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Summary. The paper presents the results of measurements of
selected mechanical properties of biodegradable starch film pro-
duced from thermoplastic starch with 20% addition of polylactide
(PLA). TPS was produced on a single screw extrusion-cooker
with L/D = 16. Film blowing was processed on the plastic ex-
truder, with L/D = 36. The measurements of the mechanical
properties were performed on the Universal Testing Machine
Zwick BDO-FBOO0.5TH. The films produced with the addition
of PLA were characterized by poor tensile strength, they easily
cracked and were brittle.

Key words: PLA, biodegradable, extrusion, TPS.

INTRODUCTION

Initial production of biodegradable polymers dates back
to the late twentieth century. The year 1995 can be consid-
ered as the date of manufacture of bioplastics for packaging
production on a small scale [2, 3, 4, 20]. The price of bio-
plastics is currently one of the key market barriers that have
an impact on their application. A significant and growing
position in the production of degradable in the natural en-
vironment of packaging materials occupy polysaccharides
of vegetable origin, in particular cellulose and starch deriv-
atives [5, 8, 10, 11, 19]. Modification of the polymerization
process and the use of new technology allow you to increase
the area of applications for biodegradable plastics. Still, on
the overall biopolymers market, the strongest in demand
are those that are generated by biological processes. This
segment is mainly dominated by polylactide (PLA) [6, 7].

Polylactide is an aliphatic polyester obtained by direct
condensation of lactic acid [4, 7]. Methods for the prepara-
tion of this polymer are different, for example by a biotech-
nological process, which is analogous to the fermentation
production of ethyl alcohol. In the global market there are
different types of polylactide called NatureWorks, which
produces U.S. company Cargill Dow LLC. These polymers

are adapted to be processed by various techniques (injec-
tion-moulding, extrusion, thermoforming, blowing) in the
typical equipment used in plastics processing [12, 14].

The advantage of packaging made from the PLA is main-
ly meeting the requirements relating to the environment [3,
4, 9]. The material allows the use of renewable raw materials
in biological processes, reducing CO, emissions, organic re-
cycling of packaging waste, it is compostable. PLA also has
its drawbacks: it is quite brittle and rigid (needs a number
of functional additives to be used in the packaging industry)
and, most significantly, it is expensive [7, 20]. Its current net
price is 4.2 Euro per 1 kg of PLA, an 6,0 Euro for 1 kg of
PLA film. Potentially, one of the best solutions can be appli-
cation of thermoplastic starch mixed with PLA, which has
to reduce the cost of production of biodegradable packaging
materials. Oniszczuk et al. [13] has described advantages of
the TPS in the production of bioplastics using conventional
equipment (as in the case of PLA). Application of potato
TPS together with pure PLA without other excipients in
production of biodegradable film was the main scope of
the trials reported.

MATERIALS AND METHODS

The basic raw material for the production of TPS was
potato starch (PZPZ Lomza), mixed with a plasticizer —
glycerol of 99.5% purity (Odczynniki Chemiczne Lublin),
added in an amount of 20 % wt. The bland was processed
using a modified single screw food extruder TS-45 ( Fig. 1)
with L/ D = 16, equipped with an additional cooling zone.
TPS granules were produced at temperatures of 85 -100 °C
with a constant screw rotational speed of 80 r. p. m., and the
die hole diameter ¢=3 mm.

Polylactide 2003D Ingeo ™ Biopolymer (Nature Works
LLC) was added in an amount of 20% by weight to the TPS
granules during a film blowing on a plastics extruder Savo
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(Polish design) with L / D = 36 (Fig. 2). The film was pro-
duced at variable screw rotation (50- 80 r.p.m.), at temperature
range from 80 till 140 °C, using a blow die gap of 0.6 mm.

|

Fig. 1. Food extruder TS-45

Fig. 2. Stand for film blowing

The measurements of selected mechanical properties of
the obtained films were done following the Polish standards
and methodology described in the literature [1, 15, 16, 17].
The tests were carried out using the Universal Testing Machine
Zwick type BDO-FBOO0.5%, just as in the studies carried out

by Rejak et al. [18]. The film samples were cut longitudinally
and transversely to the direction of the film blowing. The re-
sults were verified statistically using software — Statistica 6.0.

RESULTS

Tensile strength of films cut transversely decreased with the
increasing of the screw speed (Figure 3). In the case of samples
cut longitudinally, the applied screw rotation speed had a small
effect on the value of the characteristic. Greater differences
were observed in the samples which were cut longitudinally.
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Fig. 3. Tensile strength of the film samples with PLA produced
at different screw rotation

The results of measurements on the film elongation
susceptibility presented in Fig. 4 showed bad mechanical
properties of the obtained products. The statistical analysis
showed no correlation between the used screw rotations and
the value of the elongation at tensile strength. Destructive
tests have confirmed these findings (Figure 5).
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Fig. 4. Elongation at tensile strength of the films samples with
PLA produced at different screw rotation
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Fig. 5. Work at break of the films in the processed samples with
PLA produced at different screw rotation
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CONCLUSIONS

The TPS films produced with the addition of PLA were
characterized by poor tensile strength, quickly cracked and
were brittle. However, the obtained results have confirmed
the possibility of thermoplastic starch and polylactide use
for the production of biodegradable packaging material.
However, it needs additional components such as selective
polymers or oligomers in order to achieve a commercially
acceptable product. In other words, since the fragility of
the obtained film resulted from the properties of PLA pel-
lets, their use would require a variety of other functional
additives.

The screw rotation had a slight impact on the measured
mechanical properties of the films (except for the measure-
ment of tensile strength).

Further research is needed for proper selection of the
bland composition and processing parameters in order to
improve the quality of this promising material, to make it
more accessible and thus useful for manufacturers of bio-
degradable packaging.
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WLASCIWOSCI FIZYCZNE BIOKOMPOZYTU
SKROBIOWEGO Z DODATKIEM PLA

Streszczenie. W pracy przedstawiono wyniki pomiaréw wy-
branych wiasciwosci mechanicznych biodegradowalnych folii
skrobiowych wyttaczanych ze skrobi termoplastycznej z 20%
dodatkiem polilaktydu (PLA). Granulat skrobi termoplastycznej
wytworzono na ekstruderze jednoslimakowym o L/D=16. Folie
wyttoczono metoda rozdmuchu na wytlaczarce o L/D=36. Bada-
nia wlasciwosci mechanicznych przeprowadzono na urzadzeniu
wytrzymatos$ciowych Zwick typ BDO-FBOO0.5TH. Wyproduko-
wane z dodatkiem PLA folie charakteryzowaty si¢ staba odpor-
noscig na rozciaganie, szybko pekaty i byty kruche.

Stowa kluczowe: PLA, biodegradowalnos$¢, ekstruzja, TPS.






TEKA. COMMISSION OF MOTORIZATION AND ENERGETICS IN AGRICULTURE - 2013, Vol. 13, No. 2, 7-12

Selected mechanical properties of starch films

Maciej Combrzynski, Leszek Moscicki, Andrzej Rejak,
Agnieszka Wojtowicz, Tomasz Oniszczuk

Department of Process Engineering, University of Life Sciences in Lublin,
Doswiadczalna 44, 20-280 Lublin, Poland, maciej.combrzynski@up.lublin.pl

Received April 10.2013; accepted fune 14.2013

Summary. This paper presents the results of measurements of
selected mechanical properties of biodegradable starchy films
(TPS), enriched by functional additives, produced at different
screw rotation of the extruder. TPS granules were processed
using a modified single screw extrusion-cooker TS-45 with L/D
= 16. The following functional additives were used during the
production: polylactide, polyvinyl alcohol and guar gum. Film
blowing was carried out on the plastic extruder with L/D = 36.
The obtained films were evaluated by mechanical properties test.
Tensile strength, elongation, strain at break, elongation at break,
work at tensile strength and work at break were measured. The
best results were noticed for the film samples containing polyvi-
nyl alcohol. The films with PLA addition were more brittle and
weaker than the ones containing guar gum.

Key words: thermoplastic starch, extrusion-cooking, mechanical
properties, PLA, polyvinyl alcohol, guar gum, film blowing.

INTRODUCTION

Application of biodegradable polymers, including starch,
is becoming more and more popular during packaging pro-
duction [2, 8]. Their use is important for ecological reasons,
therefore innovative solutions aimed to reduce packaging
waste are being searched. Studies on the possibility of in-
creasing natural ingredients addition to produce more eco-
logic packaging are being carried out. The best, for economy
and cost reasons, seems to be thermoplastic starch (TPS).
Currently there are no chances to make pure starch material
without plastic addition [4, 14, 17, 18]. Starch additive is
only a filler, its content in the final materials is lower than
50%. During starch degradation to CO, and water, the ma-
terials disintegrate into smaller pieces.

Starch, as a biodegradable component of plastic materi-
als, can fulfill the raw material function, it can also be physi-
cally or chemically connected with the synthetic polymer [7,
9]. It can be done using extrusion-cooking technique, which
is one of the most commonly used methods for forming

synthetic materials. That method has an important advan-
tage — TPS can be produced using traditional machinery and
equipment, typical for synthetic polymers manufacturing.
Many publications and solutions presented on the interna-
tional conferences confirm TPS functionality.

Oniszczuk et. al. [11] has described a wide application
of TPS in biodegradable packaging materials production.
It can be used as an additive which improves the degrada-
tion of plastics or as a stand-alone packing material. Starch
biodegrades to CO, and water in a relatively short time. To
improve the flexibility of ready materials and improve the
production process, plasticizers are used. The most popu-
lar is glycerol. For improving the mechanical properties of
the rigid forms of packaging based on TPS, the functional
additives are used such as emulsifiers, cellulose, plant fiber,
bark, kaolin or pectin [10].

In numerous scientific centers of the world scientists
are searching for polymers based on natural raw materials.
Recently, polylactide (PLA) is used as one of the most
popular functional additives or as a stand-alone packaging
material.

PLA is an aliphatic polyester obtained by condensation
of milk acid [6, 19, 20]. Its production is carried out on
a massive scale. PLA, due to its properties, is particularly
useful in the manufacture of food packaging. The polymer
can be used for packing fruit and food. From PLA thermo-
formed trays, containers are made. It can be also used to
produce shopping bags and labels. Packaging from PLA
is compostable. The advantage of this material is its eco-
logic aspect. PLA is based on natural raw ingredients , so
the requirements of environment are achieved, e.g. natural
biological processes to obtain half-ready product, use of re-
newable raw materials, reduction of CO, emissions, organic
recycling of packaging waste. The disadvantages of PLA
are: price, tenderness and stiffness. However, there is the
possibility of using PLA in the packaging industry through
other functional additives [5].
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MATERIALS AND METHODS

The basic raw material used for TPS production was
potato starch Superior produced by PPZ Bronislaw Sp. z o.0.
During the production the plasticizer — glycerol of 99.5%
purity, was used. In order to obtain a film with similar prop-
erties to typical synthetic material, 3 functional additives
were used: polylactide 2003D Ingeo ™ Biopolymer (Na-
tureWorks LLC), polyvinyl alcohol and guar gum.

Potato starch, glycerol and functional additives were
mixed in a batch mixer accordingly to the recipe presented in
Table 1. PLA was added to pure TPS after extrusion-cooking
before film blowing.

Table 1. Recipes of TPS applied for biodegradable film
blowing

Potato . Ingeo™ | Polyvinyl
Salm | starch Glygerme 2§03D alcyc:/ho%, Gua‘f gum
el e | U ) ey | o | T
a4 58 22 20 - -
c4 76 22 - 2 -
e4 77 22 - - 1

In order to enhance penetration of glycerol and addi-
tives into starch, the obtained blends were kept in sealed
plastic bags for 24 hours before processing, than processed
on a modified single screw extrusion-cooker TS-45 (Polish
design) with L/D = 16 (see Fig. 1) in the temperature range
of 85-100°C and a screw rotation of 80 rpm. Extrudates
were cut using high-speed cutter, adapted to achieve small
size granules. Further cooling was used to avoid the sticking
together of granulates. Dried TPS granules, a half product
for film blowing, were stored in plastic containers.

Fig. 1. Single screw extrusion-cooker TS-45 with L/D = 16 made
by Z.M.Ch. Metalchem

Film blowing was carried out on a plastic extruder with
L/D = 36. During extrusion the die-mold with a nozzle diam-
eter of 80 mm and the working slot of 0.6 mm was used. The
applied screw rotation was variable: 50, 60, 70 and 80 rpm.
Each sample of the collected products (film sleeve about 200
cm lengths) was dried for 24 hours at ambient temperature
(Fig. 2). After that it was cut into pieces of film (15 cm length
and 2 cm width), assembled and stored in the open containers.

Fig. 2. TPS film slave sample

The mechanical properties of the film samples were
measured on the Zwick Universal Testing Machine type
BDO-FBOO0.5TH (Fig 3). The samples were cut longitudi-
nally and transversely to the direction of extrusion blown
film. The tensile strength, elongation, strain at break, elon-
gation at break and work done to achieve the targets were
measured according to the Polish standards and method-
ology described by Rejak et al. [1, 3, 12, 13, 15, 16]. The
results were statistically analyzed using Statistica 6 tool.

Fig. 3. Universal Testing Machine Zwick BDO-FBOO0.5™

RESULTS

The results of measurement of the tensile strength of
samples processed with different extruder screw rotations are
presented in Fig. 4. Maximum values of the tensile strength
(the maximum value of the tensile force) were obtained for
c4 samples processed at 80 rpm (72.65 N — sample cut lon-
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gitudinally; 63.88 N — sample cut transversely). The lowest
values of tensile strength occurred in the film samples pro-
duced at 70 rpm (13.26 N — a4 longitudinally; 16.07 N — c4
transversely). The statistical analysis showed that the tensile
strength of samples which were cut longitudinally and con-
tained the polyvinyl alcohol increased with higher rotation
of the screw (correlation coefficient 0.75). To the contrary,
the tensile strength of samples with the addition of PLA cut
transversely decreased (correlation coefficient -0.93). In the
remaining samples, statistical analysis showed no relation-
ship between the speed rotation and the value of the test.
Elongation at tensile strength is the value of the elonga-
tion at the maximum value of the tensile force. Results of
elongation measurement are shown in Figure 5. The high-
est elongation values occurred in the samples enriched by
polyvinyl alcohol, processed at 70 rpm (value of 5.88%
for samples cut longitudinally and 22.55% for samples cut
transversely). Samples cut transversely had a larger elon-
gation. The lowest value of elongation was observed for

TN
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the samples containing polylactide (1.63% — samples cut
longitudinally produced at 70 rpm, 1.51% — samples cut
transversely produced at 60 rpm). Unfortunately, the low
values of correlation coefficients indicated a lack of corre-
lation between the screw speed and elongation.

The strain at break is defined as the value of tensile force
at maximum elongation at break. The obtained results are
shown in Figure 6. The highest values were reported for sam-
ples with guar gum addition (20.34 MPa and 20.50 MPa for
the samples produced at 70 rpm cut longitudinally and trans-
versely). The lowest values of strain at break were noticed
for film samples containing a polyvinyl alcohol, processed
at 70 rpm (3.88 MPa — samples cut longitudinally, 2.70 MPa
— samples cut transversely). Only for the films produced at
80 rpm and cut lengthwise the inverse relationship was not-
ed — the highest value of strain at break occurred in sample
c4 (16.52 MPa) and the lowest in sample e4 (7.83 MPa).
The statistical analyzes showed no significant relationship
between the screw rotation and strain at break of the films.
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Fig. 4. Tensile strength of the film samples produced at different screw rotations (a— sample cut longitudinally, b—sample cut transversely)
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Fig. 5. Elongation of the film samples processed at different screw rotation (a — sample cut longitudinally, b — sample cut transversely)

_ 25
&
S 2
= ——2ad
= 15 - —-
-
4
= 10 \ c
g 5 _
g =4
n 0 T T T )
50 60 70 80
a)

Screw speed [rpm]

25
=
£ 20
=15 -
@ ——2a4
= 10 — 4
< Y [¢
=
'§ 5 — =4
)

0 : . . .

b) 50 60 70 80

Screw speed [rpm]

Fig. 6. Strain at break of the film samples processed at different screw rotation(a — sample cut longitudinally, b — sample cut

transversely)
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Elongation at break is the maximum tensile elongation.
Figure 7 shows the results of measurement of that mechan-
ical parameter. The samples a4 and e4 did not show an im-
pact value of the screw speed on these characteristics. For
samples cut longitudinally and transversely similar results
were noted. The lowest values of elongation at break were
reported for samples with PLA addition (1.66% at 70 rpm
—samples cut longitudinally, 1.54% at 60 rpm —samples
cut transversely). The highest value was observed for the
samples c4 prepared at 70 speed (19.80% — samples cut
longitudinally; 26.87% — samples cut transversely). Unfor-
tunately, a low value f correlation coefficients was noticed
during the measurements, which did not allow to estimate
clear relationship between the screw rotation and the screw
rotation and elongation at break.

Work at tensile strength defines value of the area un-
der the curve of the maximum tensile force. Results of the
measurement of this parameter are shown in Figure 8. The
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highest value was noticed for the film samples containing the
polyvinyl alcohol (137.46 mJ at 80 rpm — samples cut longi-
tudinally; 283.26 mJ at 70 rpm — samples cut transversely).
The lowest results were noted for sample a4 (37.30 mJ at 50
rpm — longitudinally, and 38.75 mJ at 60 rpm — transverse-
ly). Looking for the relationship between the value of work
at tensile strength and the applied screw rotation, only the
measurements of the films with the polyvinyl alcohol cut
transversely showed satisfactory value of the correlation
coefficients (0.88). For the other results values of the cor-
relation coefficients were too low.

Work at break is the value of area under the entire curve
of'the tensile force to break. The screw speed had the impact
on the value of work at break in the case of films with the
addition of polyvinyl alcohol (Figure 9). For samples c4 the
highest values of the work at break was noticed (429.57 mJ
at 70 rpm — lengthwise; 475.37 mJ at 80rpm — transversely).
The film samples containing PLA were characterized by
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the lowest value of the measured parameter (28.66 mJ at
70 rpm — lengthwise; 39.09 mJ at 60 rpm — transversely).
The highest value of the correlation coefficient (0.77) was
obtained for the films containing the polyvinyl alcohol and
cut transversely (the value of work at break grew with the
increase almost linearly with the screw speed).

CONCLUSIONS

Application of variable screw rotation speed during
TPS films blowing influenced their mechanical properties.
Samples containing PLA were characterized by average
strength properties compared to the films produced from
other blends. The best results for the films with PLA were
obtained only during the tensile strength test.

The films containing the guar gum were the most elas-
tic, which allowed obtaining a packaging material of better
mechanical characteristics than the one containing 20 %
of PLA.

The best results of mechanical properties were shown
by the film samples containing 2 % of polyvinyl alcohol.
The statistical analysis indicated that during this type of film
processing, the screw rotation speed had a significant, pos-
itive influence on its mechanical properties. The combined
application of the extrusion-cooking technique and typical
“plastic” film blowing has allowed for the conclusion that
TPS processing in order to produce biodegradable packaging
materials is promising and gives acceptable results. However,
further studies are needed to improve the stability of both the
process and physical parameters of the obtained products.
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WYBRANE WLASCIWOSCI MECHANICZNE
SKROBIOWYCH FOLII

Streszczenie. W pracy zaprezentowano wyniki pomiaréw wy-
branych wlasciwosci mechanicznych biodegradowalnych folii
skrobiowych wzbogaconych dodatkami funkcjonalnymi wypro-
dukowanych przy r6znych obrotach wyttaczarki. Granulat skrobi
TPS wytworzono na jednoslimakowym, zmodyfikowanym ek-
struderze TS-45 o L/D=16. Zastosowano dodatki funkcjonalne
w postaci polilaktydu, alkoholu poliwinylowego oraz gumy
guar. Proces wytlaczania folii z rozdmuchem wykonywano na
wytlaczarce o L/D = 36. Wytworzone folie poddano testom na
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rozciaganie. Zbadano cechy wytrzymatosciowe folii, tj. wydtu-  alkoholu poliwinylowego. Folie z dodatkiem PLA odznaczaty
zenie przy wytrzymato$ci na rozciaganie i wydhuzenie niszczace,  si¢ wigksza kruchoscia i gorsza wytrzymatos$cia niz folie z do-
wytrzymato$¢ na rozciaganie i naprezenie przy zniszczeniu oraz  datkiem gumy guar.

prace przy wytrzymatosci na rozciaganie i pracg zniszczenia. Slowa kluczowe: skrobia termoplastyczna, ekstruzja, wlasci-
Najlepsze wyniki odnotowano w przypadku folii z dodatkiem  wos$ci mechaniczne, PLA, alkohol poliwinylowy, guma guar.
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Summary. Waste materials of plant origin: sawdust, shavings, wood
dust, corn, rape straw, buckwheat hulls, etc. can be used as a valuable
ecological fuel. Combustion of different forms of materials of plant
origin, i.e. biomass, is beneficial from the ecological point of view
and is a rich source of energy. This paper presents selected issues
concerning the modernization of the process of producing heating
pellets and briquettes (ecological solid fuel) from biomass. Devices
with an immovable flat matrix working system are a beneficial solu-
tion in the production of solid fuel in small- and medium-sized plants.
Key words: solid fuels, biomass, waste, pelletisation, pellets,
briquettes.

1. INTRODUCTION

Waste materials of plant origin: sawdust, shavings, wood
dust, corn, rape straw, buckwheat hulls, etc. can be used as
a valuable ecological fuel. Combustion of different forms
of materials of plant origin, i.e. biomass, is beneficial from
the ecological point of view and is a rich source of energy
(for instance, the calorific value of straw is 15-17 MJxkg'!
at a moisture content of approx. 10%).

The production of solid fuels through pelletisation and
briquettisation of materials of plant origin (biomass) has
found widespread applications. Pelletisation (briquettisa-
tion) of materials of plant origin is a process in the course of
which shredded material, as a result of external and internal
forces, undergoes densification, and the obtained product
acquires a specific, permanent geometrical form.

Depending on the size of a product from biomass, it is
called pellets (e.g. a diameter of 2 to 12-15 mm) or briquette
(over 15-20mm) — fig. 5 [1, 2, 3, 4].

The mechanism of the densification of materials of plant
origin is presented in fig.1.

On the basis of fig.1, it can be noticed that as the segment
X is increasing, the values of pressure p_in the densified
material are decreasing.

The experimental verification of the distribution of the
forces at work in the densification process is shown in fig. 2.

P
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Fig. 1. The scheme of pressures in a densified material [Hejft,
2002]: p, — densifying pressures, p, — axial stresses, q_— lateral
pressures, P, — pressures on the bottom of the chamber, D —

chamber diameter, P, — friction forces

Fig. 2. Destruction of the chamber during densification (p, —
approx. 145 MPa)
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Technical and technological progress depends on the
details implemented in production plants of pellets (bri-
quettes) in the areas of the design and operation of machines,
process engineering, as well as the modification of material
characteristics of biomass.

This paper presents selected issues concerning the pro-
duction of pellets and briquettes.

2. The production of pellets and briquettes

The flow chart of the production of pellets and briquettes
from biomass is presented in fig. 3.

Biomass
straw, grain, sawdust, shavings,
hay, buckwheat's halls,  grass, other plants
y
desintegration >
A\ 4
| desintegration | | mixing |<—| conditioning

s

| pelleting, brquetting |

]

Fig. 3. The flow chart of the production of pellets and briquettes
(it was assumed that the moisture content of biomass is lower
than 20% and it does not require drying) [2]

| cooling

Fig. 4 shows a stand for performing the tests of the pro-
cesses of pelletisation and briquettiation of materials of plant
origin (biomass).
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The device consists of an immovable matrix 3 and two
densification rolls 2. The set of densification rolls is driv-
en by the shaft 9, bearing-supported in the shaft jacket 4,
through the belt transmission 6 from the electric motor 8.
The device is equipped with a feeder 1, whose position rela-
tive to the cone mounted in the upper part of the transmission
shaft 9 can be continuously variably adjusted (continuously
variable control of the quantity of the fed material). Tech-
nical data: power — 15 kW, speed of the set of densification
rolls — 210 rpm, roll width — 102 mm, B, D-process temper-
ature recorder, C- power recorder

The example of the matrices using in the universal pel-
letising and briquetting device shown in fig. 5.

22 otw.#28

16 otw. #28

6.5(8.5)

Fig. 5. Example matrices [2]

SHREDDING

The average size of particles undergoing pelletisiation
or briquettisation has a significant influence on the course of
the processes and the quality of the product. The degree of
shredding of biomass needs to be determined in laboratory
tests (in pelletising and briquetting devices, e.g. in the one
presented in fig. 4). With a certain approximation it can be
initially assumed that the average size of particles is about
0.5 of the diameter of the matrix openings.

The high diversity of materials of plant origin, as far as
their biological structure, chemical composition, physical
properties are concerned, as well as, additionally, their high

Fig. 4. The scheme and view (without a feeder) of a universal pelletising and briquetting device [2]
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changeability during the pelletisation or briquettisation pro-
cess are make it difficult to determine which of the binding
mechanisms would be dominant (this pertains, above all, to
mixtures of different components).

