

4. CONCLUSIONS

The following conclusions are based on the above
analysis:

1. Depending on storage tank liquid volume solar radia-
tion conversion efficiency is between 0.46 and 0.72
for vacuum collectors and between 0.4 and 0.6 for
flat collectors.

. Under comparable experimental conditions, conversion
efficiency for vacuum collectors is on average 18%
higher than in the case of flat collectors.

. The model defining the efficiency of solar radiation
conversion in vacuum collectors is expressed as follows:

n=-05-V,+1.24-1%% +3.85-10° - > R}, R>=0.87

sl

for the scope of application: 1.25 <V, < 1.78 m*; 10.3 <
t, <37.5°C; 1.78; 15.2 < R ;< 525 Wh
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for flat collectors:

n=-022-V,+0.52-1'" +0.0168- > R,*; R>=0.82
for the scope of application: 2.25 <V, <3.22 m’* 10.3 <
t, <37.5°C; 1.78; 152 < R ;< 525 Wh

4. Depending on the type of collector and liquid capacity
in the storage tank, the daily efficiency of the analysed
conversion system is between 0.18 and 0.61.

5. The payback period on financial investment in a solar
radiation conversion system depending on the type
of collector is respectively as follows: 6.5 years for
vacuum collectors and 6.7 years for flat collectors.
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ANALIZA EFEKTYWNOSCI ENERGETYCZNEJ
PLASKICH I PODCISNIENIOWYCH UKLADOW
KOLEKTORA SELONECZNEGO

Streszczenie. W artykule przedstawiono wyniki ana-
liz obrazujacych zmiany sprawnosci konwersji promieniowania
stonecznego w plaskich i prozniowych kolektorach stonecz-
nych. Okreslono réwniez wydajnos¢ calego systemu opartego
na cyklu 24-godzinnym. Na podstawie wynikow zostaly zna-
lezione modele, ktére eksperymentalnie okreslaja te efektyw-
no$¢ (zbiornik pojemnos¢ ptynu, temperatura otoczenia i cat-
kowite promieniowanie stoneczne. Modele te zostaly rowniez
zatwierdzone i potwierdzone jako przydatne do oszacowania
wydajnosci, a zatem przy wyborze powierzchni analizowanych
typow kolektoréw w systemach korzystajacych z tego rodzaju
urzadzen. Okreslono réwniez czas potrzebny na zwrot kosztow
inwestycji.

Stowa kluczowe: plaskie i prozniowe kolektory sto-
neczne, wydajnos¢ konwersji, promieniowanie stoneczne.
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Energy efficiency of ground heat exchangers
co-operating with a compressor heat pump

Stawomir Kurpaska, Hubert Latata
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Summary. The work presents results of an analysis of
the coefficient of performance of a heat pump co-operating with
ground heat exchangers. Three types of exchangers were exam-
ined: horizontal, vertical- made at the depth of 20 m (type I)
and at the depth of 100 m (type 1I). It was proved that the high-
est value of the coefficient of performance (the COP) occurs
for vertical exchangers (type I), slightly lower for horizontal
exchangers and the lowest for vertical exchangers (type II).
The statistical analysis, which was carried out, proved that the
type of an exchanger significantly influences the value of the
coefficient of performance; its average values are also statisti-
cally significant. Significance of the influence of temperature
inside a facility on the value of the coefficient of performance
was not proved.

Key words: compressor heat pump, vertical, horizontal
ground heat exchanger

INTRODUCTION

Constant search for methods of reducing energy out-
lays and alternative and more effective heat sources in
technological processes and heating of facilities results
from increased costs of obtaining heat from traditional
carriers and from the care for the natural environment.
Such activities are also influenced by policy of the Eu-
ropean Community countries, which stimulates the use
of renewable sources of energy. One of the methods of
realization of this purpose is a heat pump, which co-
operates with ground heat exchangers. Issues concerning
the analysis of the effectiveness of the system, in which
heat pumps are used, were the subject of the research in
many scientific centres. Thus, Wood et al. (2010) analysed
operation effectiveness of the heat pump co-operating
with vertical ground heat exchangers located in vertical
poles, which constitute a foundation of housing estates.
As a result of the research which they carried out, they
determined usefulness of such a construction, they cal-
culated a temporal and seasonal coefficient of energy ef-

ficiency of the system (calculated by means of the relation
of the obtained thermal power with the supplied electric
power). Kim et al. (2011) presented a work containing
results of the researched compressor heat pumps varied
according to thermal efficiency and the applied thermal-
dynamic factor. Air, water and soil were used as a lower
heat source. In the constructed models, they included
particular cycles of thermal-dynamic transformation of
the circulation factor. On the basis of the tests which
they carried out, they determined a percentage share of
particular electric energy receivers (a compressor, a cir-
culating pump) in shaping the value of the coefficient of
energy efficiency of the system. Congedo et al. (2012)
using the CFD technology analysed the thermal issues
in the ground, in which the ground heat exchangers co-
operating with the heat pump were installed. As a result of
the simulation which was carried out, influence of depth,
ground conductivity and the flow speed of the circulation
factor on the amount of heat obtained by the exchangers
located in a flat and loop arrangement were determined.
Temperature of ground at random depth and in random
time was described by an equation of heat conductivity
at the assumed periodical change of temperature of its
outer layer. It was found that from among the analysed
independent variables moisture of the ground influences
the amount of the obtained heat the most, whereas from
among the researched geometrical arrangements the loop
system is recommended. Yang et al. (2010) carried out
a review of models used for describing phenomena oc-
curring in the ground with the vertical heat exchangers.
They concluded that there is a need to verify these models
and the issues related to underwater flow which influence
a change of central temperature should be added. Florides
and Kalogirous (2007) presented construction solutions
of the ground heat exchangers and they characterised
mathematical models used to describe phenomena in the
ground. As a result of the analysis which they carried out,
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they stated that thermal-physical properties of the ground
centre influences the amount of the heat taken up by the
ground exchangers whereas, span and spatial sitting of
exchangers and thermal conductivity of the ground are
decisive factors in the vertical exchanger. Partenay et al.
(2011) worked out a mathematical model of phenomena,
which take place in the flowing circulation factor in the
vertical ground exchangers. The compiled model was
resolved with a numeric method (of definite elements)
while a change of ground temperature during operation
of the heat pump was the analysed issue. On the basis of
the experimental tests which were carried out (a system
of six vertical heat exchangers), correctness of this model
was reported and a relation of the heat pump operation
efficiency to temperature in the heat exchangers of the
system (a steamer, a condenser) were found. Lee and Lam
(2008) carried out a computer simulation for the system
composed of vertical exchangers co-operating with the
heat pump. In the isolated space of the ground, relations
of heat exchange with loops of particular meshes were
worked out (with the method of definite differences).
As a result of the analysis, they determined a periodi-
cal variability of the ground temperature as well as the
value of the coefficient of heat transfer for the ground
heat exchangers. Trillat et al. (2006) presented results
of experimental research in which the heat pump co-
operated with solar collectors forming the so-called hybrid
system. Energy effects of such a system along with its
energy efficiency (the coefficient of performance) and
calorific effect of the ground exchangers were determined
whereas the authors recommended the considered system
for heating facilities. On the basis of a long-term research,
Huang and Lee (2004) determined the consumption of
electric energy used for driving a heat pump. Calcula-
tions were carried out in relation to a unitary growth of
temperature of liquid stored in the buffer tanks of the
heat pump. Ozgener and Hepbasli (2005a) analysed energy
issues and financial outlays incurred on the use of the
heat pump (co-operating with the vertical ground heat
exchangers) for heating purposes. The authors worked out
a simulation model, which may be used for an analysis
of financial inputs at using the heat pump for heating
facilities. Ozgener and Hepbasli (2005b) presented results
of experimental research on using a heat pump for heat-
ing a greenhouse. They described thermal efficiency of
vertical ground heat exchangers and temperature of air
inside a greenhouse at supplying heat only from a heat
pump. They also determined values of the coefficient of
work efficiency of the system divided into days of various
weather conditions. Ozgener and Hepbasli (2005c¢) in the
experimental research determined the work efficiency of
the heat pump with the vertical heat exchangers used for
heating a greenhouse. Moreover, they determined a value
of the coefficient of work efficiency of the system (the
COP), which they related with total energy supplied from
the heat pump and to this part of energy, which was used
for heating purposes of the above assumed temperature
inside a greenhouse. Kurpaska’s work (2008) presents
nomograms for determining construction and opera-
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tion parameters in which the heat pump was working
in a monovalent and hybrid system. The monovalent
system constituted a co-operation of the heat pump with
the grounded exchangers (both horizontal and vertical)
whereas in the hybrid system a cumulative tank in which
collected water was heated with solar collectors was the
lower source of the pump.

The presented review of the literature explicitly re-
sults in actual analysis of the research issue, as the use
of the heat pump in heating installations of facilities is
one of future technical solutions. It is a consequence
of the fact that the heat pump co-operating with a co-
generative system (joint generation of heat and electric
energy) is an ideal receiver of electric energy generated
in this system. However, the system of obtaining heat
from the bottom source, next to a type of the used pump
decides on efficiency of using electric energy. Analysis
of these issues is a main purpose of the presented work.

MATERIAL AND METHODS

Energy efficiency of the system the heat pump co-
operating with the system of heat consumption and recep-
tion) decides on its economic cost-effectiveness.

Thus, this issue was analysed for a laboratory stand
constructed in facilities of the Department of Production
Engineering and Power Industry of the University of
Agriculture in Krakow.

This stand (fig. 1) is composed of: a compressor heat
pump, vertical ground exchangers: depth approx. 20 m
(two U type exchangers and 2x U), depth 100 m (one
U type exchanger and the other 2U type, horizontal ex-
changers in a geometric system: a single loop, a double
loop and spiral arrangement. Two heat-air exchangers
mounted in a laboratory foil tunnel constituted the system
of heat reception.
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Air-liquid heat
exchanger

out
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xU2xU h=20m
h=100m
Type 1 Type I

%) impulse flow meter; *PT1000 resistance sensors;
2- buffertank

1- heat pump;
Fig. 1. Scheme of the laboratory stand
During the experiments, necessary measurement

amounts were monitored and recorded using an original
Computer Measurement System. A stream of the flowing
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factor was measured with an impulse flowmeter, while
temperature (of supply and return of the circulation fac-
tor) in particular exchangers as well as air temperature
(outside t  and inside a facility t,_ ) with a resistance
sensor PT1000. Additionally, during the research, a de-
mand for electric power used for driving elements of
the researched system (a compressor, a circulating pump
and circulation pumps of exchangers of the upper heat
source) was determined and radiation intensity Rs was
measured (with a pyranometer).

Using a definition of the heat pump operation, an
equation of energy balance (including amount of heat
obtained in a condenser of the analysed pump - Q) may
by written down in the following form:

O=W,+0Q, @

Operation efficiency of the heat pump in the system
may be described with the coefficient of performance
(coefficient of energy efficiency), which was defined pur-
suant to the standard PN-EN 255 in the following form:

COP :QGZ+WPC :1+QGZ

- Whe Whe
In a differentiable time dt, parameters necessary to
describe the amount of heat obtained by the analysed
ground heat exchangers, electric energy consumption
(W,.) and amount of heat obtained by exchangers located
in the heated facility (Q,) were measured.
Moreover, in the said time dt the amount of heat
obtained by the analysed ground exchangers was deter-
mined in relation to:

@

9 n
QDZ = Z[chDZ,i -C. '(TZ-DZ,i - Tp-Dz,f ))dTPC A3)
1\ i=l

where as for the system of heat reception in analogical
time this relation takes the following form:
2 n
O = Z(Z MGz Cp (TZ—GZ,i - Tp—GZ,i )] dTpc,cz @)
i=1 \ i=l

where: O ., heat supplied to the inside of the facility
[J]; Q,, — heat obtained form the outside of the ground
[J1; W, — electric power obtained by elements of the

system [W]; 7., T, — operation time of the heat pump
(z,.) and of the upper source(z,,) [s]; m, — stream of the
lower circulation factor (m_, ) and of the upper (m,.,)
source [kg's™'], ¢, — specific heat of the circulation factor
[J'kg"K'], T, bz and 'Y;J-DZ — temperature of supply and
return of the circulation factor of the lower heat source,
T ., and T ;,— temperature of supply and return of the

circulation factor of the bottom heat source [°C].

RESULTS AND A DISCUSSION

The research was carried out in 2012. Fig. 2 presents
an exemplary course of some measured values. Assum-
ing pointlessness of all possible courses, visualisations
of the measured parameters were limited to parameters
of the liquid -air exchangers, which constitute an upper
heat source in a tunnel, temperature inside and outside
of the facility, difference between temperature of supply
and return of the circulation factor and the state of work
of the heat pump. Selected symbols include:

T ,,» T, 5, — difference in temperature of the cir-
culation factor, R — intensity of solar radiation outside
the facility; V,, V,, — indications of a water meter
presenting amount of the factor flowing through exchang-
ers supplying heat to the inside of the facility: t, ,t —
respectively temperature inside and outside the facility,
HP — operation state of the heat pump (value above zero
means operation state of the heat pump).

According to what has been presented, in the period
of 48 hours, the heat pump was working through 37 cy-
cles of operation of the length within 11.5 to 32 minutes.
Within this time, for driving technical devices of the
system (a pump compressor, circulation pumps) almost
86 kWh of electric energy were used and 85.4 kWh of
this amount was used for driving elements of the heat
pump (a compressor, a circulating pump) whereas, approx.
0.6 kWh were used for circulation pumps obtaining heat
from a buffer tank of the pump. In the presented period
of time 460 MJ of heat where delivered to the facility.

Almost 500 cycles of pump operation were analysed
(for all conditions of the experiment). For every cycle from
the equation (2) a coefficient of performance was calculated.
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Fig. 3 and 5 presents a calculated coefficient of opera-
tion efficiency of the pump co-operating with the ana-
lysed ground heat exchangers. Type I of vertical ground
heat exchangers means exchangers located at the depth
of 18 m while the type II means ground exchangers of
100 m depth.

When analysing the obtained courses, one may notice
that the highest average value of the coefficient COP
(the COP = 2.69) was obtained for the case when the
heat pump was co-operating with the vertical ground
exchangers located at 100 m depth. Whereas, when the

SEAWOMIR KURPASKA, HUBERT LATALA

pump co-operates with the horizontal exchangers, an
average value of COP was 2.53, while for the vertical
exchangers of approx. 20 m depth, the COP was 2.42.
Comparable values of the surrounding climate were se-
lected for the analysis. Thus, vertical exchangers made at
the depth of 100 m are recommended as the lower heat
source of the pump.

While analysing these relations, one may find that
the co-operation of the heat pump with the vertical ex-
changers of 100 m depth is characterised also by a lower
variability of the value of the coefficient of performance.
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Fig. 3. Course of changes in energy efficiency of the heat pump co-operating with horizontal exchangers.
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For the obtained data, at the level of significance
[1=0.05 a statistical analysis was carried out using the
Statistica® packet. Fig. 6 presents results of average values
along with a standard deviation of analysis.
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=
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h
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Vertical ground
heat exchangers,
h=20m

Vertical ground
heat exchangers,
h=100m

Horizontal ground
heat exchangers,

Fig. 6. Results of average values of the coefficient of perfor-
mance with a standard deviation

The analysis of variance in a single classification,
which was carried out proves that the assumed factors
of the experiment (a type of the ground exchanger) sig-
nificantly influence the analysed value of the coefficient
of performance. Whereas, Duncan test proved that the
average values of this coefficient differ in a statistically
significant way.

Fig. 6 presents a graphic relation of the coefficient of
efficiency of the heat pump (calculated from the equation
2) and temperature inside the facility.

One may notice that growth of temperature inside
a foil tunnel means a slight decrease of the coefficient
of efficiency of the heat pump. The statistical analysis
did not prove significance of the regression coefficient.
It means that there is no linear influence of temperature
inside a foil tunnel on the value of the COP. Moreover,
the value of the coefficient of determination (R?>=0.18)
does not prove statistically significant relation of the COP
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with temperature inside a facility. It results from the rela-
tion of intensity of heat reception between exchangers
and a surrounding air, since the higher temperature is
around the heat exchangers, the lower value of the transfer
coefficient gets. At the low difference of temperatures,
the operation time of circulating pumps from the system
of heat reception increases. However, the power used
for driving circulating pumps is many times lower than
a demand for power by a compressor and a circulating
pump of the lower heat source.

CONCLUSIONS

The highest average value of the COP was obtained
for the vertical ground heat exchangers (type II), slightly
lower for the horizontal exchangers and the lowest for
vertical exchangers (type I). The analysis of variance
proved that the assumed factors of the experiment (a type
of the ground exchanger) considerably influence the ana-
lysed value of the COP and average values of this coef-
ficient differ in a statistically significant way. Along with
a temperature growth inside a foil tunnel, the value of
the COP decreases slightly. However, the coefficient of
regression is not statistically significant.

This research is founded by the Polish Ministry of
Science and Higher Education, as a project: Energy and
environmental aspects of renewable energy in horticul-
tural object: N N313 445137.
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EFEKTYWNOSC ENERGETYCZNA WYMIENNIKOW
GRUNTOWYCH WSPOLPRACUJACYCH ZE SPREZARKOWA
POMPA CIEPLA

Streszczenie. W pracy przedstawiono wyniki anali-
zy warto$ci wspolezynnika efektywnosci pracy sprezarkowej
pompy ciepta wspolpracujacej z wymiennikami gruntowymi.
Badano trzy typy wymiennikéw: poziome, pionowe- wykona-
ne na glebokos¢ 20m (typ I) oraz na glebokos¢ 100m (typ II).
Wykazano, ze najwigksza warto$¢ wspotczynnika COP wy-
stepuje dla wymiennikéw pionowych (typ I), nieco mniejsza
dla wymiennikéw poziomych i najmniejsza dla wymiennikow
pionowych (typ II). Przeprowadzona analiza statystyczna wy-
kazata, ze rodzaj wymiennika wptywa istotnie na wartos¢ COP;
réwniez srednie jego wartosci sa statystycznie istotne. Nie wy-
kazano istotnosci wpltywu temperatury wewnatrz obiektu na
warto$¢ wspotczynnika COP.

Key words: sprgzarkowa pompa ciepta, pionowy, po-
ziomy, wymiennik gruntowy.
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The analysis of oil balance in crank bearing
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Summary. The paper presents an analytical calculation
of the balance of oil flowing through the dynamically loaded
main and crank bearing. Theoretical considerations are based
on solving the Reynolds equation (analytical distribution of oil
pressure in the cross slide bearing) with boundary conditions
that characterize the working conditions in the bearings used in
motors s-4002/4003 (agricultural tractors). The quantitative and
volumetric evaluations of lubricant fluid flowing through the
bearing are presented adequately to the construction of a diag-
nostic signal, which allows for a dynamic comparative analysis
carried out for the model bearings, the new ones as well as the
ones with a particular classification of wear.

Key words: hydrodynamic lubrication, cross slide bear-
ing, Reynolds equation, diagnostic analysis, diagnostic signal
parameters.

e Physical quantities

h - thickness of the wedge [mm],

e - relative bearing eccentricity [-],

c - bearing clearance [mm],

n - coefficient of dynamic oil viscosity [Pa - 5],

Vv - peripheral speed of crankshaft [m/s],

e - eccentricity [mm],

P(x,z) - oil pressure inside bearing [Pal],

X,z - coordinate variables, x € (0, 27rR>,z € <—§,§>
[mm],

L - the width of the pan [mm],

p,»DP, - supply pressure ambient pressure [Pa],

D. - supply pressure [Pa],

a - cord diameter [mm],

0] - oil intensity passing through the crank bearing
[dm®/min],

0, O, - partial intensity[dm’/min],

SpS, - values for Q, ,0 from experiment[dm’/min],

hy=minh(x) - minimum thickness of oil wedge

XE<0,27[R>

[mml],

c,, = ¢, - clearance after getting proper association (at
optimal operation after 100mth) [mm],

c, - critical value of clearance [mm],

D, - coefficent of dinamic passing [-],

dp - experimenthal value of D determined as

a parametr of the diagnostic signal

e Mathematical solutions

A[ f ]Z = f(a)- f(b) - differential operator
K

Je = Z f. - summing operator, N,
k=1

[f]1 - total part of expression f,
C,C,.C,. - Reynolds equation constants deter-
mined by boundary conditions

INTRODUCTION

The parameters of diagnostic signals defining the
course of change in the tightness of slide bearings are
a very important factor in assessing the technical state
of engines examined in this study on the example of
farm tractors. It should be noted that in the lubrication
subsystem the main slide bearings and the crank ones
of the crankshaft determine the technical condition of
the engine, and its ability to perform useful functions.
Increased clearances in the bearings make the lubricant
oil flow freely through the gaps between the pivots and
the cups, which in turn is manifested by an increase in oil
flow and pressure drop in the engine lubrication system.

In diagnostic considerations, the evaluation of work
behavior of a dynamically loaded slide bearing is based
on the simplified model of a standard cross slide bearing
and is based mostly on the minimum thickness of oil gap
and the value of the maximum pressure and maximum
temperature of the oil film.
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However, as noted by several authors [1,2,4,7,17], in
diagnostic tests, particularly in predicting the technical
state of emergency crank system operation, application
of a single-parameter diagnostic signal based solely on
the measurement of relative drop in oil pressure at se-
lected points of the bearing, is not sufficient to assess the
degree of bearing wear. [18,17] presented a multivariate
statistical analysis (curvilinear regression model for the
associated random variables) of the diagnostic signal
based on measurements of four parameters, where the
measurement of the relative pressure drop and loss of
lubricant in the bearings were considered as associated
variables. The purpose of this study is to analyze the theo-
retical value of the diagnostic signal parameter described
by an analytical balance of oil in the cross slide bearing.

In diagnostic studies of changes in oil flow through
the crankshaft bearing and at the constant supply pressure
in static conditions, the oil flow rate depends mainly on
the size of oil gap. And according to the relation:

h=L (1 —ecost),

the gap value depends on oil bearing clearance (L)
and relative bearing eccentricity (g), in further consid-
erations we use a simplified designation:

L=c

Determination of this value in the experimental way
is based on measurements of diagnostic parameters, the
commonest of which are oil pressure or relative drop of
oil pressure in the lubrication subsystem (bearing seal).
By way of contrast, the theoretical determination of the
oil gap is based on the equations of hydrodynamics for
a viscous substance.

MATHEMATICAL MODEL OF BEARING
AND ASSUMPTIONS

Assessment of work of dynamically loaded crank
bearing is one of the most important tasks of the crank
subsystem diagnostics in internal combustion engines.
In this paper, theoretical considerations and the result-
ing mathematical calculations are shown on the basis of
a cross slide bearing model, characterizing the operating
parameters of crank bearing in S-4002/4003 type of in-
ternal combustion engines. In the process of exploitation,
the growing bearing clearance values cause an increase
in the impact of oil flowing from the bearing, causing
a decrease in tightness of the bearings.