For example: during the pelletisation of biomass with a
content of e.g. shredded corn grains (starch content — bind-
er additive), the contribution of bindings from the field of
cohesion forces is an important factor.

During the briquettisation of shredded straw, there appear
mechanical bindings. The durability of agglomerate is influ-
enced by mechanical coupling and locking of particles, internal
pressure between particles, binder additives and capillary forces.

For example: in the densification of biomass with a 60%
content of straw shredded on a beater shredder using a sieve
mesh of a)10 mm and b)6 mm, the proportional content of
individual fractions of shredded straw is: a) 0-5 mm — 38.1%,
5-10 mm — 40.3%, 10-20 mm — 17.3%, 20-30 mm — 3.9%,
above 30mm — 0.4% and b) 0-5 mm — 58.1%, 5-10 mm —
30.2%, 10-20 mm — 10.9%, 20-30 mm — 0.8) density of
briquettes decreases (in the b) case) by approx. 10 kgxm.

MIXING

Densified biomass belongs to the so-called difficult mate-
rials, i.e. it requires high densifying pressures (from 80 to 150
MPa and higher). Therefore, it would be advisable to create
mixtures, e.g. shredded waste paper. This method also allows
to eliminate a significant portion of dusty fractions (they appear
in smaller or greater amounts during shredding), through their
non-pressure agglomeration into particles of sizes multiple
times smaller than those of the components (e.g. shredded
straw — grain processing and milling industry waste, sawdust,
shavings — potato pulp, sawdust — buckwheat hulls — fig. 6).

The mixing process is also significant as far as reducing
the moisture content of a biomass mixture is concerned
(mixing components of an increased moisture content with
components of a low moisture content has a positive in-
fluence on the process of pelletisation or briquettisation).
Conditioning of biomass by means of superheated water
vapour can also be used in the mixing process. Its purpose
is to plasticise the particles of plant components.

Fig. 6. Briquettes (from spruce sawdust, from spruce sawdust
with a buckwheat hulls content) [2]

PELLETISATION, BRIQUETTISATION

The high dynamic loads of the pelletising and briquetting
working systems cause their relatively fast wear, at simul-
taneously high production costs.

Research studies carried out by a team of authors and
their collaborators allow to promote universal low-output
devices for the pelletisation and briquettisation of mate-
rials of plant origin, which can produce solid ecological
fuel (also from waste material) as well as industrial fod-
der on medium- and big-sized agricultural farms and in
small- and medium-sized plants processing materials of
plant origin.

Hence, special attention needs to be paid to working
systems with a flat immovable matrix (a simple design;
in the case of many products both sides of the matrices
can be used; the matrix and the densification rolls can be
replaced easily; a significantly lower price in comparison
with other designs, etc.). Pellets and briquettes obtained
in a working system with a flat immovable matrix are
shown in fig. 7.

Fig. 7. Examples of pellets (4,5,6 — a diameter of 4;6,5; 8.5mm )
and briquettes (1,2,3 —a diameter of 28mm; 50mm) from biomass

For the briquettes with a diameter of 28mm and 50 mm
matrices with muffs were used (fig. 8)

c 1

Fig. 8. A cross-section of a matrix with a briquetting muff [2]

SIEVING

The obtained pellets (briquettes) can undergo sieving —
the ones that fulfil the norms are cooled, while the rest are
shredded and recycled within the process (fig. 3).
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COOLING

Pellets, as well as briquettes, undergoing cooling acquire
a better durability (a greater resistance to crumbling).

3. SUMMARY

The paper presents selected aspects of the modernization
of the process of producing heating pellets and briquettes
(ecological solid fuel) from biomass. The presented sugges-
tions are the result of many years of research of both the
process of pelletisation and briquettisation and the design
solutions of prototype universal pelletising and briquetting
devices. The devices with a flat immovable matrix working
system are a beneficial solution in the production of solid
fuels in small — and medium-sized plants.
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INNOWACJE W KONSTRUKCJI URZADZEN
DO PELLETOWANIA I BRYKIETOWANIA

Streszczenie. Odpadowe materialy pochodzenia roslinnego:
trociny, wiory, pyly drzewne, stomy zbdz, rzepaku, tuski gryki,
itp. moga stanowi¢ cenny, ekologiczny opat. Spalanie odpadow
pochodzenia roslinnego -biomasy, w réznych jego postaciach,
jest korzystne ze wzgledow ekologicznych i stanowi bogate
zrodto energii. W pracy przedstawiono wybrane aspekty mo-
dernizacji procesu wytwarzania peletéw i brykietéw opato-
wych (ekologicznego paliwa statego) z biomasy. Urzadzenia
z uktadem roboczym ptaska nieruchoma matryca, sa korzyst-
nym rozwigzaniem przy produkcji paliwa stalego w matych
i $rednich zaktadach.

Stowa kluczowe: paliwo state, biomasa, odpady, pelletowanie,
pellety, brykiety.
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Summary. The results of thermal cycle modelling of spark ig-
nition internal combustion engine are presented. The modelling
was carried out in the AVL FIRE. The object of investigation
was a S320 spark-ignited internal combustion engine powered
by gasoline. The author considered the effort to generate a com-
plete mesh for the test engine, including the intake and exhaust
ports and the valves. This involved generation of four compu-
tational domains. A local and temporary thickening of the mesh
was included, which contributed to more accurate solutions and
shortening of computing time, as well as the engine calculations
cycle. The numerical analysis results were juxtaposed with the
results of indicating the engine on the test stand. The created
model of SI engine was successfully verified.

Key words: engine, simulation, modelling, combustion.

INTRODUCTION

Engines are designed to maximize power and econo-
my while minimizing exhaust emissions. This is due to the
growing concern with decreasing energy resources and en-
vironmental protection. For this reason, intensive research is
being carried out and development is in progress on internal
combustion engines. The engine should operate with the
greatest efficiency with the least toxic compound emissions.
Research on improving the combustion process, introduc-
ing a new fuel such as hydrogen, and optimization of the
engine parameters is still being carried out. Maximizing
the performance of the engine (BMEP) usually causes the
occurrence of the so-called knock combustion. Therefore,
intensive researches and development in internal combustion
engines are carried out.

Researches based on numerical simulations using ad-
vanced mathematical models have recently been developed
very intensively. The development of numerical modelling
is heightened by increasing computational power that allows
not only the modelling of flow processes but also combus-

tionin 3D [1, 2, 3]. One of more advanced numerical models
used for combustion process in internal combustion engines
modelling is AVL FIRE [4]. In 2009 the Institute of Internal
Combustion Engines and Control Engineering of Czestocho-
wa University of Technology began University Partnership
Program with AVL Company. This has allowed the use of
the Fire software to IC engine thermal cycle modelling [5, 6,
7]. The AVL FIRE software belongs to programs which are
used to modelling of thermal cycle of internal combustion
engines. FIRE allows the modelling of flows and thermal
processes occuring in the intake and exhaust manifold and
in combustion chamber of internal combustion engine. This
program allows for the modelling of transport phenome-
na, mixing, ignition and turbulent combustion in internal
combustion engine. Homogeneous and inhomogeneous
combustion mixtures in spark ignition and compression
ignition engine can be modelled 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 processes. AVL FIRE allows modelling knock pro-
cess which occur in the combustion chamber of IC engine.
This program allows for the creation of three-dimensional
computational mesh, description of boundary conditions
of surfaces as well as of the initial conditions simulation.

OBJECT OF INVESTIGATION

The test engine was constructed on the basis of a four-
stroke compression-ignition engine S320 manufactured by
“ANDORIA” Diesel Engine Manufacturers of Andrychow.
After some constructional changes, this engine was rede-
signed 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 [8]. As a re-
sult of modernization, the shape of the combustion chamber
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and the compression ratio was reduced from 17 to 9. This
is a stationary engine, equipped with two valves with hori-
zontal cylinder configuration. The engine is equipped with
a cooling system based on the evaporation of liquid.

Figures 1 and 3 show a serial engine manufactured by
ANDORIA. Figure 2 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. 5). Valve lifts curves were determined
by measuring the engine cams. The modelling takes into
account only the intake and exhaust channels located in the
engine head.

Table 1. Main engine parameters

Parameters Value

bore cylinder 100 mm
stroke piston 120 mm
connecting rod length 216 mm
direction of cylinders horizontal
squish 11 mm
compression ratio 9
engine speed 1000 rpm
number of cylinders 1

Fig. 2. Cross-section of the engine head after modernization
1 — spark plug, 2 — combustion chamber in the cylinder, 3 —
combustion chamber in the piston

A
/

Fig. 3. Engine of S320 Andoria — cross-section of factory engine
1 — engine block, 2 — cylinder sleeve, 3 — injector, 4 — cylinder
head, 5 — fuel tank, 6 —rod, 7 — crankshaft, 8 — piston, 9 — camshaft

TFSCM COMBUSTION MODEL

For the simulation of homogeneously/inhomogeneously
premixed combustion processes in SI engines, a turbulent
flame speed closure model (TFSCM) is available in FIRE
[4]. The kernel of this model is the determination of the re-
action rate based on the approach depending on parameters
of turbulence, i.e. turbulence intensity and turbulent length
scale, and of flame structure like the flame thickness and
flame speed, respectively. The reaction rate can be deter-
mined by two different mechanisms via: Auto-ignition and
Flame propagation scheme.

The auto-ignition scheme is described by an Arrhenius
approach and the flame propagation mechanism depends
mainly on the turbulent flame speed. The larger reaction rate
of these two mechanisms is the dominant one. Hence, the
fuel reaction rate @, , can be described using a maximum
operator via:

®p,e] = Max {Auto —ignition ®,;,Flame Propagation ®gp} .

The first scheme is only constructed for air/fuel equiv-
alence ratios from 1.5 up to 2.0 and for pressure levels
between 30 and 120 [bar], respectively. The auto-ignition
reaction rate ®,, can be written as:

a

T,
oA =21P" Vi vo, T exp[— ?j :

where: a, to a, are empirical coefficients and T is the activa-
tion temperature, T is the temperature, r is the density, y, , is
the fuel mass fraction and y, is the oxygen mass fraction.

The reaction rate w,, of the flame propagation mecha-
nism, the second one in this model, can be written as the
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product of the gas density, the turbulent burning velocity S_
and the fuel mass fraction gradient Vy, , via:

Opp =PST V¥iyel -

NUMERICAL MODEL OF 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 required. The
first domain includes the intake stroke until closing the in-
take 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 domain 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 be-
tween the valve train and valve seat.

The first step is to draw the engine workspace (Fig. 4).
Due to software, valves must be slightly open. This geom-
etry is loaded into the preprocessor of FIRE program. On
the basis of this geometry the computational moving mesh
is generated (Fig. 5).

Fig. 4. Geometry of engine in CAD

Fig. 5. Computational mesh of engine, a) intake, b) compression,
¢) exhaust

The computational mesh around valves was concentrated
to obtain more accurate results. FIRE gives the possibility
of temporary thickening of the grid.

Table 2. Modelling parameters

Parameters Value
ignition advance angle 12 deg
fuel gasoline
fuel temperature 320K
initial pressure 0.095 MPa
initial temperature 365K
excess air factor 1.0,1.1,1.2,1.3
density 1.19 kg/m?
Table 3. Submodels
Model Name
combustion model TFSCM
turbulence model k-zeta-f
NO formation model Extended Zeldovich Model
soot formation model Lund Flamelet Model
evaporation model Dukowicz
breakup model Wave

RESULTS

As a result of numerical analysis a number of charac-
teristic quantities of combustion process in the engine were
obtained such as: pressure, temperature, parameters of flow
field, turbulence, heat transfer, species, toxic parameters
and other. In Figures 6 and 7 the results of model validation
are presented. To model validation, the courses of pressure
formed in real test engine were taken. As additional param-
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Fig. 6. Pressure courses for the four values of excess air factor
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Fig. 7. Heat release rate courses for the four values of excess
air factor
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eters, the courses of the pressure rise and heat release rate
HRR were taken as well. The researches were conducted for
four values of excess air factor equal 1.0, 1.1, 1.2 and 1.3.

SI engine model of the AVL FIRE software pretty accu-
rately reflects the real processes in the compression ignition
engine. The satisfactory qualitative and quantitative com-
patibility between the pressure courses was achieved. For
the pressure rise and heat release rate quite good agreement
was achieved, as well.

Analyzing the results of modelling and experimental
studies it should be mentioned that the results of indication
of IC engine, in particular, the results of the analysis of
thermal processes taking place in the cylinder are subject
to some error resulting from the measurement accuracy and
hence the uncertainty of the result.

In Figure 8 the flow field in the modelled engine during
intake and compression 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.

15 deg
Velocity
m/s

65 deg

Figure 9 shows the cross sections of the engine cylinder
where the temperature field is presented. The first three pic-
tures show flame propagation in the combustion chamber.
The direction of flame propagation is determined by fluid
flows generated during intake stroke (Fig. 8). In Figure 8§ the
tumble flow is highly visible. The other two pictures show
the exhaust stroke when the exhaust valve starts to open and
when it is fully 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 it 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 concerning spatial and time-de-

275 deg

Fig. 8. Cross sections of the engine cylinder during intake and compression stroke — velocity field with streamlines

355 deg 365 deg

700 deg

405 deg
= | f ) “ J’Hk I
715 deg

Fig. 9. Cross sections of the engine cylinder at the beginning of combustion and during exhaust stroke — temperature



MODEL VALIDATION OF THE SI TEST ENGINE 21

pendent 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 ex-
hausting process.

The paper presents results of SI engine modelling using
CFD software. Pressure, temperature, heat release rate and
other parameters in function of crank angle as well as spatial
distribution of the above-mentioned quantities at selected
crank angles were determined. The created model of SI en-
gine was successfully verified. The resulting differences are
acceptable. The results of modelling allow for an analysis of
engine operation both in terms of thermodynamic and flow.
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WALIDACJA MODELU BADAWCZEGO SILNIKA ZI

Streszczenie. W pracy przedstawiono wyniki modelowania obiegu
cieplnego tlokowego silnika spalinowego o zaptonie iskrowym.
Modelowanie przeprowadzono w programie AVL Fire. Obiektem
badan byt silnik S320 o zaptonie iskrowym zasilany benzyna. Au-
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tor pojat trud wygenerowania kompletnej siatki dla posiadanego
silnika spalinowego, z uwzglgdnieniem kanaléw wymiany tadunku
wraz z zaworami. Wymagalo to wygenerowania czterech domen
obliczeniowych. Uwzglgdniono miejscowe i chwilowe zagesz-
czanie siatki, co przyczynito si¢ do uzyskania doktadniejszych

rozwigzan oraz skrocenia i tak dlugiego czasu obliczen cyklu
silnika. Wyniki analizy numerycznej zostaly zestawione z wyni-
kami indykowania silnika na stanowisku badawczym. Stworzony
model silnika SI zostal pomyslnie zweryfikowany.

Stowa kluczowe: silnik, symulacja, modelowanie, spalanie.
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Summary. The work presents the results of research on the effect
of processing wheat and rye grains with infrared radiation on the
falling number in flour. The research material was provided by
wheat of “Waluta” variety and rye of “Dankowskie Diament”
variety. The grain was moisturized to 14, 16 and 18% and ex-
posed to infrared radiation for the period of 0, 30, 60, 90 and 120
s at the temperature of 150°C. Next, the samples were milled
and the falling number in the obtained flour was determined. On
the basis of study results it was recorded that heating the grain
with infrared radiation prior to milling resulted in a significant
increase in the value of the falling number, as well as in lower
moisture of the flour.

Key words: wheat, rye, falling number, infrared radiation.

INTRODUCTION

Falling number is one of indicators determining the
bread making quality of flour. This value is expressed in
seconds which are equivalent to the mixing time and the
time needed by a viscosimetric stirrer to reach the bottom
in hot starch pap. The value of the falling number is affected
by the amylolytic activity of flour. Alpha- and beta-amylase
occurring in flour are enzymes which break the starch down.
Their excessive activity leads to decomposition of starch
into simple sugars, which deteriorates the bread making
quality of flour [17].

The main reason for high amylase activity, and for low
value of the falling number, is pre-harvest germination with-
in the grain head. This happens in a situation when unfavora-
ble weather conditions delay the harvest. High temperature
and moisture in the air activate alpha- and beta-amylase,
as well as proteases, which leads to degrading proteins and
starch [16]. Frequently, grain which was originally meant
for consumption has to be qualified for feed manufacturing.
This is an unfavorable phenomenon, particularly in the face
of worldwide food problems (according to FAO, in 2010

there were 925 m people suffering malnutrition) [6]. The

factors which affect the falling number include:

— altitude — the falling number increases as elevation in-
creases,

— nitrogen fertilization rate — the falling number increases
or decreases,
late maturity of alpha-amylase — the falling number de-
creases,

— fungicide treatment — the falling number declines,
fusarium infection — minor decrease in the falling num-
ber [8].

One of the methods used to process plant materials, such
as cereal grain, legume seeds and cocoa seeds are heating them
with infrared radiation. This enables us to develop desired qual-
itative features in the product. Using this method for processing
cereal grains affects, among others, modifying physical proper-
ties in the products of milling, and also energy consumption of
milling or granulometric composition [3, 4, 5, 7, 18]. Therefore,
some attempts have been made to improve the quality of cereal
through exposing it to infrared radiation [14, 15].

PURPOSE AND METHODS

The aim of the study was to determine the relationship
between the time of exposing wheat and rye grains of dif-
ferent moisture to infrared radiation and the activity of am-
ylases present in the flour produced from those grains, as
well as flour moisture.

The material studied was the grain of spring wheat of
“Waluta” variety and of winter wheat of “Dankowskie Di-
ament” variety. Before starting the analyses the moisture
of the grain was determined (according to PN-86/A-74011
norm), which was ca. 12%. Then the samples were mois-
turized up to 14, 16 and 18% [10].

After moisturizing and mixing the grain, the sample
was stored in a tightly closed container placed in a cool-
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ing chamber at the temperature of ca. 4°C. In order to
obtain equal required moisture in the whole volume the
sample was shaken several times each day. An hour prior
to measurement, the sample was taken out of the cooling
chamber to make its temperature uniform with that of the
environment.

The grain prepared in this way was next exposed to in-
frared radiation in a laboratory device for IR processing of
grainy plant materials [1, 2]. After reaching the temperature
of 150°C, the grain was supplied in a single layer onto the
conveyor belt moving below the radiators. The speed of
conveyor belt’s movement was adjusted in such a way that
the grain should stay within the radiation area for the time
0f 30, 60, 90 and 120 s. Then the grain was ground with the
help of Brabender Junior laboratory mill.

After completing the milling process, the moisture of the
obtained flour was determined according to PN-86/A-74011
[10] and the falling number was calculated following PN-
ISO 3039 [13].

RESULTS

Figures 1 and 2 present how the time of exposing cereal
grains to infrared radiation affects the value of the falling
number of flour obtained from that cereal.

Heating time [s]
swithout heating

Falling number [s]

Moisture content of grain [%]

Fig. 1. Falling number of rye flour, depending on the time of
heating the grain

The data presented in Figure 1 reveal that the lowest
value of the falling number was recorded for rye flour ob-
tained from the grain which had not been exposed to thermal
processing. Depending on the moisture of the grain, the
falling number for this flour ranged between 123 and 130's,
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Fig. 2. Falling number of wheat flour, depending on the time of
heating the grain

which suggests average activity of alpha-amylase and, at
the same time, its low bread making utility. Heating the
grain, irrespective of its initial moisture, clearly resulted in
a higher value of the falling number. The highest increase
in this value was observed when the grain had been heated
for 120 s. This resulted in the falling number reaching the
level of 163-172 s.

Wheat flour obtained from the grain which had not been
thermally processed was characterized by the falling number
at the level of 137 to 138 s, depending on the initial mois-
ture, which, according to PN-A-74022:2003 [11], makes
it useless as a material for making bread. Using infrared
radiation led to increasing the value of the falling number.
It was observed that each time prolonging the heating time
by 30 s within the range of 30 to 120 s clearly contributed
to increasing the value of the falling number, irrespective
of the initial moisture of the grain. Maximum values of the
analyzed parameter were noted after heating the grain for
120 s and they ranged from 195 to 208 s, depending on the
initial moisture of the grain.

The changes observed in the falling number of flour
suggest a clearly lower activity of the amylases present in
that flour, which is directly reflected in bread making qual-
ity of the flour. The obtained values will qualify flour for
making bread [11].

Figures 3 and 4 present the effect of the time of heating
cereal grains with IR on the content of moisture in the flour
produced from those cereals.

18
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=120
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Fig. 3. Moisture content of rye flour, depending on the time of
heating the grain

The moisture of flour obtained from rye which had not
been thermally processed ranged from 13.52 to 15.14%. In
each of the analyzed variants the moisture of the flour was
lower than the moisture of the grain. This resulted from
partial evaporation of water during and immediately fol-
lowing milling. Prolonging the time of exposing the grain
to heating resulted in decreased flour moisture. Heating the
grain for 120 s let us reduce the moisture of the flour to the
level of 10.26% for the grain of initial moisture amounting
to 14%, and to 11.74% for the grain of initial moisture of
18%. According to the Polish Norm for rye flour [12], the
required moisture must not exceed 15%. In our analyses
this value was exceeded only in the flour obtained from the
grain of initial moisture of 18% which had not been sub-
ject to heating. The product of milling reached the value of
moisture equal to 15.14%.
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Fig. 4. Moisture content of wheat flour, depending on the time
of heating the grain

The moisture of wheat flour obtained from grain which
had not been thermally processed ranged from 13.53 to
15.19%. Irrespective of the initial moisture of the grain,
prolonging the time of exposing the grain to heating re-
sulted in decreased moisture of flour. With the longest
variant of processing the grain for 120 s, the moisture
of the flour was noted at the level of 10.28% to 11.87%.
Considering the Polish Norm, the requirements regarding
acceptable moisture were not met by the flour obtained
from the grain with the moisture of 16% and 18% which
had not been subject to heating, since the values exceeded
the level of 15%.

STATISTICAL ANALYSIS

The experiment was performed in the system of
three-factor cross-classification. The experimental factors
considered were two varieties of grain, three levels of mois-
ture (14%, 16%, 18%) and four processing periods (30 s,
60 s, 90 s and 120 s). The experiment also involved control
groups (unprocessed) created by the grain of two varieties
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with three analyzed moisture levels. As the model for the
experiment, the following linear model was adopted:

Viu=H+a, +4, +7I+aﬂjk+ay'/+ﬂyk/+aﬂ7jk,+ezj/klﬂ

where:

V3o — moisture of flour (or the falling number) of j-zhis grain va-
riety with k-this moisture undergoing /-this processing time,

4 —mean moisture of flour,

a,— effect of j-this grain variety,

b, — effect of k-this grain moisture,

g, — effect of [-this processing time,

abjk — effect of interaction of j-this grain variety with k-this
grain moisture,

a g, — effect of interaction between j-zhis grain variety and

I-this processing time,

b g ,— effect of interaction between k-this grain variety and

I-this processing time,
€ — experimental error.

For the needs of the adopted experimental model, we
verified hypotheses regarding the significance of the particular
components of the model. To verify those hypotheses, we used
multivariate analysis of variance because we were analyzing
two features of grain which were correlated (r,=-0.68). Wilk’s
and F Snedecore’s tests were applied as test functions. The
results of the calculations are presented in the table below.

None of the zero hypotheses assuming the lack of signif-
icance of the considered effects of the model was rejected (p
=0.000), so it was concluded at the significance level of 0.01
that both grain variety and grain moisture, as well as process-
ing time, result in a significant variation of at least one of the
examined properties: grain moisture or the falling number.

In order to verify which of the analyzed agents signifi-
cantly diversifies the values of these properties, one-dimen-
sional tests of variance analysis were performed (Table 2).

Table 1. Multivariate analysis of variance for the analyzed flour properties

Effect Test Value F Effect df | Error df P
Free term Wilksa | 0,000 | 524765,590 2,000 29 0,000
Species Wilksa | 0,016 865,707 2,000 29 0,000
Moisture content Wilksa 0,016 101,019 4,000 58 0,000
Heating time Wilksa | 0,000 326,771 8,000 58 0,000
Species*Moisture content Wilksa | 0,522 5,577 4,000 58 0,001
Species*Heating time Wilksa | 0,042 28,200 8,000 58 0,000
Moisture content*Heating time Wilksa 0,414 2,007 | 16,000 58 0,028
Species*Moisture content*Heating time | Wilksa 0,274 3,302 | 16,000 58 0,000

Table 2. One-dimensional tests of significance for flour moisture and falling number

Effect Moisture content F | Moisture content p | Falling number F | Falling number p
Free term 551241,8 0,000 369072,2 0,000
Species 4,7 0,038 1715,9 0,000
Moisture content 873,8 0,000 1,2 0,329
Heating time 1216,1 0,000 1229,7 0,000
Species*Moisture content 1,1 0,359 11,6 0,000
Species*Heating time 2,1 0,110 142,7 0,000
Moisture content*Heating time 3.4 0,007 1,2 0,340
Species*Moisture content*Heating time 34 0,006 3,9 0,003
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The tests did not reveal any interaction between the variety
of'the grain and its moisture, or between the variety and heating
time that would be significant for flour moisture. At the signif-
icance level of 0.01 it may be claimed that flour moisture for
both varieties changed similarly along with changed grain mois-
ture, as well as along with changed processing time (Table 2).
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Fig. 5. Changes in the value of mean flour moisture for grain at
the analyzed moisture levels, depending on heating time

As far as the falling number is concerned, the analyzed
levels of grain moisture and the interaction between grain
moisture and heating time turned out to be insignificant. At
the significance level of 0.01, it may be claimed that the
analyzed levels of grain moisture do not result in any sig-
nificant variation of the falling number. Additionally, it may
be assumed that the falling number in the flour of particular
initial level of grain moisture changed in the same way along
with the change in processing time (Fig. 6).
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Fig. 6. Changes in the value of the falling number for grain at the
analyzed moisture levels, depending on heating time

220

210
20
190
180 7
170

160 T
150
T

T
140 L E—
130 §/

120

Falling number [s]

110

Species:
= Rye
~0— Wheat
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Fig. 8. Box plot diagrams for flour moisture, depending on heat-
ing time

Flour moisture decreased along with prolonged heating
time and the character of changes in moisture was similar
to linear (Fig. 8).
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Fig. 9. Flour moisture and initial grain moisture

Half of the analyzed grain samples with the moisture
of 14% to 18% were characterized by flour moisture at the
level of 12% to 14% (Fig. 9). The numbers in individual
sub-classes amounting to n=2 were too low to determine
if the assumptions for the variance analyses, i.e. normality
of distribution and homogeneity of variances for studied
properties had been fulfilled. The F Test is highly resistant
to deviations from normality [9].

Table 3. Contrast evaluations

Evalua- Statis- -95% Con-|  +95%
Contrast i tical t p fidence | Confidence
N | error Interval Interval
Moisture
8,363| 0,173 | 48,342|0,000 8,010 8,717
content
Falling | 114 000| 2,555 | 44,619]0,000| -119218| -108.782
number

Irrespective of variance analysis tests, we performed
a planned comparison of mean moisture and the falling
number in flour from the grain that had not been subject to
processing with the mean value of these properties in flour
from the grain heated for 30, 60, 90 and 120 s.

In order to do this, we analyzed significance for the fol-
lowing contrast: 4- s, — 115 — fg = Hoy = 29, Where u, are mean
values of a property for respective heating periods (t=0; 30;
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60; 90; 120). The value of this comparison for flour moisture
was significant (p=0.000) and it amounted to 8.36% (2.9%
on the average). Also, the difference between the value of the
falling number in unprocessed grain and the falling number
in heated grain was statistically significant (p = 0.000) and
it was -114 (-28.5 on the average). The mean value of the
falling number was statistically lower for the flour from
unprocessed grain, as compared with the falling number in
the flour from heated grain.

On the basis of the contrast analysis it may be claimed
that the process of grain heating results in a statistically
significant reduction in flour moisture, while it causes a sta-
tistically significant increase in the falling number (Table 3).

CONCLUSIONS

The following conclusions were drawn on the basis of
the studies discussed above:

1. Heating wheat and rye grains with infrared radiation
leads to a statistically significant increase in the falling
number of flour.

2. Both with wheat and rye grains, a statistically significant
decrease is observed in the moisture of the flour obtained
from heated grain.

3. The initial moisture of grain does not affect the value of
the falling number in the analyzed cereals.

4. Heating grain with infrared radiation may be an effective
method of increasing the value of the falling number and,
consequently, the bread making quality of flour.

REFERENCES

1. Andrejko D., 2005: Zmiany wlasciwosci fizycznych na-
sion soi pod wptywem promieniowania podczerwonego.
Rozprawy Naukowe AR w Lublinie, ISSN 0860- 4355,
288.

2. Andrejko D., Slaska-Grzywna B., 2008: An influence
of heating using IR radiation on pea seeds moisturizing
process. TEKA Komisji Motoryzacji i Energetyki Rol-
nictwa PAN V/VIII, 7-17.

3. Andrejko D., Kania M., Latka A., Rydzak L., 2011:
Wptyw obrdbki cieplnej promieniami podczerwonymi
na proces przemiatu ziarna pszenicy odmiany Korynta.
MOTROL, Motoryzacja i Energetyka Rolnictwa 13, 7-13.

4. DzikiD., Laskowski J., 2004: The energy — consuming
indexes of wheat kernel grinding process. TEKA Ko-
misji Motoryzacji i Energetyki Rolnictwa PAN V/IV,
62-70.

5. Dziki D., Laskowski J., 2005: Influence of selected
factors on wheat grinding energy requirements. TEKA
Komisji Motoryzacji i Energetyki Rolnictwa PAN V/V,
56-64.

6. http://www.fao.org/docrep/012/a1390e/al390e00.pdf

7. Kusinska E., Zawislak K., Sobczak P., 2008: Energy
consumption of maize grain crushing depending on mo-
isture content. TEKA Komisji Motoryzacji i Energetyki
Rolnictwa PAN V/VIII, 129-134.

8. Kweon M., 2010: Falling number in wheat. USDA,
ARS, Soft Wheat Quality Lab., Wooster, OH, USA.

9. Lindman H. R., 1974: Analysis of variance in complex
experimental designs. W. H. Freeman, San Francisco.

10. Polska Norma PN-86/A-74011: — Ziarno zbdz, nasiona

roslin straczkowych i przetwory zbozowe. Oznaczenie

wilgotnosci.

11. Polska Norma PN-A-74022: 2003 — Przetwory zbozowe.
Maka pszenna

12. Polska Norma PN-A-74032: 2002 — Przetwory zbozowe.
Maka zytnia.

13. Polska Norma PN-ISO 3039:— Ziarna zbdz. Oznaczanie
liczby opadania.

14. Rydzak L., Andrejko D., 2011a: Effect of different
variants of pretreatment of wheat grain on the particle
size distribution of flour and bran. TEKA Komisji Mo-
toryzacji i Energetyki Rolnictwa PAN V/XIC, 283-290.

15. Rydzak L. Andrejko D., 2011b: Effect of vacuum im-
pregnation and infrared radiation treatment on energy
requirement in wheat grain milling. TEKA Komisji Mo-
toryzacji i Energetyki Rolnictwa PAN V/XIC, 291-299.

16. Thomason W.E., Hughes K.R., Griffey C.A., Parrish
D.J, Barbeau W.E., 2009: Understanding Pre-harvest
Sprouting of Wheat. http://www.ext.vt.edu, Publication
424-060.

17. Wang J., Pawelzik E., Weinert J., Zhao Q., Wolf
G.A., 2008: Factors influencing falling number in win-
ter wheat. Eur. Food Res. Technol. 226:1365-1371

18. Zawislak K., Sobczak P., Andrejko D., Rydzak L.,
2011: Energochtonno$¢ procesu rozdrabniania wybra-
nych odmian pszenicy. MOTROL, Motoryzacja i Ener-
getyka Rolnictwa 13, 336-341.

WPLYW OGRZEWANIA ZIARNA PSZENICY 1 ZYTA
PROMIENIAMI PODCZERWONYMI NA LICZBE
OPADANIA I WILGOTNOSC MAKI

Streszczenie. W pracy przedstawiono wyniki badan wptywu
obrobki promieniami podczerwonymi ziarna zyta i pszenicy na
liczbe opadania uzyskanej nastgpnie maki. Materiatem badaw-
czym byla pszenica odmiany Waluta oraz zyto odmiany Dan-
kowskie Diament. Ziarno dowilzono do 14, 16 1 18% i poddano
obrdbce promieniami podczerwonymi przez okres 0, 30, 60, 90
1 120 s w temperaturze 150°C. Nastgpnie dokonano przemiatu
probek 1 oznaczono liczbg opadania uzyskanej maki. Na pod-
stawie wynikow badan stwierdzono, ze ogrzewanie ziarna pro-
mieniami podczerwonymi przed przemialem powoduje istotny
wzrost wartosci liczby opadania oraz spadek wilgotnosci maki.
Stowa kluczowe: pszenica, zyto, liczba opadania, obrobka pro-
mieniami podczerwonymi.
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Summary. Results of numerical analysis of methane combus-
tion in SI engine are presented in the paper. Work parameters
of engine fuelled with methane lean mixtures of A = 1.4 for
several ignition advance angles are compared. The results of
analysis proved that using ignition advance 6° CA before TDC,
caused that engine work parameters (pressure, temperature and
pressure growth speed) are correct and optimal. Simultaneously,
the emission of nitric oxide was decreased compared to early
ignition advance angles.

Key words: SI engine, methane, numerical modelling, lean
mixture.

INTRODUCTION

One of the research activities carried out in the Institute
of Thermal Machinery is 3D modelling of combustion in
spark ignition engine fuelled with gasoline, gas and lean
mixtures this fuels [1-15]. The calculations are performed
in KIVA-3V and AVL FIRE programs [16-22].

The paper aims an analysis of influence of the ignition
advance angle to stationary gaseous engines parameters,
operating at constant rotational speed and driving electric
generators. Such engines can be fuelled with natural gas,
biogas (waste dump gas, sewage gas) or mine gas as well
as fuels containing methane. The containment of methane
in above mentioned fuels differs according to the origin of
the fuel. The natural gas contains approx. 98% of methane,
biogas contains approx. 40-60%, and main gas obtained
during the exploitation of the mine contains approximately
25-60% of methane. The containment of methane in mine
gas differs for different coal deposits, the way it is exploited
and time.

The paper is the continuation of numerical analysis of
combustion in gaseous SI engine model fuelled with lean
mixtures [23, 24].

MODEL OF ENGINE

The engine model was prepared according to the test
engine data. The test engine was designed as the modified
single-cylinder, high-pressure S320ER engine, which has
been rebuilt in order to apply multipoint spark ignition [25].
The main engine parameters are presented in Table 1.

Table 1. Main engine parameters

Engine capacity 1810 cm®
Number of cylinders |1

Cylinder alignment |horizontal
Cylinder diameter 120 mm
Crank throw 80 mm
Crankshaft length 275 mm
Piston stroke 160 mm

Compression ratio 8.5
Rotational speed 1000 rev/min

The application of multipoint spark ignition in the test
engine allowed to fuel the engine with lean mixtures of
liquid and gaseous fuels of air excess factor A < 2.0 [25].

The numerical modelling was performed in KIVA-3V
program [26]. The software enabled 3D modelling of flow
in piston engine combustion chambers of various geometry
with taking turbulence and heat exchange into consideration.

The geometric mesh (Figure 1) describing the combus-
tion chamber of the test engine was generated in the pre-pro-
cessor of KIVA-3V package.

COMBUSTION MODELLING

The simulation of combustion process was performed
for gaseous fuel (methane) at air excess factor value A =
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Fig. 1. Geometric mesh in cartesian co-ordinate system

1.4, one central spark plug and eight values of the ignition
advance angles — 2, 4, 6, 8, 10, 12, 14, 16 deg CA before
top dead center (TDC).

The chemical reaction of methane combustion model in
KIVA-3V takes into account four kinetic reactions and six
equilibrium reactions. The first kinetic reaction describes
the oxidation of fuel and the following three reactions de-
scribe the NO formation according to extended Zeldowich
mechanism [27].

CH,+20,= CO,+2H,0,
O+ N, < N+ NO,
N+0O,< 0+ NO,
N+OH < H+ NO.

The equilibrium reactions are [27]:
H,<2H,
0, < 20,
N, < 2N,
0,+H, < 20H,
0,+2H,0 < 40H,
0, +2C0 < 2C0,.

The coefficients of NO formation kinetic reaction rate
are necessary to perform the calculations and they were
chosen on the basis of the literature studies [28].

The results of numerical modelling are presented in
graphical form. The distribution of temperature and nitric
oxide concentration in the combustion chamber are pre-
sented using Tecplot 360 postprocessing software [29]. The
courses of pressure, temperature, NO and CO, concentration
(averaged values for the volume of combustion chamber) in
function of crank angle are also presented.

NUMERICAL ANALYSIS RESULTS

The following figures depict the distribution of tem-
perature and nitric oxide concentration in the combustion
chamber, which occurred for the analyzed ignition advanced
angles. Moreover, courses of pressure, temperature, NO
and CO, concentration (averaged values for the volume
of combustion chamber) in function of crank angle are
depicted. The temperature distribution is presented at crank
angle in TDC. The NO distribution is presented at crank
angle corresponding with the maximal concentration of
this compound.

The temperature distribution as well as pressure courses
(averaged values for the volume of combustion chamber)
in function of crank angle are depicted in Fig. 2 — Fig. 4.
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Fig. 2. Temperature distribution for three example ignition ad-
vance angles 2°CA, 10°CA, 16°CA before TDC

Fig. 2 reveals that the combustion process was intensi-
fied by increasing the ignition advance angle value. Greater
portion of fuel was burnt at temperature above 2000 K. Such
phenomenon is clearly seen in case of ignition advance an-
gle equal 16°CA before TDC. In this case, the combustion
process takes place in almost whole volume of the chamber.

Fig. 3 and 4 depict pressure and temperature courses
(averaged values for the volume of combustion chamber)
in function of crank angle.
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Fig. 3. In cylinder pressure courses for selected ignition advance
angle values

In case of 2°CA ignition advance angle value, the pres-
sure in the cylinder reaches its maximal value equal 4.1
MPa at 376°CA. The increase in the ignition advance angle
to 16°CA before TDC causes the 24% increase in maximal
pressure value.

The maximal pressure values occur earlier than in the
configuration with 2°CA ignition advance angle value — the
difference in crank angle are 12°CA. It proves that the com-
bustion process was intensified for the configuration with
earlier ignition. It is clearly seen on a chart depicting the
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Fig. 4. In cylinder temperature courses for selected ignition ad-
vance angle values

pressure growth speed in the cylinder — Fig. 5. For case of
2°CA ignition advance angle value, this parameter reaches
maximal value of 0.42 MPa/° at 372°CA. In case of 16°CA
ignition advance angle value, dp/d¢ is two times bigger and
reaches the value of 0.84 MPa/® at 361° CA.

——Ignition at 16° CA
0,8 '
— —Ignition at 10° CA |
i |
e 06 ——Ignition at 6° CA !
© |
a 1/\
204 -- Ignition at 2° CA
= .
he} '
& I / X ‘ !
T 0,2 e
/{ ,15 \
0 i
. ———
-0,2

280 320 360 400 440
Crank angle [°]

Fig. 5. Pressure increase courses in function of crank angle for

selected ignition advance angle values

Taking into consideration the above mentioned data, it
can be stated that configuration with more early ignition is
not purposeful. The difference in maximal values of temper-
ature (Fig. 4) is not significant. Although the acceleration of
combustion process occurs, significant increase in pressure
(Fig. 5) can lead to hard and noisy operation, which applies
dynamic load to crankshaft and piston.

Increase the ignition advance angle value, causes in-
crease in nitric oxide emission — Fig. 6 and 7.

Fig. 6 depicts the nitric oxide distribution in the com-
bustion chamber for the three example ignition advance an-
gles 2°CA, 10°CA, 16°CA before TDC. The pictures depict
maximal values of nitric oxide concentration and which are
prepared in the same scale. It can be noticed that increasing
the ignition advance angle value significantly increases the
NO concentration in the cylinder volume.

For 2°CA ignition advance angle value, the nitric ox-
ide concentration (the averaged value for the volume of
the combustion chamber — Fig. 7) reached its maximal
value equal 2930 ppm at 394°CA. In case of 10°CA igni-
tion advance angle value, the NO concentration increased
by 65% up to 4850 ppm at 387°CA. For 16°CA ignition
advance angle value, the NO concentration increased by

80% (5285 ppm) in comparison with case of 2°CA ignition
advance angle.

Fig. 6. NO distribution (actual maximum values at 46°, 28°, 25°
CA after TDC) for three example ignition advance angles 2°CA,
10°CA, 16°CA before TDC
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Fig. 7. Variations of NO concentration (mean values for cylinder
volume) for selected ignition advance angle values

The above analysis proves, that increasing the ignition
advance angle value to about 12°CA, 14°CA, 16°CA before
TDC is not favourable. The pressure increase in the cylinder
is too big, which can result in very hard engine operation and
the nitric oxide emission increases significantly.

The chart depicted in Fig. 8. shows the variations of CO,
concentration, which were occurred during modelled engine
operation for all ignition advance angle values. The carbon
dioxide emission values are mean values, calculated for the
whole volume of cylinder. The maximal concentration of
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Fig. 8. Variations of CO, concentration (mean values for cylinder
volume) for selected ignition advance angle values

this compound was 7,2% and was obtained at different crank
angles depending on the value of ignition advance angle.
With the increase of ignition angle, the maximal concentra-
tion of CO, was obtained faster.

The results of these tests were compared with those of
a engine powered by a mixture of A = 1.2 — Fig. 9-10. In
this case (A = 1.2) the optimal ignition advance angle was
2°CA before TDC.

The comparison shows that for the selected ignition ad-
vance angle much more preferred to use a leaner mixture.
Although much smaller value of the pressure growth speed
in this case, in the exhaust gas components is about 12% less
CO, and up to almost 50% less nitrogen oxide.
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CONCLUSIONS

The results of 3D modelling of methane combustion
showed, that using earlier ignition advance angle caused
very significant increase in NO emission, which gained even
80% for 16°CA ignition advance angle value. The differ-
ence in maximal values of temperature was insignificant.
High values of pressure growth speed (maximal value of
0,83 MPa/°) can lead to noisy and hard engine operation.

The optimal value of ignition advance angle appears
to be 6°CA before TDC. In this case model engine work
parameters are proper and suitable to combustion lean gas-
eous mixture methane and air. The pressure in the cylinder
reaches its maximal value equal 4.5 MPa at 372°CA and
pressure increase is 0,53 MPa/°. Concentration of NO reach-
es its maximal value equal 3760 ppm at 387°CA and this is
about 30% lower in comparison with case 16°CA ignition
advance angle.

The results of numerical analysis can be used in station-
ary gaseous engines, operating at constant rotational speed
and driving electric generators. Such engines can be fuelled
with lean mixtures fuels containing methane and air.
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OPTYMALIZACJA PARAMETROW PRACY
SILNIKA GAZOWEGO ZI

Streszczenie. Wyniki analizy numerycznej spalania metanu
w silniku ZI zostaty przedstawione w artykule. Parametry pracy
silnika zasilanego ubogimi mieszankami metanu o = 1,4 dla kilku
roéznych katéw zaptonu zostaly porownane. Wyniki tej analizy

udowodnily, ze przy kacie zaptonu 6° OWK parametry pracy
silnika (ci$nienie, temperatura i szybko$¢ wzrostu ci$nienia) sg
poprawne i optymalne. Jednocze$nie, emisja gazu azotowego
zmniejszyla si¢ w porownaniu z wezesniejszymi wartosciami
kata zaptonu.

Stowa kluczowe: Silniki SI, metan, modelowanie numeryczne,
uboga mieszanka.
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Summary. The processes of food processing are an important
research instrument. The paper presents the results of study of
force and work of cutting of sponge-fatty cake with the addition
of oatmeal. The variable parameters in the experiment were the
amount of oat flakes added (0, 5, 10, 15%), and knife wedge
angle (2.5°,7.5°,12.5° and 17.5°). Additionally, sensory assess-
ment was performed for the purpose of selection of the desired
amount of oat flakes addition. Statistical analysis of the results
showed a significant correlation of force and work of cutting on
the amount of the additive and knife wedge angle. The cutting
quality is affected by: the amount of the flakes additive and knife
geometry. The most preferred energy and quality is achieved at
the knife angle 2.5° and 7.5°, and the most unsuitable angle is
12.5° and 17.5°. The greatest force and the work occurred during
the cutting of sponge-fatty cake with the addition of oatmeal in
the amount of 15%, while the smallest — without the additive.
The best cutting quality was obtained using the additive flakes
in an amount not exceeding 10% of the knife with an angle of
2.5° and exacerbation of 7.5°.

Key words: cutting, sponge-fatty cake, oat flakes.

INTRODUCTION

Agrifood industry, which includes the production of
bakery and confectionery as well biscuit making is a very
important branch of the Polish industry, as food items and
beverages account for about 17% of the Polish industrial
production. One of the fastest growing sectors of the food
industry’s current production of confectionery [17].

When reaching for a cake we pay attention mainly to
such characteristics as flavor, calories, freshness, appearance
and quality [2]. The state of confectionery is influenced by
the ingredients that are included in the recipe. Currently,
there is a tendency for consumers to search for products con-
taining (in addition to basic, traditional use) additives gen-
erally recognized for taste and health benefits, enabling the
creation of products with new properties [7, 14]. Such cri-

teria are met by oatmeal. Oats has as well-balanced amount
of protein and soluble fiber, carbohydrates and fats, vitamins
and minerals. Inclusion of oats in the diet is beneficial for
both healthy people and diabetics [5, 12].

Knowledge of the effects of additives on the quality
of the final product is useful not only to producers for the
production of ready-mix cakes, but also cake manufacturers,
who in addition to the quality of the product (the desired
hardness or brittleness) can reduce the unhealthy factors,
reducing the amount of sugar or fatty products [1, 16].

In order to determine the quality of the baked matter,
sensory evaluation is usually performed. It consists in de-
termining the batch uniformity, appearance, taste and smell,
as well as the structure of the cake [9].

Currently, instrumental texture evaluation methods of
the tested products are popular, including mechanical meth-
ods. They allow determination of mechanical parameters of
pastries. Knowledge of these properties is essential for the
development of new products and evaluation of the quality
of finished products [4].

Fast development of production techniques in the con-
fectionery industry allowed for the mechanization of vir-
tually all the stages of production, including the cutting of
cakes. The research on work of cutting boils down largely
to the optimization of blade design features and parameters
of the grinding process [3]. Cutting is the direct impact of
the active material of the cutting tool on the cut material.
The movement of the knife may be perpendicular or parallel
to the cutting edge. Knives of different shapes are used for
shredding the products. The most common are three types
of knives: knives with a flat blade, with a straight contin-
uous one, flat knives with a comb blade and knives with
a scoop-shaped blade. The highest prevalence was found
of flat knives with a blade angle [6, 13, 10, 11].

The cutting tests on confectionery products aimed at
reducing the workload and a high efficiency of the cutting
process while maintaining a good quality of cakes. However,
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the efficiency of the grinding process is affected not only
by the geometric features of cutting elements, but also the
structure of the material to be shredded, which results in the
quality of the portion dough [8].

OBJECTIVE AND SCOPE OF RESEARCH

The scope of the study comprised the development of
the recipes and the baking of pastries, determination of the
effect of the knife wedge angle on the force and work of
the process of cutting cakes, and sensory assessment of the
products, which allowed the selection of cakes of the highest
quality and best cutting performance.

METHODS

The experimental material was four kinds of sponge-fat-
ty cake obtained from wheat flour “Luksusowa” type 550
with 0, 5, 10 and 15% by the addition of instant oatmeal
Melvit S.A. In each case, the weight of flour and oat flakes
was 500 g, flakes were added in the natural entire form.
Other dough ingredients were: 250 g of eggs, 350 g of sug-
ar, 250 g of margarine Kasia, 200 g of 2% milk and 18 g
of baking powder. The samples included cake with zero
oatmeal. Baking pans were lined with the prepared cakes.
The thickness of the dough was 50 + 2 mm. Cakes were
baked for 60 minutes at 160°C. Five cakes were made of
each sample with oat addition. When the pastries cooled
down, they were sealed in polyethylene bags and kept in
a refrigerator at temperature of 6°C.

The cutting process was performed, which was conduct-
ed on texture analyzer type TA.XT. plus cooperating with the
computer. In the study knives were used with the shapes of
2.5°,7.5°,12.5° and 17.5° angle. Approach angle, defined as
the angle between a plane perpendicular to the direction of

movement and the cutting edge of the knife was 0°. Speed
during cutting was constant at 50 mm-min'. Laboratory
tests were carried out in thirty repetitions on slices of cakes
length 50 mm, width 40 mm and thickness of 20 mm (for
each knife and for all types of cakes). The results of the
measurement were in the form of graphs representing the
relation between the cutting force and knife displacement,
from which the values of the cutting force and work were
determined (Fig. 1).

In the area A-B force increases from zero to a value that
causes the compression of the material by the knife. In this
area, the material is compacted at the threshold of the cut-
ting process. At point C, there is a maximum cutting force,
which gradually decreases to 0 (point D), which completes
the process.

The cakes sensory assessment was conducted by the
trained team of 10 people in accordance with the Polish
Standard PN-A-74252 [15].

RESULTS

In order to investigate the effect of oatmeal addition on
the process of cutting the sponge-fatty cake and its suitability
for consumption, the force and cutting work for knives of
various shapes were tested.

The results of measurements are presented in Fig. 2 and 3.

It was found out that the dough prepared with the ad-
dition of oatmeal was characterized by higher values of
maximum force and work cutting than the dough without
oats. The values of maximum force and work in case of the
addition of flakes reached 15% and amounted to 5.05 N and
0.063 J (for knife wedge angle of 17.5°). And the lowest
cutting force and work were recorded for the control, for the
knife wedge angle of 2.5° — 2.58 N and 0.033 J.