The balance of oil flowing through a dynamically
loaded crank bearings can be determined analytically
using a pressure distribution which is the solution of the
Reynolds equation:

3 3
o(rap), afrer) g an n
ox\n ox) oz\'n oz Ox
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After considering the constant coefficient of dynamic
oil viscosity (7 = consf) as well as the following simplified
expressions for the functions describing the thickness of
the wedge and the bearing wear [5,9,14,20]:

h:h(x):c(l—gcosVR), ?)
3 Oh(x) _ 3esin% o
h(x) ox Rc(l—gcos%e)’

equation (1) can be written as:

3esin% .
Rc(l—gcosVR) '

pP" (x,z) +P"_ (x,z) +

6nesin ¥
(x,2) - —— 'k =0, @
Rc’ (l—gcos%)
with the boundary conditions:
P =p, forz:ié, ®)
P=p, (x)forz=0, ©)
4 J—
(GP(x,z)J _ 3ra (pz pw) forz=0 )
oz ), 4c’nL (l—gcos %e)
where:

P, - the ambient pressure [Pa],

p, - supply pressure [Pa],

p,, - oil pressure at the inlet to the placenta [Pa],

a - cord diameter [mm],

L - width of the pan [mm)].

According to [5,12,14], the analytical distribution in
the bearing oil pressure as the solution of equation (4)
can be written as follows:

P(x,z)= p0+C(z—Ej+l gcosﬁe

l+¢
.i;:C]K (eKz _eK(L*Z))|:(DRK (%)+‘P;§<V (%)} ®)
where:
-(Rx*+)
sin 1—cos?¥
o ()= R R |

)25 | (S -

~ 1- cos& I—SWCOS% K
1+cos& ﬁ(l+e\/7) '

(10)
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C. = 3A,T, (P. = py) ,(12)

(1+6): {Hif(cb(oﬁ\yz (0))7(12)” (@(75)+ \PZ(%))}
15za*
e (13)
1-¢&°
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ANALYTICAL BALANCE OF OIL

Analytical determination of the amount of oil flow-
ing through bearing is based on the solution of equation
4), i.e. function P (x, z) describing the distribution of
pressure in the crank bearing [9,20]. The value of the
intensity of Q passing through the crank bearing can
be represented as two partial streams Q,,Q,, where Q,
is part of the stream flow caused by the rotation of the
crankshaft, while Q, is part of a stream of pressurized
forced power Q,. By virtue of the above considerations,
the dependencies representing the partial streams of flow-
ing oil can be written as follows:

% Rrm
1 oP
Q] = Ql,x:() _Ql,x:Rﬂ =_ _[ h3A|:_:| dZ =
67 iy ox |,
A A
L j n [a—P} d-L j " [B—P} dz | (15)
677 ,% ax x=0 677 7% ax x=Rrx
2 =3
15 oP| 2
0.=0,.,-0 ,=—|F [—} dx =
2 2,2=0 2,z:ié 677 0 Oz 0
2z 27
L [a—P} - h{a—P} dx (16)
61 % 0z ., 61 0z |, L
2
where:
0 Cy (1 —exp{KL})
=0 67RK
ﬁ
I+¢&)\e
1-¢) | —=|", 17
-2y (12 a7)
cC, (1 —exp{KL}) 3
= 1+¢&), 18
Ql,x—R/r 4877RK ( ) ( )
¢’ Kz (1+exp{KL}) Cy (6e+e) se
= 20 +—£ 1-&)e |,(19
Os.0 o o ae me) p9)
3 3e
0 L:cKﬂexp{KL} 2 CIK(6e+5)(1_8)? . Qo)
22 3n 3e+2
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The relationships (17) - (20) omitted elements of the
order o(¢*) and used the following indications:

A
C=——7F—(p.-p): (2))
1+—=A,
K K _k
L |1-¢| ¢ A
Ce=YC, = oo =E 2 @22
1K . 1k . 2 15 |:1+€:| C(l_ﬁ) (22)
! 4
where
2
1@1,2,..{(5) —1}. (23)
e

Due to (17) - (20), oil streams Q,, Q, can be written

as follows:
0 - cC (1—exp{KL}) d-sy (H_gj: —(H—SJJ o4
b 6n7RK 1-¢ 2 )70
Kﬁ(l—exp{KL}) Cii (6e+¢) 3e |
= 2C 1-¢)e
2. 61 T e e (1-2) _'(25)

Finally, by equation (15), (16), the balance of oil
flowing through the crank bearing can be written as the
following relationship:

3 (1- KL
0=0+0, _c(exp{}){zq +Cpp (&_,_ KnQ, ]:|, (26)
6n RK
where:
2 :
Q =(- )3(1+8js _(1+5J’ @7)
1-¢ 2
be+¢ 3¢
3e+28( ) @8)
PERFORMANCE ANALYSIS

OF DIAGNOSTIC SIGNAL

In the crank bearings of the engine type S-4002/4003
(agricultural tractors C-355, 360), the maximum value of
bearing clearance is characterized by accelerated wear of
crank mechanism (the boundary condition of the bearing
crank is 0.2 mm), which can be derived from the average
dependence given by [10,20,21]:

_ Ca
“ " 4h,

) 29

using the classical formula Vogelpohl:
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C,, =0.92:10°r, (30)
where:
C,, - clearance after getting proper association (at

optimal operation after 100mth),
h,, - the minimum thickness of oil wedge,
V' - the peripheral speed of crankshaft.

In the boundary conditions of dynamically loaded
crank bearing’s operation, the diagnostic signal param-
eters describing the relative decline in the oil pressure
inside the bearing and its flow through the bearing score
significantly higher values than when working under
optimal conditions, which points to accelerated wear
of the crank. Piekarski [17] applied the model to as-
sess the value of diagnostic signal parameters based on
measurements of the relative pressure drop and oil flow
dynamics at the measurement narrowing. As an indicator
of the dynamics, the following value describing oil flow
through the bearing was accepted:

d _Se=5
P S() >

Analytical interpretation of the above relation, using
the average value of clearance limit (at the speed of the
shaft 1200 min™):

@3

C, =2,3-10°V =1,42-C,
can be obtained by equation (26) as follows:

Q
2C,+C, | 2+ KnQ,
D =— CiS. : IK[RK zg’J
r C[]

where:

Q,, - quantity calculated from solutions (27),(28) for
c=c, =12,

Q. - quantity calculated from solutions (27),(28)
for ¢ = Cop i=1;2,

]
5 ~1=2,86-_-1,(32)
2C,+C1K(R—I‘2+K7uﬂzoj 0

Q
®, =2C,, +Cyy (R—]lg + K7, J

Ql i
®, =2C, +Cpy [ R]i + Kzzng,_}

1 Jor c=c,
K=:2 forc e(co,cg,)

3 forc=c,

In diagnostic tests, the dynamic of determined signal
changes should be as high as possible. It is assumed that the
determined change induced by an increase in consumption
occurring in the crank subsystem is the relative increase in
oil pressure drop, which is treated as a diagnostic signal.
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CONCLUSIONS

Knowledge of the dynamics of steam friction (piv-
ot - cup) in a crank system, expressed by escalation of
clearance between its elements, allows to determine the
probability of reliable operation of the considered fric-
tion pair. A proper technical maintenance of the engine
operation is necessary, provided the information is avail-
able on its properties.

This information can be known only by the changes
of bearing clearance and course changes in the dynamics
of the diagnostic signal.

Terms of co-operation of the functional subsystem
crank pivot - cup decide on the reliable operation of the
engine. The worsening conditions for cooperation of these
subsystems as a result of processes of consumption leads
to premature engine wear, and even more to significant
increase in fuel and oil consumption and increased dif-
ficulty in starting.

Requirements for operational progress are becoming
more frequently recognized and formulated. It was noted
that the effectiveness of the management of technical ob-
jects in many cases reduces the high operating expenses,
which may even get higher than expenses associated
with designing and manufacturing. The high operating
expenses can be reduced by improving the quality of
technical objects, as well as conditions of their use and
handling. For this purpose, the pursuit is necessary of
rational, science-based exploitation of technical objects.
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ANALIZA BILANSU OLEJU W LOZYSKU KORBOWYM

Streszczenie. Praca przedstawia analityczng kalkula-
cje bilansu oleju przeptywajacego przez dynamicznie obcigzo-
ne tozysko gtdwne i korbowe. Teoretyczne rozwazania bazujg
na rozwigzaniu roéwnania Reynoldsa (analityczny rozktad ci-
$nienia oleju w tozysku poprzecznym $lizgowym) o warunkach
brzegowych charakteryzujacych warunki pracy w/w tozysk za-
stosowanych w silnikach S-4002/4003 (ciagniki rolnicze). Ilo-
Sciowo-objetosciowa oceng cieczy smarujacej przeptywajacej
przez tozysko przedstawiono adekwatnie do teoretycznej war-
tosci sygnatu diagnostycznego co pozwala na dynamiczng ana-
lize porownawcza przeprowadzong dla wzorcowych, nowych,
jak rowniez dla tozysk o ustalonej klasyfikacji stopnia zuzycia.

Stowa kluczowe: smarowanie hydrodynamiczne, to-
zysko poprzeczne slizgowe, rownanie Reynoldsa, analiza dia-
gnostyczna, parametry sygnatu diagnostycznego.
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Summary. Plant oils used for frying food in industrial
or household conditions undergo degradation resulting from
multi directional physicochemical transformations. Post-frying
fat may be utilized for production of FAME type biofuel. Goal
of this paper were analysis of physicochemical changes taking
place in sunflower and rapeseed oil during course of potato
chips frying process, and answer to a question concerning effect
of type of oil, number of frying cycles and addition of chips
on above mentioned changes, when compared with fresh oil.
This answer will provide information concerning suitability of
investigated post frying oils for production of biofuels. With
rapeseed and sunflower oils used for frying chips as examples,
verification of hypothesis of lack of significance of intergroup
factors effects: oil and additions of chips, was conducted. Sig-
nificance of frying cycle and its interactions with intergroup
factors was also verified. Influence of type of oil and chips addi-
tion on four chosen oil quality parameters: acid number, perox-
ide number, fatty acids oxidation products, photometric colour
index, was compared. Moreover, interactions between investi-
gated factors and frying cycle were analysed. In order to verify
hypotheses of lack of significance of intergroup factors effects,
univariation variance analysis was used, in spite of strong linear
dependence between investigated parameters of oil: acid num-
ber (AN), peroxide number (PN), oxidation products (OP) and
photometric colour index (PCI). Number of oil samples was too
small when compared to number of dependent variables, what
lead to necessity of using univariation test. It must be noted that
dependence between these variables is not cause and eftect one.
Values of particular variables depended on cycle of heating,
while they did not depend on other variable investigated in the
research. Significance of factor of repeated measurements and
its interactions with intergroup factors were verified by means
of multivariation variance analysis and univariation tests F.

Key words: post-frying oils, biofuels, acid number, per-
oxide number, PCI, variance analysis.

INTRODUCTION

Plant oils used for frying food in industrial or home
conditions are subject to degradation resulting from multi

directional physicochemical changes caused by high tem-
perature, water and atmospheric oxygen. Reactions taking
place in fat subjected to prolonged heating depend on
conditions in which frying is conducted, initial quality
of utilized oil, type of food and its surface, content of
water and antioxidants as well as concentration of oxygen
and type of fryer. High temperature of frying, number
of cycles, content of free and unsaturated fatty acids,
ions of heavy metals, food additives with remnants of
agents for cleaning and washing equipment, lower oil’s
resistance to oxidation and are factors increasing pace of
disadvantageous oil quality changes [1, 3]. Volatile and
non-volatile substances are products of the reactions. Most
of them evaporate with water vapour and remaining ones
take part in reactions of oxidation and polymerization
or are absorbed by food. Some, formed during frying,
volatile compounds (1,4-dioxane, benzene, toluene) do not
contribute to obtaining desirable taste and are toxic [14,
4]. High temperature and sunlight accelerate formation
of free radicals and, as result of it, affect free-radical
chain transformations. Water, weak nucleophile, attacks
ester bounds of triglycerides and and this way di- and
monoacylglycerides, glycerol and free fatty acids are
formed. Thermal hydrolysis is observed mainly in oil
phase. Products of hydrolysis reactions undergo secondary
oxidation transformations [19]. Oxidation leads to forma-
tion of hydroperoxides and volatile, low particular weight,
compounds such as aldehydes, ketones, carboxylic acids,
alkanes and short chain alkenes, and high temperature
favours processes of cyclization [4, 14].

In deeper layers of oil, where access of oxygen is lim-
ited, transformations leading to formation of free radicals,
which are precursors of polymerization transformations
of oil, prevail. Formation of polymers results in changes
of density, viscosity and consistence of fat [22]. Polymers,
formed in frying oil as a result of oxidation and thermal
transformations, directly contribute to intensification of
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hydrolytic changes, for they cause detergency of oil, this
way promoting accumulation of water vapour in frying
oil. Detergency of frying oil favours also reactions of
free fatty acids with, present in fried product, cations of
sodium and potassium [4, 8]. As a result of fat degrada-
tion, surfactants, which increase time of contact of food
and oil, are formed. Therefore quantity of fat absorbed
by food increases, what causes decrease of heat transfer
rate and decrease of heat transport factor [2].

In fats subjected to prolonged heating, changes of
colour, intensifying with time that frying oil is used,
occur. Main cause of colour changes are oxidation reac-
tions, leading to accumulation of non-volatile compounds
in fryer - mainly polymers. Maillard compounds, formed
of remains of food present in frying oil, are also reason
for frying oil darkening. Moreover, all fried products may
affect colour of fat, by releasing into frying oil coloured
substances and lipids [8, 7, 12]. Changes of colour can be
used as indicator helping to control course of the process.

Increase of production of post-frying wastes from
households and from industrial production becomes
more and more significant problem both in Poland and
the world. Unfortunately, this waste is often dumped
into sewer system, what creates problem for waste water
treatment plants and leads to loses of energy. Obtained,
by means of properly organised and selective collection,
post-frying oil can be utilized for production of FAME
(Fatty Acid Methyl Esters) and can be used as biofuel.
Elaboration of criteria enabling determination of: when oil
is not suitable for use, and what its maximal save degree
of “wear out” is, poses a great challenge for producers
of fried food. Similar problem concerns used frying oils
intended for transesterification reaction. Such oils shall
characterize with specified values of acid and peroxide
number and of free fatty acids [6].

Fuels for diesel engines, obtained from edible oils
are changing electricity markets. To decrease production
costs more and more often used vegetable and animal fats
additives are used as raw materials. Quality requirements
for these materials, pertaining to the content of free fatty
acids, water, phosphatides and solid impurities depend
on the kind of catalyst used. In FAME production these
are alkaline catalysts, acidic catalysts or enzymes. With
acidic catalysts usage even a 50 % or higher content of
free fatty acids (FFA) in oils is accepted. With alkaline
catalysts this should not exceed 0.5 — 1 % [9, 21]. High
FFA content in fat causes significant loses in catalyst
reaction, as in KOH due to potassium soaps formation.
Post-frying oils quality parameters such as unsaturated
fatty acids products colour and quantity are degradation
degree indicators. Esters obtained from strongly degraded
fats can be used as an additive to fuel oil.

Aim of this paper were analysis of physicochemical
changes taking place in sunflower and rapeseed oil during
course of chips frying process, and answer to question
concerning effect of type of oil, number of frying cy-
cles and addition of chips on above mentioned changes,
when compared with fresh oil. This answer will provide
information on suitability of investigated post-frying oils

for production of biofuels. With rapeseed and sunflower
oils used for frying chips as examples, verification of
hypothesis of lack of significance of intergroup factors
effects: oil and additions of chips, was conducted. Signifi-
cance of frying cycle and its interactions with intergroup
factors was also verified.

Characteristics of post-frying oils properties can be
a basis for elaboration of model of these changes. Above
mentioned research will enable elaboration and suggest-
ing easy to conduct and cheap method of determination
of quality of oil used for gastronomical purposes with
regard to feasibility of its utilization for FAME production.

MATERIALS AND METHODS

Sunflower and rapeseed oils were objects of this
investigation. For the purpose of which 5 litres of each,
obtained from batch in trade, were used. Content of indi-
vidual containers was poured into a single container and
mixed. Obtained mixture was called raw sunflower oil or
raw rapeseed oil. Next, oil was heated in the container
to temperature enabling proper frying of chips, which
were made of raw potatoes. After frying and separation
of potato chips, oil had been left in the container in room
temperature for 24 hours. Collected sample was marked
as frying I. After 24 hours remaining oil was heated again
and all described above actions were repeated — yield-
ing another sample marked as frying II. Whole process
of heating, cooling and sampling was repeated until it
yielded samples marked with numbers I11, IV, V, VI and
VII. In order to investigate effect of frying on properties
of sunflower or rapeseed oil, similar cycles of heating
and cooling, but without frying chips, were conducted
yielding samples marked as heating I — VII.

Each of collected samples was subject to a labora-
tory testing and following properties were determined:
peroxide number (PN) [15], acid number (AN) [16],
photometric colour index (PCI) [14] and composition of
higher fatty acids [18].

Photometric colour index (PCI) was determined by
means of spectrophotometric method measuring absorb-
ency for four lengths of light waves: 460 nm, 550 nm,
620 nm and 670 nm. Photometric colour index (PCI) was
calculated as follows:

PCI =1,29-(Ab,,)+69,7-(Aby, )+
+41,2-(Abgyy ) — 56,4 (Abgy),

where: Ab(,,), Ab(,,), Ab(,), Ab(,) are values of
absorbency measured for four lengths of light waves:
460 nm, 550 nm, 620 nm and 670 nm respectively [14].
After each heating, each oil sample (with and without
chips) was analysed in six repetitions.

Determination of fatty acids composition was con-
ducted by means of gas chromatography. Extracted fat was
subjected to alkaline hydrolysis with sodium hydroxide
solution in anhydrous methanol, and than released fatty
acids were transformed into methyl esters with hydrogen
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chloride in methanol. Obtained esters were separated in
a chromatographic column and than their participation
in a sum of fatty acids was determined [18]. Relying on
obtained chromatograms amount of oxidation products
(OP) after each of seven frying cycles was calculated.

Investigation was conducted in randomised, complete
design, according to two-factor, crossed classification
scheme with repeated measurements. Crossed classifica-
tion was used for two intergroup factors: oil and additives.
Cycles of frying in temperature enabling preparation
of potato chips were factor of repeated measurements.
Statistical calculations were conducted by means of Sta-
tistica 6.0 program.

RESULTS AND DISCUSSION

In this paper, characteristics of chosen physicochemi-
cal changes of sunflower and rapeseed oil after each
of the seven heating cycles, were evaluated. Analysed
changes of acid number (AN), peroxide number (PN),
photometric colour index (PCI) and oxidation products
(OP) were presented in a graphic and tabular form in
figures 1-4 and tables 1-3.

Raw sunflower and rapeseed oil characterized with
typical properties meeting quality standards [17] of
product being a subject to business trade; (rapeseed oil
AN=0,192 mgKOH-g''t of fat, PN=33 meq-kg"', sunflower
oil AN=0,111 mgKOH-gof fat, PN=33,3 meq-kg"). Oils
were lucid, clear — no residuum was noted.

Influence of type of oil and addition of chips, on
chosen oil quality parameters: AN, PN, OP and PCI, were
compared. Moreover, interactions between investigated
factors and frying cycle were analysed.

In order to verify hypothesis of insignificance of ef-
fects of intergroup factors univariation variance analysis
was used, even though strong linear dependence between
investigated parameters of oil: acid number (AN), perox-
ide number (PN), oxidation products (OP) and photometric
colour index (PCI) was noted. Number of oil samples
was too small when compared to number of dependent

variables, what lead to necessity of using univariation
test. It must be noted that dependence between these
variables is not cause and effect one. Values of particular
variables depended on cycle of heating, while they did
not depend on other variable investigated in the research.
Significance of factor of repeated measurements and
its interactions with intergroup factors was verified by
means of a few methods: multivariate variance analysis
and univariate tests F.

ANALYSIS OF VARIABLE AN
- ACID NUMBER

Results of multivariate Roy’s test for repeated meas-
urements factor - cycle of heating and its interactions
with intergroup factors: type of oil and additives, leads
to rejection of null hypotheses assuming insignificance of
heating cycle influence and insignificance of interaction
of heating cycle and intergroup factors on diversification
of acid number of investigated oils (tab. 2).

Mauchley’s test for sphericity does not reject null
hypothesis assuming fulfilment of sphericity condition
for acid number AN (tab. 3), what enables utilization of
univariation tests for repeated measurements factor. At
significance level of 0,01, significant diversification of
acid number value, depended on type of oil, additives and
heating cycle, was noted. Acid number of investigated oils
was not changing identically with a change of additive
and change of heating cycle (tab. 1).

Rapeseed oil with addition of chips maintained higher
value of acid number AN throughout all heating cycles,
while in pure rapeseed oil acid number levelled with AN
of sunflower oil in the sixth heating cycle (fig. 1).

In sunflower oil heated without chips, acid number
(AN) was growing systematically while oil was being
heated, reaching finally level almost five times higher than
in raw oil. In analogous sample of oil heated with potato
chips, two-time increase was noted (fig. 1). In rapeseed oil,
increase of acid number was 2.96 and 1.92 respectively.

Similar tendency of changes of investigated oils prop-
erties was observed in earlier research by Szmigielski et

Table 1. Univariate analysis of variance analysis for investigated variables and factor of repeated measurements

Variable Sources of variation SS Degrees of freedom | MS F p
Absolute term 9.6587 1 9.6587 96093.82 0.000000
Oil 0.2361 1 0.2361 2348.70 0.000000
Additives 0.6424 1 0.6424 6390.76 0.000000
Oil*additives 0.0171 1 0.0171 170.43 0.000001
Error 0.0008 8 0.0001

AN
Cycle 0.7197 7 0.1028 2465.72 0.000000
Cycle*oil 0.0122 7 0.0018 4191 0.000000
Cycle*additives 0.1526 7 0.0218 522.88 0.000000
Cycle*oil*additives 0.0359 7 0.0051 122.86 0.000000
Error 0.0023 56 0.00004
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Absolute term 50679.17 1 50679.17 298288.3 0.000000
Oil 5541.31 1 5541.31 32615.1 0.000000
Additives 252.33 1 252.33 1485.2 0.000000
Oil*additives 573.89 1 573.89 3377.8 0.000000
Error 1.36 8 0.17
PN
Cycle 8031.86 7 1147.41 4830.9 0.000000
Cycle*oil 826.15 7 118.02 496.9 0.000000
Cycle*additives 557.89 7 79.70 335.6 0.000000
Cycle*oil*additives 142.49 7 20.36 85.7 0.000000
Error 13.30 56 0.24
Absolute term 91854.57 1 91854.57 169250.3 0.000000
Oil 257.99 1 257.99 475.4 0.000000
Additives 9612.67 1 9612.67 17712.2 0.000000
Oil*additives 547.28 1 547.28 1008.4 0.000000
Error 4.34 8 0.54
(0)3
Cycle 9293.11 6 1548.85 3797.4 0.000000
Cycle*oil 3410.56 6 568.43 1393.6 0.000000
Cycle*additives 1117.02 6 186.17 456.4 0.000000
Cycle*oil*additives 246.20 6 41.03 100.6 0.000000
Error 19.58 48 0.41
Absolute term 850492014 1 850492014 5254948 0.000000
Oil 1106306 1 1106306 6836 0.000000
Additives 23378872 1 23378872 144451 0.000000
Oil*additives 844088 1 844088 5215 0.000000
Error 1295 8 162
PCI
Cycle 128146166 7 18306595 196264 0.000000
Cycle*oil 8358142 7 1194020 12801 0.000000
Cycle*additives 22759271 7 3251324 34857 0.000000
Cycle*oil*additives 4237936 7 605419 6491 0.000000
Error 5223 56 93
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Fig. 1. Changes of acid number AN in subsequent heating cycles.F(7, 56)=122.86, p=0.0000. Vertical bars represent 0.95 con-
fidence interval
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Table 2. Multivariate Roy’s test for factor of repeated measurements and for investigated variables

Sources of variation Value F Effect df | Error df p
Cycle 62936.27 17981.79 7 2 0.000056
Xﬁiable Cycle*oil 729.35 208.39 7 2 0.004784
Cycle*additives 16450.86 4700.25 7 2 0.000213
Cycle*oil*additives 3421.34 977.53 7 2 0.001022
Cycle 73906.36 21116.10 7 2 0.000047
Cycle*oil 38132.80 10895.08 7 2 0.000092
o Cycle*additives 7240.41 2068.69 7 2 0.000483
Cycle*oil*additives 1554.84 444.24 7 2 0.002248
Cycle 23783.68 11891.84 6 3 0.000001
Cycle*oil 9055.49 452775 6 3 0.000005
or Cycle*additives 2997.96 1498.98 6 3 0.000027
Cycle*oil*additives 1053.61 526.81 6 3 0.000128
Cycle 6681140 1908897 7 2 0.000001
Cycle*oil 505382 144395 7 2 0.000007
vl Cycle*additives 1203929 343980 7 2 0.000003
Cycle*oil*additives 173356 49530 7 2 0.000020

al. [20] and Maniak et al. [10]. This data suggests similar
character of oil properties changes, of both rapeseed
and sunflower oil, taking place during frying chips. In
research of Chung [5] and Naz [13] it was showed that
acid number and content of free fatty acids in oil sampled
from frying pan was increasing with each frying cycle,
while time of frying did not influence oil hydrolysis.
Oxidation transformations seem to be a major profile of
investigated oils changes. Samples in which chips were
fried characterised with lower values of AN, when same
number of frying cycle is taken into consideration, than
samples heated without chips. It may result from minor
influence of hydrolytic transformations of oil, taking place
in presence of water from chips, as well as absorption
of hydrolysis products on porous surface of potatoes.