The resulting standard deviations from the mean values
of mechanical parameters (Fig. 2 and 3) indicate substantial

Force [17]

il

Displacement [mm]

Fig. 1. Example of force-displacement relationship obtained during the cake cutting
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heterogeneity of the tested products. They probably arise
from their heterogeneous internal structure and surface after
adding unminced oatmeal.

The relations presented in Figures 2 and 3 are described
by equations (1) and (2):

F =2,3057 +0,0919k +0,0766d , (1)
R2=0,883; 0.< 0,05,

W =0,0291+1,09-d° )
R2=0,91; 0 <0,05,

where:

F — cutting force [N],

W — cutting work [J],

k. —knife wedge angle [deg],

d — addition of the oat flakes[%].

The results were subjected to two-way analysis of vari-
ance, which indicates that the cutting force has a significant
impact (at the significance level 0<0,05) on the exacerbation
of knife angle and the addition of oatmeal. Between research
results there is a correlation between the independent vari-
ables at a high level. And the work of cutting is considerably
affected by tightening the knife angle. The values of cor-
relation coefficients calculated using a multiple regression
analysis are shown in Table 1

Table 1. Correlation coefficients

Parameter | Knife wedge angle [deg] Addg;(;{r;;)f(;?]e oat
Force [N] 0,916 0,885
Work [J] 0,772 -

During the testing of the impact of knife wedge angle
and percentage content of oatmeal on the mechanical prop-
erties, attention should be paid to the behavior of crumb cake
during the cutting process. For each type of knife and for
different content of oatmeal the graph of force-displacement
proceeds quite differently. The changes in graph’s outline
are shown in Figs. 4 and 5.

Observations carried out during the analysis of graphs
can be summarized as follows: for all the studied pastry, the
most appropriate wedge angle is that of 2.5° and 7.5°. For
other knives with larger wedge angles the forces increase
negatively.

During the cutting of crumb cake without the addition
of oatmeal, we note a significant stress on the surface when
the knife wedge going into the product, which causes a large
deflection device and deformed end product. As a result, we
get rough dough pieces with low quality.

For the added amount of 15%, the knife encounters
the resistance of the material, which is due to an excessive
amount of oatmeal. Cakes are damaged and mostly disrupt-
ed. The resulting pieces are baked at the intersection of the
irregular structure and uneven thickness of the cut, causing
losses in the material and reduced taste.
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Fig. 2. Relation of cutting force of sponge-fatty cake with different addition of oatmeal to knife wedge angle
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Fig. 4. Graphs proceedings of the force-displacement during the cutting of sponge-fatty cake with 0% addition of oatmeal for knives

with wedge angle: a) 2.5°,b) 7.5°, ¢) 12.5°,d) 17.5°
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Fig. 5. Graphs proceedings of the force-displacement during cutting of sponge-fatty cake with 15% addition of oatmeal for knives

with wedge angle: a) 2.5°, b) 7.5°, ¢) 12.5°,d) 17.5°

Depending on the course of the force for the addition of
oatmeal at 5 and 10%, the displacement is steady and stable
throughout the entire process of material distribution. Cakes
are cut once and the area of intersection is fairly uniform.
In this case, the dough pieces are precisely structured, have
regular shape and the desired form stays without damage,
as evidenced by organoleptic tests.

The results of sensory assessment of sponge-fatty cake
carried out in accordance with PN-A-74252: 1998 indicate
that the up to 10% addition of oatmeal to flour had a positive
effect on the results of organoleptic assessment of cakes
(very good flexibility and a mild taste and smell). Cakes
made only from wheat flour also took the first level of quality
(but they had slightly worse color of cover even with the
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best taste and smell). However, the 15% share of oatmeal
caused the baking quality deterioration (variations in shape,
differences among the individual items).

CONCLUSIONS

1. With the increase in the knife wedge angle and addition of
flakes, the force and work of cutting reach higher values.

2. The best quality of baked pieces is obtained using the
additive flakes up to 10% for the knives with wedge
angle of 2.5° and 7.5°.

3. The scoring shows that the best overall quality of the
dough was achieved with the addition of flakes in the
amount of 5 and 10%. It obtained 20 points out of the
20 possible and passed to the first class quality. Confec-
tionery with the 15% share of flakes qualified to class II
in accordance with the requirements.
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SILATPRACA
CIECIA CIASTA BISZKOPTOWO-TLUSZCZOWEGO
Z DODATKIEM PEATKOW OWSIANYCH

Streszczenie. W procesach technologicznych przetwarzania
zywnosci istotne znaczenie majg badania instrumentalne.
W pracy przedstawiono wyniki pomiaru sity i pracy cigcia cia-
sta biszkoptowo-tluszczowego z dodatkiem platkow owsianych.
Parametrami zmiennymi w do$wiadczeniu byty: ilo§¢ dodanych
ptatkéw owsianych (0, 5, 10, 15%) oraz kat zaostrzenia noza
(2,5°;7,5°;,12,5°117,5°). Dodatkowo wykonano oceng senso-
ryczna, ktora pozwolita na dobdr pozadane;j ilosci platkow. Ana-
liza statystyczna wynikow wykazata istotng zaleznos¢ wartosci
sily 1 pracy cigcia od ilosci uzytego dodatku i kata zaostrzenia
noza. Na jakos¢ ciecia wpltywaja: ilos¢ zastosowanego dodatku
ptatkéw oraz geometria ostrza. Najkorzystniejszym energe-
tycznie jak i jakosciowo katem zaostrzenia noza jest kat 2,5°
17,5°, anajbardziej nieodpowiednim 12,5°117,5°. Najwieksza
sifa 1 praca wymagane sg podczas cigcia ciasta biszkoptowo-
-tluszczowego z dodatkiem ptatkéw owsianych w ilosci 15%,
anajmniejsza — bez dodatku. Najlepsza jako$¢ cigeia otrzymano
przy zastosowaniu dodatku ptatkow w ilosci nie przekraczajacej
10% dla nozy o kacie zaostrzenia 2,5° 1 7,5°.

Stowa kluczowe: cigcie, ciasto biszkoptowo-tluszczowe, platki
owsiane.
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Summary. The method of modelling the problem of the agricul-
tural production process management was shown in the article.
The approach which assumes the set structure of the action net-
work was proposed on the present stage of conceptualization.
The essential element is correlating the duration of the activity
with conditions and production resources which are accessible at
present in comparison with methods of management applied now-
adays. The introduced conception of the management model con-
struction was based on the technology of the Bayesian networks.
Key words: agricultural production, planning problem mod-
elling, the support of decision processes, Bayesian networks.

INTRODUCTION

Probabilistic networks are a useful system of knowledge
representation in the case when you should openly code the
factor of uncertainty and reasoning in the non-determin-
istic categories of cause-effects relationships [8, 19, 21].
Thus, they are a useful tool of modelling the predictability
of technical objects behaviour [2, 3] and the representation
of reliability knowledge both in practical formulation [4, 10]
and for the needs of theoretical analyses [1, 24].

The agricultural productive process is a batch process in
which the return of expenditure comes only after the process
finishes and the uncertainty is its integral component and
that is why the probabilistic methods are used to its model-
ling [13, 14, 15]. Nets are the useful tool of decision making
process modelling in case of heterogeneous and uncertain
information sources which enable making the uncertainty
smaller in the decision making process in integrated agri-
cultural production process [9, 16] as well as in modelling
the reliability of complex bio-agri-technical systems [11].

The problem of the management of complex networks
of actions is another area of the use of Bayesian network.
The methods of the management well-known as Critical Path
Method (CPM) and Project Evaluation and Review Technique

(PERT), available nowadays, consist in the development of time
structure of the process as the network of the activities leading
to the realization of the assumed aim taking into consideration
the duration of every activity [7, 20, 23]. The sequence of ac-
tivities, each of which is conditioned by the realization of the
previous one, creates so-called critical path marking the longest
time of the task realization. In the case of CPM method it is
assumed that the time of the realization of individual activities
which compose the modelled activity network is determined.
In PERT method it is assumed that the duration of activities
have the - distribution and the average value of the time of its
realization and variance assuming the knowledge of the shortest
time (optimistic), the longest (pessimistic) as well as the most
probable is assigned for each activity. Then, on the base of the
average values of realization times of individual operations the
critical path is determined like in CPM method. Approximating
the sum of random variables creating the critical path of the
normal distribution of average value and variance equal the sum
of the average times of the realization and the sum of variance
of activities creating the critical path, the probability of the task
realization in the set time can be determined.

Resigning from the methods introduced above and taking
the model based on the Bayesian network is the alternative
approach to the problem of modelling the action network.
The essential element of the proposed approach is the pos-
sibility of taking into consideration the dependence between
the realization time of the given action and the conditions of
its realization in the model as well as accessible production
resources. The problem of modelling the order relationship and
time analyses for the needs of planning and providing docu-
mentation of complex action networks is shown in the paper.

THE AIM OF THE PAPER

The way of conceptualization of the problem of action
network modelling in the agricultural productive process in
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the language of Bayesian network was shown in the paper.
On the present stage of construction of conception model it
has been assumed that the action network has a fixed struc-
ture while the times of the realization of individual activ-
ities in the realized task have the random character which
depends on conditions and presently accessible production
resources. The essential element of the developed methodol-
ogy is the paradigm being in accordance with the postulates
of knowledge engineering which assumes the possibility of
the use of machine learning methods for building the action
network and the possible scenarios of functioning are based
on the reasoning methods typical of Bayesian network [22].

THE CONCEPTUALIZATION OF ACTION
PLANNING PROBLEM

The conceptualization process of action networks plan-
ning was shown on the example of the productive process
of winter wheat [17]. It was assumed that there were two
plant positions for the crop and the structure of the machine
park was set. In case of some operations this structure en-
ables, the configuration of various executive arrangements
(aggregates) which were categorized according to the uni-
tary efficiency [12]. Next the temporal relations between
activities were determined as well as the structure of the

Table 1. The list of activities and the way of their coding in the Bayesian network

No. Activity — Knot In BN Preceding activities Following activities T
1 |NOI_Start Lack NO02_Plough skimming P1 1 0
N02_ Plough skimming P1 1 NOI_Start NO3_ Harrowing P2_I 15

N04_Harrowing P1 1

NO2_Plough skimming P1 1

NO5_ Harrowing P2 1 10

2
3 [NO3_Plough skimming P2 1
4

NO5_ Harrowing_P2 1

NO04_Harrowing P1 1 NO2_ Plough skimming P1 1 NO6_ Pre-sow ploughing P1 1 10

. NO3_ Plough skimming P2 1 .
5 |NO5_Harrowing P2 1 NO4_ Harrowing P1 1 NO08 Harrowing P2 2 12
NO06_ Pre-sow ploughing P1 1 NO04_ Harrowing P1 1 NO07_ Harrowing P1 2 12

7 [NO7_Harrowing P1 2

NO6_ Pre-sow ploughing P1 1
NO8_ Harrowing P2 2

NO09_NPK fertilizer sowing P1 1| 16

NO7_ Harrowing_P1_2

8 [|NO8_ Harrowing P2 2 NO5_Harrowing P2 1 N11_ PK fertilizer sowing P2 1 10
e . . N10_Soil loosening and level-
9 [N09_NPK fertilizer sowing_P1 1 NO7_ Harrowing P1 2 . A . 16
- — - - — ling-cultivation unit P1 1
10 N107 S.Oll loosening and levelling-cultiva- NO09_NPK fertilizer sowing P1 1 [N14_Seed sowing P1 1 8
tion unit P1 1 - — = - — =
11 |N11 PK fertilizer sowing P2 1 NO8 Harrowing P2 2 N12 Winter ploughing P2 1 16
12 |N12_ Winter ploughing P2 1 N11_ PK fertilizer sowing P2 1 |N13_ Harrowing P2 3 23

13 |N13_Harrowing P2 3

N12 Winter ploughing P2 1

N16 N fertilizer sowing P2 1 16

14 |N14_ Seed sowing P1 1

N10_ Soil loosening and level-
ling-cultivation unit P1 1

N15_ N fertilizer sowing P1 1 8

N16_ N fertilizer sowing P2 1

15 |N15_ N fertilizer sowing_P1_1 N14_ Seed sowing P1 1 N17_ Cultivation harrowing P1 1 16
. . N13_Harrowing P2 3 N18_ Soil loosening and level-
16 IN16_N fertilizer sowing_P2_I N15 N fertilizer sowing P1 1 ling-cultivation unit P2 1 8
17 |N17_ Cultivation harrowing P1 1 N15 N fertilizer sowing P1 1 N20 Herbicide spraying P1 1 9
18 NleSf)ll loosening and levelling-cultiva- N16_ N fertilizer sowing_ P2 1 N19_ Seed sowing_P2 1 8
tion unit P2 1 - — = - — =
. N18_ Soil loosening and level- .. .
19 |IN19_Seed sowing P2 1 ling-cultivation unit P2 1 N21_Herbicide spraying P2 1 8
20 |N20_ Herbicide spraying P1 1 N17_ Cultivation harrowing_P1 1 N21_ Herbicide spraying P2_1 7

N22 N fertilizer sowing P1 2

21 |N21_Herbicide spraying P2 1

N19_ Seed sowing P2 1
N20 Herbicide spraying P1 1

N23 N fertilizer sowing P2 2 22

N23_ N fertilizer sowing P2 2

22 |N22_ N fertilizer sowing P1 2 N20_ Herbicide spraying_P1 1 N24~ Seed harvest Pl 1 10
23 |N23_ N fertilizer sowing P2 2 11:112: Eetf:r‘t‘ﬁ‘ieersggg i‘ﬁg—j?l—_ L [N26_Seed harvest P2_1 10
24 |N24 Seed harvest P1 1 N22_ N fertilizer sowing P1 2 N25_ Straw harvest P1 1 14
25 [N25 Straw harvest P1 1 N24 Seed harvest P1 1 N28 Finish 14
26 |N26_Seed harvest P2 1 N23 N fertilizer sowing P2 2 N27_ Straw harvest P2 1 14
27 |N27_Straw harvest P2 1 N26_ Seed harvest P2 1 N28 Finish 14

28 [N28_ Finish

N25_ Straw harvest P1 1
N27 Straw harvest P2 1

Lack
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NO05_Bronowanie_P2_1 N13_Bronowanie_P2_3
N11|Wysiew nawozéw PK_P2_1

NO4_| ie P1_1 NO7_|
N10_Doprawianie - agregat uprawowy_P1_1

N18 Dopravdlame agregat uprawowy_P2_1

N15_Wysiew nawozéw N_P1_1

N21_Oprysk herbicydami_P2_1

N26_Zbidr ziarna_P2_1

'8_Zakonczenie

N22_Wysiéw nawozdw N_P1_2
117_Bronowanie pieleghacyjne_P1/ 1
_ Zbior stomy_P1_1

N24_2Zbiér ziarna_P1_1
N20_Oprysk herbicydami_P1_1

Fig. 1. The net representing the time structure of the modelled process

network assuming the deterministic structure of the pro-
ductive task and the times of individual operations were
determined. The obtained data were shown in Table 1. All
activities composing the analysed productive task, the way
of coding the activities in the Bayesian network, activities
preceding given activity and the ones directly following it
were shown in this table.

The graphic representation of the time structure of the
modelled production process in the environment of the
Bayesian network was shown in Fig. 1.

In this perspective the network knot represents the activi-
ty and directed bows describe temporal relations between ac-
tivities. The basic difference between the conceptualization
of the planning problem in the environment of the Micro-
soft Project and in networks is that Bayesian network knots
representing individual operations are treated as complex
objects ( the network modules) having attributes represented
by knots composing the elementary module. The graphic
form of this conceptualization as well as the model of the
single activity in Bayesian network were shown in Fig.2 [5].

VY,
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Sltuatng
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v b 4
= Time N
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Time_earlie Time_Jatest_start

Fig. 2. The model of activities in Bayesian network

In this model the following notions were introduced — the
earliest possible date of the beginning of the activity action
T, the action duration T, the earliest possible date of the end
the action T, the latest date when the action has to finish
T, the latest date when the action has to start, resources R
and the conditions of realization of activity S.

The knots corresponding to the notions shown above are
at same time the knots of the Bayesian network representing
discreet (R, S) or continuous (the remaining knots) random
variables corresponding to the possible substantiation of
notional models.

The network knots representing respectively the earliest
possible date of the beginning of any activity (T, ) and the
earliest possible date of the end of any activity (T ) are
continuous random variables of the assigned distribution.
For any activity j the values of these variables are calculated
from the expression:

YTesj max (Tef)— max (Tes +7),

i=1,2,. i=1,2,..
Tef, = (Tes; +T)),

Where:
T, - the earliest possible date of the beginning of activity j,
T, - the earliest possible date of the end of activity j,
Tcﬁ — the earliest possible date of the end of activity i,
— the earliest possible date of the beginning of activity i,
T duration of activity j,
T duration of activity i,
1= 1,2, n(j) — the set of activities immediately preceding
activity j in the action network

In case of variables representing the latest dates of fin-
ishing (T ) and beginning (T, ) their values for activity i are
assigned according to expression:

V= i T = i (T, =T
Tlsi = (Tlfz. _];)9

Where:

T, — the latest date of the end of activity i,

T - the latest date of the beginning of activity j,

T, - the latest date of the end of activity j,

T, — the latest date of the beginning of activity i,

T, — the duration of activity i,

T. — the duration of activity j,

j=1, 2, n(i) — the set of activities being the consequents of
the activity i in the action network.

The notion resources corresponds to Bayesian network
knot representing discreet random variable R which values
correspond to specific executive arrangements (aggregates).
These arrangements are categorized according to unitary
efficiency while the notion conditions of the realization of
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the action corresponds to the network knot representing var-
iable S which can take two values: the favourable conditions
and the unfavourable conditions.

The notion activity duration corresponds to the knot
of Bayesian network which represents continuous random
variable of the log normal distribution. It was assumed that
the parameters of this distribution were dependent on two
variables: resources (Ra) and conditions (S). The principle
was accepted that resources compensate the conditions, ac-
cording to which the larger the resources (the efficiency of
the aggregate) the lower the variance regardless of condi-
tions (variable S) and vice versa. The average duration of
the activity from T, — maximum resources and favourable
conditions to T _ —low resources and unfavourable condi-
tions were also determined.

The topology of the Bayesian network the sub-network
consisting of five modules representing activity 6 (pre-sow
ploughing, field 1), 7 (harrowing, field 1), 8 (harrowing,
field 2), 9 (NPK fertilizer sowing, field 1) and 11 (NPK
fertilizer sowing, field 2) was shown in Fig. 3.

The typical mechanism of network functioning (the pre-
diction of the decision results) is shown in Fig.4. In case A it
is shown how the schedule of the probability changes over
the set of the variable value. The earliest possible date of the
end of the activity 08 T . . (harrowing, field 2) in case when
the time of the beginning of the activity (variable T _ ) is
known to an accuracy of probability distribution (the case
A), or the value of this time is known (case B and C) and
the activity is carried out with the use of the resources R1
in favourable (B) or unfavourable (C) conditions. The dis-
tribution of given activity duration was also shown in this
picture. In case when the variable is known to an accuracy
of probability distribution (soft evidence) our knowledge
about terminal variable is blurred. For example (case A) the
forecast earliest possible date of the end of the activity takes

/—\

TE 06@2\? TL

Ol

TEF_07 TLS_07

Fig. 3. The topology of the network representing chosen activities

values: 43 with the probability of 0.25, 46.5 with probability
of 0.55 and larger than 46.5 with the probability of 0.20. If
the known time of the beginning of activity (hard evidence),
e.g. T =33 (caseB and C) the schedule of probability over
the set of variable value T, s undergoes sharpening and
this variable can take two values — 43 with the probability
of 0.66 and 46.5 with the probability of 0.34 if conditions
are favourable and respectively 46.5 with the probability of
0.80 or large value with the probability of 0.20.

The mechanism of the diagnostic inference (the temporal
projection backwards) accessible in network is useful in
the situation when we want to determine conditions which
have to be fulfilled to finish the task in the planned time and
with the assumed level of the probability. The principles of
applying this mode of inference were shown in Fig.5.

In all analysed examples it has been assumed that action
08 has to be finished in time 39.5 (i.e. it was assumed that
variable T .= 39.5) with the probability of 0.61 and it has
been assumed that the earliest possible date of the beginning
of the activity 08 is known and equals 33 units (variable T .=
33). In case A and B, we assume that we know the values of
variable S (conditions), which takes the favourable values
(case A) and unfavourable values (case B) and we ask about
resources which should be used to realize the activities. The
results of calculations show that in case of favourable con-
ditions there is a chance of the prompt realization of the task
even while using the resources of the lowest efficiency (R1)
but with the probability of 0.14. In case of resources R2 this
probability is much bigger and equals 0.37. Having resources
R3, however we will carry out the task according to the plan
with the probability of 0.49. However if conditions are unfa-
vourable (the case B) the chances of meeting the deadline of
the task realization exist only in the situation when we have
resources R3 (the probability of 0.83) whereas practically it
is not possible to fulfil the task having the resources R1 (the
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probability of 0.01). The possession of the resources R2 gives
us little chance of meeting the deadline (probability 0.16).
In Fig. 5 C the situation which assumes that we have only
one kind of the resources R2was shown. In this situation the
planned realization of the task will be possible if the conditions
of realizations are favourable (the probability of 0.91). How-
ever if unfavourable conditions occur there is little chance for
meeting the deadline for activity realization which equals 0.09.
The scenarios of model functioning shown above can be
analogically used for fixing the latest possible dates when the
given activity has to start or finish. The information which is
possible to obtain as the result of the model functioning has
practical value and can be used to manage the action networks.

CONCLUSION

The introduced method of modelling the decision prob-
lems which is applied to the management of action networks
can be a useful tool supporting the decision making process
in case of planning and managing the agricultural production.

The introduced module representing the single activity
which uses Bayesian networks enables conceptualization,
specification and the analysis of the complex action net-
works in non-deterministic conditions.

The easiness of any shaping of given activity duration
depending on accessible resources and conditions of activity
realization causes that planned modelling method of com-
plex action networks can have great practical significance
on designing, monitoring and analysis stages in case of some
threats and as well as on the stage of providing documenta-
tion of real action networks.

Built-in mechanisms of automatic inference enable sim-
ulation testing of possible situational variants, which is espe-
cially important at the stage of realization of complex actions
in case of different threats which make it impossible to keep
to a schedule. What is more, the learning mechanisms [6]
ensure the easiness of model adaptation to changing condi-
tions of its functioning on the base of empirical data.

The essential element of further model modification is
the extension of principles of resources availability taking
into consideration the costs connected with the realization
of given activities.
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REPREZENTACJA DZIALAN W SIECIACH
PROBABILISTYCZNYCH

Streszczenie. W artykule przedstawiono metod¢ modelowania
problemu zarzadzania rolniczym procesem produkcyjnym. Na
obecnym etapie konceptualizacji zaproponowano podejscie,

ktore zaktada zadang strukturg sieci zadan. Istotnym elementem,
w poréwnaniu do obecnie stosowanych metod zarzadzania jest
skorelowanie czasu trwania czynnosci od warunkow i aktualnie
dostgpnych zasobow produkcyjnych. Przedstawiona koncepcje
budowy modelu zarzadzania oparto na technologii sieci bay-
esowskich.

Stowa kluczowe: produkcja rolnicza, modelowanie problemu
planowania, wspomaganie proceséw decyzyjnych, sieci bay-
esowskie.
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Summary. The study includes the results of research on de-
veloping a simplified method of determining air volume inside
apod. The research has been performed on bean pods cultivated
for dry seeds of the varieties Narew, Nida, Warta and Wawelska.
Ten methods of determining volume have been compared (pyc-
nometric and nine simple models of a pod).

The volumes determined by the method 1 (pycnometer) and
method 7 were the most approximate and they were not statis-
tically significant between themselves. It may be stated that the
proposed simple model of a pod measurement makes it easier
to determine the air volume inside the pod.

Key words: bean pod, volume, measurement methods.

INTRODUCTION

In cultivation of leguminous plants, a significant prob-
lem is i.a. susceptibility to cracking their pods and falling
seeds. Susceptibility to cracking bean pods is shown by
falling seeds during harvesting as a result of action of
the working sets of harvesting machines, mainly various
devices of cutting and trimming plants, gatherers and
landing nets [5, 9]. The tendency of pods to burst open is
conditioned by the content and structure of fibre in pod
walls and their seams, which is a variety-related feature
and depends on meteorological conditions during vege-
tation [3, 6, 8, 10, 14, 17].