50
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ANALYSIS OF VARIABLE PN
- PEROXIDE NUMBER

Peroxide number in sunflower oil was higher than
in rapeseed oil regardless if chips were added or no ad-
dition of chips to heated oil was done. Addition of chips
caused significantly slower increase of PN in rapeseed oil,
while it only slightly slowed increase of this parameter in
sunflower oil, hence, greater span between PN values in
investigated oils (fig. 2). Similar trend was observed in
case of properties of post-frying rapeseed and sunflower
oils by Szmigielski [20] and Maniak [10].

It is characteristic in case of oxidation changes that
initial high decrease of unsaturated fatty acids content
is accompanied by simultaneous increase of products
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Fig. 2. Changes of peroxide number PN in subsequent heating cycles. F(7, 56)=85.701, p=0.0000. Vertical bars represent 0.95

confidence interval
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of partial fat oxidation content and increase of peroxide
number. Above mentioned transformations are also prob-
ably affected by sorption of oxidation products by chips,
what is suggested by lower peroxide number of samples
heated with the product [4, 14, 19].

At significance level of 0.05 Mauchley’s test for
sphericity does not reject null hypothesis assuming ful-
filment of sphericity condition for peroxide number - PN,
while it rejects this hypothesis at significance level of 0,01
(tab. 3), therefore univariate test for repeated measure-
ments factor shall be used with caution.

Results of multivariate Roy’s test for repeated meas-
urements factor - heating cycle and its interactions with
intergroup factors, type of oil and additives, lead to re-
jection of null hypotheses assuming lack of significance
of heating cycle influence and lack of significance of
interactions of heating cycle with intergroup factors on di-
versification of peroxide number value PN in investigated
oils (tab. 2). Univariate tests also reject null hypotheses
for factor of repeated measurements and interactions of
this factor with type of oil and additive (tab. 1). Therefore,
at significance level of 0.01 significant diversification of
PN level, with regard to type of oil, additives, heating
cycle and interaction between these factors, was noted.

ANALYSIS OF VARIABLE OP
- OXIDATION PRODUCTS

Heating sunflower and rapeseed oil in laboratory
conditions (small size of container used for the experi-

Table 3. Mauchley’s sphericity test for investigated variables

ment, and easy access of air), caused increase of con-
tent of partial fat oxidation products (OP), as a result of,
characteristic mainly for oxidation processes, changes
of composition of higher fatty acids (fig. 3). In investi-
gated oils, amount of products of fatty acids oxidation
(OP) was from 6.88% to 65.2% for sunflower oil heated
without chips and from 4.8% to 62.2% for sunflower oil
heated with chips, while respective values for rapeseed oil
were from 27.24% to 49.48% and from 14.8% to 22.97%.
Catalytic effect of present in heated oil potato chips (fig.
3), as well as sorption of oxidation products on surface
of fried chips, are possible.

Autoxidation is radical chain reaction. It is greatly
affected by food compounds like, for example: proteins,
saccharides, food dyes and water as well as catalysts,
which influence course and kinetics of autoxidation.
Formed during oxidation of lipids hydroperoxides are
very unstable, and hydrocarbons, aldehydes, ketones,
alcohols and ethers are secondary products of their deg-
radation [19].

At significance level of 0.05 Mauchley’s test for
sphericity does not reject null hypothesis assuming ful-
filment of sphericity condition for oxidation products -
OP, while it rejects this hypothesis at significance level
of 0,01 (tab. 3), therefore univariate test for repeated
measurements factor shall be used with caution. While
at significance level of 0,01, significant diversification of
oxidation products, with regard to type of oil, additives
and heating cycle, was observed. It should be noted that
content of oxidation products in investigated oils was not

Variable Effect W Chi-kw. df P
AN Cycle 0,001225 36,55609 27 0,103656
PN Cycle 0.000269 44.82426 27 0.016968
OP Cycle 0,001766 36,62489 20 0,012974
PCI Cycle 0,001788 34,49470 27 0,152153
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Fig. 3. Changes of oxidation products OP in subsequent heating cycles. F(6, 48)=100.60, p=0.0000. Vertical bars represent 0.95

confidence interval
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Fig. 4. Changes of photometric colour index PCI in subsequent heating cycles. F(7, 56)=6490.7, p=0.0000. Vertical bars represent
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changing in the same manner in samples with and without
addition of chips, and with each consecutive heating cycle.

In sunflower oil with addition of chips, content of
oxidation products was increasing fast, while, in case
of rapeseed oil with chips addition, slower increase was
observed. Heating investigated oils without chips addition
caused similar changes of content of oxidation products
in cycles III-VI, while in second and seventh cycle of
heating much greater increase of OP in rapeseed oil than
in sunflower oil was observed (fig. 3).

Results of multivariate Roy’s test for repeated meas-
urements factor - heating cycle and its interactions with
intergroup factors: type of oil and additives, lead to re-
jection of null hypotheses assuming lack of significance
of heating cycle influence and lack of significance of
interactions of heating cycle with intergroup factors on
diversification of oxidation products of investigated oils
(tab. 2). Univariate tests also reject null hypotheses for
factor of repeated measurements and interactions of this
factor with type of oil and additive (tab. 1). Therefore,
at significance level of 0.01 significant diversification of
OP level, with regard to type of oil, additives, heating
cycle and interaction between these factors, was noted.

ANALYSIS OF PCI
- PHOTOMETRIC COLOUR INDEX

Visual and instrumental effect of changes taking
place in subjected to heating seven times oils was their
darkening progressing with time of their utilization. Main
reasons for colour changes were oxidation reactions lead-
ing to accumulation of polymers in the fryer, as well as
Maillard reactions in which simple and complex carbo-
hydrates, proteins and amino acids, products of peroxides
degradation were substrates [19, 11, §].

Value of PCI for sunflower oil ranged from 1588 to
4730 for oil in which chips were fried, while for oil with
no chips addition they were from 1588 to 4479. In case
of rapeseed oil values were 842 — 5658 and 842 - 2543

respectively (fig. 4). Photometric colour index of oil was
increasing faster in oil with chips addition than in pure
oil. It must also be noted that the increase was faster in
rapeseed oil than in sunflower oil. Course of changes of
the index in oil without chips addition was similar. After
seventh heating cycle value of PCI in rapeseed oil with
chip addition was significantly higher than in same oil
but without chips, while in case of sunflower oil, differ-
ences between PCI value of oil with and without chips
were much smaller (fig. 4).

At significance level of 0,01, significant diversification
of photometric colour index, with regard to type of oil,
additives and heating cycle, was observed. Photometric
colour index of investigated oils was not equally affected
by addition of chips and by consecutive heating cycles
(tab. 1). Relying on results of Mauchley’s test, it was
stated that sphericity condition for photometric colour
index is fulfilled, therefore, univariate tests can by used
for analysis of heating cycle effect (tab. 3).

Results of multivariate Roy’s test for repeated meas-
urements factor - heating cycle and its interactions with
intergroup factors, type of oil and additives, lead to rejec-
tion of null hypotheses assuming lack of significance of
heating cycle influence on diversification of photometric
colour index of investigated oils, and lack of significance
of interactions of heating cycle with intergroup factors
(tab. 2). Univariate tests also reject null hypotheses for
factor of repeated measurements and interactions of this
factor with type of oil and additive (tab. 1). Therefore,
at significance level of 0.01, significant diversification of
PCI level, with regard to type of oil, additives, heating
cycle and interaction between these factors, was noted.

CONCLUSIONS

1. Type of oil, additives (oil with or without chips) and
frying cycles significantly diversify physicochemical
properties of post-frying oils.
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10.

. Changes of value of investigated parameters (AN, PN,

OP, PCI) in investigated oils do not have same course,
when changes of addition or heating cycle are taken
into consideration.

. Values of investigated parameters AN, PN, and OP in

case of rapeseed oil with chips addition were at higher
level than in sunflower oil.

. Photometric colour index (PCI) of rapeseed oil with

addition of chips increased significantly after third
frying cycle, exceeding value of PCI recorded for
sunflower oil with chips addition.

. Course of changes of physicochemical properties of

pure oils was similar for both investigated oils. Only
in case of sunflower oil peroxide number PN increased
significantly after first heating cycle and remained
higher than in rapeseed oil throughout all subsequent
heating cycles.

. Results of conducted research may be a basis for elabo-

ration of cheap and simple system of post-frying oils
evaluation, when aspect of their use for biofuel pro-
duction is considered.
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FIZYKOCHEMICZNA OCENA OLEJOW UZYWANYCH DO
SMAZENIA FRYTEK W ASPEKCIE PRODUKCIJI BIOPALIW

Streszczenie. Oleje roslinne stosowane do smazenia
w przemystowych lub domowych warunkach ulegaja degrada-
cji wynikajacej z wielostronnych fizykochemicznych transfor-
macji. Ttuszcz pozostaty po smazeniu moze by¢ wykorzystany
do produkc;ji biopaliwa typu FAME.

Celem pracy byta analiza fizykochemiczna zmian zacho-
dzacych w oleju stonecznikowym i rzepakowym podczas prze-
biegu procesu smazenia frytek ziemniaczanych, oraz ustalenie
wplywu rodzaju oleju, liczby cyklow smazenia i dodatkéw do
frytek na wyzej wymienione zmiany, w pordwnaniu ze swiezy-
mi olejami. Wyniki badan pozwola na wnioski dotyczace przy-
datnosci badanych olejéw po smazeniu do produkcji biopaliw.
Uzyto olejow z rzepaku i stonecznika do smazenia frytek jako
przyktadéw do weryfikacji zalozen badawczych.

Stowa kluczowe: oleje po smazeniu, biopaliwa, liczba
kwasowa, liczba nadtlenkowa, PCI, analiza wariancji.
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Biodegradation of TPS mouldings enriched with natural fillers
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Summary. The aim of the present study was to investigate
the biodegradation of thermoplastic starch (TPS) mouldings in
the soil. Samples, produced from mixtures of potato starch, glyc-
erin and added fillers (natural fibers) were obtained in two steps:
TPS granules by extrusion-cooking, than the extrudates were
processed by injecting moulding technique to get mouldings.
The varied weight loss of mouldings was observed during stor-
age, depending the time of storage and raw materials composi-
tion. Those collected after 12 weeks of storage in the soil had the
highest weight loss. It was noticed that the increased addition of
glycerol in the mouldings had an effect on the higher degrada-
tion rate. To the contrary, the addition of fillers to the mouldings’
composition, especially flax fibers, slowed down the process.

Key words: thermoplastic starch, extrusion-cooking,
biodegradation, natural fibers

INTRODUCTION

Extrusion-cooking, popular in food processing, caus-
es the destruction of starch and leads to its thermoplastic
nature. Mixing and processing of starch with other com-
ponents allows to form new materials — thermoplastic
starch (TPS) used in packaging sector [6, 8, 17, 19, 20, 21].

TPS can be used as stand-alone packaging material or
as an additive that improves the degradation of plastics.
Its application is possible due to the relatively short time
of degradation to CO, and water. Biocomposites that are
enriched with starch are mainly used in making films,
containers, and in the production of foams used for filling
of empty space contained in the packs [10, 14].

Packaging materials made from thermoplastic starch
can be produced by two methods: single- and two-stage.
A single-stage method involves prior formation of the com-
ponents mixture and its application to the devices producing
the packaging material. An example of such a device is an
extruder, the universal machine widely used in plastic film
production. A single-stage method is also used in the produc-
tion of the mentioned before foams and fillers [5, 12, 13, 15].

In the case of two-stage method of production, the
first step consists the production of TPS pellets — half-
products processed by extrusion-cooking [11, 16]. The
second stage is the production of packaging material,
which can be performed with conventional equipment
used in plastic processing, including film-blowing ex-
truders and injection moulding machines.

MATERIALS AND METHODS
MATERIALS

The basic raw material was potato starch type Supe-
rior produced by AVEBE b.v. (NL), mixed with a tech-
nical glycerol of 99% purity produced by Odczynniki
Chemiczne-Lublin (PL) — the plasticizer, and cellulose
fibers vivapur type 102 (JRS GmbH, D) and flax fibers
(Polish rural producers) — as the fillers.

PREPARATION OF MIXTURES

All ingredients were mixed using a laboratory ribbon
mixer. The effective mixing time of 20 minutes was set
after repeated attempts. The share of glycerol was 20%,
22% and 25% by the weight in the mixture, whereas the
contribution of fibers in the prepared mixtures was 5%
and 10%. After mixing, samples were left in sealed plastic
bags for 24 hours in order to maintain the homogenous
mixture. Immediately before the extrusion the blends
were mixed once again for 10 minutes, which guaranteed
getting looser structure of the mixture.

EXTRUSION-COOKING

TPS granules enriched with natural fibers were pro-
duced using a modified single screw extrusion-cooker
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type TS-45 (ZMCh Metalchem, PL) with L/D = 18/1,
equipped with an additional cooling section of the bar-
rel and a forming die with a hole diameter of 3 mm.
Extrusion-cooking process temperature was set at the
range from 60°C to 110°C and maintained appropriately
adjusting the intensity of the flow of cooling liquid [I,
2,3, 4].

HIGH-PRESSURE INJECTION MOULDING

The high-pressure injection moulding machine AR-
BURG 220H90-350 type, L/D=20.5 was used. The injec-
tion speed was maintained at (70-90) mm/s, the injection
time: 5 sec., the process temperature ranged from 100°
C to 180°C. Since the injection-moulded samples were
used in the production, it gave the basic matrix in the
form of ‘shoulders’, useful in the subsequent run-time
tests of mechanical properties of moulded samples and

Fig. 1. The mouldings placed in the boxes with soil
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their biodegradability. For biodegradability tests mould-
ings processed at 160°C were selected.

ASSESSMENT OF BIODEGRADABILITY TEST

The mouldings prepared with a moisture content of
about 4% were placed in special baskets and stored in
plastic boxes covered with 15 cm layer of garden soil
with a moisture content of 70% and pH 6.5 for 2, 4, 8
and 12 weeks [18]. In order to ensure constant initial soil
moisture, the content of soil and the process of water loss
were determined twice a week (Fig. 1, 2).

The boxes with samples were kept in autumn in
an unheated room at constant humidity at 15°C. After-
wards, mouldings were cleaned, weighed and dried to
a moisture content of 4%. The determination of mass

loss was carried out in the final stage of storage intervals
[7, 9].

Fig. 2. The distribution of samples in the boxes to the ground

Fig. 3. The influence of storage time and the amount of flax fibers on the weight loss of the mouldings containing 20% of glycerol
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RESULTS

The highest weight loss was observed after 12 weeks
storage period for the whole range of the investigated
samples. The results of the weight loss in mouldings
containing 20% of glycerol and the addition of flax fibers
are shown in Figure 3.

For all the samples after the first two weeks of storage,
the recorded weight loss ranged from about 13% (for the
samples containing 20% of glycerol) to approximately
23% (for the samples containing 25% of glycerol).

In the case of starchy samples without natural fibers,
stored for 12 weeks, a greater weight loss at a higher
content of glycerol in the formulation of granulates was
observed. Moreover, the moulding’s surface underwent
decomposition faster in contact with moist soil than in
its inner layer (the moulding’s core).

L=
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Fig. 4. Samples with flax fibers after 12 weeks of storage

The addition of flax fibers influenced the degree of
biodegradation. It was observed with the increase of the
flax fibers content in the blend an increase in the weight
loss of tested mouldings.

The highest weight loss, which reached about 56%,
was observed in samples containing 10% of flax fibers
after 12 weeks of storage. The samples processed without
the addition of flax fibers characterized smaller weight
loss, which was about 40% after 12 weeks (Fig. 4).The
increase in the amount of plasticizer in the samples (22%
and 25% of glycerol) increased the rate of biodegradation
during the first 8 weeks of the experiment (Fig. 5, 6).

Weight losses of samples were greater than in the
mouldings made from granulates containing 20% of
glycerol. Mouldings with 22% of glycerol and 5% of
flax fibers indicated the smallest weight losses during

Fig. 5. The influence of storage time and the amount of flax fibers on the weight loss of the mouldings containing 22% of glycerol
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Fig. 6. The influence of storage time and the amount of flax fibers on the weight loss of the moulding 25% of glycerol

storage, reaching about 32% after 12 weeks (Fig. 5). of 20% of glycerol, indicated similar properties to the

The increase in the content of fibers from 5% to 10% samples containing flax fibers (Fig. 7).

in samples caused the increase in the weight loss by The addition of cellulose fibers influenced their biodeg-

approximately 16%. radation process. As it was observed, the increase of cellu-
Samples made of granulate containing cellulose fib-  lose fibers in the blend resulted in the increase in the weight

ers of 5% and 10%, as well as those with the addition loss. The highest weight loss, which ranged from about 51%

o7 350, WO

Fig. 7. The influence of storage time and the amount of cellulose fibers on the weight loss of the mouldings containing 20% of
glycerol
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- 53%, was observed for the mouldings containing 5% and
10% of cellulose fibers after 12 weeks of storage (Fig. 8).

Fig. 8. Samples with cellulose fibers after 12 weeks of storage
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Figure 9 presents a similar tendency, where the weight
loss for tested samples produced from granulates contain-
ing cellulose fibers is similar to the weight loss for those
containing flax fibers.

Within the course of the experiment it was proved
that the mouldings containing cellulose fibers displayed
the same quality as those with flax fibers. Numerous
cracks and groves which occurred on the surface of com-
pacts as the result of consecutive biodegradation were
observed (Fig. 10).

Figure 11 presents the influence of storage time
and amount of cellulose fibers on the weight loss of the
mouldings.

The highest weight loss was observed for the samples
made of granulate containing 25% of plasticizer without
the addition of fibers. After 12 weeks the weight loss was
about 57%. The addition of cellulose fibers resulted in
the decrease of weight loss in comparison to the samples
produced without fibers.

Samples prepared without the addition of fibers and
those containing cellulose were fragile and prone to
cracking during storage according to the weight loss.
Samples containing flax fibers displayed good resistance

to the damage.

CONCLUSIONS

It was indicated that the weight losses were higher
with the increase of glycerol content in the mouldings.

Fig. 9. The influence of storage time and the amount of cellulose fibers on the weight loss of the mouldings containing 22% of

glycerol
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Fig. 10. The mouldings containing flax (a) and cellulose (b) fibers after 2 weeks storage time

The highest weight loss (ca. 57%) was observed in the storage. Numerous changes visible on the surface of
samples with 25% of glycerol.

mouldings in the early stage of storage (cracks, grooves,
The increase in the content of flax fibers slowed down

etc.) are considered to be the result of the consecutive
the process of decomposition in the first two weeks of biodegradation process.

19/ STOVWBRM

Fig. 11. The influence of storage time and the amount of cellulose fibers on the weight loss of mouldings containing 25% of
glycerol
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The addition of flax and cellulose fibers resulted
in quicker biodegradation process in soil, which was
observed in the final stage of storing (after 12 weeks).
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BIODEGRADACJA WYPRASEK SKROBI TERMOPLASTYCZ-
NEJ WZBOGACONYCH NATURALNYMI WYPELNIACZAMI

Streszczenie. Badaniom poddano formy sztywne
w postaci wyprasek wytworzonych ze skrobi termoplastycznej
(TPS). Granulaty zostaly wyprodukowane z mieszanek skrobi
ziemniaczanej, gliceryny oraz dodatku wypelniaczy w posta-
ci wtokien naturalnych. Nastepnie formy sztywne w postaci
wyprasek wytworzono metodg wtrysku wysokoci$nieniowego
z granulatow TPS charakteryzujacych si¢ zréznicowana zawar-
toscig gliceryny (plastyfikatora) i widkien (substancje wzmac-
niajace). Podczas pomiaréw zaobserwowano zréznicowany
ubytek masy wyprasek zalezny od czasu ich przechowywania
w glebie. Po 12 tygodniach przechowywania w glebie stwier-
dzono najwyzszy ubytek masy probek. Zwigkszenie dodatku
gliceryny w wyprasce wpltywato na wigksze tepo biodegradacji
natomiast dodatek wypelniaczy szczegdlnie wiokien Inianych
proces ten spowalniat.

Stowa kluczowe: skrobia termoplastyczna, ekstruzja,
biodegradacja, wtdkna naturalne
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Cast agricultural tools for operation in soil
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Summary. This paper describes new cast designs of
agricultural tools operating in soil. Using previous experience
with the implementation of new ADI cast shares for reversible
ploughs and single-sided ploughs, the design and appropriate
technology were developed to cast subsoiler coulters and culti-
vator duckfoot. These castings were heat treated (austempered)
and used in performance tests. The development of these tools,
innovative in terms of their shape geometry and selection of
suitable cast material resistant to extra heavy operating condi-
tions, improved the functionality and prolonged service life of
the agricultural machinery.

Key words: iron alloys, ductile iron, ADI, computer
simulation, agricultural tools.

INTRODUCTION

For many years the Foundry Research Institute in
Cracow has been cooperating with the Industrial Institute
of Agricultural Engineering in Poznan in the develop-
ment of new designs and selection of materials for cast
agricultural tools operating in soil to replace the com-
ponents forged and welded [9, 10, 15-17]. As a result of
this cooperation, a share was designed and cast to operate
in the home-made reversible and single-sided ploughs. It
won numerous medals and awards at home and abroad.

Currently, work is underway on new solutions.
Among other things, castings of subsoiler coulter and
cultivator duckfoot were designed, manufactured and
submitted in a patent office.