In order to test the influence of various determinants
on the susceptibility to cracking fruits of this plant, it is
necessary to develop a method allowing its precise meas-
urement. One of the methods of the susceptibility of pods
to cracking is a pressure method [16]. It relies on forcing,
to the inside of the pod, by means of the injection needle, of
compressed air and measurement of the pressure at which

there is breaking of its stitches. The measurement of the sus-
ceptibility of pods to cracking is the calculation of energy
of bean pod opening [12, 13], for which the knowledge of
not only the cracking pressure (relatively easy to be meas-
ured) is required, but also of the air volume in the pod. The
second factor, due to an irregular shape of this kind of fruit,
relies on the difficul measurement. Strobel [2003] defines
the volume of air in a pod is as a difference of approximate
volume and the volume of its seed. The approximate volume
of a pod is calculated as the volume of a cylinder with the
height equal to its length and diameter being arithmetic
mean of pod width and thickness in its medium part.

Precise volumes of bodies with irregular shapes may be
determined by a pycnometer, however, it is time consuming
and requires relatively great work effort arising from the
necessity of performing measurements for the entire pod
and then for seeds and shells.

The aim of the work was an attempt to develop simplified
methods of developing air volume inside bean pods.

MATERIAL AND METHODS

The research was carried out in 2008-2010. The bean
was cultivated in the experimental field of the Depart-
ment of Engineering in Agricultural Food Production in
Rzeszéw. The research was conducted on pods of bean
cultivated on dry seeds of varieties: Narew, Nida, Warta
and Wawelska which were characterized by varied seed and
pod size (Tab. 1). Pod dimensions were calculated using
an electronic slide calliper with the accuracy of 0.01 mm.
Length was measured from the beginning of stalk to the
peak, and width and thickness in cutting plane of perpen-
dicular to main axis of the fruit, leading through its centre.
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Table 1. Pod characteristics (average values) of the tested
bean varieties

Specification Narew Nida Warta | Wawelska
Dimension of pods
[mm]:
Length 932a | 91,1a |1059Db 1138 ¢
Width 10,1b | 102b 9,8a 109 ¢
Thickness 9,4c 9,1b 8,8a 9,6 ¢
Number of seeds
in pod 4,7d 4,1b 44c¢ 38a

* different letters in line signify significant differences, as
per LSD test (significance level of a = 0.05)

The measurement of breaking pods was performed with
the pressure method relying on forcing compressed air
to a pod and measurement of pressure at the moment of
breaking along stitches. The obtained value is the energy
of bean pod opening. Thus the energy required to open
a pod was calculated with the pressure method [11, 13,
16], which is based on tearing a pod by compressed air,
from the relation:

3
E 5 pV, 6]
where:
E — energy of bean pods opening [J],
p — air pressure in the pod [Pa],
V — air volume inside the pod [m?].

There has been a comparison of exact determination of
air volume inside a pod by a pycnometeric method [2] and
nine simplified methods (simple models of a pod). In the
method 1, air volume in a pod was determined as a differ-
ence of total volume of a pod and volume of seeds inside and
volume of its shells determined by a pycnometric method
according to the formula:

2
where:

V. — volume of the air in a pod,

V,- volume of pod,

V —volume of seeds in a pod,

V. —volume of pod coats.

In order to avoid moistening the pods, which would
influence the values of pressure needed for their open-
ing, water has been replaced with the powder ”’Dry Flo”.
This method allows for exact determination of pressure
volume inside the pod, and at the same time determining
the energy needed for its opening. It allows for proper
differentiation of bean varieties due to the susceptibility
of their pods to breaking and more exactly defining an
influence of various factors on this property of pods. This
manner of determining volume is very time and labour
consuming. The obtained exact values of internal volume
of pods filled by air were applied in developing a simple
model of a pod, which allows determining air volume in
a pod, and at the same time, defining the energy needed
for its opening.

In the method 2, the volume of a pod is calculated as
the volume of a cylinder with a height equal to its length
and diameter being an arithmetic mean of pod width and
thickness in its medium part:

V,=V =025 W-TL,

a2 cy

©)

where:

V. ,— volume of the air in a pod,
V., - volume of the cylinder,

W — width of the pod,

T — thickness of the pod,

L — length of the pod.

In the methods 3-9, air volume in the pod was calculated
as the volume of a body which is complex in the central part
of a cylinder ended with two cones:

V=2V, +V, =nW-T(O17H, +025H,), (4)

where:

V . ,— volume of the air in a pod,
V. — volume of the cylinder,

V., —volume of the cone,

H, - height of the cylinder,

H_ — height of the cone,

W — width of the pod,

T — thickness of the pod.

The section of the cylinder and the base of cones con-
stituted an ellipsis as in the method 2. In the method 10, air
volume in a pod was calculated as the volume of the body
made of two cones connected by bases with a shape of an
ellipsis:

V,=2V, =017mW-T-H_,

all co (5)
where:

V. ,,— volume of the air in a pod,

V' — volume of the cone,

H_ —height of the cone,

W — width of the pod,
T — thickness of the pod.

The heights of a cylinder and cones for these methods
3-10 are included in Table 2.

Table 2. Height of the cylinder and cone in models of bean
pods in the methods 3-10 (L — length of pod)

Method Height of the cylinder Height of the cone
H H
3 0,75 L 0,125 L
4 0,5L 0,25 L
5 0,4 L 0,3L
6 0,3L 0,35 L
7 0,25 L 0,375 L
8 0,2 L 0,4 L
9 0,1L 0,45 L
10 0 0,5L
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The obtained results were statistically analyzed [1, 4, 7,
15] with Statistica 9 program, including variance analysis
and LSD significance test.

RESULTS

On the basis of the variance analysis, significant differ-
entiation of air volume values inside the pod were confirmed
for the applied methods of determination. For the tested
varieties, air volume in bean pods was determined with the
method 7:

V,=0125ntW-T-L. (6)
that was the most approximate for the one determined
precisely by means of the method 1 (pycnometric), which
was confirmed by the test NIR indicating the lack of signifi-
cant differences between the values of the described feature
determined by these methods (Tab.3). The variety of Nida
constituted an exception, for which the most approximate
air volume determined by the pycnometric methods was the
volume determined by the method 6:
V,=01331W-TL. 7

Air volumes determined by the method 6 were higher

and by the method 8 lower than the ones determined with

methods 1 and 7, however, there were not statistically sig-
nificant differences.

Table 3. The air volume [cm?] in the pods of tested bean
varieties for the applied of methods of their determination

Varieties

Methods Narew Nida Warta | Wawelska Average

1 3,35¢dI |13,49c1 |3,57cdl [ 4,52cdIl| 3,73 cd
2 6,93h111|6,68 g1 |7,18 Il 9,36 hIIT | 7,52 h
3 578 gl [551f1 (599¢gl |7,80¢glIl | 627 g
4 |4,62f1 |(4,41el |4,79f1 |6,24f1I1 | 5,01f
5 416el |[3,97d1 |431el |5,61ell | 4,51¢
6 3,69dI |3,52c¢I |3,82dI [498dIl | 4,00d

7 346cdlI |3,30cT (3,59cdI [ 4,68 cdIl| 3,76 cd
8 325¢I |3,09c¢I |3,36¢cI [4,38cIl | 3,52¢
9 2,77b1 |2,64b1 |2,87b1 [3,74b1l | 3,01b
10 231al |2,20al |2,39al |[3,12all | 2,51a

*different letters in columns and Roman numerals in line
signify significant differences, as per LSD test (significance
level of o= 0.05)

The conducted analysis by means of the test NIR (Tab. 3)
indicated that due to the air volume in a bean pod determined
by the method 1, the variety of Wawelska was statistically
different from others. The same differentiation between the
varieties was obtained by other methods, apart from the
method 2, which additionally significantly differentiated
the varieties of Nida and Warta.

To sum up, it must be confirmed that the method 7 al-
lows, in a simplified manner, to determine the air volume
in bean pods.

10.

11.

12

CONCLUSIONS

Air volume inside the pod significantly depended on the
variety and the methods of determination.

The most approximate air volumes in the analysed pods
of bean varieties to the ones determined precisely by the
method 1 (pycnometric) was calculated by the method 7.
Air volumes determined by the method 6 were higher
and by the method 8 lower than the ones determined with
methods 1 and 7, however, there were not statistically
significant differences.
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UPROSZCZONA METODA WYZNACZANIA
OBJETOSCI WEWNETRZNEJ STRAKOW FASOLI

Streszczenie. Praca zawiera wyniki badan nad opracowaniem
uproszczonej metody wyznaczania objgtosci powietrza wewnatrz
straka. Badania wykonano na strgkach fasoli uprawianej na suche
nasiona odmian Narew, Nida, Warta i Wawelska. Poréwnano
dziesi¢¢ metod wyznaczania objetosci (piknometryczng i dzie-
wig¢ prostych modeli straka).

Objetosci wyznaczone metoda 1 (piknometrem) i metoda 7
byty najbardziej zblizone i nie réznity si¢ miedzy soba staty-
stycznie istotnie. Mozna wigc uznac, ze zaproponowany w tej
metodzie prosty model straka utatwia wyznaczenie objetosci
powietrza w nim zawartego.

Stowa kluczowe: strak fasoli, objetosé, metody wyznaczania.
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Summary. The study presents the correlations of bean pod open-
ing energy in the varieties Narew, Nida, Warta and Wawelska
with their geometric features and strength properties of selected
elements of their structure. It has been confirmed that the pods
which are more susceptible to cracking are those with a flatter sec-
tion (wider and thinner), lower thickness of fibre and parenchyma
layers as well as lower ration of the thickness of parenchyma and
the fibre layer undergoing less deformations and more resistant
to tearing, whose sclerenchymatous connections of the dorsal
seam are more resistant to tearing and the abdominal seam are
less resistant.

Key words: bean pod, elements of construction, strength prop-
erties, energy of pod opening.

INTRODUCTION

One of the unfavourable features of legumes is their
susceptibility to cracking their pods and seeds falling out
before and after harvesting [6, 12, 18, 19].

Susceptibility of pods to cracking is a variety feature
and is conditioned by their anatomic and morphological
structure. The main feature allowing the breaking of the
pod is the structure of its endocarpium in which there is
a layer of fibres constructed from strongly thickened scler-
enchymatous cells located diagonally to the axis of the fruit.
As a result of various location of micro fibrils in cellular
walls, during drying they shrink in various directions and
there is the breaking of the pod along with the ventral and
dorsal suture. The most significant of the elements of the
internal structure of the pods are the content and structure
of the fibre in vascular bundles and walls of their shells.
[3,5,9, 11, 24].

The susceptibility to cracking is also conditioned by
their shape in the layer of the transverse section [10, 21].

The aim of the work was to determine the geometric
features and strength properties of selected elements of the

structure of the pod and comparing them with the suscep-
tibility to cracking of these fruits whose opening energy is
measured and determined by the pressure method.

MATERIAL AND METHODS

The research was carried out in 2008-2010. Bean was
cultivated in the experimental field of the Department of
Engineering in Agricultural Food Production in Rzeszow.
The research was conducted on pods of bean cultivated
on dry seeds of the varieties: Narew, Nida, Warta and
Wawelska, which were characterized by varied seed and
pod sizes (Tab. 1).

Pod dimensions were calculated using an electronic
slide calliper with the accuracy of 0.01 mm. Length was
measured from the beginning of stalk to the peak, and
width and thickness in cutting plane of perpendicular to
main axis of the fruit, leading through its centre. Thick-
ness and width of the fibre layer and seam bundles were
measured using an electronic dial gauge with the accuracy
0of 0.001 mm. Surface of cross section of the analyzed pod
structure elements was calculated as a product of width
and thickness.

The shape factor, s » Was determined as the ratio of pod
width to its thickness:

Sy =

4 1)
e

where:

s~ shape factor,

d — pod width [mm],

e — pod thickness [mm].

Strength research covers such pod structure elements as:
— fibre layer,
— seam sclerenchyma bundles; abdominal and dorsal
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The research was conducted with the use of the testing
machine ZWICK with which for the above mentioned pod
the following structure elements were determined: critical
stress, modulus of elasticity (Young’s modulus) and defor-
mation [2, 4, 7, 8, 22]. In order to separate fibre layer and
seam sclerenchyma bundles from the other tissues, bundles
were placed for 15 minutes in boiling water. Parenchyma
tissues macerated in this way were removed (scraped off)
with a blunt side of a scalpel so as to not damage scleren-
chyma [11]. For the purpose of resistance tests ca 2 mm
straps were cut from a fibre layer parallel to the direction
of fibre location.

Energy required to open a pod was calculated with the
pressure method which is based on bursting a pod by com-
pressed air [15, 21]. Air volume in a pod was determined
with modified pictometric method [13, 14].

Measurements were conducted on 80 pods for each of
the tested varieties with their humidity within the range of
12.4-13.8%.

The result was statistically analyzed with Statistica
9 program, with which the variance analysis and LSD sig-
nificance test were carried out [1].

RESULTS

The least susceptible to cracking (Fig.1) were pods of
the Narew variety, which needed the energy of opening
amounting to 258.1 mJ, on average. The greatest suscepti-
bility occurred in the pods of Nida variety, which opened
at the energy of 125,1 mJ, on average. The performed test
LSD indicated that due to the average values of pod open-
ing energy, all the tested bean varieties were significantly
statistically different.

300
= 258.1d 236.0¢
=250 Lo
= 212.5b 207.9
5 200
<1350 125.1a
B 100
&
g 50
53]
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Narew Nida Warta  Wawelska Average

Fig. 1. Energy of pods opening on bean varieties
*different letters signify significant differences for the sig-
nificance level o= 0.05

The pods of Wawelska variety (Tab.1) were statisti-
cally significantly the longest (118.6mm), Nida the wid-
est (10.4mm) and with the greatest shape factor (1.28) and
Narew the thickest (8.9mm). The shortest pods (96.8mm)
were the Nida and the narrowest (9.7mm) and the thinnest
(7.9 mm) were the Warta. The lowest shape factor (1.14)
was found for the Narew variety.

Table 1. Geometric characteristics of bean pods and their
correlation coefficient with pods opening energy

Specificafi Dimension of pods [mm] Shape fac-
PeCtICalion 1 cngth | Width | Thickness | tor of pod

Narew 101.7b 10.2b 8.9b 1.14a
Nida 96.8a 10.4b 8.1a 1.28d
Warta 113.2¢ 9.7a 7.9a 1.24c
Wawelska 118.6d 10.2b 8.6b 1.19b
Correlation
coefficients with | ) 5335 | 53300 | 0.6505 | -0.9256
energy of open-
ing the pods

* different letters in column signify significant differences,
as per LSD test (significance level of a = 0.05)

The energy of bean pod opening was highly and pos-
itively correlated with the length (0.5335) and thickness
(0.6505) of pods and negatively, on average, with their width
(-0.3302) and almost fully with the shape index (-0.9256).
It means that the bean varieties whose pods are longer, nar-
rower, thicker and with a less flat transverse section are
more resistant to breaking. This regularity is confirmed in
the conclusions of Szwed et. al. [20, 21], namely, that pods
with greater convexity are easier to be opened as the lower
curvature radius causes an increase of the arm of the moment
of pod shell bending in the perpendicular plane towards the
direction of the location of fibres on the parchment layer. It
shall be assumed that the susceptibility to cracking pods in
the analysed varieties, is conditioned by other features [13].

Table 2. Average values sclerenchematic of bundles abdom-
inal (A) and dorsal (D) seam on bean pods and their correlation
coefficient with pods opening energy

. Correla-

Specifica-| Seam Narew | Nida | Warta Wavel- tion coef-
tion  |bundles ska fici
clents

Thickness| A 178.4b | 189.3bc | 157.6a | 194.2¢ [-0.1952
[um] D 172.7ab | 181.1b | 160.0a | 204.5¢ | 0.0425
Width A | 706.5¢II | 628.3bII | 571.9all | 652.9bI1 | 0.4458
[um] D | 616.8bI | 584.9bI | 531.7al | 587.5bI | 0.2307
Surface
of cross A [ 0.129bI | 0.120b | 0.092a | 0.128b | 0.1810
section D 0.108bI | 0.107b | 0.087a | 0.122¢ | 0.1509
[mn’]
Width/ B 424bll | 3.57a 3.88a 3.60all | 0.6589
Thickness| G 37901 | 3.44b 354b | 3.02al | 0.1108

* different letters in line and Roman numerals in column
signify significant differences, as per LSD test (significance
level of a.= 0.05)

Analysing the results included in Table 2, it must be con-
firmed that the bundles of the abdominal seam were character-
ised by greater dimensions, section area and the ratio of width
and thickness than the bundles of the dorsal seam, except for
the varieties of Warta and Wawelska, in which the bundle of
the dorsal seam was thicker. Statistically significantly wider
were the bundles of the abdominal seam in all of the tested
varieties. However, significantly, the greatest transverse sec-
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tion area of the abdominal suture bundle was characteristic
of the pods of Narew variety, and the ratio of the width and
thickness of bundles of the abdominal seam was significantly
greater than in the varieties of Narew and Wawelska. With
exception of the bundle width of the dorsal seam, the greatest
dimensions and transverse section area were in the pods of
Narew and lower in the pods of Warta varieties.

The bundles of the dorsal seam (Tab. 3) had a significant-
ly greater damaging pressure, deformation and conventional
module of elasticity from the bundles of the abdominal seam,
except for the Wawelska variety in which an insignificantly
greater value characterised the module of elasticity of the
bundle of the abdominal seam. The sclerenchymatous bun-
dles of the abdominal seam had the greatest resistance to
tearing and deformations in the Warta pods, however, the
greatest module of pod elasticity belonged to the Wawelska
variety. The lowest stress, deformation and module occurred
in the bundles of the abdominal seam in the Nida pods. The
lowest stress and module for the bundles of the dorsal seam
were noted in the pods of Warta and deformation in the
variety of Narew. For the bundles of the dorsal seam, the
greatest stress and module were noted in the pods of Warta
and deformation in the variety of Narew, and the module of
elasticity in the variety of Narew.

Table 3. Strength properties of sclerenchematic bundles ab-
dominal (A) and dorsal (D) seam on bean pods and correlation
coefficients of the energy pod opening

Seam Wawel- Comrela-
Specification Narew | Nida | Warta tion coef-
bundles ska fici
clents
Critical stress| A 84951 | 59.041 [105.57 | 90.03I | 0.7049
[MPa] D 113.8611 | 121.021 | 112.51 | 125.6611 | -0.2476
Deformation | A 552 4.99 6.69 535 | 03460
[%] D | 649 | 79 | 775 | 746 |-07811
Nflofhﬂtllli A [18758 15356 (17153 |1979.8 0.8951
(D)\/E’z Y | po 19770 [17122 |16009 |18645 | 05887

*different letters in line and Roman numerals in columns
signify significant differences, as per LSD test (significance
level of o = 0.05)

The energy of bean pod opening was positively corre-
lated with the strength parameters of the abdominal seam
bundles, however, much higher with the damaging stress
and conventional module of elasticity and with deformation
on average. [t means that the varieties of beans whose bun-
dles of sclerenchymatous abdominal seam are characterised
with greater values of the analysed strength parameters
need a greater energy of opening, i.e. they are less suscep-
tible to breaking. The correlation indexes of the energy of
opening with the damaging pressure and deformation of
the bundles of the dorsal seam were negative, however,
along with the module of elasticity, they were positive. The
obtained values of correlation indicate that for the opening
pods whose sclerenchymatous bundles of the dorsal seam
are less resistant to tearing and undergo less deformations

and are characterised with a greater module of elasticity,
greater energy is needed.

The greatest thickness of the shell (282.4um), parenchy-
ma (183.1pum) and fibre layers (80.8um) as well as the great-
est ration of parenchyma thickness and layer of fibres (1.85)
was noted in the pods of the variety of Wawelska (Tab.4).
The thinnest shells (172.6um), parenchyma (104pm), fibre
layer (67.7um) and the ratio of parenchyma thickness and
layer of the fibres were characteristic of the pods of Nida.
The pods opening energy was correlated very highly with
the thickness of shell, parenchyma, and layer of fibres along
with the ratio of parenchyma thickness and fibre layer.

Table 4. Average values thickness of fibre layer, shell pods
and the ratio of parenchyma thickness and fibre layer, and cor-
relation coefficients of the energy pod opening

Specifica- Thickness [pm] Ratio of paren-
P i Shell Fibre | paren- | chyma thickness
ion
pods layer chyma and fibre layer

Narew 232.6b 84.9b | 147.7b 1.74¢
Nida 172.6a 67.7a | 104.9a 1.55a
Warta 187.5a 71.3a | 116.2a 1.63b
Wawelska 282.4b 99.1c | 183.3¢ 1.85d
Average 218.8 80.8 138.1 1.69
Correlation | 71511 ¢ 7045 | 0.7150 0.8018
coefficients

* different letters in column signify significant differences,
as per LSD test (significance level of a = 0.05)

A positive correlation of the energy of bean pod opening
of the examined bean varieties with the thickness of the fibre
layer indicates that the thicker it is, the more difficult it is
to open pods. However, the easiest opening of pods with
a thicker layer of fibres was confirmed in the research on
lupine pods [16, 24, 25] and lotus corniculatu, and siliqua.
It may mean that the susceptibility to breaking in the pods
of the tested varieties of beans are also determined by other
features e.g. structure of cells — the more delicate and thinner
walls, the weaker the cracking [25]. The very high corre-
lation of opening energy with the thickness of parenchyma
and the relation of the parenchyma thickness and fibre layers
confirm the conclusions of the aforementioned researchers
that the thicker is the part of the pod shell in relation to the
fibre layer, the less susceptible fruits are to cracking.

The fibre layer of bean pods of Wawelska had the greatest
resistance to tearing (170.3MPa) and deformations (8.2%). In
the pods of Warta, however, the greatest module of pod elas-
ticity was found (2296.9MPa). The lowest values of the de-
termined strength parameters of the fibre layer were noted in
the pods of Narew variety (damaging stress 119.18MPa, elon-
gation by 6.13% and the module of elasticity 1958.75MPa).

The energy of bean pod opening was highly correlated
with the stress damaging the layer of fibre and, on average,
with their deformation and the module of elasticity. It may
be confirmed that less susceptible to cracking are those
pods whose fibre layer is determined by greater values of
strength parameters.
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Table 5. Strength properties of fibre layer bean pods and

PIOTR KUZNIAR, JOZEF GORZELANY

correlation coefficients of the pods opening energy

Varietics Critical stress | Deformation | Modulus of elas-

[MPa] [%] ticity [MPa]
Narew 127.9ab 6.28a 2040.5a
Nida 119.2a 6.13a 1958.8a
Warta 145.0b 6.35a 2296.9b
Wawelska 170.3¢ 8.20b 2078.8ab
Average 140.6 6.74 2093.8
Correlation | 55, 03912 0.3575
coefficients

* different letters in column signify significant differences,

as per LSD test (significance level of a = 0.05)

CONCLUSIONS

. The pods which are the least susceptible to cracking
are in the variety of Narew. They require significantly
greater opening energy amounting to 258.1mJ. The most
susceptible to cracking were the pods of Nida variety,
where the necessary energy amounted to 125.1mJ.

. The energy of bean pod opening was highly and posi-
tively correlated with the length (0.5335) and thickness
(0.6505) of pods and negatively, on average, with their
width (-0.3302) and almost fully with the shape index
(-0.9256). It means that the bean varieties, whose pods
are longer, narrower, thicker and with a less flat trans-
verse section are more resistant to cracking.

. The bundles of the abdominal suture were characterised
by greater dimensions, section area and the ratio of width
and thickness than the bundles of the dorsal seam, except
for the varieties of Warta and Wawelska, in which the
bundle of the dorsal seam was slightly thicker.

. The bundles of the dorsal seam had a significantly great-
er damaging pressure, deformation and conventional
module of elasticity than the bundles of the abdominal
seam, except for the variety of Wawelska in which an
insignificantly greater value was observed in the module
of elasticity of the bundle of the abdominal seam.

. For the pods of bean varieties whose sclerenchymatous
bundles of the abdominal seam had greater values of the
analysed strength parameters, whose sclerenchymatous
bundles of the dorsal seam were less resistant to tearing and
underwent fewer deformations and were characterised by
a greater module of elasticity, greater energy was needed.

. The pods with a thicker fibre layer, shell and parenchyma
along with the greater ratio of parenchyma and layer of
the fibres, required greater energy of opening.

. The fibre layer of bean pods of Wawelska had the high-
est resistance to tearing (170.3MPa) and deformations
(8.2%). In the pods of Warta, however, the greatest mod-
ule of pod elasticity was found (2296.9MPa). The lowest
values of the determined strength parameters of the fibre
layer were noted in the pods of Narew variety: damaging
stress 119.18MPa, elongation by 6.13% and the module
of elasticity 1958.75MPa.

. The energy of bean pod opening was highly correlated
with the stress damaging the layer of fibre and, on average,
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with their deformation and the module of elasticity, i.e the
pods whose fibre layer was characterised by greater values
of strength parameters were less susceptible to cracking.
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ENERGIA OTWARCIA STRAKOW FASOLI
A WLASCIWOSCI WYTRZYMALOSCIOWE
WYBRANYCH ELEMENTOW ICH BUDOWY

Streszczenie. Praca przedstawia analiz¢ korelacji energii otwar-
cia stragkow fasoli odmian Narew, Nida, Warta i Wawelska z ich
cechami geometrycznymi oraz wlasciwosciami wytrzymatos-
ciowymi wybranych elementéw ich budowy. Stwierdzono, ze
bardziej podatne na pgkanie sg straki; o bardziej ptaskim prze-
kroju (szersze i ciensze); o mniejszej grubosci warstwy wiokien
1 parenchymy oraz mniejszym stosunku grubosci parenchymy
i warstwy wiokien; ktdrych warstwa wtokien ulega mniejszym
odksztatceniom i jest mniej wytrzymata na rozrywanie; ktérych
wigzki sklerenchymatyczne szwu grzbietowego s bardziej wy-
trzymate na rozrywanie, a szwu brzusznego mnie;.