CASTING OF CULTIVATOR DUCKFOOT

Cultivator duckfoot operates during field work in soil
under the conditions of tribological wear. The technology
applied so far to make this tool has been punching and
forging of steel components, followed by drilling, weld-
ing, grinding, and applying a corrosion-resistant coating.

A photograph of this tool working directly in the soil
during pre-sowing land cultivation is shown in Figure 1.

Fig. 1. A photograph of forged duckfoot for the cultivator
spring teeth

As a part of the ongoing work, a new innovative
design of the cast duckfoot was developed. Documenta-
tion was elaborated, adapting the design of the tool to the
operating conditions and casting manufacturing technol-
ogy. Illustrative models were prepared next, using the
design method based on CAD and Solid Works giving
the possibility of any arbitrary shaping and modelling of
elements, allowing for the type and intensity of loading
applied to them. Figure 2 shows the developed models
of a duckfoot for the cultivator spring teeth. A virtual
model and a real model in the version selected for tests
are shown in respective drawings.
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Fig. 2. Duckfoot for the cultivator spring tooth: virtual 3D
model made in Solid Works (left) and pattern made by RP on
a 3D DIMENSION 1200es printer (right)

The casting technology was developed by computer
simulation. The simulation has shown that:
— reduced temperature of pouring and lower initial mould
temperature reduce the casting porosity,
the porosity is also reduced by proper treatment of
liquid metal with a good degree of graphitisation,
technology no. 2 where the technological mould com-
ponent is shifted to the lower part of casting (Figure 3)
reduces porosity in places of the hot spots during cast-
ing solidification.

Fig. 3. Drawings of the two examined technologies

The cast iron of composition given in Table 1 was
used for a pilot batch of duckfoot castings made accord-
ing to technology no. 2. A photograph of these castings
is shown in Figure 4.

ZENON PIROWSKI, MAREK KRANC, JERZY OLSZYNSKI, ANDRZEJ GWIZDZ, MAREK GOSCIANSKI

Table 1. The results of chemical analysis of the melt

Ductile Chemical composition; wt.%

iron C Si [Mn |P S Mg Ni Mo |cu
nickel- 3,60 |2,45(0,32 (0,035 {0,020 [ 0,065 | 1,90 |- 0,93
copper

Fig. 4. Duckfoot castings for the cultivator spring teeth (made
by the developed technology)

The ready duckfoot castings were subjected to a heat
treatment process (austempering). To reduce the oxidation
process at high temperature, the austenitising treatment
was carried out in a protective atmosphere of argon.

Hardness after heat treatment, measured on the three
finished castings of duckfoot, ranged between 36 and 40
HRC which, according to PN-EN 1564, has qualified this
material as EN GJS 1200-2 [1].

CASTING OF SUBSOILER COULTER

Subsoiler coulter operates in soil exposed to the con-
ditions of tribological wear. The depth of soil cultivation
reaches 80 cm. The technology used so far consists in
punching and cutting of steel components, and then drilling,
welding, grinding, and applying a protective anti-corrosion
coating. A photograph of this tool operating directly in the
soil during pre-sowing land cultivation is shown in Figure 5.

Fig. 5. A photograph of the welded subsoiler coulter
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As a part of the ongoing work, a new innovative
design of the cast subsoiler coulter was developed.
A documentation was elaborated, adapting the design
of the tool to the operating conditions and casting manu-
facturing technology. Illustrative models were prepared
next, using the same design technique as for the de-
sign of the cultivator duckfoot castings. Figures 6 and 7
show models of the subsoiler coulter in version selected
for trials.

Fig. 6. Virtual 3D model of subsoiler coulter made in Solid
Works

Fig. 7. Pattern of subsoiler coulter made by RP on a 3D DI-
MENSION 1200es printer

Based on the results of computer simulation, a tech-
nology for casting the subsoiler coulter was developed
(Figure 8).

Fig. 8. Casting technology

The performed computer simulation of mould filling
and metal solidification process according to the devel-
oped technology revealed that:

— the use of two risers in exothermic sleeves ensures
full feeding of the casting,

— the obtained final properties indicate that the casting
has a ferritic structure,

— the tensile strength R in the casting cross-section
exceeds the value of 400 MPa, reaching in some areas
500 MPa and more,

— hardness ranges from 150 to 170 HB,

— elongation is from 16 to 19%,

— large variations of properties in the casting cross-sec-
tion are due to variations in the wall thickness, and
thus to a temperature gradient between the individual
points of the casting [4-8],

— the applied heat treatment significantly changes the
alloy properties, leading to their homogenisation in
the casting cross-section [4-7].

From the cast iron of the composition given in Table
2, a pilot batch of subsoiler coulters was cast. A photo-
graph of these castings is shown in Figure 9.

Table 2. The results of chemical analysis of the melt

1 11 . 0,
Ductile | Chemical composition; wt.%

fron o |si [Mn|P S |Mg |Ni [Mo |Cu

,_"E vy (= — f=3 (= (=3 f=3 [ '
ERE % =% =3 2 = * @ <
(=} N [\l (=] - -~ 2 — o
L2 o (=} =3 (=)

[SHie=}

el

>

=

g

Fig. 9. Subsoiler coulters cast by the developed technology

The heat treatment process of the subsoiler coulters
was performed in an LT ADI -350/1000 technological
line using the following equipment:

— electric chamber furnace, type B4 - ENL,
— salt bath, type WS-4/450 EL,
— washing and drying device, type WPSD-4EL.

Hardness after heat treatment, measured on the six
finished castings of subsoiler coulters ranged between
39 and 42 HRC which, according to PN-EN 1564, has
qualified this material as EN GJS 1200-2 [1].
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CONCLUSIONS

The investigation of the operating conditions and of
the wear and tear behaviour of the cultivator duckfoot
and subsoiler coulters allowed, using special computer
programmes, for the design of these tools in a new ge-
ometry, better adjusted to the requirements of the casting
technology.

The tests previously conducted on ADI enabled the
selection of the best material for the designed new items,
optimising at the same time the heat treatment parameters
[2, 3, 11-14, 18-20].

The, developed through computer simulation, casting
technologies for the manufacture of subsoiler coulter and
cultivator duckfoot allowed making high-quality cast tools
for the cultivation of agricultural land. Prototype castings
of these tools were transferred to the operational testing
and the results will be discussed in a publication to follow.
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ODLEWANE NARZEDZIA ROLNICZE
PRACUJACE W GLEBIE

Streszczenie. W pracy opisano nowe konstrukcje od-
lewanych narzedzi rolniczych pracujacych w glebie. Wykorzy-
stujac dotychczasowe doswiadczenia zwigzane z wdrazaniem
nowych lemieszy do plugéw obracalnych i zagonowych wy-
konanych z zeliwa ADI, przystapiono do opracowania kon-
strukcji 1 odpowiedniej technologii odlewania redlicy gltg¢bosza
oraz gesiostopki kultywatora. Odlewy te obrobiono cieplnie
(hartowanie z przemiang izotermiczna) i przekazano do badan
eksploatacyjnych. Opracowanie tych innowacyjnych narzedzi
pod wzgledem geometrii ksztaltu i doboru odpowiedniego two-
rzywa odlewniczego odpornego na szczegdlnie trudne warunki
pracy pozwolito zwigkszy¢ ich funkcjonalnos¢ i trwatos¢ eks-
ploatacyjna.

Stowa kluczowe: stopy zelaza, zeliwo sferoidalne,
ADI, symulacja komputerowa, narzgdzia rolnicze.
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Performance testing of cast agricultural tools operating in soil
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Summary. After extensive studies of materials and mak-
ing from selected ADI grades the pilot subsoiler coulters and cul-
tivator duckfoot castings, the performance tests were conducted
on these elements. A methodology of the studies was developed,
farms were selected to carry out the tests, and the results were
examined. It was shown that the service life of both the sub-
soiler coulter and cultivator duckfoot made by the casting tech-
nology from properly selected material is much longer than the
service life of the presently used steel tools forged and welded.

Key words: iron alloys, ductile iron, ADI, agricultural
tools, performance tests.

INTRODUCTION

The aim of testing the castings operation was to verify
the performance of the applied material and technology
conversion in production of selected agricultural tools
operating in soil [1-3,8,9,13-16,21,23].

From the alloys studied, a series of selected agricul-
tural pilot cast tools for the soil treatment was made. The
castings were subjected to a heat treatment, which in this
case involved an austempering process [4-7, 10-12, 17, 18].

The ready pilot tools were undergoing pre-operational
testing (mainly for tribological wear behaviour). The
scope of the research included:

— selecting for performance tests the designed and
manufactured parts of agricultural machinery for
soil-working,

— selecting farms where reliable trials can be conducted,

— developing guidelines for the tribological test pro-
cedure,

— preparing appropriate forms which farmers are sup-
posed to complete before taking the castings for trials,

— supervising the preliminary tests carried out under
field conditions,

— collecting comments, observations and test results.

The object of the studies were innovative, prototype cast
elements (duckfoot of the cultivator spring teeth and subsoiler
coulters) made from the high-quality alloyed ductile iron after
austempering treatment. Properly prepared for tests, these
elements were given to farmers using specially designed Test
Tool Commissioning Sheets. The sheet took into account
the following data: type of the farm, type of the agricul-
tural machinery selected for tests, number of items (tools)
commissioned for testing, and date of the commissioning.

TEST CONDITIONS

In assessing the conditions of the conducted tribologi-
cal tests, the stoniness of soil and its moisture content
were determined.

The field soil stoniness was determined in accordance
with PN - 90/R -55 003 “Test methods for agricultural
machines” with division into the following classes:

— very low, up to 5 t/ha (up to 5 tonnes of stones per 1
hectare of the field area),

low, 5 - 20 t/ha,

— medium, 20 - 50 t/ha,

high, above 50t/ha.

The relative (expressed in weight units) soil humidity
was determined in accordance with PN - 90 /R - 55 003,
collecting field soil samples (250 g) to the sealed plastic
bags. A properly selected batch of soil was taken from the
bag , weighed on an electronic scale with an accuracy to
the nearest 0.0002 g, and then dried in a drier at 105°C
during 30 min. After drying, the batches of the soil were
re-weighed. The relative humidity was determined from
the following formula:

m, —m,
Wg = mmmmmmmmmee- 100 [%]7
1’1’12
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where:
m, - mass of soil from the examined field,
m, - mass of soil from the examined field after drying.

THE WEAR AND TEAR CHARACTERISTICS
OF CULTIVATOR DUCKFOOT

Cultivator duckfoot operates in soil during field work
under the conditions of tribological wear. The cast duck-
foot elements were subjected to performance tests. Ac-
cording to the assumptions made previously, the operating
speed of a tractor-combined cultivator set was 5 to 8 km/h.
The study was conducted on soils of Class [Il and 1V, i.e.
on medium-firm soils after cultivation with disc harrow.
The soil stoniness on the farm, where the performance
tests of cultivator duckfoot castings were conducted, was
defined as low. The on-farm soil moisture content during
the tests was approximately 7.4%, while the measured
air humidity was 62.8% at a temperature of 11.4 °C.

The study involved eight pieces of the randomly
selected duckfoot castings. In the period of October -
November 2011, tests were conducted on the surface
area of 15ha (150 000 m?). The operating depth of tools
was 8 - 12 cm.

Figure 1 shows these elements mounted in a machine
during the conducted tribological test.

Fig. 1. Duckfoot castings mounted on springs of the soil culti-
vating aggregate teeth (after the tribological field testing)
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The farmer’s own cultivating aggregate provided
with the spring teeth ending in the tested duckfoot cast-
ings was operating in the soil prior to crop sowing. The
tested duckfoot castings were fixed in the first row, most
exposed to heavy abrasion wear.

After completing the preliminary tribological tests,
all items were collected from the places where they were
tested in accordance with the Test Tool Commissioning
Sheets and under laboratory conditions the following
final operations were performed:

— photographs of the worn-out parts were taken,

— castings were weighed to determine the final mass loss
and wear rate under the conditions of the stochastically
changing abrasive environment (soil),

— selected elements were scanned to allow an objective
assessment of the degree of wear and the mode of
wear (using images of the scanned area) observed on
individual edges and possibly on the working surfaces.

In Figures 2 and 3 photographs are shown comparing
the worn-out duckfoot castings after tribological tests
with tools before the wear test.

Fig. 2. The appearance of duckfoot casting after (left) and be-
fore (right) the tribological field testing

Fig. 3. A comparison of duckfoot surface topography after (left)
and before (right) the tribological field testing
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Fig. 5. (left) A photograph comparing the edge contour in duckfoot no. 10 worn out during the tribological test (the highest mass
loss among all the tested specimens) with an outline of the CAD 3D model

Fig. 6. (right) A photograph comparing the edge contour in duckfoot no. 16 worn out during the tribological test (the lowest mass
loss among all the tested specimens) with an outline of the CAD 3D model

As a primary indicator of the tribological wear rate,
the percent loss in duckfoot weight per 1 ha of the cul-
tivated land surface area was adopted. The results of
the mass loss abrasive wear test are shown in Figure 4.

Figures 5 and 6 show the wear images of duckfoot
castings, compared with their 3D CAD models made by the
method of optical scanning usinga GOM ATOS I scanner.

Comparing the scans of the duckfoot castings before
and after the tribological tests, it was concluded that:
there was an evenly balanced wear on the leading edge
of the item and on the total duckfoot leading surface,
running up to the mounting hole,
duckfoot no. 10, with the greatest loss in mass, was
significantly reduced in length, as shown in Figure 5,

duckfoot no. 16, with the lowest degree of abrasive
wear, revealed no significant signs of wear, besides
a rounding off on the leading edge (Fig. 6),

the maximum size of surface deviations in both the
compared duckfoot castings was at the level of -4.74
mm.

THE WEAR AND TEAR CHARACTERISTICS
OF SUBSOILER COULTER

Subsoiler coulter operates in soil during field work un-
der the conditions of tribological wear. The cast subsoiler
coulters were subjected to performance tests. According
to the previously-made assumptions, the operating speed
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of a tractor-three-tooth subsoiler set was 10-12 km/h. The
study was conducted on soils of Class III and 1V, i.e.
on heavy clay soils, after cultivation with disc harrow.
The soil stoniness on the farm, where the performance
tests of subsoiler coulter castings were conducted, was
defined as low. The on-farm soil moisture content during
the tests was approximately 9.3%, while the measured
air humidity was 73.4% at the temperature of 16.2 °C.

The study involved randomly selected subsoiler coul-
ter specimens. In the period of October - November 2011,
tests were conducted on the surface area of 7 ha (70 000
m?). The operating depth of tools was 35 - 40 cm.

Figure 7 shows the subsoiler coulter operating in
soil (tribological test). Fig. 8. The appearance of coulter before (left) and after (right)

the tribological field testing

Fig. 9. A comparison of subsoiler coulter surface topography
before (left) and after (right) the tribological field testing

Similar to the duckfoot case, as a primary indica-
tor of the tribological wear rate, the percent loss in tool
weight per 1 ha of the cultivated land surface area was
adopted. The mass loss abrasive wear test results are
shown in Figure 10.

1
08 0.87
2% os
Fig. 7. A photograph illustrating the operation of subsoiler co- ié "
ulter in soil (tribological test) %g u.:
- 0
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Figures 8 and 9 are photographs showing the appear- % é E" 1
ance and surface topography of a cast subsoiler coulter ‘gé o
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Fig. 10. Graph illustrating the percent loss of weight per 1 ha
of the cultivated land surface area in the new design of coulter
(type 1) as compared with the original design (type 2) used in
a three-tooth subsoiler made by BOMET

Figures 11 and 12 show the, made by the method of
optical scanning using a GOM ATOS II scanner, wear
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images of coulter castings before and after the tribologi-
cal test.

Fig. 11. (left) A photograph comparing the scans of cast coul-
ter before and after the tribological wear test with well visible
leading surface and dimensional deviations

Fig. 12. (right) A photograph comparing the scans of cast coul-
ter before and after the tribological wear test with well visible
leading surface and dimensional deviations

Based on the compared scans of the coulter castings
before and after the tribological tests, it was concluded
that:

— there was an evenly balanced wear on the leading
edge of the coulter point and a small degree of wear
on the whole coulter leading surface,

— during tribological tests, a discontinuity in the casting
structure was revealed, as evidenced by the scans,

— the maximum size of surface deviations in the com-
pared scans of coulters before and after the tribological
test was at a level of -1.6 mm, the deviations on the
leading edge were at a level of -4.0 mm.

187

CONCLUSIONS

Summing up the results of the quality assessment and
of the performance tests of tribological wear conducted
on the designed and manufactured agricultural tools
operating in soil, the following conclusions were drawn:
— Rockwell hardness of duckfoot and coulter parts cast

from austempered ductile iron was approximately
40HRC, and thus was consistent with the technologi-
cal guidelines,

— the preliminary tribological tests conducted under field
conditions according to the developed methodology
showed that:

a) in the cast cultivator duckfoot, the average weight
loss per 1 ha of the surface area was 0.48%, and
it was much lower than the weight loss reported
for the same component made from the wear-
resistant steel, for which it amounted to about
1.87% - data published in the literature [19, 20],

a) for the cast subsoiler coulters, the weight loss
per 1 ha of the surface area was 0.40%, and it
was much lower than the weight loss reported for
the tested original coulter welded from boron-
containing steel, for which it amounted to about
0.87%,

— scanning of the tested working parts (duckfoot and
coulter castings) for the wear and tear under field
conditions showed no significant differences in the
nature of wear and in the permanent deformation of
the tested elements - only some minor changes in the
surface and edge area have been observed,

— the scatter of these deviations was from 0 mm to -4.74
mm for duckfoot castings and from -1.60 mm to 1.5
mm for coulters,

— these values suggest a very moderate abrasive wear of
the tested elements, and hence a correct choice of both
the material and manufacturing technology,

— more extensive comparative studies to be carried out
in 2012 are expected to make full verification of these
statements.
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BADANIA EKSPLOATACYJNE ODLEWANYCH
NARZEDZI ROLNICZYCH PRACUJACYCH W GLEBIE

Streszczenie. Po przeprowadzeniu szerokich badan
materiatowych i wykonaniu, z wytypowanych gatunkow zeliwa
ADI, odlewdéw eksperymentalnych redlic glgbosza i gesiosto-
pek kultywatora, przystapiono do badan eksploatacyjnych tych
odlewow. Opracowano metodologie tych badan, wytypowano
gospodarstwa rolne do ich przeprowadzenia i przeanalizowa-
no uzyskane wyniki. Wykazano, ze trwatos¢ eksploatacyjna
zardéwno redlic glebosza, jak 1 gesiostopek kultywatora wyko-
nanych w technologii odlewniczej z odpowiednio dobranego
tworzywa jest znacznie wigksza niz obecnie stosowanych sta-
lowych narzedzi kutych i spawanych.

Stowa kluczowe: stopy zelaza, zeliwo sferoidalne,
ADI, narzedzia rolnicze, badania eksploatacyjne.
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Testing ADI properties when used
for cast agricultural tools operating in soil

Zenon Pirowski, Marek Kranc, Jerzy Olszynski, Andrzej Gwizdz

Foundry Research Institute, Poland, 31-418 Krakow, 73 Zakopiafska Street

Summary. The paper discusses the influence of heat
treatment parameters on selected properties of austempered
ductile iron (ADI). The studies involved two grades of low-
alloyed ductile iron: nickel-molybdenum and nickel-copper.
The results of laboratory tests were used in the selection of
material for cast agricultural tools operating in soil: subsoiler
coulters and cultivator duckfoot.

Key words: iron alloys, ductile iron, ADI, mechanical
properties, agricultural tools.

INTRODUCTION

Austempered ductile iron (ADI) is increasingly used
for cast parts operating in different machines and equip-
ment, including cast agricultural tools for soil cultivation
[1-3, 9, 10, 14]. The problem in selecting the best type of
this cast iron as regards the operational requirements of
the tools is to obtain the mechanical/plastic properties
relationship consistent with the operating conditions of
a casting [4-8, 11-13, 20, 21]. The purpose of this study
has been to identify the obtainable properties of ADI
based on the heat treatment parameters (isothermal cool-
ing temperature) [15-17]. The study involves low-alloyed
ductile iron of nickel-molybdenum type and nickel-copper
type used for the manufacture of cast subsoiler coulters
and cultivator duckfoot, respectively.

CHOICE OF DUCTILE IRON
CHEMICAL COMPOSITION

Austempered ductile iron was selected as a test mate-
rial. As a base cast iron for further heat treatment, two
grades of ductile iron were chosen. They differed in the
type and content of the introduced alloying elements
improving the hardenability of this material (nickel, cop-
per, molybdenum) [12,14,18,19]:

— first - low-alloyed nickel-molybdenum ductile iron
containing about 1.6 wt.% nickel and about 0.4 wt.%
molybdenum,

— second - low-alloyed nickel-copper ductile iron with
nickel content of about 1.9 wt.% and copper in an
amount of about 0.9 wt.%.

MELTING PROCEDURE

Melting was carried out in a PIT 150 medium fre-
quency induction furnace made by ZAM Kety with a 150
kg metallic charge capacity crucible and neutral lin-
ing. The following stock was used as charge materials:
foundry pig iron, steel scrap, FeMn82 ferromanganese,
FeSi75 ferrosilicon, metallic nickel, electrolytic copper,
FeMo60 ferromolybdenum.

The spheroidising treatment and inoculation were
performed by the technique of elastic wire, using two
wires: the first one containing an FeSiMgl7 magnesium
master alloy (1.5% respective of molten metal weight),
and the second one containing an FeSi75T inoculant (1%
respective of molten metal weight). The treatments were
performed in a slender ladle at 1400°C.

From the melts, samples were taken for laboratory
testing and prototype utility castings were made (pilot
agricultural tools for soil cultivation).

Samples for chemical analysis were poured in metal
moulds (copper dies), pilot castings and samples for other
laboratory tests were poured in bentonite sand moulds.

CHEMICAL ANALYSIS

Chemical analysis of melts was performed by emis-
sion spectrometry on a POLY VAC 2000 (Hilger Co., UK)
apparatus in accordance with the certified test procedures
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developed by the Foundry Research Institute in Cracow.
The results are summarised in Table 1.

Table 1. Chemical analysis of melts

2 Chemical composition; wt.%
S g
&2lc |si |MalP |s |Mg |Ni |[Mo |cu
— €13,85]2,900,61|0,050 | 0,010 | 0,080 | 1,50 [ 0,47 | -
% g
— O
=S}
=)
=
o
=)
- & [3,60(245|0,32] 0,035 0,020 | 0,065 1,90 | - ]0,93
B
=}

METALLOGRAPHIC EXAMINATIONS
OF AS-CAST SPECIMENS

Metallographic examinations were performed in ac-
cordance with the procedure specified in a TBS/P/002/02:
2008 Instruction Manual. Graphite microstructure was
determined comparing the microstructure of unetched
specimens with reference standards shown in PN-EN
ISO 945:1999. Microstructure of the metallic matrix was
examined comparing the microstructure of etched speci-
mens with reference standards shown in PN-75/H-04661.
Polished sections were etched with MilFe reagent (4%
nital) according to PN-61/H-04503.

Microscopic observations and photographs were
taken with an AXIO OBSERVER ZIM metallographic
microscope.

The results of metallographic observations are sum-
marised in Table 2, and examples of microstructure im-
ages are shown in Figure 1.

Table 2. The results of metallographic observations con-
ducted on as-cast specimens

o Graphite Metallic matrix
Ductile iron . .
microstructure microstructure
nickel-
80% V16 +20% V6 | P45-Pd0,5
molybdenum
nickel-copper 90% VIS +10% V5 | Pf1-P96-Pd1,0

ZENON PIROWSKI, MAREK KRANC, JERZY OLSZYNSKI, ANDRZEJ GWIZDZ

Fig. 1. Microstructure of nickel-molybdenum (up) and nickel-
copper (down) ductile iron, sections etched with MilFe

TESTING AS-CAST IRON MECHANICAL
PROPERTIES

Testing of mechanical properties included hardness
measurements and static tensile test at ambient tem-
perature. Hardness was measured on the Rockwell C
scale in accordance with PN-EN ISO 6508-1:2007. The
tensile test was performed according to PN-EN 10002-
1:2004 using an EU-20 testing machine made by FEB
Werkstoffprufmaschinen Leipzig, Germany. The stress
increase rate during the test was 1.59 MPa/s, the loading
force was 1471 N, and the nominal load operation time
was 4 sec. The obtained results of the mechanical tests
are summarised in Table 3.

Table 3. The results of mechanical tests carried out on
as-cast specimens

Results of mechanical tests
Ductile iron HBS R R
m 0,2 0, 0
F_/]750 by | iR | AT | 21%)
nickel- 360 936 657 1,8 04
molybdenum
nickel-copper | 257 764 479 2,5 2,0
HEAT TREATMENT

Specimens were undergoing the heat treatment in
a Multitherm N41/M Nabertherm furnace (Germany)
with an air-tight retort and inert gas (argon) protective
atmosphere to avoid surface decarburising.

In this furnace, the operations of austenitising treat-
ment were carried out, keeping the same regime for all
the batches:

— heating with furnace to a temperature of 900°C,
— holding at this temperature for 2 h.

The isothermal cooling treatment was carried out
in a PEW-2 electric bath-type furnace using salt bath
(a mixture of potassium nitrate and sodium nitrite).
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The salt bath temperature and the isothermal cooling
times were as follows:
— for nickel-molybdenum ductile iron specimens:
* 370 °C/2h-cycle ,,Al”,
e 320°C/2h-cycle,,Bl”,
e 270 °C/3 h-cycle,,C1”,
— for nickel-copper ductile iron specimens:
e 375°C/2,5h-cycle ,,A2”,
e 330°C/2,5h-cycle,B2”,
e 270 °C/3 h - cycle ,,C2%,
After heat treatment, specimens from each cycle
were subjected to laboratory testing.

METALLOGRAPHIC EXAMINATIONS
OF HEAT TREATED SPECIMENS

Metallographic examinations of the austempered
ductile iron specimens were performed in accordance
with the procedure specified in a TBS/P/002/02:2011
Instruction Manual.

Microscopic observations and photographs were
taken with an Axio OBSERVER ZIM metallographic
microscope, metallographic sections were prepared in
accordance with the procedure specified in a TBM/001
Instruction Manual.

To reveal the microstructure of the metallic matrix,
the metallographic sections were etched in modified
BM reagent of the following chemical composition: 100
ml stock solution (5 parts by vol. H,O, 1 part by vol.
concentrated HCI), 2 g NH4Fe « HF, 1 g K,S O.. This
reagent did not colour the austenite and carbides, but

coloured bainite and tempered martensite in brown and
martensite in blue. Sometimes fine martensite needles
were not coloured in blue but in light brown, and then in
the microstructure evaluation their morphology should
be taken into account.

Microstructures of the examined specimens of ductile
iron after heat treatment are shown in Figures 2 - 7, while
descriptions of the structure are compared in Table 4.

Table 4. The results of metallographic observations con-
ducted on heat treated specimens

Ductile iron
Heat Graphite Metallic matrix
Type |treatment microstructure microstructure
cycle
0, + 0,
Al 3706/0 V16 +20% B + M (about 2%)
0, + 0,

. § Bl §/06A) V16 +20% B + M (about 2%)
58

= 80% VI6 +20%

=5

Z g Cl V6 B

A2 90% VIS5 +10% B + M (about 15%) +

- V5 A (traces)

Q

=9

& B2 90% VIS +10% B+ M (traces, <1%) +
2 V5 A (traces)

2

= 0, + 0,

:i C2 2/(;% VIS #10% B +F (traces) +A (traces)

B — bainite (ausferrite), M — martensite on boundaries of eutectic

cells, F — ferrite, A — retained austenite

Fig. 2. Microstructure of specimen Al,
metallic matrix, etched section

Fig. 3. Microstructure of specimen B1,
metallic matrix, etched section

Fig. 4. Microstructure of specimen C1,
metallic matrix, etched section

Fig. 5. Microstructure of specimen A2,
metallic matrix, etched section

Fig. 6. Microstructure of specimen B2,
metallic matrix, etched section

Fig. 7. Microstructure of specimen C2,
metallic matrix, etched section
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TESTING THE MECHANICAL PROPERTIES
OF HEAT-TREATED DUCTILE IRON

As in the case of as-cast condition, testing of me-
chanical properties included the measurement of hardness
and static tensile test at ambient temperature, as well as
Charpy impact test at ambient temperature conducted
in accordance with PN-EN 10045-1:2007. Hardness was
measured on the Rockwell C scale in accordance with
PN-EN ISO 6508-1:2007. The tensile test was performed
in the same manner as for the as-cast condition.

The results of mechanical tests obtained on heat-
treated specimens are compared in Table 5.

Table 5. The results of mechanical tests carried out on
heat-treated specimens

Ductile iron Results of mechanical tests
Heat KCV
HRC m Rm,z 0 0
Type ::realtment [ [MPa] [1\‘/1Pa] A[%] |Z[%] [J/2
ycle cm?]
g Al 28 875 460 6,2 6,9 9,6
.=
T3 | Bl 38 161|512 (30 |52 |83
e
FEla 44 |1275 |687 |15 |19 |73
A2 27 950 575 8,2 7,1 9,9
ERR:Y 36 1168 |827 |56 |55 |86
SRS
= o
o 8|2 43 1485 | 1133 |24 2.4 7,9
CONCLUSIONS

Tests conducted on austempered ductile iron helped
to quantify the effect of alloy cooling temperature on
the selected mechanical and plastic properties of ADI,
obtained under given conditions.

Comparing the results obtained for nickel-copper
and nickel-molybdenum cast irons it was found that, at
comparable strength parameters, the former of these alloys
offers slightly higher plastic properties than the latter one.

In the case of nickel-copper ductile iron, under compara-
ble heat treatment parameters, higher mechanical properties
wereobtained thanin the case ofnickel-molybdenum castiron.

The collected information enabled choosing the
type of alloy and heat treatment parameters best for the
production of cast agricultural tools operating in soil.
Consequently, nickel-molybdenum cast iron was used
for subsoiler coulters and nickel-copper cast iron was
used for cultivator duckfoot. The design, technology
and operational tests performed on these castings will
be described in subsequent articles.
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BADANIA MATERIALOWE ZELIWA ADI
PRZEZNACZONEGO NA ODLEWY NARZEDZI
ROLNICZYCH PRACUJACYCH W GLEBIE

Streszczenie. W pracy omowiono wplyw parametrow
obrébki cieplnej na wybrane wlasciwosci zeliwa sferoidalnego
hartowanego z przemiang izotermiczng. Przedmiotem badan
byty dwa rodzaje sferoidalnego zeliwa niskostopowego: ni-
klowo-molibdenowe i niklowo miedziowe. Uzyskane rezulta-
ty badan laboratoryjnych wykorzystane zostaty przy doborze
tworzywa na odlewy narzg¢dzi rolniczych pracujacych w glebie:
redlice glgbosza i gesiostopki kultywatora.

Stowa kluczowe: stopy zelaza, zeliwo sferoidalne,
ADI, wlasciwosci mechaniczne, narzedzia rolnicze.
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Modelling of the robot sensor system

Andrzej Rygatto
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Summary. Robot sensor operation is presented as the
processing of some grammar of attributes. Words defined in the
grammar are signals from the sensing elements of the sensor
system. Processing of these words is executed by a translator
modelled by an automaton with LIFO memory. This method of
processing robot sensor signals enables the design of the system
software. The software structure is independent of system appli-
cation. The proposed method of organization of robot sensor op-
eration software is also useful for the automation of its designing.

Key words: grammar of attributes, sensor, translator

INTRODUCTION

Contemporary robots are distinguished by an exten-
sive sensor system [2,8,16,17]. The number of signals
from sensing elements is constantly growing, and their
processing at different stages of the robot control process
requires the application of advanced methods. Measure-
ment sequences are set from the series of signals coming
from various sensing elements. Depending on the needs,
these sequences can be set from several, a dozen or so,
or even several dozen signals arranged in an appropriate
order [3,11,12]. The type of a measurement sequenced
needed for the execution of the robot control process is
determined by the control system. The response of the
sensor processing system are directives sent to the robot
control system [4,14].

STRUCTURE OF THE ROBOT
SENSOR SYSTEM

The robot sensor operation system can be incor-
porated in the robot’s control structure, in a manner as
shown in Fig.1 [10,13].

The process of sensor system operation is executed
at the stages of acquiring, processing and transmitting

of information [6,7]. As a translator, it processes the
words of some input language (sequences of signals from
sensing elements) into the words of the output language
(sequences of directives to the control system) [9]. The
structure of such a translator is shown in Fig. 2.

The translator can be realized in the form of an au-
tomation with LIFO memory [1,5]. The functioning of
the translator is determined by the grammar of the input
language.

orking
schedule

Initial
symbol

<W

Translator Robot control system

Directives

Fig. 1. Robot scheme structure

E s
Beginni e, S =
cgmning Input word P « &
symbol S < S .8
< Set of gramatical rules
LIFO |« Automatic
Memory control T
»> B Teaching module
- (rules generator)

}

Output word

Fig. 2. Schematic diagram of the translator operating the robot
sensor system
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THE GRAMMATICAL MODEL
OF THE SENSOR OPERATION SYSTEM

The grammar of the translator’s input language is
defined by setting the rules of morphological analysis
[5,15]. The process of morphological analysis during
processing of measurement signals sequences is controlled
by the automaton based on the initial symbol provided
by the control system. The initial symbol determines
which of the measurement sequences is to be executed.

If the readings of all sensing elements are red out in
the sequence, then the translator’s input word will have
a fixed syntactic structure. The input language gram-
mar is at that case relatively simple. The rules of the
morphological analysis of this grammar, as expressed
in Backus-Naur’s notation, are as follows:

<init> » INTERRUPTION <A>,
<A> - SENSOR/ <B>,
<B> - SENSOR2 <C>,

<Z> = SENSORu~,

where: the brackets <,> denote auxiliary grammar
symbols; <init>— initial symbol defining the measurement
sequence; SENSOR /, SENSOR?2, ... SENSOR# — basic
grammar symbols, which input words, or sensing element
signals correspond to; the first rule defines the method
of initiating the operation — this can be clock interrupt,
INTERRUPTION.

The sensor system operation process can form a mul-
ti-level system of external interrupts, and then the mode
of processing depends on which interrupt will occur
first, or which has a higher priority. The morphological
analysis rules for this case have the following form (e.g.
for n external interrupts of equal priorities):

<init> > INTERRUPTION/ <A />[INTERRUPTION2

<A2>[INTERRUPTION3 <A3>,
|....INTERRUPTION;

<Ai>|...INTERRUPTIONn <An>,

<Ai> = SENSORi/ <B>,
<Bi> = SENSORi2 <C>,

<Zi> = SENSORIik,

where: in the first morphological analysis rule, the
methasymbol | denotes the logical operation “OR”; n —
number of interrupts; k£ — number of measured quantities
for the i-th external interrupt.

In the presented grammar, interrupts may either have
an equal priority or be ordered according to descending
priority.

In order that the morphological analysis rules describe
the translator, it is necessary to supplement them with
operation symbols — procedures, which may perform
various processing functions and will ultimately formu-
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late translator output words [5,15]. In the control system,
operation symbols should be executed immediately after
appearing at the output of the translator-modelling au-
tomaton, thus the software is built as a translator.

The morphological analysis rules of the sensor opera-
tion system interpreter, for a simpler case, are as follows:

<init> = INTERRUPTION {readout} {process0}
<A> {result} {output}

<A> = SENSOR/ {process/} <B>

<B> - SENSOR?2 {process2} <C>

<Z> - SENSORu# {processn}

For a system with multiple interrupts, operation sym-
bols are analogous.

The operation symbols have the following meanings:

{readout} — analyzes the interrupt priority and initial-
izes the readout of sensing element readings, and orders
them at the automaton‘s input (for the case with multiple
interrupts, the automaton input configuration depends on
which interrupt is operated in a given computation cycle);

{process0} — tests the initial conditions;

{processi} — tests the readout value of the i-th sens-
ing element;

{result} — determines the output directives based on
the result of computation carried out;

{output} — relays directives defined by the operation
symbol {result}to the interpreters output.

With the practical implementation of the interpreter,
the morphological analysis rules set out above are de-
veloped as attribute grammar morphological analysis
rules [9]. The basic grammar symbols SENSOR; have
one attribute each, whose value is equal to the measured
quantity. The initial symbol <init> has attributes, whose
values are equal to initial values for a given computation
cycle. For the case of multiple external interrupts, the
basic symbol INTERRUPTION has a single interrupt-
identifying attribute, when the identification is hardware-
executed. In the case of the software interrupt identifica-
tion, the INTERRUPTION symbol has no attribute, but
the operation symbol {interrupt definition}additionally
occurring in the rule immediately after the INT symbol
has one. The remaining grammar symbols have several
attributes each, which take on different values. Very of-
ten, symbol attributes at the left-hand side of the symbol
- can be used when selecting the rule in the course of
conducting morphological analysis.

Symbol attributes and inherited and synthesized.
The values of inherited attributes are obtained by simple
substitution. The values of synthesized attributes are
obtained as a result of performing operations being the
contents of operation symbol procedures. The arguments
of these operations are the inherited attributes of a given
operation symbol. Symbol attributes will be denoted as
indexes.

As an example, let us consider the measurement se-
quence grammar, where two parameters are measured
and three directives are determined for the robot control
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system. The morphological analysis rules are as follows
(we assume here a single clock interrupt):

<init> , = INTERRUPTION {readout} {process0} derte

<o>,; {result}, = {output}
(d,))<=a; (e,k)<b; (f,])«<—c; h«—g; m«—i; r<—n; s¢—0; t«—p

<A> 2 SENSORI/_ {processl},  <B>
d<—c; e<—a; g«f; b<-h

<B> ,= SENSOR2_ {process2}, ;
d<—c; e<—a; b«f

gh

<init> {process/} {output}

Place of memorizing
the first attribute

Place of memorizing the first
attribute

Place of memorizing
the first attribute

Address of the place of
memorizing the second
attribute

Place of memorizing
the second attribute

Place of memorizing
the second attribute

Place of memorizing
the third attribute

Address of the place of
memorizing the third attribute

Fig. 3. Examples of LIFO memory symbols

The rules of attribute computation, as given in the
grammar, are substitution operators. The grammar sym-
bol attributes are as follows:

{output} - inherited a,b,c,

{result}a,b,c’ dets inherited a,b,c,d, synthesized e,f,g,

{process 0} , ., — inherited a,b,c; synthesized d,

{process 1} , — inherited a,b; synthesized c,

{process 2} = — inherited a,b; synthesized c,

<o>,, - inherited a, synthesized b,

<p>,, — inherited a, synthesized b.

The sense of the division of attributes into inherited
and synthesized is explained in Fig. 3, where the structures
of several grammar symbols are shown.

In the attribute grammar of a system with multi-
ple hardware-defined external interrupts, the operation
symbol {readout} has a single attribute inherited from
the INT symbol. The respective morphological analysis
rule has the following form:

<init> | = INTERRUPTION, {readout}, {process0}
<A>

f,g,h,i Bk
.e<d; ...

For the software interrupt definition, the morphologi-
cal analysis rule is as follows:

<init> , - INTERRUPTION {interrupt definition}
{readout}_ {processO}ﬂg,m <A>, ..
.e<—d; ...

The attribute of the symbol {interrupt definition} is
synthesized.
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The stack content The stack content

before after

. . Input Output . .
operation execution operation execution

<init> INTERRUPTION {readout} <A>

L -

o~ {process0}

o~ {output}

v \

{result}

\

Fig. 4. Examples of execution of the sensor operation system
attribute grammar rule

The attribute grammar is used for the construction
of an attribute automaton performing the functions of an
interpreter [1]. Such an automaton operates with gram-
mar symbols based on its own control table. For storing
grammar symbols, LIFO memory is used. A grammar
symbol stored in the automaton’s LIFO memory consists
of a symbol description and a set of fields designed for
storing attribute values. The fields of each symbol are
memory words available for the recording and readout
of information at the time when that symbol is contained
in the memory. In the case of inherited attributes, the
value of an attribute is stored in a respective field, and
in the case of synthesized attributes, the field of an at-
tribute stores its address, where the attribute value is
written (the place of attribute value storage is the field
of another symbol).

The automaton performs operations on the contents
of the LIFO memory based on the top symbol and the
current input symbol, following the morphological analy-
sis rules. Operations performed on the LIFO memory
contents are as follows:

— remove — the symbol occurring at the top of the mem-
ory is eliminated;

— replace — the top symbol in the memory is replaced
with a sequence of symbols being the arguments of
this operation.

The following operations are performed on the au-
tomaton’s input:

— move — proceeds to the analysis of the next input
symbol;

— hold — the current symbol at the input does not change.

A single operation is performed on the automaton’s
output:

— issue — calling out the command to carry out the pro-
cedure described by the operation symbol.

An illustration of carrying out the operation by the
attribute automaton for a selected morphological analysis
rule for a sample grammar is shown in Fig. 4.
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CONCLUSIONS

The theory of syntactic analysis and translation is an
effective method of formalizing the process of designing
software for robot sensor operation systems. Software in
the form of an interpreter is distinguished by the sim-
plicity and logic of organization, and its structure is
independent of the specific designation of the system
concerned. Thus, it is possible to introduce the teaching
module in a simple manner in the form of a grammar
rule generator. The proposed method of organization
of robot sensor system operating software may also be
useful in the automation of its design.
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MODELOWANIE SYSTEMU
SENSORYKI ROBOTA

Streszczenie. Przedstawiono dziatanie uktadu sen-
sorycznego robota jako przetwarzanie pewnej atrybutowej
gramatyki. Stowa zdefiniowane w gramatyce s3 sygnatami
z czujnikéw uktadu sensorycznego. Przetwarzanie tych stow
jest wykonywane przez translator modelowany przez automat
z pamigcig LIFO. Ten sposdb przetwarzania sygnatéow czuj-
nikow umozliwia projektowanie oprogramowania systemu.
Struktura oprogramowania jest niezalezna od zastosowanego
systemu. Proponowana metoda organizacji oprogramowania
systemu sensorycznego robota jest rowniez przydatna w au-
tomatyzacji jego projektowania.

Stowa kluczowe: roboty, modelowanie, rozbior gra-
matyczny, translator
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The quality of the mixing process depending
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Summary. Homogeneity is a system, in which particles
of all raw materials show constant concentration, in random
samples of a mix with defined sizes. It aims at achieving prod-
ucts of desired properties. The aim of the conducted research
was to determine the influence of rotational speed of the stirrer
and the type of raw material on homogeneity of the mixing
process. The scope of research included the assessment of the
influence of various rotational speeds of the stirrer on the qual-
ity of mixing in relation to the type of a raw material. In order
to select the optimal rotational speed of the mixer the research
was carried out at 3 different rotational speeds, i.e.: 80, 100
and 120 rpm for cornmeal used as the test raw material. Next,
tests for different raw materials at a defined rotational speed
were conducted. The research was carried out during a particu-
lar time of mixing, namely 5 minutes. The research was con-
ducted in a single-shaft horizontal mixer with a vane working
element. The size of particles of the mixed raw material influ-
ences the quality of the mixing process. The type of the mixed
raw material influences the quality of mixing and particularly
its physical properties. The level of CV while mixing cracked
wheat indicates insufficient mixing of the raw material. Time
of mixing should be lengthened. The results achieved from the
research on the assessment of the influence of selected mixing
parameters suggest that the research should be extended and
take into account various mixing times.

Key words: mixing, micro-tracers, feed quality.

INTRODUCTION

In production processes the stage of mixing is one of
the most important in the technological process. The aim
of mixing is achieving a homogenous, as far as physical
properties are concerned, mix of two or more ingredients.
The measurement of quality is the degree of homogeneity
of the final product. Homogeneity is a system, in which
particles of all raw materials show constant concentration,
in random samples of a mix which have defined sizes [12].
It aims at achieving products of desired properties. Out of
many important factors which influence the quality of the

mixing process, the characteristics of materials for mixing
should be mentioned. It is the easiest to mix ingredients
which have the same size of particles, regardless of the
raw material used, but maintaining the properties of the
grain material in each of the raw materials, i.e. without
excessive grinding [3,1]. This kind of excessive grinding
has, in many ways, a negative influence, e.g. in technology
— excessive dusting, as well as nutritional reasons. With
different sizes of particles, bigger grains while mixing
are located in the upper part of the system, and smaller
grains in the lower part of the mixer. While mixing, when
we deal with a material of various densities, secondary
segregation may take place [9]. However, when the pro-
portion of density of heavier material to the density of
lighter materials is lower than three, then the influence
of sizes of grains predominates over the influence of the
difference in density [5]. The disordered state can be
achieved only in an ideal system, when the ingredients of
the mix do not differ or differ only in properties which are
insignificant to the process. The ingredient with the big-
gest percentage share in the mix plays a dominant role in
the process because it displaces other smaller ingredients
from the mix. The quality of mixing is also influenced by
the shape of grains [8,10,14]. Round and smooth grains
move easier than grains with irregular shapes or grains
with sharp edges. For the purposes of mixing, mixers are
used of different constructions, configurations of stirrers
and sizes, depending on the scale of the industry, the type
of produced fodder, the precision of ingredient distribu-
tion [2,15]. The main features, which should characterise
mixers, are the shortest possible time of operation to
achieve the appropriate state, the minimum consump-
tion of energy, and ensuring the staff the simplicity of
operation and availability of replacement parts [4,7,16].

A very important aspect, however, not only of the
process of mixing itself, is low cost of purchasing and
utilising the machine. The correct exploitation of ma-
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chines has a big influence on the process of mixing, the
final product, efficiency and quality. Apart from the basic
aspects, i.e. lubricants in wheelworks, cleanliness of the
inside, the control system and precision of functioning of
the system which feeds the raw material should also be
tested. Before using a new machine it should be tested
because time and the final quality of product is influenced
not only by the technical condition, but also by the scale
of production, the order of added ingredients, and the
placement in a technological line [6,11,13,17].

The aim of the conducted research was to determine
the influence of rotational speed of the stirrer and the type
of raw material on homogeneity of the mixing process.

MATERIAL AND METHODOLOGY

The scope of research included the assessment of the
influence of various rotational speeds of the stirrer on the
quality of mixing in relation to the type of raw material.
The research was conducted on sweetcorn extrudate,
wheat extrudate and cracked wheat. In order to select the
optimal rotational speed of the mixer, the research was
carried out at 3 different rotational speeds, i.e.: 80, 100
and 120 rpm for cornmeal used as the test raw material.
Next, tests for different raw materials at a defined rota-
tional speed were conducted. The research was carried
out during a particular time of mixing, namely 5 minutes.
The research was conducted in a single-shaft horizontal
mixer with a vane working element.