Stowa Kkluczowe: strak fasoli, elementy budowy, wlasciwosci
wytrzymato$ciowe, energia otwarcia.
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Summary. This paper presents the results of the research on the
work quality of a tow-behind combine harvester Korvan 930
while picking Canby summer variety of raspberries cultivated
on poles. The assumption was to determine the type and size of
losses as well as the share of damaged fruits and impurities in
the combine-harvested material.

Key words: raspberries, combine harvesting, losses, damaged
fruits, impurities.

INTRODUCTION

On a vast majority of raspberry plantations in the world, the
fruit are still harvested manually. Until not very long ago in fact,
manual harvesting of raspberries was actually the only possible
solution to apply. In Poland, due to constantly growing cost of
labour and not enough of the labour force, and in connection with
growing desire of producers to achieve better yields (especially
in the period of peak purchasing prices), as of the beginning of
this century first attempts at an automated raspberry harvest have
repeatedly occurred [7, 8]. However, raspberry fruit are delicate
and therefore susceptible to damage [1,9, 12, 13, 15], and, what’s
more, they ripen non-simultaneously, which calls for the need
of multiple harvests during one season, thus causing more risk
of damage to the fruit. [14]. Even in case of vegetables resistant
to damage, machine harvesting (which has been improved for
the last several tens of years) still causes inevitable damages and
losses of products [10]. A solution to the problem of having too
much fruit damaged during the machine harvest is, apart from
improving the construction of the machines, introduction of more
damage-resistant fruit varieties [2-6].

AIM AND SUBJECT OF RESEARCH

The aim of the research was to determine the volume
of losses and damages of the raspberry fruits as well as the

amount of impurities in the harvested material generated
during the automated harvest by means of a tow-behind
combine-harvester Korvan 930 manufactured by an Amer-
ican company Oxbo. For the purpose of the research the
harvester was aggregated with tractor Wtadimirec t 25.
Examined was the suitability of the above harvester for
picking summer variety of raspberry called Canby meant
for cold storage.

Korvan 930 harvests fruits by shaking them off the bush
(by means of ‘fingers’ of two vertical beaters and generally
resembles the Polish combine harvester Natalia by Werem-
czuk company [7]. The difference is that the shell adjusting
system designed to catch the falling fruits) does not have
the rolls sliding on the shoots of bushes. Korvan 930 was
designed to pick raspberries and put them in plastic boxes
which were placed on the platforms next to inspection car-
riers attached on both sides of the harvester. The field ex-
amination of the harvester was carried out in a village called
Kolonia Lubki close to the town of Opole Lubelskie on a
6-year old plantation of a Canby summer variety of raspber-
ry cultivated on poles and linked by metal strings to which
the raspberry shoots were attached in the direction opposite
to the direction of picking. The research was conducted
at the harvester working speed of 1.35 km-h! which was
selected as the best for testing purposes and because it was
the lowest speed possible to be achieved with the attached
tractor. At higher tractor speeds, the operator of the whole
aggregate had problems with leading the machine properly.

RESEARCH METHODOLOGY

While assessing the quality of combine harvester oper-
ation, methodology designed by Kowalczuk and Zarajczyk
[7, 8] was used and modified. In order to determine the
working conditions of the combine harvester, features of
the raspberry plantation were examined and described. The
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examination involved random measurement of: row spacing,
row width, raspberry bush height, width of growing shoots
(measured on the ground surface) and minimum height at
which fruits were formed, all in one hundred repetitions.
Apart from that a number of shoots on 1 meter sections
was counted (in thirty repetitions). The raspberry yield (to
be potentially harvested during one day) was determined on
the measurement fields of 10 m in length, in six repetitions.

Prior to starting the assessment of the combine har-
vester working quality, its parameters were specified. The
amplitude of beating cylinders was measured in the cylin-
der’s axis while the frequency was determined by counting
the multiplications of the cylinder inclinations within 10
seconds, all in thirty repetitions. The speed of the cooling
fans and cooperating inspection carriers from over which
impurities were sucked off, was determined on the basis
of regulation knobs.

The quality of the combine raspberry harvest was as-
sessed on previously appointed 10 m long measurement
fields (in six repetitions). During tests, picked raspberries
were taken to plastic boxes placed individually for every
repetition to capture the picked fruit mass. Then the picked
raspberries were segregated into: damaged and not dam-
aged (serious damages visible with the naked eye), with
and without stalks, and into green fruits and impurities.
Then the ripe fruits were weighed. Apart from that, fruits
dropped by the harvester were picked up manually from
the measurement sections (before the test was started,
the measurement sections were cleaned from previously
fallen raspberry fruits). After that, shares of particular
fractions in percentages were determined, compared to the
whole fruit mass harvested. The fractions were weighed
by means of Radwag WPT 30/CG and WTE2000p scales.
Impurity percentages were calculated in relation to the
mass of the entire sample picked by the harvester. Per-
centage of losses was calculated in relation to the total
fruit mass collected by the harvester, lost and fallen from
the previous harvest.

The research results were made subject to a statistical
analysis by means of the Excel spreadsheet. The CV varia-
bility ratio was calculated:

v =2.100%.
n

where:
d — standard deviation,
n —mean value.

Destructive changes in fruits were determined based
on the observation of raspberry juice leakages, in accord-
ance with the methodology adopted by Kuczynski and Ry-
bezynski [9].

RESULTS AND DISCUSSION

The results of the measurement of the raspberry
plantation characteristics, on which tests of combine
harvester Korvan 930 were carried out, were summarised
in Table 1.

Table 1. Characteristics of the raspberry plantation of Canby
variety

Variabil-
. . Measure- |Average| . .
Specification . ity ratio,
ment unit | results o
Row spacing cm 316,0 2,1
Dlstances between bushes om 30,0 54
in a row
Width of growing shoots cm 31,1 7,3
Number of shoots per 1 shoots 293 234
linear metre
Height of raspberry plants cm 176,3 11,0
Row width cm 102,3 8,6
Mlplmum height at which om 35.0 28.5
fruits are formed
Average weight of 100 fruits g 271,7 0,8
Fruit mass volume 2(250 cm)3| 106,6 7,0
Raspberry potential yield kg-ha'! 643,8 7,16

Raspberries were seeded in rows spaced at 316 cm and
the distance between the bushes in a row was 30 cm. On 1
linear metre 29.3 shoots grew. Plants formed a lane 176.3 cm
high and 102.3 cm wide, and the lowest fruits were formed
at the height of 35.0 cm. The average weight of 100 fruits
was 271.7g and their mass volume 106.58g (250 cm)>. The
potential yield was 643.8 kg-ha™'.

Work parameters of combine harvester Korvan 930 were
presented in Table 2.

Table 2. Work parameters of combine harvester Korvan 930

specificaion | 1SN | el | st %
Shaking amplitude cm 4,0 35,4
Frequency of shaking Hz 4,6 0,1
Fan speed 6 on scale 0-10
Speed of inspection carriers 0 on scale 0-10

Research results related to the assessment of work quali-
ty of combine harvester Korvan 930 while harvesting Canby
variety raspberries were presented on charts 1 and 2.

30 7.5 (*26.2)

7.0
6,0
50
10
3,0
2,0
10
0,0
Lost frnits

* variability ratio
Fig. 1. Losses occurring while harvesting Canby variety rasp-
berries by means of combine harvester Korvan 930

5,6(+36,9)

Fruits left on the bush, fallen before
the next stage of the harvest)

Share [%6]
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00 [ —
Red froits with stem  Green fmits with  Organic impurities  Smashed frmits
stem

* variability ratio
Fig. 2. Damages and impurities occurring while harvesting Can-
by variety raspberries by means of combine harvester Korvan 930

Tests showed significant share of lost fruits of which
majority i.e. 7,5% were fruits dropped out by the harvester
at the junction of the adjusting system. The shells of the ad-
justing system could not touch each other due to significant
width of the growing shoots (31.1 cm). Although we could
have plantations with tighter rows and thus reduce the rate
of the dropped out fruits but they would produce lower
yields per hectare and in consequence be less profitable.
Lost fruits were also ripe fruits left on the bushes and fallen
before the next stage of the harvest — there were 5.7% of
those. In reference to the results achieved by Rabcewicz
[11] the amount of the losses can be decreased by increas-
ing the frequency of shaking but such a technique would
also cause the increase of damaged fruits, unwelcome by
the cold storage industry.

The collected material was only very little contaminated
with impurities such as stems (0.7%), green fruits (0.2%)
and minute organic impurities (0.1%). These impurities
can be eliminated entirely by having two workers remove
them manually, each one at each inspection carrier on the
harvester.

Combine harvester Korvan 930 also caused mechanical
damages to the fruits. 2.4% of them were smashed. However,
no destructive changes of the fruits were observed.

CONCLUSIONS

1. During combine harvesting of Canby variety raspber-
ries by means of Korvan 930 two types of losses were
observed: the machine lost/dropped 7.5% of fruits and
did not properly pick all ripe fruits leaving 5.7% on the
bushes.

2. Combine-harvested fruits were contaminated very little,

i.e. there were only 0.7% of fruits with stem, 0.2% of

green fruits and 0.1 of organic impurities%.

Fruit damages were 2.1%.

4. Tow-behind combine harvester Korvan 930 of Oxbo
company may in friendly conditions be successfully
used to harvest Canby variety raspberries meant for cold
storage.

hed
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JAKOSC KOMBAJNOWEGO ZBIORU MALIN letniej maliny odmiany Canby, prowadzonej na podporach.
W ZALEZNOSCI OD WYBRANYCH PARAMETROW Okreslano rodzaj i wielko$¢ strat owocodw oraz udzial uszko-
ROBOCZYCH dzonych owocow i zanieczyszczen w materiale zebranym

kombajnem.

Streszczenie. Przedstawiono wyniki badafi dotyczace jakosci  Slowa kluczowe: maliny, zbiér kombajnowy, straty, uszkodzenia
pracy przyczepianego kombajnu Korvan 930, przy zbiorze 0owocOw, zanieczyszczenia.
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Summary. This paper presents the results of energy consump-
tion measurements during extrusion-cooking of corn starch. The
extrusion-cooking process was performed using a single screw
extruder with L/D = 16 at variable screw speed ranging from 60
to 120 rpm. Native corn starch of varying humidity was used as
the raw material. Changes in energy consumption depending on
the moisture content, processing temperature, screw speed were
measured during testing. Higher screw rpm increased specific
mechanical energy. Corn starch with higher moisture content
caused a decrease in energy consumption during the extru-
sion-cooking process. Processing temperature had no important
effect on SME changes.

Key words: extrusion-cooking, corn starch, energy consumption.

INTRODUCTION

Extrusion-cooking technology is now one of the mod-
ernest grain processing technologies [1, 2, 9]. Currently,
extrusion-cooking as a method is used for the manufacture
of many food, feed and agrochemical products, ranging from
the thermoplastic starch to pasta and aqua feed [10, 12, 13].
Wheat, corn and rice belong to one of the most often applied
raw materials in the extrusion-cooking [3, 6].

Native starch has different industrial applications, how-
ever, due to many disadvantages (e.g. insolubility in cold
water), its use is limited. Disadvantages of native starch can
be reduced or even eliminated through its modification by
various methods. The simplest method of physical modi-
fication of starch is thermal or pressure-thermal treatment.
Humidity, temperature, pressure and mechanical shear
— under the influence of these factors starch and protein
components are plasticized and cooked during the extru-
sion-cooking, followed by rapid evaporation of the water
when extrudates are leaving machine. This leads to further
changes in the physical properties of the obtained products.
Extrudates can be finished or semi-finished products and

are characterized by new, chemical and dietary physical
properties [8, 13].

The properties of the extrudates may be affected by many
factors related to selecting various parameters of the extru-
sion-cooking process [5, 7, 14]. These include raw material
processing time in the extruder, the intensity of shear stress
during extrusion-cooking and the amount of energy supplied
to the device [15, 16].

During extrusion-cooking, the primary source of thermal
energy is the energy caused by friction forces and therefore
derived from the conversion of mechanical energy into heat
energy in the processed material. The process, despite popu-
lar opinions, is associated with a relatively low expenditure
of energy [11]. The single screw extruder-cooker requires
energy input in the range of 0.1 to 0.2 kWh (excluding en-
ergy required to prepare the raw material).

MATERIALS AND METHODS

Corn starch Meritena 100 type produced by T&L (Slova-
kia) was used. During our investigations the 4 levels of mois-
ture content of raw material (17, 20, 25 and 30%) were used by
mixing with sufficient amount of water. The obtained samples
were stored for 24h in air tight polyethylene bags at room
temperature to make the whole sample material homogeneous.

Extrusion-cooking of potato starch was carried out using
a modified single screw extrusion-cooker TS-45 (Polish
design) with L/ D = 16. The die with one opening of 3 mm
diameter was used. Processing was carried at different tem-
peratures (100, 120 and 140 °C) and a variable speed of the
screw (60, 80, 100, 120 rpm).

The extruder output was measured as a mass of the ex-
trudate produced during 10 minutes; measurements were
performed in 6 replications.

Power consumption measurement was performed with
a standard method using wattmeter connected to the extruder
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electric panel [4, 5, 7, 10]. The obtained results were convert-
ed to an index of specific mechanical energy consumption

(SME) after the following formula:
P-O

n-

SME =

[kWhkg'],

m
where:
n — screw rotations [min™'],
n_— maximal screw rotations [min™'],
P — power [kW],
O — engine loading [%],
Q — extruder output [kgh].

RESULTS

Extrusion-cooking of the corn starch was characterised by
good efficiency, ranging between 10.8 kgh! and 26.6 kgh'!,
depending on the applied process parameters. Changes in
the extruder output depended mainly on the screw speed and
starch moisture content, less on the process temperature.

Measurements have shown that the increase of the screw
speed increased the efficiency of the extrusion-cooking
(Fig. 1). This effect was observed in the whole range of
applied temperatures.

\\_\\5\\\‘\“‘5\“0

Fig. 1. Changes in the process output during corn starch extru-
sion-cooking at 100 °C

The extrusion-cooking of the corn starch with 17% of
moisture content was hampered, especially at temperature
of 140 °C. It was manifested by uneven flow of the material
through the extrusion-cooker. During processing at all used
temperatures, an increase of the process efficiency with
increase of starch moisture content was observed.

Generally, extrusion-cooking of the corn starch was
characterised by low energy consumption (SME) within
a range 0,08-0,29 kWhkg' (288-1044 kJkg™'). Changes in
SME depended mainly on the extruder screw speed and
starch moisture content, less on process temperature.
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A significant impact of the screw speed on the SME
changes during corn starch processing was observed. The
screw rotational speed increase caused a rise in mechanical

energy consumption, independently of the process temper-
ature (Fig. 2 and 3).
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Fig. 2. SME changes during corn starch extrusion-cooking at
120°C

At a higher temperature, the influence of moisture con-
tent in the raw material on the process energy consumption
was inconclusive. During the extrusion-cooking at 120
and 140 °C conducted with low screw speed range (60 and
80 rpm), the influence of moisture content on SME was neu-
tral. The increase of energy consumption with raw material
moisture content growth was only observed for a high screw
speed range (100-120rpm).
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Fig. 3. SME changes during corn starch extrusion-cooking at
140°C
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Generally, it can be stated that the temperature of extru-
sion-cooking had no significant effect on the energy con-
sumption changes.

CONCLUSIONS

Extrusion-cooking of corn starch is characterized by rela-
tively low specific mechanical energy consumption, ranging
from 288 to 1044 kJkg™' (0,08-0,29 kWhkg™). A significant
impact on the SME was exerted by the screw speed and
moisture content of the raw material. The process tempera-
ture had a neutral impact on energy consumption changes.
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ENERGOCHEONNOSC PROCESU EKSTRUZII
SKROBII KUKURYDZIANE]J

Streszczenie. W pracy przedstawiono wyniki pomiaréw ener-
gochtonnosci procesu ekstruzji skrobi kukurydzianej. Proces
ekstruzji przeprowadzono na ekstruderze jednoslimakowym
o L/D=16 przy zmiennych obrotach $limaka w zakresie 60
— 120 obrxmin-1. W badaniach zastosowano skrobi¢ kukury-
dziana o zréznicowanej wilgotnosci. W trakcie prowadzonych
badan odnotowano zmiany energochlonnosci procesu ekstruzji
w zaleznos$ci od wilgotnosci surowca, obrotow $limaka ek-
strudera i temperatury obrobki. Wzrost predkosci obrotowej
$limaka ekstrudera przyczyniat si¢ do wzrostu energochton-
nos¢ procesu ekstruzji. Zastosowanie skrobi kukurydzianej
o wyzszej wilgotno$ci skutkowato obnizeniem energochton-
nosci procesu ekstruzji. Temperatura procesu nie miata istot-
nego wptywu na zmiany SME podczas przetwarzania skrobi
kukurydziane;j.

Slowa kluczowe: ekstruzja, skrobia kukurydziana, energo-
chtonnosé¢.
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Summary. This study provides a description of the impact of
critical variables of various grouping methods on the quality of
the developed hourly power demand schedule. The adequacy of
various indicators reflecting the course of power consumption
was checked against the appropriate classification of daily load
profiles in the clustering process. According to the performed
simulations, the lowest MAPE and AESR error values of 14,01%
and 12,65% were achieved with the EM concentration analysis
algorithm and the following variables: daily peak and average
daily load of electric power, shape coefficient, interval, variance,
daily load variation rate and production output quantity. Further-
more, it was observed that within the data clustering performed
on basis of the EM algorithm more homogeneous groups of
week days were obtained, provided that the input variables had
been standardised.

Key words: concentration analysis,load profile, load variation
rates, short-term forecast.

INTRODUCTION

As of 1st July 2007 all end recipients, that is customers
purchasing electricity for own needs, are entitled to freely
choose the electricity supplier [13]. Since the freeing of the
electricity prices until the end of October 2012 over 61 500
of industrial and commercial customers and almost 64 thou-
sand households have used the right to change the electric-
ity provider [18]. Customers who have exercised this right
may become schedule-based recipients, provided that they
are equipped with a measurement and billing system, with
a possibility to register the real hourly power consumption
values [8]. In such case they are obliged to develop a com-
mercial consumption schedule which specifies the amounts
of power demand in the specific hours of day and night ‘»’.
This schedule must be submitted in a format determined in
the power supplies contract to the distribution system on
the day ‘n-1’ before 7.30 am. It is mainly the quality of the
developed load schedule which determines whether instead

of expected profit additional expenses will be incurred due to
the necessity to make additional deals in the power balancing
market [12]. On the day ‘n+1’ a clearance of differences gen-
erated by the real consumption diverging from the ordered
power in the specific hours of the ‘»’ day is performed. Such
clearance is carried out on basis of dynamically changing
prices of electric power on the balance market in the specific
hours of the ‘n’ day.

As an alternative for acting as a schedule-based cus-
tomer within the SMEs sector, and in order to lower the
electricity costs, it is possible to remain a tariff customer
and renegotiate the so-far terms of contract, together with
the re-selection of power demand and tariff group [14, 16].
While negotiating the unit price of electric power with the
current or new supplier it is advantageous to have an own
hourly power demand profile which enables the customer to
reduce the balance difference against the allocated standard
power consumption profile.

The knowledge of the typical hourly power demand pro-
files of end customers is thus essential both from the point of
view of power suppliers and customers [20, 22]. Currently,
as electricity is regarded as merchandise, the appropriate
classification of daily load profiles and their effective anal-
ysis gains high economic and technical importance. The
developed power demand profiles may be used by the end
user among other for the creation of a commercial operating
schedule and the selection of an optimal tariff group. On
the other hand, power distribution companies use the load
curves in order to formulate their pricing strategies, devel-
op tariffs and undertake measures for the improvement of
efficiency of their distribution grids.

After the emerging of microprocessor devices for con-
stant measurement and recording of power consumption, the
access to data required for the construction of typical hourly
power demand profiles has become very simple. Extensive
databases are thus available, but the question arises how
to obtain the greatest possible amount of information to
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construct an optimal hourly load profile out of such a great
collection of power demand variation data.

The purpose of this study is to determine an optimum set
of decisive variables for the determination of typical hourly
power demand profiles of end users generating the lowest
total amount energy subject to clearance on the balancing
market.

MATERIAL AND METHOD

The objective of this study was accomplished on basis of
own research in a medium-size family company established
in 1990. The company runs a modern poultry slaughterhouse
with a cold store in the Matopolskie voivodeship. The main
scope of its business is slaughter and sales of poultry in the
national market, as well as Slovakia and Ukraine.

The study goal was achieved on basis of own research
results of 24-hour measurements and automatic recording
of average active power load and power consumption at
15-minute intervals, carried out for one year by means of
a specialist AS-3 Plus grid parameter analyser manufac-
tured by the Twelve Electric company from Warsaw. The
measurement results were then compiled into one-hour
time intervals and saved in a worksheet as a database. Each
record of the created database included also information on
the date and hour of the specific power consumption and
the number of production output quantity of a given day.
The collected data provided the basis to determine the in-
dicators depicting the daily fluctuation of load and develop
the daily load profiles.

In order to create homogeneous day groups of the great-
est hourly power consumption match rate, the adequacy
of the k-average grouping method and EM method was
checked, with the application of various distance measures
between clusters.

The quality evaluation of developed load profiles was
performed by (4PE) with the use of differences between the
forecast hourly power demand determined on their basis and
the real consumption, with the consideration of the value of
relative forecast tolerance (APE), average relative forecast
tolerance (MAPE) and percentage share of balance power
in the total power consumption (AESR):

()
1 &GI|E— 1p|
MAPE==-3%" 100, )
n oo t
i Er _Erp|
AESR, =2 -100, 3)

where:

E —real electric power consumption in # hour,

E » — forecast electric power consumption in # hour,
E—real electric power consumption in the examined period,
n —number of monitoring hours.

RESEARCH RESULTS

In the first stage of research, one common load profile of
all days of the year was developed on basis of raw data. As
the next step, the number of developed profiles was increased
for an ever narrower number of days, taking into account
calendar days, that is month name, type of day (working or
holiday) and day name. In the last stage it was assumed that
on the day preceding the planned electricity supplies, that is
day »-1, the facility would inform the seller whether slaugh-
tering of poultry was planned on day n, without providing the
production output quantity. The quality evaluation results of
the specific profiles are presented in Table 1.

According to the performed analyses, the development
of a single common hourly profile of power consumption for
all days of the year will have an average value of relative
forecast tolerance of 40%, while the share of power to be
cleared on the balancing market will amount to 30% of total
power consumption. As expected, the calendar data improved
the quality of developed typical profile models. On basis of
these information the lowest values of indicators reflecting
the quality of the hourly power demand schedule were ob-
tained by constructing separate load schedules for working
days and holidays, regardless of the specific months of the
year. For the analysed load profiles, the value of the MAPE
tolerance ranged from 20,79% to 24,25%. On the other hand,

Table 1. Quality of daily load profile developed with the consideration of the calendar

Type of schedule MAPE [%] | AESR [%]
Common schedule for all days of the year 39,75 31,51
Separate load schedules for working days and holidays 24,25 20,69
Separate load schedules for working days and holidays, taking into account whether slaughter activi-
. ; 22,80 19,90

ties were planned on a given day
Separate load schedules for working days, Saturdays, Sundays and holidays 22,91 19,80
Separate load schedules for the specific days of the week 22,63 19,57
Separate load schedules for working days and Saturdays, Sundays and holidays, taking into account

Lo . 21,66 19,42
whether slaughter activities were planned on a given day
Separate load schedules for working days and holidays in the summer, winter and spring-autumn 22,67 19,33
Separate load schedules for working days and holidays in the specific months 20,79 17,78
Separate load schedules for working days and holidays in the specific months, taking into account

L . 18,13 15,38
whether slaughter activities were planned on a given day
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the share of energy to be cleared in the balancing market
amounted to 17,78%-20,69% of total power consumption
in the facility. Thanks to the use of information whether
on a given day poultry slaughtering activities were to be
carried out, it was possible to lower the values of indicators
evaluating the quality of estimate profiles approximately by
further 2%. The reason why the quality of performed hourly
consumption forecast has improved was the correct classi-
fication of the specific day types into the groups of working
days and holidays. Poultry slaughtering was not performed
on every working day and also there were holidays on which
slaughtering-related processes were running.

Nevertheless, all the so-far developed typical hourly
power consumption profiles were highly erroneous. Their
main reasons include changes of load profile for working
days depending on the production output quantity and the
occurrence of days with modified production technology.
The first variable can be quite easily considered while de-
veloping the load curves, as daily production records were
maintained in the facility. The information on switching
between the production of whole or portioned poultry meat
were unfortunately not recorded.