The assessment of the quality of mixing was made
on the basis of ASAE Standard (No.S303) with the use of
micro-indicators. The coefficient of variation CV for par-
ticular samples was calculated from the following formula:

CrV = s 100 %,
n
O - standard deviation,
n — average.

The micro-indicator MICROTRACER ™ F- BLUE
was used as a tracer, using 50 grams per one ton of mix.
In one gram of the micro-indicator there are 25000 pieces.
Such an amount caused, that with 100% homogeneity

6 7 8 9 10
ingredients X x * * *
charge g

X X X X X

1 2 3 4 5

Fig. 1. Points, were the samples were taken for the research

in a sample weighing 80 g taken from the mix there
should be 100 pieces of the micro-indicator. Next, 80 g
samples taken to define the level of mixing were separated
in a machine designated for abstracting micro-indicators

PAWEL SOBCZAK, KAZIMIERZ ZAWISLAK, MARIAN PANASIEWICZ, JACEK MAZUR ...

- type Rotary Detector, model BL-89, series XO-7. The
diagram of points where the samples were taken from
the mixer is presented in Fig.l.

An essential parameter of the mixing process is also
the level of filling the chute. For selected raw materials,
the identical level of filling the chute was established at
75%. As a result of different bulk densities of the raw
materials, the portions of the raw materials which un-
derwent mixing differed but the same level of filling the
mixer chute was maintained. Bulk density of the tested
raw materials, which predominated the mass of the mixed
raw materials, is presented in Table 1.

Table 1. Bulk densities of the tested raw materials

Bulk density [kgxm ]
Raw material Fraction Fraction Fraction
0-lmm 1-2.5mm over
2.5mm
Sweetcorn extrudate | 185 82 62
Wheat extrudate 287 214 185
Cracked wheat 519 642 695

RESULTS AND DISCUSSION

Results of the research of homogeneity of mixing at
different rotational speeds are presented in Table 2. After
calculating the amount of micro-indicators in particular
samples, the standard deviation and variation coefficient
CV were defined on the basis of which homogeneity of
mixing was assessed.

Table 2. The amount of micro-indicators in samples, in
relation to the speed of the stirrer for fragmented sweetcorn
extrudate.

Trial 80 rpm 100 rpm 120 rpm
1 93 93 110

2 109 124 136

3 112 126 141

4 103 102 102

5 106 114 100

6 131 125 109

7 125 119 128

8 100 121 142

9 110 118 111

10 134 106 101
Mean 1123 114.8 118
:z‘/ri‘:gfi 13.532 11.043 16.971
cv 12.05 9.6196 14.382




THE QUALITY OF THE MIXING PROCESS DEPENDING ON SELECTED TECHNICAL PARAMETERS

While assessing the level of mixing of raw materi-
als at different rotational speeds of the stirrer it can be
stated that the level depends on rotational speed. For the
same conditions of mixing sweetcorn extrudate at the
rotational speed of 100 rpm, the highest level of mix-
ing was achieved. When we make an assessment from
the point of view of efficiency of the mixing process,
we should aim at the shortest possible time of mixing,
which indirectly influences the energy consumption of
the process. Establishing appropriate rotational speeds
and defining the minimal mixing time influence the final
efficiency of the mixing process.

As a result of assessing the quality of mixing after
preliminary research, for further analyses one optimal
mixing speed was adopted at 100 rpm.

The diagram below presents the relation of the mix-
ing process for selected raw materials with the rotational
speed 100 rpm and mixing time 300 seconds.

When analysing the diagram of homogeneity of mix-
ing of tested raw materials, it can be stated that the best
effect was achieved while using sweetcorn extrudate with
particle sizes ranging from 1 to 2.5 mm. High values of
the coefficient of variation were achieved for the frac-
tion with particles over 2.5 mm. In case of sweetcorn
extrudate, the coefficient was over 35%, which accounts
for inadequate mixing of the raw material. When assess-
ing the quality of mixing according to European stand-
ards, in which it is assumed that adequate mixing takes
place when the coefficient of variation for premixes is
over 10%, and for complete mixes below 15%, it can be
stated that a product with particles bigger than 2.5 mm
was not mixed and technical parameters of the mixer
should be changed or mixing time lengthened. However,
in case of raw materials whose particle size was below
2.5 mm, homogeneity of mixing was adequate for wheat
and sweetcorn extrudates. For cracked wheat homogeneity
of mixing was inadequate, regardless of particle sizes.
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CONCLUSIONS

On the basis of the conducted research the following
conclusions were formulated:

1. The rotational speed of the stirrer influences homo-
geneity of mixing.

2. The size of particles of the mixed raw material influ-
ences the quality of the mixing process. Within the
scope of tested parameters, bigger particles mix in
a more difficult way and time of mixing should be
changed.

3. The type of the mixed raw material influences the
quality of mixing and particularly its physical prop-
erties. The level of CV while mixing cracked wheat
indicates insufficient mixing of the raw material. Time
of mixing should be lengthened.

4. The results achieved from the research on the assess-
ment of the influence of selected mixing parameters
suggest that the research should be extended and take
into account various mixing times.
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JAKOSC PROCESU MIESZANIA W ZALEZNOSCI
OD WYBRANYCH PARAMETROW TECHNICZNYCH

Streszczenie. Miernikiem jakosci jest stopien jedno-
rodnosci produktu finalnego. Za jednorodnos¢ uwaza si¢ uktad,
w ktorym czastki wszystkich surowcoéw wykazuja stala kon-
centracj¢, w dowolnych, ale o okreslonych wielkosciach, pro-
bach mieszanki. Celem prowadzonych badan byto okreslenie
wplywu predkosci obrotowej mieszadta oraz rodzaju surowca
na homogenno$¢ procesu mieszania. Zakres badan obejmowat
ocen¢ wptywu roznych predkosci obrotowych mieszadta na ja-
kosci mieszania w zaleznosci od rodzaju mieszanego surowca.
Badania przeprowadzono na ekstrudacie kukurydzy, pszenicy
oraz $rucie pszennej. W celu wyboru optymalnej predkosci
obrotowej mieszarki przeprowadzono badania dla 3 réznych
predkosci obrotowych t.j.: 80,100 i 120 obr./min. dla kaszki
kukurydzianej jako surowca testowego. Nastepnie prowadzo-
no badania dla réznych surowcow przy okreslonej predkosci
obrotowej. Badania przeprowadzono dla jednego czasu mie-
szania wynoszacego 5 minut. Badania wykonano na jedno-wa-
towej mieszarce poziome;j z topatkowym elementem roboczym.
Opierajac si¢ na uzyskanych wynikach mozna stwierdzi¢, ze
wielkos$¢ czasteczek mieszanego surowca wpltywa na jakosé
procesu mieszania. Na jako$¢ mieszania wptywa rodzaj mie-
szanego surowca, a w szczegolnosci jego wlasciwosci fizycz-
ne. Poziom CV przy mieszaniu $ruty pszennej wskazuje na
niedostateczne wymieszanie surowca. Nalezaloby wydtuzy¢
czas mieszania. Otrzymane wyniki z badan nad oceng wptywu
wybranych parametréw mieszania sugeruja poszerzenie badan
0 rézny czas mieszania.

Stowa kluczowe: mieszanie, mikrowskazniki, jakos¢.
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Summary. New algorithm of the least-squares approxi-
mation of the spectrum of relaxation frequencies by the finite
series of Hermite functions using discrete-time noise corrupted
measurements of relaxation modulus obtained in stress relax-
ation test has been proposed. Since the problem of relaxation
spectrum identification is ill-posed, the inverse problem of Tik-
honov regularization with guaranteed model approximation is
used to achieve the stability of the scheme. The linear conver-
gence of approximations generated by the scheme is proved
for noise measurements. It is also indicated that the accuracy
of the spectrum approximation depends both on measurement
noises and regularization parameter and on the proper selection
of time-scale parameter of the basis functions. The validity and
effectiveness of the method is demonstrated using simulated
data of Gaussian relaxation spectrum. Applying the proposed
scheme, the relaxation spectrum of an unconfined cylindrical
specimen of the beet sugar root is determined.

Key words: relaxation spectrum, identification algo-
rithm, regularization, Hermite functions

INTRODUCTION

The selection of an appropriate mathematical rep-
resentation is of central importance in the analysis of
a physical system. Essentially, the choice of respective
model depends on two criteria: the particular charac-
teristics to be abstracted and our ability to specify the
representation quantitatively. System identification deals
with the problem of building mathematical models of
systems (processes) based on observed data. In order to
find such a model, which will describe well the system
(process), an appropriate identification method must be
derived [16].

In rheology it is assumed that the relaxation modulus
G(?) has the following representation [5,18]:

G(0)=[H(v)e™dv, M)
0

where: H(v) His the spectrum of relaxation frequen-
cies v>0.

Since, as it is well-known, for many materials the
long-term modulus /im_  G()=G_>0 (see [18,21], as
well as the Example 3 below), instead of the classical
equation (1), it is convenient to consider the following
‘more-realistic’ augmented material description:

(‘;(r):]o H(v)e"dv+G, =G(t)+G,. 0))
0

The spectrum is recovered from discrete-time meas-
urements é(ti )=G(1;)+2z(t;), i=1,...,N, of relaxation
modulus obtained in stress relaxation test. Here z(7) is
additive measurement noise. A complication for deter-
mining the relaxation spectrum is, that this problem is
undetermined and ill-conditioned in the Hadamard sense
[11,21]. Due to the noise or truncation of the experimental
data, many models may fit the relaxation modulus ex-
perimental data adequately, but small errors in the data
may lead to large changes in the determined models. The
mathematical difficulties can be overcome by synthesis
of an appropriate identification algorithm. In the paper
[22] the following model of the spectrum H(v) is taken:

g by (v), 3)

where: g _are constants and /4 (v) are Hermite func-
tions:

 Va
hk(V)_\/zk_k!i‘/;

with: Hermite polynomial P,(x) defined by [22; egs.
(3), (4)]. Here notation [22; egs. (3), (4)] is used for the

e—(av)z/ZPk(aV)) k=01... 4
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equations (3) and (4) in the paper [22]. The square index
[12,14,16] is applied:

Ox (gK>=le [G(1)-Ge (1) 5

and the resulting task of the least-squares approximation
of the spectrum H(v) by the linear combination of Hermite
functions is solved. Tikhonov regularization [24] is used
to guarantee the stability of the scheme for computing the
vector g, =g gk G, of optimal model pa-
rameters. Guaranteed model approximation GMA [20,22]
is adopted for the optimal choice of the best regularization
parameter 1. The numerical realization of the scheme
by using the singular value decomposition (SVD [1]) is
discussed and the resulting computer algorithm is also
outlined in the previous paper [22]. The model Gy (#) of
the relaxation modulus G(f) (2) is described by:

_ K-l
G (1) =Gk (1)+G, = Z g b (1)+G,, (6)
=0

where: the form of the functions ¢ (7) are given by
Theorem 1 in the paper [22]. Theoretical and simulational
analysis of the identification algorithm properties and
the resulting optimal model is the purpose of this paper.
The proofs of the main results are omitted due to space
limitations. The applications example is also given.

IDENTIFICATION SCHEME

The calculation of the relaxation spectrum model
involves the following steps:

1. Perform the stress relaxation test [18,19] and record
the measurements é(li), i=1,...,N, of the relaxation
modulus at times 7>0.

2. Compute the matrix @, , [22; eq. (16)] and next examine

. — — — — T
it @y "Gy # 0, where Gy =[G () Glty)]
is the vector of measurement data. If not, select new

time-scale parameter o and/or a new number K of the

basis functions and repeat Step 2 or repeat the experi-

ment (Step 1). Otherwise go to Step 3.
3. Determine SVD decomposition of the matrix @,

b, ULV, 7)

where: X=diag(o,...,0,0,...,0) is Nx(K+1) diago-
nal matrix containing the non-zero singular values
o,,...,0, of the matrix @, with r=rank(®, ) and
VeRK KT and UeRMY are orthogonal uniquely de-
fined matrices [1].

4. Compute QN(EIQI) according to the formula

Oy (§1]¥ ) = Zi]im yiz, where y, are the elements of

the vector ¥ =U” Gy, and gy is the normal solution
of the original (not regularized) least-squares problem
(5), (6) for noise data.

5. Chose Oy > Oy §2’ )
6. Solve the GMA equation:
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r 2.2
> A,

i=1 (o'i2 +/1)2

and compute the best regularization parameter /.

Oy (&)= 0w, ®)

Compute the regularized solution:

A4 TA

8k = 8k _VAij GN: (9)
where: the diagonal structure matrix:
Aj:diag(ol/(0'12+ﬂ:) ..... 0,/(0,2+/7z),0,...,0).

Determine the spectrum of relaxation frequencies
Hy (v) according to (cf. (3)):

K-1
Hy (V) = kZ: Sy (V)’
-0

where: g, are the elements of vector g.

(10)

Obviously, Hy (v) = Hy (v)+ G, (v) is the relaxa-
tion spectrum of the form [22; eq.(14)] corresponding to
the optimal model of relaxation modulus of the form (6).

Remark 1. Only the SVD of the matrix @, , (7) is space
and time consuming task of the scheme. The SVD is acces-
sible in the form of optimized numerical procedures in most
commonly used contemporary computational packets.

Remark 2. It is easy to note that the matrix @,
(see [22; eq. (16)]) depends on the choice of the basis
functions, in particular on the scaling factor « selection,
as well as on the measurement points {z}, however does
not depend on the experiment results. Thus, when the
identification scheme is applied for successive samples
of the material, the SVD of @, , in step 3 have not to be
multiple repeated, while the same time instants {r} and
the same model parameters a and K are kept.

Remark 3. The Hermite functions #,(v) defined by the
formula (4) can be determined using Hermite polynomials
P, (x) [22; egs. (3),(4)]. Polynomials P,(x) are accessible in
some computational packets; they may be also computed
according to definitional recursive formula.

Remark 4. By the optimal choice of the scaling factor
a, the best fit of the model to the experimental data can be
achieved. However, in practice a simple rough rule for choos-
ing the scaling factor a, based on the comparison of a few
first functions from the sequence {¢,(?)} for different values
of o with the experimentally obtained function G(7) is quite
enough. In the same manner, the number K of the series (6)
elements can be initially evaluated. Thus, the choice both
of the number K as well as the parameter a must be done
a posteriori, after the preliminary experiment data analysis.

ANALYSIS
SMOOTHNESS

Since the Hermite basis functions 4,(v), k=0,1,...,
form an orthonormal basis in the Hilbert space L (~0,00)
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of real-valued square-integrable functions on the interval
(—o0,00) [15], for an arbitrary H (v) of the form (3) the
following estimation is valid:

| = j CHy(v)dvs
< j " Hy
and whence finally:

K-1
71 < 2 & =[ex >

K-1K-1

dv Zngng by (v)h;(v)dv,

k=0 j=0

11

Here: ||-||, means the square norm both in the real
Euclidean space as well as in L,(0,0). Therefore, the
smoothness of the regularized solution g (9) guarantees
that the fluctuations of the respective relaxation spectrum
Hy (v) (10) are bounded. The Hermite algorithm is in
fact quasi-orthogonal identification scheme.

STABILIZATION

The purpose of the regularlzatlon relies on stabiliza-
tion of the resulting model vector gt - The effectiveness of
this approach can be evaluated by the following relations,
which follow for an arbitrary regularization parameter
immediately from Proposition 2.2 in [21].

Proposition 1. Let K>1, r=rank(®, ) and regularl-
zation parameter 1>0. For the regularized solution gK
[22; eq. (20)] the followmg equality and inequality hold:

Zyz

T

where: g,@’ is the normal solution of the linear-quad-
ratic problem (5),(6).

[ o

2
=X
“gK >

Therefore, by (12) the following rule holds: the greater
the regularlzatlon parameter / is, the fluctuations of the
vector gK are highly bounded. Thus, the regularization
parameter controls the smoothness of the regularized
solution. Simultaneously, however, the best — in the GMA
sense — parameter is monotonically increasing function
of QN. Thus, it is immediately evident that, the worse the
relaxation modulus measurements approximation qual-
ity is, the regularized vector gy and, in view of (11), the
computed spectrum H (v ) are highly smoothed. The
upper bounds of the vector g, and the norm of spectrum
Hy (v) are established by our next result.

Proposition 2. Let K>1, N>K and Qy > Oy (8% ).
Then, for the GMA regularized solution gy (9) the fol-
lowing estimations hold:

)is

2 r r R N
ol <ticti <[ Sort | Sotvet | f[0- 5
i= i= i=r+

y?j. 13
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CONVERGENCE

Let us estimate the regularized vector g error, which
is measured by the norm ‘EK -8y “2, where g2 is the nor-
mal solution of the least-squares task (5),(6) for noise-free
data. Obviously, relaxation spectrum H (v) (10) is only
approximation of that spectrum, which can be obtained
in the class of models (3) by direct minimization (without
regularization) of the quadratic index (5) for noise-free
measurements i.e. the approximation of the function

V)=Zasi il
of vector gK. We have the following convergence result.

, where g¥ are the elements

Proposition 3. Let K>1, N>K and Oy > O ( g )
Then, the following inequalities hold:

S R NI

where: z,=[z(t) ...
vector.

HHK HKH HzNH25 (14)

z(t)]" is the measurement noises

Therefore, the vector 2 converges to the normal solu-
tion g§, and the spectrum H (v) tends to the ‘normal’
spectrum H ' (v) in each point v, at which they are both
continuous, linearly with respect to the norm ||zNJ|,,

QN —>0ylg Q]K ) and [|zN]|,—0, simultaneously.

Thus, the accuracy of the spectrum approximation
depend both on the measurement noises and the assumed
model quality as well as on the singular values of the
matrix @, ., which, in turn, depend on the proper selec-
tion of the time-stale factor o of /,(v) (see Remark 4).

SIMULATION STUDIES
OF NOISE ROBUSTNESS

We now present the results of the theoretical and nu-
merical studies of the influence of the measurement noises
on regularized solution. The experiment simulations are
conducted using Gaussian relaxation spectrum. Such an
example illustrates most of the works concerning relaxation
or retardation spectrum identification, for example [4,23].

Example 1. Consider viscoelastic material whose re-
laxation spectrum is described by the Gauss distribution:

L (v-207/72

(15)

The corresponding relaxation modulus is described
by:

G(1)= %e—ZOHISIZ erfc(3«/§t - 5\/5/3),

where: erfc(?) is defined by [22; eq. (11)].

(16)

The spectrum H(v) (15) is given in Figure 3
(dashed line). In experiment the sampling instants
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t, was generated in the constant period in time in-
terval T=[0;0,4] seconds selected on the basis of the
relaxation modulus G(?) (16) course in time. In order
to study the influence of the noise variance 62 on the
vector of model parameters measurement noises {z}
have been generated randomly with uniform distribu-
tion on the interval [-4,4] for #=0,0005;0,001;0,005;0,01
and N=100,500,1000,5000,10000. #=0,01 is 1% of the
maximum value of G(f) and #=0,0005 is about 1% of the
mean value of the modulus. Such measurement noises
are even strongest than the true disturbances recorded
for the biological materials (see [21, Chapter 5.5.4]). In
the case of the sugar beet sample from example 3 below
disturbances have not exceeded 0,8% of the maximum
value of G(f) and have not exceeded 0,7% of the mean
value of the modulus. The experiment have been repeated
n=>500 times for every pair (N,o?) for K=6 and K=38.
The distance between gy and the regularized param-
eter for noise-free measurements:
~ 1 T
8k =8k =VA;U Gy, (17)
has been estimated by normalized mean error defined
for n element sample as:

ERR(NK,02)=—

~ 8k, ||2/||§KJ 2 (18)

where: g, denote the regularized model parameter
8x for noise case and gy ; 1s the regularized noise-free
parameter determined for j—#h experiment repetition for

5
1000

5000
10000

o? N
Fig. 1. The index ERR(N,K,d%) as a function of N and ¢ for
K=6
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a given pair (N,K), j=1,...,n. Since in the experiment the
sampling period has been constant the vector gK does
not depend onjj, i.e. §x ;= &x. Relationship of ERR(N K,0?)
on N and ¢? is depicted in Figures 1 and 2.

The ranges of variation of the index ERR(N,K,5?)
obtained in the simulation experiment are given in table 1.
Time-scale factor a=0,06[s] was taken and kept valid in all
the simulation experiments. Since the index O, (g% ) /N
was included in the range from 3,0722E-6 (for small
noises) to 2,578E-4 (for strong noises), the assumed value
of model approximation index QN was taken such that QN
/N vary in the range from 0,050 to 0,087, respectively, for
small and strong noises. The index ERR(N,K,0?) depends
on the noise variance as well as on the matrix @, and
on the assumed value of model approximation index Q,,
. The index ERR(N,K,0?) does not depend essentially on
the number of measurements but significantly depends
on the intensity of noises. The algorithm ensures very
good noise robustness for small and medium disturbanc-
es; the index ERR(N,K,c?) does not exceed 1,5%. For
large noises the index ERR(N,K,0?) do not exceed 8%.
The next two examples show how the scheme proposed
can be used in the relaxation spectrum identification.

Table 1. The ranges of variation of the error index
ERR(N,K,0%) obtained in the simulation experiment

ERR(N,K,c*) | h=0,0005 h=0,001 h=0,005 h=0,01
K=6 0,0022+0,0049 | 0,0044+0,0096 | 0,0219+0,036 0,0402+0,0791
K=8 0,006+0,0095 0,0097+0,0157 | 0,0465+0,0643 | 0,0537+0,077
ERR(N.K, o)
0,077

0,05
0,02

0

3-10° 100

~ 500
50001000
10000

8.10"*
o N

2. The index ERR(N,K,0%) as a function of N and ¢* for

Fig.
K=6

0,05

Relaxation spectrum [Pa-s]

2 3 4

Relaxation frequency v [s'l]

Fig. 3. Relaxation spectrum H(v) (15) (dash line) and the approximated model (v) (solid line).
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Example 2. Let us consider again the Gaussian spec-
trum H() (15). The modulus G(#) = G(¢)+ z(¢) corrupted
by noises z(f) of the uniform distribution in the interval
[-0,02; 0,2] has been sampled at N=500 instants at the
constant period Ar=0,0008[s]. The parameters K=8 and
0=0,06[s] are chosen according to Remark 4.

Since Qy §1]¥ = 0,06495, the assumed value of mod-
el quality is taken'as follows: Oy = 0,06527. The GMA
regularization parameter: A =5FE -5. The true relaxation
spectrum H(v) (15) and the resulting approximated model
H, (v) (10) are plotted in Figure 3.

RELAXATION SPECTRUM OF THE SUGAR
BEET SAMPLE

Example 3. A cylindrical sample of 20 [mm] diameter
and height was obtained from the root of sugar beet Janus
variety [9]. During the stress relaxation test performed by
Gotacki and co-workers [9], in the initial phase the strain
was imposed instantaneously, the sample was precondi-
tioned at the 0,5 [m-s7!] strain rate to the maximum strain.
Next, during the second phase at constant strain the cor-
responding time-varying force induced in the specimen
was recorded during the time period [0,5;96,2] seconds
in 958 measurement points with the constant sampling
period A7=0,1[s]. The experiment was performed in the
state of uniaxial stress; i.e. the specimen examined under-
went deformation between two parallel plates (for details
see [9]). Modelling mechanical properties of this material
in viscoelastic regime is justified in view of many stud-
ies, e.g., [2,9]. The respective relaxation modulus were
computed using simple modification of the well-known
Zapas and Craft rule [19] derived in [21].

C I I u I il
50 0,016 1,44
]:IK v)
[MPa-s]
0 AN
| | | | |

0,000 0,00 0,01 0,1 1 10

Relaxation frequency v [s'l]

I I I I I
0,019 1,80
50 7
H k)
[MPa-s]
. VAN
| | | | |

0,000 0,00 0,01 0,1 1 10

Relaxation frequency v [s]

Fig. 4. The relaxation spectrum models H (v) of two samples
of beet sugar root
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D

Relaxation modulus [MPa]
S

3
0 50 10
Time ¢ [s]
3 |
6,5 :
0 50 10
Time 7 [s]

Fig. 5. The relaxation modulus measurements @(ti) (points) and
the best model GK(I) (solid line) for two samples

The proposed identification scheme was applied
and the relaxation spectra obtained are plotted in Fig-
ure 4 for two samples. The respective optimal models
Gy (1) = 21[:01 81 & (1)+ G, are plotted in Figure 5,
where the relaxation modulus measurements are also
shown. For both samples K=8 and a=10,4[s] was cho-
sen. The computed long-term modulus was as follows:
G, =3,436 [MPa] and G, = 6,877 [MPa].

CONCLUSIONS

An algorithm has been found for the calculation of
relaxation spectrum from the discrete-time measure-
ment data of the linear relaxation modulus. Tikhonov
regularization and guaranteed model approximation are
used to solve it. As a result, the stability of the scheme
is guaranteed. Due to the choice of the Hermite basis
functions, for which the basis functions for relaxation
modulus are given by the convenient recursive formula,
the algorithm is very useful for implementation. This
choice also guarantees that smoothing of the regularized
solution ensures smoothing of the relaxation spectrum
model. The choice of the scaling-time factor in order to
achieve a good fit of the model to the experimental data
is discussed and the noise robustness is demonstrated.
It is also indicated that the accuracy of the spectrum
approximation depends both on measurement noises and
regularization parameter and on the proper selection of
the time-scale parameter of the basis functions.

Although the paper is concerned with the relaxation
spectrum identification using stress experiment data,
a modification of the scheme proposed for determination
of the retardation spectrum using the creep compliance
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measurements obtained in creep test [18] is possible as
well.

The proposed method \ provides us with the tool
for relaxation spectrum identification applicable for an
arbitrary viscoelastic material. We consider a situation
where only the time-measurements from relaxation test
are accessible for identification. This is important in
studying the rheological properties of many materials,
e.g., biodegradable materials [6], different pelets [3],
livestock meat [17] and different plant materials [2, 9,
18]. The proposed method leads to insights into how to
estimate the laws of such materials. Therefore it lies in
the broad area of studying mechanical properties of such
materials [7, 8, 10, 13,14].
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ALGORYTM IDENTYFIKACJI SPEKTRUM RELAKSACII
MATERIALOW LEPKOSPREZYSTYCH NA PODSTAWIE
ZAKEOCONYCH POMIAROW MODULU RELAKSACII

Streszczenie. W pracy przedstawiono algorytm iden-
tyfikacji ciaglego spektrum relaksacji materialéw liniowo-
lepkosprezystych na podstawie dyskretnych zakldconych po-
miaréw z testu relaksacji naprezen. Model spektrum relaksacji
dany jest kombinacjg liniowa funkcji Hermita. Jego param-
etry dobrano optymalnie w sensie zregularyzowanej metody
najmniejszej sumy kwadratow. Zastosowano regularyzacje
Tichonowa, wspotczynnik regularyzacji dobrano metoda
gwarantowanej jakosci modelu. Zbadano wlasnosci algo-
rytmu i wyznaczonego modelu. Dla pomiardw z natozonym
szumem wykazano jego liniowa zbiezno$¢. Pokazano, ze
doktadnos¢ przyblizenia spectrum relaksacji zalezy zaréwno
od intensywnosci zaktocen oraz wspolczynnika regularyzacji
jak i odpowiedniego doboru parametréw funkcji bazowych
modelu. Przeprowadzone badania symulacyjne potwierdzity
doktadnos¢ modelu i jego odpornos¢ na zaktocenia. Wyznac-
zono spektrum relaksacji dwu przyktadowych probek buraka
cukrowego.

Stowa kluczowe: spektrum relaksacji, algorytm iden-
tyfikacji, regularyzacja, funkcje Hermita
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Summary. The problem of a weighted least-squares
approximation of viscoelastic material by Maxwell model is
discussed when the noise-corrupted time-measurements of the
relaxation modulus obtained in relaxation test experiment are
accessible for identification. In the previous paper it has been
shown that even when the true relaxation modulus description
is completely unknown, the optimal Maxwell model parameters
can be derived from the measurement data sampled randomly
according to appropriate randomization. In this paper an iden-
tification algorithm leading to the best model when only a re-
laxation modulus data are accessible is derived using a concept
of random choice of the sampling instants. The stochastic-type
convergence analysis is conducted both for corrupted as well as
noise free relaxation modulus measurements and the exponen-
tial convergence rate is proved. Experimental numerical results
for five-parameter Maxwell model are provided. Applying the
scheme proposed the four-parameter Maxwell models of an
confined cylindrical specimen of the beet sugar root are deter-
mined for a few sets of relaxation modulus measurement data
and the convergence of the sequence of best model parameters
is demonstrated. The procedure has been successfully tested
using both artificial and experimental data.

Key words: relaxation test, Maxwell model, identifica-
tion algorithm, experiment design

INTRODUCTION

The classical Maxwell model [14] is a viscoelastic
body that stores energy like a linearized elastic spring
and dissipates energy like a classical fluid dashpot. The
generalized Maxwell model, which is used to describe
the relaxation modulus of linear viscoelastic materials,
consists of a spring and » Maxwell units connected in
parallel. Maxwell models are used frequently to describe
viscoelasticity of polymers [1, 6], concrete [13], soils [5],
rocks [8], rubber [20], glass [17], foods [16] and biologi-
cal materials [2, 9].

Maxwell models described by a sum of exponential
functions. Fitting a sums of exponentials to empirical data

is a very old problem in system identification theory [7, 10].
Although a lot of methods are known for determining ex-
ponential sum models, in particular for finding the optimal
least-squares exponential sum approximations to sampled
data, the efficient tools for Maxwell model determination
are still desirable and this is the purpose of this study.

In empirical sciences there is an increasing use of
mathematical models to describe various physical phe-
nomena. The work in modelling of physical phenomena
neatly partitions into two pieces: the work in acquiring
information (measurements) from the real system, and the
overhead involved in determining the best model. More
often than not, this second part of the work is dominated
by system identification methods. Whence, members of
the physical systems researchers community have been
consumers of system identification algorithms. Thus, their
needs have set some research directions for the system
identification community. Simultaneously, this symbiotic
relationship has entered a new phase, in which the new
advances in system identification contribute to building
a better and better models and they are also setting new
research agendas for the physical systems researchers
community.

In the previous paper [19] an idea of measurement
point-independent approximation of a relaxation modulus
of linear viscoelastic materials within the class of general-
ized Maxwell models, when the integral weighted square
error is to be minimized and the true material descrip-
tion is completely unknown, is presented. In this paper
a simple identification algorithm providing the strongly
consistent estimate of the optimal model is given. Next,
the rate of convergence is discussed for the case when
the measurements are perfect or corrupted by additive
noises. The results of simulation experiments for five
parameter Maxwell model are presented and the identi-
fication algorithm is applied for computing the Maxwell
model of an specimen of the beet sugar root.
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OPTIMAL IDENTIFICATION
OF MAXWELL MODEL

In the previous paper [19] the problem of an approxi-
mation of relaxation modulus G(7) of linear viscoelastic
material by generalized Maxwell model:

n
Gy (t.g)=D Eje " +E,, (1)
il
with the vector of model parameters defined as:
T
g:[El o By oy, Ew] , @)

where: Ej, v, and £ are the elastic modulus, relaxa-
tion frequencies and equilibrium modulus, respectively,
is considered under the assumption that the exact math-
ematical description of the true relaxation modulus G(7) is
completely unknown. The value of G(#) can be, however,
measured with a certain accuracy for any given value of
the time re7, where 7=[0,77] and 0<T<c or T=R_; here
R =[0,00). The restriction that the model parameters are
nonnegative and confined must be given to satisfy the
physical meaning, i.e. geG, where the admissible set of
parameters G is compact subset of the space Rf”“.

Let 7,,...,T, are independent random variables with
a common probability density function p(f) whose sup-
port is T. Let G, = G(T;)+ Z; denote measurements of
the relaxation modulus G=G(T) obtained in a certain
stress relaxation test performed on the specimen of the
material under investigation, i=1,...,N. Here Z are ad-
ditive measurement noises.

As a measure of the model (1) accuracy the global
approximation error of the form:

0(g)-[[6()-Gy (to)] Pt 0
T

where a chosen weighting function p(#)>0 is a density
onT,ie., er(t)dt =1, is applied. From practical rea-

sons the global index Q(g) is replaced by the following
empirical one:

O (8)= %ﬁl (G =Gy (T.)] @

Therefore, the classical least-squares problem for
Maxwell model is obtained.

The problem of the relaxation modulus G() optimal
approximation within the class of Maxwell models (1)
consists in determining the admissible parameter mini-

mizing O(g):
g =argmin O(g), Q)
8<G
Here arg min geG Q(g) denotes the vector g that

minimizes Q(g) on the set G. The respective empirical
task is as follows:

gy =arg min Qy (g) (6)
8€G
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Under standard assumptions concerning the relaxa-
tion modulus and noises:

Assumption 1. The relaxation modulus G(¢) is bounded
on T, ie. sup,_G(H)<M<w,

Assumption 2. The measurement noises Z are bounded,
ie. |Z|<o<co for i=1,...,N,

Assumption 3. {Z} is a time-independent sequence of
independent identically distributed (i.i.d.)
random variables with zero mean and
a common finite variance o2,

it is shown in [19], that Maxwell model which is as-
ymptotically (when the number of measurements tends to
infinity) independent on the particular sampling instants
¢, can be derived from the set of relaxation modulus time-
data by introducing a simple randomization. Namely, it is
proved that if the Assumptions 1-3 hold and 7},...,T are
independently, at random selected from T, each according
to probability distributions with density p(f), then both
for perfect as well as for the additive noise corrupted
relaxation modulus measurements:

gy — g wpl as N-—>ow (7
and for all z€T:
Gy (t,gN)—>GM (t,g*) wpl as N —> oo, ®)

where w.p.l means “with probability one”. Thus,
the model parameter g, is strongly consistent estimate
of the parameter g*. Moreover, since the model G, (¢,2)
is Lipschitz on G uniformly in 7€T, then the almost sure
convergence of g, to g* in (7) implies that:
wp.l as

sup GM(t,gN)fGM(t,g*)|—>0 N>, (9)

teT

Thus, G, (#,g,) is a strongly uniformly consistent
estimate of the best model G, (7,2).

Summarizing, when the Assumptions 1-3 are satis-
fied, the arbitrarily precise approximation of the optimal
Maxwell model (with the parameter g*) can be obtained
(almost everywhere) as the number of mesurements N
grows large, despite the fact that the real description of
the relaxation modulus is completely unknown.

IDENTIFICATION ALGORITHM

Taking into account the convergence results (7)-(9)
the calculation of the approximate value g, of optimal
Maxwell model parameter g* involves the following steps.
1. Select randomly from the set T the sampling instants

t,,...,1,, each ¢, independently, according to the prob-
ability distribution on T with the density given by the
weighting function p(7) in (3).

2. Perform the stress relaxation test, record and store the
relaxation modulus measurements G(7;), i=1,...,N,
corresponding to the chosen points 7>0.

3. Solve the optimization task (6) and compute the Max-
well model parameter g,.
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4. In order to ascertain if g, is a satisfactory approxima-
tion of g* enlarge the set of data to the extent N >> N
repeating Steps 1 and 2.

5. Execute Step 3 for the new set of data determining g .

6. Examine if "gN -85 "2 <&, for ¢, a small positive
number. If not, put N = N and go to Step 4. Other-
wise, stop the procedure taking g, as the approximate
value of g*.

Remark. The stopping rule from Step 6 can be re-
laced by a less restrictive one, based on testing, whether

’pQ— (gﬁ ) -0y (8y )| < & holds. Both the stopping rules

considered correspond with those commonly used in the

numerical minimization techniques.

CONVERGENCE ANALYSIS

Taking account of (7) the question immediately arises
how fast does g, tend to g* as N grows large. The dis-
tance between the Maxwell model parameters g, and
g* will be estimated in the sense of quality difference
|0(g*)—-Q(g,)|. We shall examine how fast, for given >0,

does P{‘Q(g* ) -0(gy )‘ > g} tend to zero as N increases.

On the basis of inequality (11) from [4] we obtain for
noise case the following bound:

p{‘QN(g)—Q(g*)‘Zg}§2exp(—N52/8M2), (10)

where M is such that the next estimation is valid
for any geG:

‘[G(Ti)+Z,- -Gy, (T,»,g)]2 —[Q(g)+02}

<SM+6%+2c6+0> =M. (11)

Here a positive constant M is such that:

[G(1)-Gy (T,.2)] -0(e)< 1 (12

for any geG, i=1,...,N, and a positive constant c is
defined by the inequality |G(7) -G, (T}.g)|<c which holds
for every geG, i=1,...,N. The existence of M follows
immediately from the Assumptions 1 and 2, Property 3
and the fact that, the weighting function p(#)>0 is a den-
sity on T. In view of Assumption 1 and Property 2 the
positive constant ¢ there exists and can be evaluated
without a difficulty. Note also, that in the noiseless case
the inequality (10) takes especially simple form:
P{‘QN (g)—Q(g*)‘Zg}SZexp(—N82/8M2). (13)

The inequalities (13) and (10) show some connec-
tions between the convergence rate and the number of
measurements N as well as the measurement noises. In
particular, if ¢ is fixed, then the bound (10) tends to zero
at exponential rate as N increases. Note also, that the rate
of convergence is the higher the lower is M, thus by (11)
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the lower are 0 and ¢?, i.e. the measurement noises are
weaker. This is not a surprise since, with large noises,
the measurements are not much adequate to the true
relaxation modulus. Notice, however, that for fixed £>0
both for noiseless as noise case:

P{‘QN (g)_Q(g*)‘ 2 8/Na} < Zexp(_N(lﬂa)gz/gMz)

with 0<a<1/2 still tends to zero as N—oo in quasi-ex-
ponential rate.

We now present the results of the numerical experi-
ments. Both the asymptotic properties (as the number
of measurements N—o0) as well as the influence of the
measurement noises on solution will be studied.

EXPERIMENTAL STUDIES

Consider viscoelastic material whose relaxation

modulus is described by:
1 _

G(1)=7e I orfe (321 - 542 /3) +0.2, (14)

where erfc(f) is the complementary error function [11].
The time interval T=[0;0,8] seconds has been taken for
the experiment in view of the modulus G(¢) (14) course.
The measurement points ¢, are selected randomly, each 7,

independently according to the uniform distribution on
T. The 5 parameter Maxwell model of the form:

Gy (1)=Ee ™ +E,e™ +E,,

has been taken for numerical studies. The relaxation
modulus G(#;)=G(#;)+z(7;) has been sampled in N
sampling instants during the time period T.

In order to study the influence of the noises on
the Maxwell model parameters {z,} have been gener-
ated independently by random choice with normal
distribution with zero mean value and variance ¢?;
0=0.005,0.0075,0.01,0.02 is taken for experiment. Such
measurement noises are even strongest than the true
disturbances recorded for the plant materials (see [18;
Chapter 5.5.4]). For the analysis of asymptotic properties
of the scheme N=50,100,500,1000,5000,10000 has been
used in the experiment. The experiment and next the
computation of the optimal model have been repeated
n=100 times for every pair (&, ¢%). The distance between
the optimal model parameters: ‘empirical’ g, and ‘ideal’
g* has been estimated by standardized mean error defined
for n element sample as:

ERR(]V,az):%Zn: gy, - 2/ gl
j=1

(15)

where 8y, denote the model parameter g, determined
for j—th experiment repetition for a given pair (N, ¢?),
j=1,...,n. Here || - ||, denotes the Euclidean norm in the
space R**!. Relationship of ERR(N, ¢°) (15) on N and o>
is depicted in Figure 1. The ranges of variation of the
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index ERR(N, o?) obtained in the simulation experiment
are given in table 1. In Figure 1 we can see that for small
and middle noises and N>500 the error ERR(N, ¢?) does
not depend essentially on the number of measurements.
For small and middle noises the index ERR(N, ¢%) do
not exceed 2%, however, for large noises (¢ =0.02) this
error exceeds 10%.

ERR(N, o)

0.04
0.03
0.02
0.01
0
50
4.10* - 100
1-10* 500
5.625 50001000
107 2.5-10° 10000
o? N

Fig. 1. The index ERR(N, ¢°) as a function of N and &>

ERRQ,(N,0?)

1-10°*
5-107
0
1 000(% [4-1 0-4]
ot 0
500 ¢ 5.625
50 25107 s
N o2

Fig. 2. The mean square approximation error of the relaxa-
tion modulus measurements ERRQ, (N, ¢°); the notation [4-10
~1%0.3 is used to describe the function 0.3- ERRQ, (N, ¢°) for
0?=4-10"*

To estimate the approximation error of the relaxation
modulus measurements for n-element sample the follow-
ing index (cf. definition (4)) is taken:
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ERRQ,, (N,az)=$iQN(gN,j)=
j=1

n

- LZ% [@,; =Gy (1.8, )T

nN Jj=li=l

where GL ;=G (ti, j ) +z; ; denote the relaxation mod-
ulus measurements for j—th experiment repetition for
a given pair (N, %), j=1,...,n. The index ERRQ, (N, 7°)
as a function of N and ¢” is depicted in Figure 2. We
can see that ERRQ (N, ¢°) does not depend essentially
on the number of measurements both for small as well
as large noises. The algorithm ensures very good qual-
ity of the measurements approximation even for large
noises (see table 1).

The mean integral error of the relaxation modulus
G(?) (14) approximation is defined as:

ERRQ(NUZ):%Zn;Q(gNj )
o

where the global integral error is given by (3). The
error ERRQ(N, o?) is decreasing function of the number
of sampling points and the number of model summands
as depicted in Figure 3. The interpretation of Figure
3 becomes quite clear when we take into account the
convergence analysis conducted. As we have shown, the
global integrated index Q(g) converges exponentially
both with the increase of the number of measurements
N as well as with the decrease of the noise variance o> —
compare the inequality (10) and the definition of M(10).

ERRQ(N, o2

6:10° —]

4-10° —

Fig. 3. Mean integral approximation error of the relaxation mo-
dulus ERRQ(N, 0?)

Table 1. The ranges of variation of the approximation error indices used in the simulation experiment for the number of

measurements N>500

7=0,005 ¢=0,0075 =001 0=0,02

ERR(N, ) 0,00408+0,0128 0,0087+0,01757 0,0182+0,0213 0,12175+0,1284
ERRQ (N, o?) 2,47E-5+2,51E-5 5,56B-5+5,63E-5 9,88E-5+9,9E-5 1,17E-4+1,18E-4
ERRQ(N, ¢ 0,0189+0,0193 9,98E-3+0,018 9,167E-3+0,017 1,2E-3+4,518E-3
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Table 2. Maxwell model (16) parameters and the values
of identification index Q,(g,); random choice of the sam-
pling instants
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MAXWELL MODEL OF THE SUGAR
BEET SAMPLE

Let us consider again the sample of the root of sugar

beet Janus variety [3] studied in the example in [19]. The
stress relaxation experiment performed by Gotacki and

co-workers is described in details in [3] and the way how
the experiment data has been preliminary proceeded

is circumscribed in paper [19]. The sampling points ¢,

have been generated independently by random choice
with uniform distribution in time interval [0;95] seconds,

consecutively, for N from the set N1 = {15,20,25,40,50,

75,100,150,200,250,300,350,400}, and the respective re-
laxation modulus measurements have been selected from

the whole set of measurement data. Next, the optimal

four-parameter Maxwell models:

Gy (1)=Ee ™" +E e, (16)

were determined for each N. The parameters of the
optimal models and the respective values of empirical

index O, (g) (4) are given in Table 2. The fast convergence

of the model parameters and the model quality index is
illustrated in Figures 4 and 5, respectively. In Figure 6

Model parameters
N 0,(g)) E, . v 5] vy

[MPal) [MPa] LV [s™]
15 7.914E-5 10,2607 | 0,5257 4,6823E-4 | 0,0489
20 2,978E-4 | 10,3447 | 0,5097 5,4625E-4 | 0,0737
25 8,38E-4 10,4025 | 0,5292 6,3646E-4 | 0,1004
40 2,233E-3 | 10,3763 | 0,5886 5,8039E-4 | 0,0963
50 1,867E-3 | 10,3553 0,6049 5,5898E-4 | 0,0886
75 4,575E-4 10,3388 0,5736 5,3957E-4 | 0,0793
100 | 2,527E-4 | 10,2973 | 0,5409 4,9971E-4 | 0,0598
150 | 2,596E-4 | 10,2879 | 0,5363 4,8541E-4 | 0,0582
200 | 2,912E-4 | 10,2936 | 0,5342 4,9343E-4 | 0,0587
250 | 3,476E-4 | 10,2877 | 0,5427 4,7722E-4 | 0,0584
300 | 2,541E-4 | 10,284 0,5398 4,8225E-4 | 0,0561
350 | 2,615E-4 | 10,2785 | 0,5369 4,7334E-4 | 0,0557
400 | 2,851E-4 | 10,2786 | 0,5383 4,7207E-4 | 0,0564

the distance d, = || gN—g[N]HZ, between the successive model

The next example shows how the proposed iden-
tification scheme can be used in the Maxwell model
identification of real material.

parameters g, is also shown as a function of N, where
[N] is a direct predecessor of N in the set N.

\ 0,65 i
Ey\y [MPd] Ey n o
10,479 0,6 "5 N
& [ppa) 8 0
10,36 0900000 0,55 ® Oo0op©QOo000
| | | ) | | |
10,2 0,5
0 100 200 300 400 0 100 200 300 400
N N
710* I I 0,15 I 1
o
VLN 6107 [C van 0,1 n
[fl] obo ] TDIbOo 000000
L — s
5-10" 0060064 0,050
o \ \ \ \ ~ \
41075 100 200 300 400 O 0 100 200 300 400
N N
Fig. 4. The optimal Maxwell model parameters as a function of the number of measurements V; random choice of the sampling
instants
0,003 \
On(gn) o
0,002 o N
0,001 0 m
,lo 000 ° 000
0 100 200 300 400
N

Fig. 5. The identification index Q,(g,) as a function of the number of measurements N; random choice of the sampling instants
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. 0,1 o \
N ®
L o ]
0,05 o
o
0 1 9090 o0 o)
0 100 200 300 400
N

Fig. 6. The distance d, between the two successive Maxwell
model parameters g, as a function of the number of measure-
ments N; random choice of the sampling instants

The fitting of the relaxation modulus computed ac-
cording to the best Maxwell models G, (#,g,) to experi-
ment data is shown for a few values of the number of
measurements in Figure 7, where the measurements G (ti )
are also marked. It can be seen from Figure 7 that four
parameter Maxwell models are necessary for almost
excellent fitting the data, if the time instants #, are chosen
in appropriate way.