In the next stage of research the determination of typical
days was performed, so that the respectively developed daily
load curves would allow to determine hourly power demand
forecasts generating smaller amounts of power proportion
to be cleared in the balancing market. The results of this
research will also be used to identify the days with the cor-
responding production process.

In order to create typical load profiles, the most effective
indicators reflecting the daily load variation were searched
for out of the ones described in the literature [1, 2, 3,4, 5,9,
10, 11, 17, 19]. Due to the great number of available indica-
tors, their preliminary selection was performed on basis of
their importance, variability and mutual correlation strength.

The importance analyses of the specific indicators was
performed on basis of convexity of the cumulative distri-
bution function. Examination of convexity of the empiric
cumulative distribution function was performed according
to the following algorithm [15]:

a) specific load variation indicators X(j = 1, 2,...,m) were
subjected to normalisation according to formula 4, as

a result of which vectors were obtained with feature

values contained within <0,1>:

x,.j—mmxl.f
— i LR . 7=
Xy = =12, j=12..p,
X max )Cl./. —min xl.,.

i i

(4)

b) transformed values of the specific features were
sorted ascending and a median was determined:

X + X
if(n ij(n
M= 5 "G 5)
e 2 s
c¢) value of the l indicator was found:

t;,=1- Z

(i:x;<0,5)

w; o j=12,..,p, (6)

where:

Evaluation of importance of the specific indicators per-
formed on basis of value 7. This parameter may be regarded
as an inhibitor, as together with its growth the feature im-
portance falls. For further analyses, only such load variation
rates were selected in case of which 1, was lower than the
adopted threshold value of 05.

In order to evaluate the variation of the specific indi-
cators, the ¢ variation rate was used, calculated with the
relationship (7) and it was required that the features are more
changeable than the arbitrarily adopted value of e=20% [15]:

g =—1, (7

where:
S/. — standard deviation of the load fluctuation rate,
X.:r — average value of the load fluctuation rate.

i

In order to eliminate unfavourable phenomena occurring
in case of common varying of coefficients, it was required
that the linear correlation power between the specific indi-
cators reflecting the load variation used for the development
of a typical load profile had to be lower than 0,8.

As the presented requirements for the development of
typical hourly power demand profiles are met, the following
indicators were selected:

Ty
daily power consumption: A, = IR-dt , (8)
i=1
daily peak load: P,
daily average load >
peak load hour: tw,
unevenness indicator of daily m = P , ©)
power demand: ° P,
daily peak compensation /. = By , (10)
grade: s p >
P..
daily load shape coefficient: k= ;’m >
dsr
daily load interval: R= B;S - [‘210 ,
. . 2 1 | 2 2
daily load variance: §T=— Z P =P, (1)
243
standard deviation of daily —
load: S=ENS
average deviation of daily L&,
load: d= ; R Pdsr > (12)
K
fluctuation rate of daily load: V= P
dsr
P .+PB,
daily load median: M = (5} (Tl) (13)
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geometrical average of daily
load: e

L
. ..-]324)24, (14)

, (15)

average harmonious daily
load:

where:

P, P/. - load in hour i (j),
Lj=12,..,724,

T,= 24 hours.

Due to the fact that many coefficients depicting the
load fluctuation fulfilled the requirements during the clus-
ter analysis performed in the Statistica 10.0 application,
attempts were made to determine the most effective indi-
cators by means of the ,,Selection of variables and analysis
of causes” module available in the programme. The cluster
analyses were performed with the k-average method and
EM method, belonging to the non-hierarchical catego-
ry. The classic algorithm of k-averages was popularised
by Hartigan [6, 7]. The essential idea of this algorithm is
to assign an observation of a set number of k-clusters in
such a manner that a minimum internal differentiation and
maximum inter-group differentiation is achieved. During
the cluster analysis performed with k-averages also the
influence of the following observation distance measures
was examined:

— Euclidean — distance (x, y) = Zn:m s
i=1

KRZYSZTOF NECKA

city (Manbhattan, City block) — distance:

(x’y):i

i=1

>

Xi =V

— Chebyshev — distance (x, y)= maksimum

Xi = Vil

The EM method algorithm for cluster analysis was de-
scribed in detail by Witten and Frank [21]. Its basic idea
relies on the determination of the probability density func-
tion for the specific variables. Then, the average value is
determined, together with standard deviation for each cre-
ated cluster, so that the reliability of observed distribution
is maximised. In the EM method, the distances between
clusters are calculated with the Euclidean measure.

In the specific analyses the optimum cluster quantity was
determined on basis of a crosscheck multiplied with v. This
method consists of dividing data into random-selected v-sep-
arable parts. In the next step, an analysis for the preliminarily
adopted & value is performed in order to find a prediction for
v-of this data group by using for this purpose v-/ of a part of
data as reference cases. As we know the dependent variable
data in the data cluster for which the prediction was made,
the prediction tolerance can be calculated. The accuracy
rate is counted as a percentage of properly classified cases.
Then the entire procedure is repeated for all v data segments.
At the end of the cycle the errors are averaged and model
quality measures are determined. The above procedure is
repeated for various k values. As an optimum number of
clusters k value was adopted with regard to which the best
model quality was obtained.

Table 2. Quality description of a daily load profile developed on basis of power demand fluctuation indicator cluster analysis

Grouping method Input variable, formula no. Cluster interval | Number of clusters | MAPE [%]| AESR [%)]
k-average algorithm |8-24 Euclidean 5 17,34 14,73
k-average algorithm |8-24 after standardisation Euclidean 5 17,34 14,73
k-average algorithm [9,16,23,24 Euclidean 5 18,43 15,68
k-average algorithm |24 Euclidean 9 19,93 16,16
k-average algorithm [9,10,14-16,19, 23, 24 Euclidean 5 17,47 14,8
k-average algorithm |8-24 Manhattan 5 21,39 17,3
k-average algorithm |8-24 after standardisation Manhattan 5 17,28 14,72
k-average algorithm |(9,16,23,24 Manhattan 6 18,04 15,12
k-average algorithm |24 Manhattan 9 18,61 15,04
k-average algorithm (8-10,14-16, 19, 23, 24 Manhattan 5 16,11 14,1
k-average algorithm |8-10,14-16, 19, 23, 24 after standardisation | Manhattan 5 18,31 15,29
k-average algorithm |8-24 Chebyshev 5 18,19 15,16
k-average algorithm |8-24 after standardisation Chebyshev 5 18,19 15,16
k-average algorithm |9,16,23,24 Chebyshev 5 18,48 15,55
k-average algorithm |24 Chebyshev 9 18,61 15,04
k-average algorithm |9,10,14-16,19,23, 24 Chebyshev 5 17,19 14,68
EM algorithm 8-24 Euclidean 3 19.4 16,13
EM algorithm 8-24 after standardisation Euclidean 5 16,02 14,16
EM algorithm 9,10,17,23,24 Euclidean 2 21,36 17,64
EM algorithm 13,14,21-23 after standardisation Euclidean 5 15,18 13,58
EM algorithm 24 Euclidean 1 39,74 31,51
EM algorithm 21 after standardisation Euclidean 2 26,23 21,49
EM algorithm 8-10, 14 -16, 23, 24 Euclidean 3 19,88 16,52
EM algorithm 8-10,13,14,19-23 after standardisation Euclidean 7 14,01 12,65
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In table 2, the error values of hourly power demand
forecast errors are listed, as obtained on basis of various
indicator combinations depicting the power demand and
various distance measures between the observations.

By using indicators depicting the fluctuation of load
for the purpose of determining days with a similar load
profile, both the average relative percentage tolerance and
the power cleared on the balancing market was reduced.
By using the k-average algorithm for analysing purposes
the lowest MAPE and AESR error values of 14,01% and
12,65% were achieved by using the following indicators for
the development of typical daily load profiles: daily peak
and average daily load of electric power, shape coefficient,
intervals, variance, daily load variation rate and production
output quantity. Also an over 1% error rate reduction was
observed in case of analyses where the clusters observation
interval was Manhattan.

The same set of variables in the cluster analysis with the
EM method has allowed to obtain load profiles that were
less consistent with real data, while forecasts created on their
basis generated higher amounts of power to be balanced
out. It was however noticed that for the EM algorithm one
can achieve much more homogeneous week day clusters,
and therefore develop load profiles which may generate
forecasts involving a relatively small error risk (MAPE =
14,01%, AESR = 12,65%), provided that the input data are
standardised. The desired impact of standardisation of ex-
ogenous variables on the quality of hourly power demand
forecasts was not clearly stated for the k-average algorithm.

CONCLUSIONS

According to the performed analyses, the development
of a single common hourly profile of power demand for
all days of the year will have an average value of relative
forecast tolerance of 40%, while the share of power to be
cleared on the balancing market will amount to 30% of total
power consumption.

Thanks to the use of calendar data for the development
of typical profiles, the MAPE tolerance was reduced below
25%. On the other hand, the share of energy to be cleared
in the balancing market remained below 21% of total power
consumption in the facility. Furthermore, thanks to the use
of information whether on a given day poultry slaughtering
activities were to be carried out (without information on
their extent), it was possible to lower the values of indicators
evaluating the quality of estimate profiles approximately
by further 2%.

By using indicators depicting the fluctuation of load for
the purpose of determining days with a similar load pro-
file, both the average relative percentage tolerance and the
power cleared on the balancing market was reduced. Within
the performed research the lowest MAPE and AESR error
values of 14,01% and 12,65% were achieved with the EM
concentration analysis algorithm and the following varia-
bles: daily peak and average daily load of electric power,
shape coefficient, interval, variation, daily load fluctuation
rate and production output quantity. The obtained tolerance

(error) level will act as a point of reference while developing
hourly power demand forecasts both for conventional and
alternative models.
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DOBOR ZMIENNYCH DECYZYJNYCH DO
BUDOWY CHARAKTERYSTYCZNYCH PROFILI
ZAPOTRZEBOWANIA ODBIORCOW KONCOWYCH
NA MOC I ENERGIE ELEKTRYCZNA

Streszczenie. W pracy przedstawiono wptyw zmiennych decy-
zyjnych oraz réznych metod grupowania na jakos¢ opracowane-
go grafiku godzinowego zapotrzebowania na energie elektryczna.
Sprawdzono przydatno$¢ réznorodnych wskaznikéw opisujacych
zmiennos$¢ zuzycia energii elektrycznej do wilasciwej klasyfi-
kacji dobowych profili obcigzenia podczas tworzenia skupien.
Z wykonanych symulacji wynika, Ze najnizsze wartosci ble-
doéw MAPE i AESR o wartosciach 14,01% i 12,65% uzyskano
wykorzystujac do analizy skupien algorytm EM i nastgpujace
zmienne: dobowe obcigzenie szczytowe oraz $rednie, dobowe
zuzycie energii elektrycznej, wspotczynnik ksztaltu, rozstep,
wariancj¢, wspdtczynnik zmiennosci obcigzenia dobowego oraz
czysta ilo$¢ sztuk produkcji. Ponadto zaobserwowano, ze w
analizie skupien wykonywanej w oparciu o algorytm EM uzy-
skano bardziej jednorodne grupy dni tygodnia pod warunkiem,
ze zmienne wejsciowe zostaty poddane standaryzacji.

Stowa kluczowe: analiza skupien, profil obcigzenia, prognoza
krétkoterminowa, wskazniki zmienno$ci obcigzenia.
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Summary. In the paper presents the results of a research on the
influence of potato pulp content (15, 20 and 25%) in a mixture
with buckwheat hulls and the variable mass flow rate of the
mixture (50, 75 and 100 kg-h™') on the energy consumption of the
pelletisation process and on the moisture content of the obtained
pellets. On the basis of the research results it was established
that the addition of potato pulp to pelletised buckwheat hulls
caused a significant reduction in the power consumption of the
pellet mill at each of the tested mass flow rates of the flow of
the mixture through the working system of the pellet mill and
increase of the moisture content of the densified mixture and the
pellets produced from this mixture.

Key words: potato pulp, buckwheat hulls, energy consumption,
moisture content of pellets.

1. INTRODUCTION

Due to the requirement addressing the reduction of
carbon dioxide emission into the atmosphere, universally
respected in the recent years, the use of biomass as a raw
material in the production of electric energy and heat,
including waste biomass from the agriculture and food
industry, has become more and more common. Due to
the increase in prices and the increasingly more limited
accessibility of wood sawdust on the market, as report-
ed by Stolarski, Kwiatkowski [23], there is an growing
interest in the use of other natural raw materials for the
production of pelletised biofuels, e.g. sunflower, coffee,
oats, and many other types of post-production waste [21,
22], including those from the agriculture and food industry
[3, 24, 14].

One of the types of waste raw materials obtained from
processing buckwheat into groats are by-products such as
contaminants, hulls, or shredded buckwheat grains, mixed
with particles of broken hulls, commonly known as buck-
wheat bran. Buckwheat hulls have multiple uses: due to their

therapeutic properties they are sold as pillow filler material
for therapeutic pillows, quilts or mattresses [23]. Despite
the low nutritional value, and owing to the high content
of phenols of strong antioxidant properties, they can serve
as a source for obtaining these compounds [23]. They can
be used as a fodder additive, which allows it to be stored
for longer periods of time [2]. They are also used as a raw
material for creating composts and substrata for horticulture;
as bedding for domestic animals; and as filler for packing
fruit and fragile goods [23]. In practice, however, as claimed
by Stolarski and Kwiatkowski [23], buckwheat hulls are
most commonly treated a waste material, and buckwheat
processing plants are seeking realistic possibilities of their
utilization.

Stolarski, Kwiatkowski [23] claims that the calorific
value of by-products of buckwheat processing, as well as
the pellets produced from them, is similar to the calorific
value of pellets from pine sawdust or pellets from the com-
mon osier. The content of sulphur in buckwheat hulls is
very small, therefore, combustion of fuels produced from
them causes only a negligible pollution to the environment,
which is obviously a significant aspect as far as environmen-
tal protection is concerned. According to Borkowska and
Robaszewska [1], the advantages of briquettes obtained from
buckwheat hulls are similar to those of wood briquettes,
and their calorific value is higher than the calorific value
of firewood.

An undeniable drawback of buckwheat hulls, however, is
their small bulk mass, which makes transport difficult; hence,
processing the hulls in the plant where they are produced is
the most beneficial solution. In addition, unshredded buck-
wheat hulls are a material characterized by a low suscepti-
bility to densification, which is confirmed by the author’s
own research as well as the experiments of Ekofrisa [6],
a company that produces pellets from buckwheat hulls. The
research allowed to conclude that the production of pellets
from buckwheat hulls is more complicated than the produc-
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tion from typical biomass material e.g. sawdust, because
buckwheat hulls have no binding material. Therefore, hulls
are ground into dust and compressed with steam. Due to this,
in order to increase the susceptibility of buckwheat hulls to
densification and improve the conditions for carrying out the
process, a binder material needs to be added to them during
the pelletisation process. Potato pulp, which mainly consists
of raw fiber, starch remnants and mineral compounds, and is
a post-production waste material created during the produc-
tion of potato starch, can serve as such a material.

According to many researchers the introduction binder
additives or another type of biomass waste causes an in-
crease of the kinetic durability of the obtained pellets and
a reduction of the power consumption of the pelletisation
process [4, 5,7, 17, 18, 19, 20].

Mediavilla et al. [9] pelletized different mixtures of vine
shoots and cork in a commercial pellet mill, using a 20 mm
compression flat die. They discovered that with the addition
of industrial cork residue to vine shoots less energy was de-
manded. Other Mediavilla et al. [10] work show that maize
starch or lignosulphonate addition (in dosages of 2.5, 5.0
and 7.0 wt.% (d.b.) of dry additive) increased the process
stability and decreased the specific energy demand during
the pelletisation process of poplar. Kaliyan and Morey [7]
also confirmed that addition of lignosulphonate as a bind-
er during pelletisation process improves pellets physical
quality and decreases energy demand. According to Kulig
and Laskowski [8], total energy consumption of pelleting
is affected mostly by the chemical composition of the pro-
cessed raw materials. Niedziotka et al. [11] claims that the
value of power consumption during the densification process
is considerably affected by contents of particular elements
in plant mixes used for pelleting. Increase of ground wheat
and sawdust in plant mixes results in an increase of power
consumption from 14 to 34% compared to the power con-
sumed for mixes with lower contents of these elements.
Stahl and Berghel [20] concluded, on the other hand, that
as the content of turnip waste obtained in the process of
making turnip oil in the densified mixture with sawdust
was increasing, the energy consumption of the pelletisation
process, as well as the mechanical strength and density of
the obtained pellets, were decreasing.

The purpose of the paper was to determine the influence
of the addition of potato pulp to buckwheat hulls and the
variable mass flow rate of the flow of the mixture through
the working system of the pellet mill on the power con-
sumption of the process and on the kinetic durability of the
obtained pellets.

2. RESEARCH METHODS

This paper presents the results of a research study on
the process of pelletisation of a mixture of post-production
waste: buckwheat hulls, which were post-production waste
created during the production of buckwheat groats in Pod-
laskie Zaktady Zbozowe S.A. in Biatystok, and potato pulp,
which was a remnant of washing out starch from potatoes
in PEPEES S.A in Lomza.

The moisture content of the raw materials (buckwheat
hulls, potato pulp and the prepared mixtures of buckwheat
hulls and pulp) before the densification process was de-
termined pursuant to PN-76/R-64752 using a WPE 300S
moisture balance with an accuracy of 0.01%, according to
the methods presented in [12, 15]. Each time the moisture
content of five samples was determined. For the purpose of
the measurements, samples with a mass of 5 g were taken
and dried in a temperature of 105°C until the indications of
the moisture balance remained unchanged in three consec-
utive readouts in 15s intervals. The mean of the obtained
values was adopted as the end result of the determination
of the moisture content.

The tests of the pelletisation process of the mixture of
buckwheat hulls with potato pulp were carried out on a SS-4
test stand (fig. 1), whose main component was a P-300 pel-
let mill with a “flat matrix — densification rolls” working
system.

The pellet mill (1) was driven by the electric motor 2,
whose torque was transmitted through a bevel gear to the
shaft on which a flat rotating matrix was mounted; the matrix
worked with a stationary system of two bearing-supported
densification rolls that force the densified material through
the matrix openings. Feeding the densified raw material
evenly to the working system of the pellet mill 1 was pos-
sible owing to the vibrating feeder 5, passing the material
to the working system of the pellet mill through the inlet 3.
The pellets left the working system through the outlet 4. The
SS-4 stand was equipped with a universal meter 6 for meas-
uring the electric power demand of the device, and a Spider
8 recorder 7 connected to the computer 8. Signals from the
universal meter 6 were transmitted to the Spider 8 recorder
7 in the form of binary files which were further processed
using the Microsoft Excel and Statistica 10.0PL software.

In the course of the tests carried out on the SS-4 stand,
the influence of potato pulp content (z =15 %, 20 % and 25
%) in a mixture with buckwheat hulls and the mass flow
rate of the flow of the mixture through the working system
of the pellet mill (50, 75 and 100 kg-h™') on the electric
power consumption of the engine driving the pellet mill,
as well as on the kinetic durability of the obtained pellets
were determined.

The tests of the densification of the mixture of buck-
wheat hulls with potato pulp in the working system of the
pellet mill, were conducted for the working gap between the
densification roll and the matrix of #=0.4 mm and a rota-
tional speed of the matrix of n_=280 rpm. The diameter of
the openings in the matrix used in the tests was d =8 mm,
while their length was / =28 mm.

Designating the humidity of the materials, mixture and
obtained pellets was performed pursuant to PN-76/R-64752
with the use of a WPE 300S scale-dryer exact to 0.01%.
Each time, the humidity of five samples was determined.
In the measurement, samples weighing 5g each were taken
and dried at the temperature of 105°C until three consecu-
tive readings of the scale-dryer at intervals of 15s remained
unchanged. The mean values obtained as a result of this
procedure were adopted as the final result of determining
the humidity.
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Fig. 1. The SS-4 stand: a) schema of the stand: 1 — working system of the peletizer with the flat matrix, 2 — electric engine driving
the peletizer, 3 — cover up the material, 4 — pour out of the pellets, 5 — vibratory feeder, 6 — universal measure to the measurement
of the power consumption, 7 — record- keeper Spider 8, 8 — the PC computer, b) the view of the stand

RESEARCH RESULTS

Fig. 2 shows the results of the tests of the influence of
the content of potato pulp in a mixture with buckwheat hulls
and the influence of the mass flow rate of the flow of the
mixture through the working system of the pellet mill on
the power consumption of the pellet mill.

The obtained test results (fig. 2) allowed to conclude that
increasing the content of potato pulp in a mixture with buck-
wheat hulls from 15 to 25 % caused a significant reduction
of the power consumption of the pellet mill, by approx. 35
% at a mass flow rate of the flow of the mixture through the

working system of the pellet mill of 50 kg-h™!' (from 2.08 to
1.35 kW); by approx. 35% at a mass flow rate of the mixture
of 75 kg-h'! (from 2.73 to 1.78 kW); and by approx. 51 %
at a mass flow rate of the mixture of 100 kg-h! (from 4.26
to 2.07 kW).

The achieved reduction of the power consumption of the
pellet mill is caused mainly by the significant increase of the
moisture content of the mixture resulting from the increased
potato pulp content, from 15 to 25 % (fig. 3).

On the basis of the conducted research of the moisture
content of the buckwheat hulls and of a mixture of buck-
wheat hulls and pulp prior to the pelletisation process it
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Fig. 2. Correlation between the power consumption of the pellet
mill, the content of potato pulp in a mixture with buckwheat
hulls and the mass flow rate of the flow of the mixture through
the working system of the pellet mill
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Fig. 3. Correlation between the moisture content of the mixture

of buckwheat hulls with potato pulp and the potato pulp content
in the mixture

was concluded that the moisture content of the mixture is
increasing as the content of pulp in the mixture is increasing.

Buckwheat hulls have a low moisture content of approx.
9.2 %. Pelletisation of hulls of such a low moisture content
yields unsatisfactory results. In order to increase their sus-
ceptibility to densification and to obtain high density pellets,
they need to be shredded, their moisture content needs to be
increased prior to the pelletisation process or a binder addi-
tive needs to be used. Potato pulp can serve as such an addi-
tive, as shown in the author’s previous research [12, 13, 15].

The moisture content of the buckwheat hulls mixture
increased from 18.63 % (at a 15 % pulp content in the
densified mixture) to 26.23 % (at a 25 % pulp content in
the densified mixture). Increasing the pulp content in the
densified mixture resulted in obtaining bigger and bigger
amounts of binder (in the form of a sticky liquid produced
from starch and moisture) during the pelletisation process.
The increasing content of the produced binder had the effect
of “lubrication” of the surface of the openings in the pellet
mill matrix, and of reduction of resistance to forcing through
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the openings. This, in turn, caused a reduction of the power
consumption of the pellet mill. This is confirmed by other
research of the author, conducted for a mixture of oat bran
and potato pulp [16].

The obtained test results (fig. 2) allowed to conclude
that increasing the mass flow rate of the flow of the mixture
through the working system of the pellet mill from 50 to
100 kg-h caused an increase of the power consumption of
the pellet mill. At a pulp content in the mixture of 15 %, the
increase of the power consumption of the pellet mill was
approx. 105% (from 2.08 to 4.26 kW); at a pulp content in
the mixture of 20%, the increase of the power consumption
of the pellet mill was approx. 49% (from 1.58 to 2.36 kW);
whereas at a 25% pulp content in the mixture the increase of
the power consumption of the pellet mill was approx. 53%
(from 1.35 to 2.07 kW).

The observed increase in the power consumption of the
pellet mill at an increasing mass flow rate of the flow of the
mixture through the working system of the pellet mill is
caused by the fact that as the amount of mixture fed to the
working system of the pellet mill is increasing, the amount
of material densified in a single densification cycle is also
increasing (the thickness of the layer of material pumped
into the matrix openings in a single densification cycle is
increasing). The increased thickness of the layer in a single
densification cycle translates into an increase of the resist-
ance to forcing through the openings and, consequently, an
increase of the power consumption of the pellet mill.

The influence of the pulp content z  in a mixture with
buckwheat hulls and the mass flow rate of the flow of the
mixture through the working system Q_on the power con-
sumption of the pellet mill N, obtained during the densifi-
cation of a mixture of buckwheat hulls and potato pulp in
a “flat matrix — densification rolls” working system was
described by the following equation:

N,=4.62-0.46z,+0.067Q +0.013z
-0.003z, @ +5.87x10°Q > [kW], (1)

where:

z, —pulp content in a mixture with buckwheat hulls [%],

0, — mass flow rate of the densified mixture [kg-h™'].

Fig. 4 shows the results of the tests of the influence of
potato pulp content in a mixture with buckwheat hulls and
the mass flow rate of the flow of the mixture through the
working system of the pellet mill on changes in moisture
content of the obtained pellets.

On the basis of the performed tests (fig. 4), it can be
concluded that increasing the pulp content in a mixture
with buckwheat hulls from 15 to 25 % caused a significant
increase of the moisture content of the pellets, determined
immediately after the densification process.