The differences in the convergence speed between
the cases of random and equidistant experiment data are
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demonstrated by comparison of Figures 5,6 and 2 in [19],
Figures 7 and 3 in [19]. Thus, the general conclusion is
that the choice of the sampling instants has fundamental
meaning for the Maxwell model obtained.

FINAL REMARKS

1. The approximation of the optimal Maxwell model
can be derived from relaxation modulus data sampled
randomly according to respective randomization. The
approximate model parameters are strongly consistent
estimate of the parameters of that Maxwell model,
which is independent of particular sampling instants
used in relaxation test.

2. It is worth of noticing that the resulting identification
procedure is very useful in application because it does
not require any other experimental technique more
sophisticated than the independent random sampling
of time instants 7, from the set 7 according to a sta-
tionary rule.

3. When the set {} is opened to manipulation during the
data collection, it is an important experiment design
issue to take appropriate sampling instants. Therefore,

a(tl) 11 —|
[MPa] N=15
Gyltgy)
[MPa] | |
o \ \ \ n
0 20 40 60 80 100 0 20 40 60 80 100
Time t [s] Time t [s]
_ \ \ \ \
< (ti ) 11¢ - 11 I
[MPa] N=100
Gyltgy)
[MPa]
_ 10 - 10 1
\ \ \ \
100 0 20 40 60 80 100
Time t [s]
— \ \ \ \
G()
MPa] 11 - 11 1
[MP N=250 N=400
Gyltgy)
[MPd]
- 10~ - 10 I
\ \ \ n \ \ \ \
0 20 40 60 80 100 O 20 40 60 80 100
Time t [s] Time t [s]

Fig. 7. The relaxation modulus measurements G (tl-) (points) and the approximate Maxwell models G, (z,g,) (solid line); random

choice of the sampling instants
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new deeper insight in the stress relaxation experiment
can be achieved. The approach proposed lies, in fact,
in widely understood data mining framework [15].

. The paper is concerned with the Maxwell model but

the proposed experiment design scheme can also be
successfully applied to identification of generalized
Kelvin-Voigt model of the creep compliance measure-
ments obtained in creep test [14].
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O PLANOWANIU EKSPERYMENTU DLA IDENTYFIKACIJI
MODELU MAXWELLA NA PODSTAWIE TESTU
RELAKSACJI NAPREZEN

Streszczenie. Przedmiotem pracy jest problem opty-
malnej, w sensie najmniejszej sumy kwadratow aproksyma-
cji modutu relaksacji materiatow liniowo lepkosprezystych
uogdlnionym modelem Maxwella na podstawie zaktoconych
pomiaréw modutu relaksacji zgromadzonych w tescie relak-
sacji naprezen. Zaproponowano algorytm identyfikacji oparty
o koncepcje odpowiedniej randomizacji punktow pomiarowych
prowadzacy do wyznaczenia modelu Maxwella o parametrach
asymptotycznie niezaleznych od punktéw pomiarowych nawet
wowczas, gdy rzeczywisty opis modutu relaksacji jest catko-
wicie nieznany. Przeprowadzono analiz¢ zbieznos$ci modelu
dla doktadnych i zaktdéconych pomiaréow i wskazano na jego
wyktadniczg zbieznos¢. Dla pigcio-parametrowego modelu
Maxwella podano wyniki eksperymentow numerycznych. Wy-
znaczono cztero-parametrowe modele Maxwella probki bura-
ka cukrowego i pokazano zbiezno$¢ ciggu parametréw modelu
optymalnego.

Stowa kluczowe: test relaksacji naprezen, model Ma-
xwella, algorytm identyfikacji, planowanie eksperymentu
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of viscoelastic materials from discrete-time stress relaxation data
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Summary. The paper deals with the problem of recov-
ery of continuous relaxation spectrum of linear viscoelastic
materials from discrete-time noise corrupted measurements of
relaxation modulus obtained in stress relaxation test. The least-
squares problem of optimal approximation of the spectrum
is solved based on the orthogonal series expansion. Hermite
functions are used. Since the problem of relaxation spectrum
identification is ill-posed, the inverse problem of Tikhonov
regularization is used to guarantee the stability of the scheme.
Guaranteed model approximation (GMA) is adopted for the
choice of the regularization parameter. The numerical realiza-
tion of the scheme by using the singular value decomposition
(SVD) is discussed. The resulting identification algorithm is
described in forthcoming paper.

Key words: viscoelasticity, relaxation spectrum, identi-
fication, regularization, Hermite functions

INTRODUCTION

Many materials are most often modelled in a time-
domain viscoelastic regime, which is good for character-
izing strain-stress dependence, creep and stress relaxation
within a small deformation [1, 2, 4, 5, 7, 15, 16]. Although
for viscoelastic materials a multiplicity of constitutive
theories exists, essentially, only linear viscoelasticity
is considered for which the Boltzmann superposition
principle applies.

The mechanical properties of linear viscoelastic
materials are characterized by relaxation spectrum [4,
5, 13, 16]. From the relaxation spectrum other material
functions such as the relaxation modulus or the creep
compliance can be calculated without difficulty and
next both the constant and time-variable bulk and shear
modulus or Poisson’s ratio can be determined. Thus, the
spectrum is vital not only for constitutive models but
also for the insight into the properties of a viscoelastic
material [13,19,27].

Relaxation spectrum is not directly accessible by
experiment and thus must be determined from the ap-
propriate response function, measured either in time or
frequency domain [4, 13, 15, 27]. There are a few papers,
e.g., [27] as well as [18-20] and the other previous papers
by the present author cited therein, that deal with the re-
laxation spectrum determination from time-measurement
data. However, the computationally efficient methods to
determine the spectrum are still desirable and it is the
purpose of this study.

The practical difficulty in the relaxation spectrum
determination is rooted in a theoretical mathematical
problem difficulty, because it is an ill-posed inverse prob-
lem [4,19]. The mathematical difficulties can be overcome
by synthesis of an appropriate identification algorithm.
In this paper an optimal scheme of the least-squares
approximation of relaxation spectrum by the linear com-
bination of Hermite functions is proposed. The assumed
quality of the model approximation is achieved by the
respective choice of the regularization parameter by using
guaranteed model approximation rule.

RELAXATION SPECTRUM

In the rheological literature it is commonly assumed
that the modulus G(#) has the following relaxation spec-
trum representation [5,16]:

G(e)=[H(v) e v, 0
0

where: the relaxation spectrum H(v) characterizes the
distribution of relaxation frequencies v>0 in the range
[v,v+dv]. We assume that the real relaxation spectrum H(v)
there exists — the respective existence and uniqueness
conditions are given in [21; Part I: Theorem 1, Part II:
Theorems 1, 2]. Throughout we shall be concerned with
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the case when the spectrum H(v) is completely unknown;
the relaxation modulus G(?) can be, however, measured
for any time 7>0.

The problem of relaxation spectrum determination
is the numerical problem of reconstructing solution of
Fredholm integral equation of the first kind (1) from
time-measured discrete relaxation modulus data. This
problem is known by Hadamard to be severely ill-posed
[19, 23]. This means that small changes in measurement
data can lead to arbitrarily large changes in the relaxation
spectrum. In remedy, some reduction of the admissible
solutions set or respective regularization of the original
problem can be used. In this paper we use both the tech-
niques simultaneously. An approximation of the spectrum
by the finite series of Hermite functions is combined with
Tikhonov regularization.

The idea of the scheme is based on the Fourier series
expansion of unknown relaxation spectrum with respect
to the orthonormal basis in function space. This approach
is known both in the approximation theory [25] and in
mathematical modelling and system identification tasks
[8,9,14]. A wide overview of the significance of the or-
thogonal basis in system identification is available in [14].
Orthogonal schemes are also used for signal processing
[9] and in automatic control algorithms [3,26]. In the
identification of mathematical models of viscoelastic
material orthogonal series expansion approach is used
both for linear materials, e.g., [15,19,20], and for nonlinear
materials for example in [3]. The Hermite polynomi-
als are applied for systems identification, for example
in [6].

MODELS

Assume that H(v)eL,(0,00), where L (0,00) is the space
of square-integrable functions on the interval (0,00). The
respective sufficient conditions are given in [21; Part II:
Theorem 3]. Let 4,(v), k=0,1,...; let the Hermite func-
tions be given by [12]:

ANNA STANKIEWICZ

B (x)=2xP_ (x)-2(k-1)P_5(x), k=23,.., (3)

starting with:
P, (x)=1 and P (x)=2x, “)

where: a>0 is a time-scaling factor.

We assume that the model of the relaxation spectrum
is to be selected within the parametric class of models
defined by the finite sum:

K-1
v)=> g (v), ®)
=0

where: g, are constant model parameters, the lower
index of H,(v) is the number of model summands. Then,
the respective model of the relaxation modulus is de-

scribed by:
o K-1
Gk ()=[Hg(v)e™dv=2 g ¢ (1), ©

k=0
where, according to equation (1), the functions ¢,(7)
are defined as:

g (t)=[ b (v)e"av. )

0

The useful recursive form of the basis functions ¢, ()
is given by the following theorem; the proof, as well as
the proofs of the next results, is omitted due to space
limitations.

Theorem 1. Let 0>0 and £>0. Then the basis functions
¢,(0) (7) are given by the recursive formula:

— 1 —_
¢k+1(t)_ 71a(k+1)!%Pk(0)
V2

_a—\/mt¢k(t)+%¢k1 (7).

k=1, (8

starting with:

2 4 2
__Va e PP (av), k=0l... @ b (1) =—= ¢/ erfc(t/ 2a) )
N2 i dx 2’
. . . 2 2
where: P,(x) is Hermite polynomial of degree & de- ¢ (1) = NErl 14y (1), (10)
fined by recursive formula [12]: A
I = I
& V) » ~ .. 2[" N~ ]
k=00,51 ¢ XN T / )
k=1 /RN AN
TN ~- TR NN
k=2 O 1 o0 T
s-e- _0’5:/ ~ ! ! T * ! !
k=4 "0 2 4 0 0,2 0,4
(a) Relaxation frequency v [s']  (b) Relaxation frequency v [s™']

Fig. 1. The Hermite basis functions %,(v) for parameters: (a) a=1[s] and (b) a=10[s]; £=0,1,2,3,4
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where the function:

erfc(x):%]getzdt, x>0, 11

is complementary error function [12].

The values P,(0) of Hermite polynomials are given by:

P, (0)=(-1)" 2k)!/k! and P, (0)=(0). (12)

A few first basis functions 4, (v) are shown in Figure
1 for two different values of the time-scaling factor «;
the corresponding functions ¢,(?) are plotted in Figure 2.

Note that from Figure 2 it is evident that the basis
functions are congruent to the real relaxation modulus
obtained in experiment. The parameter o>0 is the time-
scaling factor. The following rule holds: the lower the
parameter a is, the shorter the relaxation times are, i.e.
the greater are the relaxation frequencies. The above is
illustrated by Figures 1 and 2. What must be done to
salvage it is to find some way of determining the basis
functions which ‘look like’ the real relaxation modulus.
To further this end, we must choose the respective time
scale factor a.

AUGMENTED MODEL

It is well-known [5,16,19] that for many materials
lim_  G()=G >0, where G_ is the long-term modulus.
It is also the case of the beet root sample, which is con-
sidered in [22; Example 3]. Thus, instead of the classi-
cal model (6), it is convenient to consider the following
augmented model:

G (1)=[ He (v)e™dv+G, =Gy (1)+ G, (13)
0
Then, the relaxation spectrum model takes the form:

Hy (v)=Hyg (v)+G,8(v), (14)

where: H,(v) is given by (5) and J(v) denotes the
Dirac delta function. Unbounded component G_d(v) of
the relaxation spectrum H (v) (14) corresponds with
the relaxation frequency equal to zero, or equivalently,
with infinite relaxation time.
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IDENTIFICATION PROBLEM

Classical manner of studying viscoelasticity is by
two-phase stress relaxation test, where the time-dependent
shear stress is studied for step increase in strain [16, 24].
In the first initial phase the strain should be imposed
instantaneously. During the second phase the correspond-
ing force induced in the specimen, which decreases with
time, is measured.

Suppose a stress relaxation test performed on the spec-
imen of the material under investigation resulted in a set
of measurements of the modulus G(#,) = G(1,)+z(t; ) at
the sampling instants #>0, i=1,...,N, where z(¢) is meas-
urement noise.

Identification consists of selection within the given
class of models defined by (6), (13) of such a model,
which ensures the best fit to the measurement results.
As a measure of the model (6), (13) accuracy the square
index commonly used in identification theory [6, 10, 19,
20] and experimental studies [11, 19, 20] is taken:

N _— —_ —_
Oy (gx)=2. [G(ti)_GK (ti):|2 = "GN ~ Dy 8k "2,(15)

where: | - ||, denotes the square norm in the Euclidean
space, g,=[g, .- g, G,]is an (K+1) — element vector of
unknown coefficients of the model (6), (13). The Nx(K+1)
— element matrix @, , and the vector Gy are defined as:

& (1) da(n) 1 G(4)
Dy =| : H, Gy = . (16)
& (tv) o (ty) 1 G(ty)
Thus, the optimal identification of relaxation spec-
trum in the class of functions Hy (v) given by (5), (14)
consists of solving, with respect to the model parameter
g, the least-squares problem with the index (15). The
matrix @, is usually ill-conditioned. Then, the minimum
of (15) is not unique and even the normal (minimum
Euclidean norm) solution of the linear-quadratic problem
(15)-(16) is non-continuous and unbounded function of the
data vector G, i.c. when the data are noisy even small
changes in GN would lead to arbitrarily large artefact in
g;(\’ . This is a crucial point of the problem. To deal with
the ill-posedness, the Tikhonov regularization method is
used as presented in the subsequent section.

Time ¢ [s]

Fig. 2. Functions ¢,(¢) of Hermite algorithm, the parameters: (a) a=1[s] and (b) a=10[s]; £=0,1,2,3,4
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REGULARIZATION

Tikhonov regularization [23] strives to stabilize the
computation of the least-squares solution by minimizing
a modified square functional of the form:

min_ "GN ¢NKgK|| +/1||g,<||2, (17)

geR

where: 1>0 is a regularization parameter. The above
problem is well-posed, that is the solution always exists,
is unique, and continuously depends on both the matrix
®, . as well as on the measurement data G, The model
parameter vector minimizing (17) is given by:

; -1 _
8k = (¢1€K Dyy +4 IK+1,K+1> @yx Gy, (18)

where: IK+1 K+

is (K+1)x(K+1) identity matrix.

The choice of regularization parameter 4 is crucial
to identify the best model parameters. Here we apply the
guaranteed model approximation (GMA) rule, which is
presented in details below. The choice of the regulariza-
tion parameter according to GMA does not depend on
a priori knowledge about the noise variance.

ALGEBRAIC BACKGROUND

For numerical computation of regularized solution
(18), the singular value decomposition (SVD) technique
will be used. Let SVD of the matrix of the matrix @, .
take the form [17]:

Dy =UZV, (19)

where: VeR¥-%1 and UeR" ¥ are orthogonal matrices

and 2=diag(o,,...,0,,0,...,0) is NX(K+1) diagonal matrix

containing the non-zero singular values o,,...,0, of the

matrix @, with r=rank(®, ) [17]. Taking advantage

of the diagonal structure of 2’ and the matrices ¥ and U
orthogonality, it may be simply proved that [19]:

gt =vAU Gy, (20)

where: the diagonal structure matrix 4, is as follows:

A/I:diag(al/(al +2),.0, /(07 +2).0. ,0). @1

GUARANTEED MODEL APPROXIMATION

We wish to introduce a simple rule for the choice of the
regularization parameter, in which the value of the identifi-
cation index is directly taken into account. It may be proved
that for an arbitrary 4>0 the following equality holds:

=N

r 2.2
QN(gé)zz%

(o7 +4) )
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where: g,’<V of the normal solution of the least-squares
task (15)-(16) for noise-free data G, =[G(z) ... G(Z)]
and y, are the elements of the vector ¥ = U’ Gy. Hence
Oy (g,i ) > Oy (§1]¥ ) The deterioration of the model
quality is a result of the stabilization of the linear least-
squares task (15). However, the assessment of model
quality is typically based on how the model performs
when it attempts to reproduce the measured data. This
is the viewpoint we are going to adopt. Focusing then
more on the model quality in this section we shall intro-
duce the guaranteed model approximation (GMA) rule
of the choice of the regularization parameter. Some of
its properties will also be demonstrated. The idea behind
GMA rule is to choose the regularization parameter so
that the assumed quality of the model approximation

index QN N (g}ﬁ ) is achieved, i.e., such a parameter
J for which Qy (g,i)z QN. Appealing to the equation
(22) this rule consists in solving - with respect to 4 — of
the following equation:

— 10y (&)= 0w (23)

where: Oy (§1]¥ ) = Zim yiz. The GMA rule was at
first applied for the relaxation times spectrum identifica-
tion in early authors’ work [18]. This rule seems to be
quite a natural strategy in the context of relaxation spec-
trum identification task in which the identification index
refers to the relaxation modulus approximation quality.
Note that if there exists an 1<i<r such that »#0, then
the quality index Qy ( g,’}) is monotonically increasing
function of />0 (compare eq. (22)). Thus, the equation
(23) has a unique solution />0 whenever QN >0y ( g,]é/ )
and there exists y,#0, 1<i<r. Simple a posteriori criteria
for when the last condition is satisfied are given by the
following corollary proved in [19; Property C.1].

Corollary. Let K>1, r=rank(®, )<N and N>K. If
so, there exists an 1<i<r such that y #0 if and only if
Dy TGy #0,, where 0., denotes (K+1)-vector of zero
elements.

Thus, we now have a more convenient way of char-
acterizing when the solution of GMA rule exists, since
the SVD decomposition of the matrix @, , is not required
here.

Both the function:

r

FLEY)=3 Yo (g))- 00

i=l (0' +/1)
and the derivative:

Fj(ALZY) zzzyl—’

- (25)
(O‘ +1)
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can be expressed by convenient formulas as functions
of singular values o ,...,0, and elemer}ts y, of the vector
Y. Thus, in order to find a solution 4 of equation (23),
ie. F(1,2,Y)=0, the Newton scheme can be success-
fully applied, in which the successive approximation of
the regularization parameter 1 is computed according to
the formula:

A =4, —

An arbitrary 4,70 can be taken as an initial point.
The functions F'(4,2,Y) (24) and F’,(4,2,Y) (25) depend
continuously on every argument. Thus, on the basis of
the well-known implicit function theorem the solution
A=A(Z.Y) is continued with respect to the matrix X and
vector Y. Thus, the above GMA rule is well-posed in the
Hadamard sense.

A certain interpretation of the GMA rule and im-
portant property of the solution:

~ ]
8k = 8k (26)
are given in the following result. The conclusion fol-
lows immediately from a quick inspection of the proof
of [18; theorem 2]. .

Theorem 2. Assume K>1, N>K and Qy > Oy (5,_'1/}] )
The regularized solution &, defined by (23) and (26) is
the unique solution of the following optimization task:

. 2 ) A
min_ ||gK||2 under the constraint Q) (gﬁ ) <Oy
k €R

By theorem 2 the GMA rule (23) relies in such a se-
lection of the relaxation spectrum model that the norm of
the vector g, (26) has the smgllest possible value among
all models such that O, (g,)<0,. Thus the best smoothness
of the model parameters vector g, (26) is achieved. The
effectiveness of this approach in the context of relaxation
spectrum identification has been verified by the earlier
authors’ works, see [18, 19].

CONCLUSIONS

The problem of the relaxation spectrum calculation
from discrete-time linear relaxation modulus noise data
is solved based on the least-squares approximation of
the spectrum by finite linear combination of the basic
Hermite functions. As a result, the primary infinite di-
mensional dynamic optimization problem of the con-
tinuous relaxation spectrum identification is reduced to
the static linear-quadratic programming task. Tikhonov
regularization and guaranteed model approximation are
used to solve it. The analysis of the scheme stability,
noise robustness, smoothness and convergence as well
as simulation tests using both artificial and experimental
data are the subject of the next paper [22].
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O IDENTYFIKACIJI SPECTRUM RELAKSACIJI
MATERIALOW LEPKOSPREZYSTYCH NA PODSTAWIE
DYSKRETNYCH POMIAROW MODULU RELAKSACJI

Streszczenie. Praca dotyczy problemu wyznaczania
ciggltego spektrum relaksacji materialdw o wtasnosciach liniowo-
lepkosprezystych na podstawie dyskretnych zakldconych
pomiaréow modutu relaksacji uzyskanych w tescie relaksacji
naprezen. Problem rozwiazano przyblizajac spektrum relaksacji
skonczonym szeregiem funkcji Hermita optymalnie w sensie
zregularyzowanej metody najmniejszej sumy kwadratéw. Zas-
tosowano regularyzacj¢ Tichonowa. Wspdtczynnik regulary-
zacji dobrano metoda gwarantowanej jakosci modelu (ang.
guaranteed model approximation). Odpowiedni algorytm iden-
tyfikacji bedzie przedmiotem nastgpnej pracy.

Stowa kluczowe: lepkosprezystosé, spectrum relak-
sacji, identyfikacja modelu, regularyzacja, funkcje Hermita.



TEKA. COMMISSION OF MOTORIZATION AND ENERGETICS IN AGRICULTURE - 2012, Vol. 12, No. 2, 223-229

On measurement point-independent identification
of maxwell model of viscoelastic materials
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Summary. The problem of a weighted least-squares ap-
proximation of viscoelastic material by generalized Maxwell
model is discussed when only the noise-corrupted time-mea-
surements of the relaxation modulus are accessible for identi-
fication. To build a Maxwell model, which does not depend on
sampling instants is a basic concern. It is shown that even when
the true relaxation modulus description is completely unknown,
the approximate optimal Maxwell model parameters can be de-
rived from the measurement data sampled randomly according
to appropriate randomization. The determined approximate
model is a strongly consistent estimate of the requested model.
An identification algorithm leading to the best model will be
presented in the forthcoming paper, in which the convergence
analysis will be also conducted. A motivating example is given.

Key words: viscoelasticity, relaxation modulus, Max-
well model, model identification

INTRODUCTION

Viscoelastic materials present a behaviour that
implies dissipation and storage of mechanical energy.
Viscoelastic models are used before all to modelling of
different polymeric liquids and solids [3, 6, 14], concrete
[1], soils [13], rubber [30], glass [5, 23], foods [2, 20,
22, 24]. Research studies conducted during the past few
decades proved that these models are also an important
tool for studying the behaviour of biological materials:
wood [28], fruits, vegetables [8, 10, 11, 20], animals tis-
sues [16], see also other papers cited therein.

Viscoelasticity of the materials manifests itself in
different ways, such as gradual deformation of a sample
of the material under constant stress (creep behaviour),
and stress relaxation in the sample when it is subjected to
a constant strain [6, 20, 29]. In general, viscoelasticity is
a phenomenon associated with time variations in a mate-
rial’s response. In an attempt to describe some of the above
effects mathematically several constitutive laws have been
proposed which describe the stress—strain relations in

terms of quantities like creep compliance, relaxation mod-
ulus, the storage and loss moduli a