The obtained increase of the water activity and the mois-
ture content of the pellets as the pulp content increased in
a mixture with buckwheat hulls was increasing from 15 to
25 % was caused by the moisture content of the mixture
increasing as the pulp content in a mixture with buckwheat
hulls was increasing (fig. 3).
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Fig. 4. The influence of potato pulp content in a mixture with
buckwheat hulls and the mass flow rate of the flow of the mixture
through the working system of the pellet mill on the moisture
content of the pellets

The obtained test results (fig. 4) also allowed to conclude
that increasing the mass flow rate of the flow of the mixture
through the working system of the pellet mill from 50 to 100
kg-h' caused a slight reduction of the moisture content of
the obtained pellets. The highest reduction of the moisture
content of the obtained pellets as the mass flow rate of the
flow of the mixture through the working system of the pel-
let mill was increasing from 50 to 100 kg-h™' was recorded
at a 15 % pulp content in the mixture — a reduction of the
moisture content of the obtained pellets by approx. 7%.

The pelletisation process caused a reduction of the mois-
ture content (fig. 4), in comparison with the moisture content
prior to the densification process (fig. 3).

CONCLUSIONS

1. Increasing the potato pulp content in a mixture with
buckwheat hulls from 15 to 25 % caused a significant
reduction in the power consumption of the pellet mill
at each of the tested mass flow rates of the flow of the
mixture through the working system of the pellet mill.

2. Increasing the mass flow rate of the flow of the mix-
ture through the working system of the pellet mill
from 50 to 100 kg-h"!' caused a significant increase of
the power consumption of the pellet mill, at each of
the tested pulp contents in a mixture with buckwheat
hulls. The highest increase, by approx. 105 % (from
2.08 to 4.26 kW), was recorded at a pulp content in
the mixture of 15 %.

3. The pelletisation process influenced the reduction of the
moisture content of the densified mixture. The value of
the reduction of the moisture content was decreasing as
the pulp content in the densified mixture was increasing.
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OCENA ZAPOTRZEBOWANIA NA MOC W PROCESIE
PELLETOWANIA ODPADOWYCH MATERIALOW
ROSLINNYCH

Streszczenie. W pracy przedstawiono wyniki badan wptywu
zawartosci wycierki ziemniaczanej (15, 20 1 25%) w mieszani-
nie z tuska gryki oraz warunkdw prowadzenia procesu granulo-
wania (zmiennego masowego natgzenia przeplywu mieszanki:
50, 751100 kgeh') na energochtonnos¢ procesu granulowania
oraz na wilgotnos¢ otrzymanego granulatu. W wyniku badan
stwierdzono, ze dodatek wycierki ziemniaczanej spowodowat
znaczny spadek zapotrzebowania granulatora na moc przy
kazdym z badanych masowych natezen przeptywu mieszanki
przez uktad roboczy granulatora oraz istotny wzrost wilgot-
nosci zaggszczanych mieszanek oraz pelletu wytworzonego
z tych mieszanek.

Stowa kluczowe: wycierka ziemniaczana, tuska gryki, zapotrze-
bowanie na moc, wilgotno$¢ granulatu.

Research carried out within the framework of independent research MNiSzW Nr N N504488239.
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Summary. The analysis of the light effectiveness of the chosen
LED type electric sources used in motorization was shown in the
article. The test stand and the test methodology were described.
The evaluation of the influence of LED type bulb and the way of
its fixing on the efficiency of generating the luminous flux was
made on the basis of carried out measurements.

Key words: car lighting, LED bulbs, light effectiveness.

INTRODUCTION

Certifying a car vehicle fit for use needs meeting many
technical requirements [9]. One of the basic ones is the effi-
ciency of lighting elements, both the lighting of road (road
lights, passing lights, fog lights, reverse lights) and signalling
(indicators, stop lights, parking lights). The use of LED type
light sources in new constructions of vehicles encourages the
owners of older vehicles to search for this type of new light
sources and their use in their vehicles. Therefore the range
of LED construction were launched on the market [6, 10, 14,
15, 16]. They were recommended as the replacements for
traditional bulbs. Unfortunately LED type light devices are
fixed in lighting fittings which were certified for incandescent
lighting, thus the vehicles which lighting doesn’t meet stand-
ards can be often met on roads (e.g. the inequality of lighting
of the observed surface). It made the authors carry out test
allowing to determine the basic parameters of the lighting of
the chosen sources of the incandescent light and LED type
lighting which can be used in car vehicles.

CAR LIGHT SOURCES

Electric lights sources used in car vehicles can be divided
on the basis of the working principle into incandescent lamps
and discharge lamps [8]. The construction of these lamps
is shown in Fig. 1.
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Fig. 1 Car light sources [2]: a. incandescent lamp; b. discharge lamp

In the first group the working principle is based on the flow
of current through a conductor. The second group uses the elec-
tric discharge in gases. The incandescent lamp emits the light
as the result of the heating of the heating element (filament)
[12]. The quantity of the emitted light stream and its colour
depend on the temperature of the filament. It is proportional
to the intensity of the flowing current. Supply voltage and the
resistance of the filament influence the value of intensity [1].

The discharge lamp emits the light in the result of the electric
discharge in the arc tube. The change of the spectrum of light
radiation is obtained by changing the gas which arc tube is filled
with [17]. Xenon is popular gas at present. Unfortunately these
sources of the light require the additional converter raising the
supply voltage. The LED light-emitting diode — the new kind
of the light source does not have this inconvenience. The visible
radiation comes into being in the result of the recombination of
electric charges coming through the p-n joint [4]. The schematic
principle of the operation of LED was shown in Fig. 2.
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Fig. 2. The schematic principle of operation of light-emitting
diode [own study]
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In the result of the connection of the electron with “the
hole” there is the excess of energy in the p-n joint which is
emitted as the electromagnetic radiation [5]. The frequency
of the wave, that is the colour of the light, depend on the
composition of the base material of the semi-conductive
element [13]. The intensity of radiation however depends
on the intensity of the electric current coming through the
p-n joint [7].

THE TEST STAND

Measurements were carried out with the use of the test
stand made in the Department of Technology Fundamentals
in Lublin (Fig. 3). The darkroom (1) was used for the test
and the investigated sources of light (2) were placed inside.
Light source were connected to the controllable feeder of
direct current (3). The source of light lit up the measuring
screen (4), on the surface of which the illumination was
measured with the luxmeter.

Fig. 3. The test stand for the investigation of the car light sources
[own study]: 1- the darkroom; 2 — the lighting fitting of the light
source ; 3 — DC feeder; 4 — the measuring screen

The light sources with the type P21W fixing handle were
used for the tests. The bulbs of this type are used e.g. in fog
lights . R21W bulb, RSW bulb and LED lighting with 5, 9,
12 and 19 light-emitting diodes were used to the test (Fig.4).

The light sources mentioned above were installed in the
lighting fitting of rear fog lights (Fig. 5) with the central
fixing and side fixing of the light source.

The light bulbs were added to the controllable feeder of
the direct current, enabling the control and the measurement
of the voltage and the measurement of the intensity of the
supply current.

a _ b c
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Fig. 4. Light sources used in tests [L11]: BA15s—R21;b. BA15d
—R5;¢c.BA15s—5LED; d. BA15s—9LED; e. BA15s— 12LED;
f.BA15s — 19LED

a

Fig. 5. The lighting fittings used in the test [own study]: a. the
central fixing of the light source; b. the side fixing of the light
source

THE TEST METHODOLOGY

In order to avoid the influence from outside the test
stand was placed in the darkened room. Lighting fittings
were fixed to the tripod allowing the control of the fixing
height. Light sources were connected to DC feeder. They
were supplied with two voltages 12 V and 14,6 V. It corre-
sponds respectively to the voltage of the charged battery and
the charging voltage developing when the vehicle engine
is running. The feeder makes it possible to read the supply
voltage U as well as the consumed current 1. The lighting
of the surface was observed on the measuring screen placed
in the distance of 1.5 m from the light source. The surface
of the screen was divided into SO0mm x 50mm squares.
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Each square had attributed coordinates, in order to obtain
the explicitness and the repeatability of the position of the
measuring points. 80 readings of the value of the lighting
intensity were made in every measuring series, placing the
sensor of the Elbro ELX2111 Light Meter illuminometer on
the marked areas of the screen. The results of measurements
were shown in the tables of the spreadsheet (table No. 1).
The obtained results of the measurements of the lighting
intensity E were converted into the light stream f on the
basis of the dependence:

80

$=D E, Slim],

i=1

(1

where:
E, — lighting intensity in measuring point i, Ix,
§ — the surface of the unitary measuring area, m?.

The measured value of the supply voltage U and the
value of the current intensity I make it possible to calculate
the power of the light source:

P=U-I[W]. 2)
The parameters calculated on the basis of the dependence

(1) and (2) enable the calculation of the light effectiveness
of the tested light source [8]:

¢
== [Im/W]. 3
n=" lim/W] 3)
THE TEST RESULTS

The measurements were carried out to determine the
illumination in given points of the measuring screen. The
results of measurements for RSW bulb supplied with the
voltage of 14.6 V being the reference to further tests were
shown in Table 1.

On the basis of carried out tests the value of the power
of the lighting source, the light stream and the light effec-
tiveness were calculated. The overall results of calculations
were shown in Table 2.

Table 1. The distribution of the illumination of the measuring
screen lighted with the RSW bulb supplied with the voltage of
14.6V centrally installed in the lighting fitting

143 65 | 38 | 20 | 17 | 20 | 41 | 57 | 74 | 30

118 | 62 | 46 | 25 | 17 | 23 | 42 | 60 | 95 | 38

77 | 37 | 24 | 20 | 18 | 22 | 30 | 64 | 73 | 59

89 [ 52 | 21 | 19 | 18 | 20 | 24 | 42 | 72 | 43

84 | 36 | 22 | 18 | 17 | 20 | 27 | 50 | 81 | 46

34 | 35 | 33 | 27 | 23 | 26 | 33 | 36 | 98 | 38

20 | 24 | 28 | 28 | 26 | 28 | 28 | 26 | 43 | 26

9 11 | 13 (17 | 17 | 18 | 17 | 16 | 15 | 10

Table 2. The electric power, the light stream and the light
effectiveness of studied light sources.

The type | Bulb |Power,| The light | The light effec-
of lighting| fixing W |stream ¢, Im | tiveness E, Im/W
tral 5.8 7.6 1.3
ROW (s:ie;era 5.7 13.2 2.3
tral | 28.3 97.3 3.4
R2IW Zie;e - 28.2 199.5 7.1
g S Y TR T
e S T N TR MY
1 . . .
By —
1 1. 4 .1
Ny —

The preliminary analysis of the received test results
showed that LED type light source can replace only the bulb
of RSW type as far as the light stream is concerned. Thus the
further lists do not contain calculations for the R21W bulb.

The basic parameter enabling the exchange of light ele-
ments is the light stream emitted by them. The list of values
of light streams emitted by various light sources with the
voltage supply of 14.6 V and for two ways of fixing the bulb
in the lighting fitting (central and side) was shown Fig. 6.
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9 LED
12 LED
Fig. 6. The comparison of light streams emitted by studied light
sources

The comparison of light streams reaching the measuring
screen lets us state that 12LED can be the equivalent of the
R5W bulb. It has the comparable value with the central
fixing in the lighting fitting (7.6 Im and 6.8 lm, i.e. approx-
imately 10% less) and higher with the side fixing (13.2 lm
and 15.0 Im, i.e. approximately 13.6% more). The remain-
ing diode light sources however generate the smaller light
stream. 19LED has the stream lower by approximately 30%
with the central fixing and by approximately 9% with the
side fixing. In 9LED the fall of the stream is approximately
as much as 41% with the central fixing and approximately
46% with the side fixing. SLED however is characterized
by respectively approximately 39% and 51% lower value
of the stream.

The basic advantage of LED type light sources is their
high light effectiveness, that is the quantity of the light
stream received from 1 watt of the electric power. Thus it
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was the next parameter which was the subject of the analysis.
The comparison of light effectiveness of the studied light
sources was shown in Fig. 7.

central mside

H
20
o

14,0

Light effectiveness 77, Im/W
crsgztfEl

12 LED
19 LED

Fig. 7. The comparison of light effectiveness of the studied light
sources.

On the basis of the analysis of the of calculations it can
be concluded that light effectiveness was higher for every
studied light source with side fixing. The diode with 12
light elements (12LED) had the highest light effectiveness.
It equalled 17.1 Im/W. The diode with 5 elements (5 LED)
had the effectiveness lower by 14 % (14.8 Im/W), the diode
with 9 elements (9 LED) had the effectiveness lower by 30%
(12.1 Im/W) and the one with 19 elements (19 LED) had
the effectiveness lower by 60% (6,9 Im/W). The RSW bulb
had the lowest efficiency. Its light effectiveness equalled
2.3 Im/W which was approximately 13% of the maximum
effectiveness.

With the central fixing the values of light effectiveness
were ranked in the same way as in the side fixing. Their
values however were lower by approximately 50% for 12
LED, 30% for 5 LED, 35% for 9 LED and 55% for 19 LED.

CONCLUSIONS

Lighting fittings of car lights used nowadays are de-
signed to use heat or discharge light sources. The use of
LED sources in these fittings makes it impossible to use the
produced light fully, because of different ways of radiation
distribution. The light sources of the LED type emit the
directed radiation while the heat sources send the light in
all directions.

Large light effectiveness is characteristic of the LED
type sources so they becoming more and more popular sub-
stitutes of traditional bulbs.

The tests show that these substitutes can only be used in the
fittings for fixing light sources used for lighting the elements
of the vehicle e.g. the lighting of registration boards or the
lighting of the interior. Because the requirements for signalling
light such as positional lights or rear fog lights are higher LED
with larger number of light elements should be chosen. In our
tests it was possible to replace the RSW bulb with 12LED or
19LED diode. The smaller number of elements did not fulfil
the condition of the equivalence of the light stream.

However, the large efficiency of the lights of the LED
type should lead to development of the new constructional

solutions of the lighting fittings adapted to the use of this
new light source.
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EFEKTYWNOSC ZASTEPCZYCH ZRODEL SWIATLA
STOSOWANYCH W UKLADACH SYGNALIZACII
POJAZDOW SAMOCHODOWYCH

Streszczenie. W artykule przedstawiono analiz¢ skutecznosci
$wietlnej wybranych elektrycznych zrdodet $wiatta typu LED
stosowanych w motoryzacji. Opisano stanowisko badawcze
i metodyke badan. Na podstawie przeprowadzonych pomiarow
dokonano oceny wplywu typu zaréwki LED oraz sposobu jej
mocowania na efektywnos$¢ wytwarzania strumienia $wietlnego.
Stowa kluczowe: oswietlenie samochodowe, zarowki LED,
skutecznos¢ $wietlna.
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Summary. The study analyzed the effect of thermal processing on
changes in the structure of green peas, which was then compared
with the texture of canned peas. Thermal processing was done by
means of the traditional method (boiling) and in a steam convection
oven with different processing parameters. The time of processing
and the amount of steam had a significant influence on changes of
parameters such as: hardness, elasticity, cohesiveness, gumminess
and chewiness. While comparing the values of distinguishing fea-
tures of canned green peas, it was observed that they were similar
to the values obtained for frozen peas after the process of boiling.
Key words: thermal processing, texture, green peas.

INTRODUCTION

The common pea (Pisum sativum L.) is a species of legu-
minous annuals from the Fabaceae. Pisum sativum has been
known for a few thousands of years, which is confirmed by
archaeological findings from the early Neolithic Age (6,000
BC). On the area of Poland the pea was known in the 6™
century BC, and the evidence was found in Biskupin settle-
ment. The first information on its cultivation comes from the
middle of the 19" century, yet it did not become cultivated
on a wide scale until after the 1% World War [1, 2, 3, 11].

As regards its nutritional value and organoleptic proper-
ties, grean peas are one of the most valuable food products.
It contains a lot of protein, B vitamins, nicotinic acid, pan-
thotenic acid and folic acid, little vitamin C, yet quite a few
minerals: potassium, calcium, iron, manganese, phosphorus,
sodium, copper, chlorine and iodine [7].

Regarding the structure of the pod, two botanic pea vari-
eties can be distinguished: snow pea (Pisum sativum L. var
saccharatum Ser.) which can be eaten as a whole as it does
not have fibrous layer in the inner pod, and scaly pea (Pi-
sum sativum L. var pachylobum Beck.) with its pods having
a “parchment” layer and we can eat its unripe green seeds.
As far as the way we make use of it is concerned, we can

distinguish pea harvested when still green, that is harvesting
mature succulent pods in the state of the so-called milk ma-
turity, filled with green seeds of varied intensity, from dark
green to pastel green, and pea harvested dry, that is harvesting
dried pods with hardened seeds inside [7, 9, 11, 13, 15].

Green peas are cultivated primarily as an edible plant
meant almost exclusively for food processing industry. In
food processing fresh seeds are preserved by freezing or can-
ning, and the procedure must take place during the quickest
possible time following harvesting. Pea seeds meant for sales
i.e. direct consumption or processing should fulfill a number
of requirements regarding their organoleptic assessment.
The pea should look clean, intact, healthy, well-shaped, the
diameter of the seeds must be at least five millimeters. It
should be green or yellow, with natural and specific smell [5,
8, 12, 14, 15]. Thus, the aim of the study was to determine
the range of modifications: hardness, elasticity, cohesiveness,
gumminess and chewiness of frozen green peas, resulting
from thermal processing. The results were compared with
the data obtained for canned peas [4, 6, 10].

MATERIALS AND METHODS

The research material was provided by canned and fro-
zen green peas made by Bonduelle.

Prior to analyses, frozen pea seeds were calibrated in
order to make them homogenous regarding their size. The
material prepared in this way was next subject to thermal
processing. Each research sample consisted of 15 seedlings
of similar mass and size. In the case of canned peas, the
seedlings were separated from the sauce.

The seedlings of frozen peas were thermally processed by
boiling and heating in the steam convection oven. The ther-
mal processes were done at different time spans, i.e. for 5,
10, 15, 20 and 25 minutes. Steam heating was performed
in the XV 303G oven made by Unox, at the temperature
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of 80° C and 100° C, with the 100% addition of steam in
relation to the initial humidity in the oven’s chamber.
Immediately after heating, the texture of warm seedlings
(and canned seeds) was analyzed. The measurement of the
compression force of individual seedlings was performed in
the TA. XT plus texture meter co-operating with the comput-
er. The material was double compressed, with the head mov-
ing at the speed of 50 mm-min™'. The process of compression
was performed at the constant deformation of the samples
amounting to 50% of their height, while the time of the break
between the series was 5 s. The measurements were done in
15 replications. The obtained measurements in the form of
a fiber diagram in the system of two coordinates of force and
time were used to determine the following parameters of the
texture: hardness, elasticity, cohesiveness, gumminess and
chewiness. After the analyses, the results of measuring the
compressive force of the samples were statistically analysed
(the analysis of regression and correlation) on the basis of
Texture Exponent 32 and Microsoft Excel software.

RESULTS

Figures 1-5 present changes regarding five distinguish-
ing features of the texture (hardness, elasticity, cohesiveness,
gumminess and chewiness) of frozen green peas, resulting
from thermal processing performed in different conditions.
All the analyzed variables are presented in the function of
heating time duration.

The hardness of frozen green peas depended both on the
applied type of thermal processing and the duration of heating
(Fig. 1). The lowest values were registered during boiling,
while the highest ones during heating the material in the steam
convection oven at the temperature of 80°C and with a 100%
addition of steam. After 15 minutes of boiling the hardness of
the peas was the lowest, amounting to 2.04 N. It should be not-
ed that no statistically significant differences were observed
in the hardness of green peas treated with different methods
for 25 minutes. Generally, it should be concluded that heating
the material for 5 to 15 minutes led to its reduced hardness,
and prolonging the time of processing to 20 and 25 minutes
did not result in lowering this value; on the contrary, a slight
increase in the hardness of green peas was noted.
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Fig. 1. Changes in the hardness of green peas, depending on the
time of its heating with different methods.

1 — boiling, 2 — thermal treatment in steam convection oven at
the temperature of 80°C and with a 100% addition of steam, 3 —
thermal treatment in a steam convection oven at the temperature
of 100°C and with a 100% addition of steam

Table 1. Regression equations and coefficients of determina-
tion, R, defining changes in the hardness (F) of green peas de-
pending on the duration of heating (t) for the confidence interval
of 0.05, 1 — boiling, 2 — thermal treatment in steam convection
oven at the temperature of 80°C and with a 100% addition of
steam, 3 — thermal treatment in a steam convection oven at the
temperature of 100°C and with a 100% addition of steam

t;};lt);;ft Equation R?
1 F)=03€—1.7t+47 0.84
2 Ft)=0.06t2—1.1t+7.5 0.71
3 Ft)=-0.09t+04t+39 0.50
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Fig. 2. Changes in the elasticity of green peas, depending on the
time of its heating with different methods,

1 — boiling, 2 — thermal treatment in steam convection oven at
the temperature of 80°C and with a 100% addition of steam, 3 —
thermal treatment in a steam convection oven at the temperature
of 100°C and with a 100% addition of steam

Table 2. Regression equations and coefficients of determi-
nation, R?, defining changes in the elasticity (E) of green peas
depending on the duration of heating (t) for the confidence
interval of 0.05, 1 — boiling, 2 — thermal treatment in steam
convection oven at the temperature of 80°C and with a 100%
addition of steam, 3 — thermal treatment in a steam convection
oven at the temperature of 100°C and with a 100% addition
of steam

Type of . )
treatment Equation R
1 E(t)=-0.02t+0.08t+ 0.5 0.78
2 E(t)=0.007 - 0.07 2+ 0.2t+ 0.4 0.64
3 Et)=-0.01+0.1t2-04t+0.9 0.53
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Fig. 3. Changes in the cohesiveness of green peas, depending on
the time of its heating with different methods,
1 — boiling, 2 — thermal treatment in steam convection oven at
the temperature of 80°C and with a 100% addition of steam, 3 —
thermal treatment in a steam convection oven at the temperature
of 100°C and with a 100% addition of steam
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Table 3. Regression equations and coefficients of determi-
nation, R?, defining changes in the cohesiveness (C) of green
peas depending on the duration of heating (t) for the confidence
interval of 0.05, 1 —boiling, 2 — thermal treatment in steam con-
vection oven at the temperature of 80°C and with a 100% addition
of steam, 3 — thermal treatment in a steam convection oven at
the temperature of 100°C and with a 100% addition of steam

t;?;?;g; Equation R?
1 C(t)=-0.01+0.05t+0.3 0.66
2 C(t)=-0.005>+0.05t+0.2 0.98
3 C(t)=-0.001 2+0.05t+0.2 0.92

Neither of the thermal treatments affected significantly
the elasticity or cohesiveness of green peas (Fig. 2 and 3).
Only after 25-minute heating statistically significant dif-
ferences were observed between the process applied and
the cohesiveness: the lowest value was recorded after boil-
ing, while the highest value occurred after heating in the
steam convection oven at the temperature of 100°C and
with a 100% addition of steam. Prolonging the duration of
heating did not significantly affect the values of elasticity
or cohesiveness.
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Fig. 4. Changes in the gumminess of green peas, depending on
the time of its heating with different methods,
1 — boiling, 2 — thermal treatment in steam convection oven at
the temperature of 80°C and with a 100% addition of steam, 3 —
thermal treatment in a steam convection oven at the temperature
of 100°C and with a 100% addition of steam

Table 4. Regression equations and coefficients of determina-
tion, R?, defining changes in the gumminess (G) of green peas,
depending on the duration of heating (t) for the confidence inter-
val 0f 0.05, 1 —boiling, 2 — thermal treatment in steam convection
oven at the temperature of 80°C and with a 100% addition of
steam, 3 — thermal treatment in a steam convection oven at the
temperature of 100°C and with a 100% addition of steam

tr];:};lt)lfqgrft Equation R?
1 G(t)=0.05—-03t+1.2 0.73
2 G(t) = 0.006 £ — 0.3t +2.2 0.91
3 G()=—0.042+03t+1.0 0.76

Figure 4 presents changes in the gumminess of green
peas, resulting from its heating in different conditions. The
lowest values were noted during boiling; after 15 minutes
of boiling the gumminess of green peas dropped to 0.55 N,
reaching its minimum. Further boiling caused further in-
crease in this value. After thermal treatment in the steam

convection oven significantly higher values of gumminess
were recorded, and a statistically significant effect of the
temperature of the process on the measured value was ob-
served.
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Fig. 5. Changes in the chewiness of green peas, depending on
the time of its heating with different methods,
1 — boiling, 2 — thermal treatment in steam convection oven at
the temperature of 80°C and with a 100% addition of steam, 3 —
thermal treatment in a steam convection oven at the temperature
of 100°C and with a 100% addition of steam

Table 5. Regression equations and coefficients of determina-
tion, R?, defining changes in the chewiness (Z) of green peas de-
pending on the duration of heating (t) for the confidence interval
of 0.05, 1 — boiling, 2 — thermal treatment in steam convection
oven at the temperature of 80°C and with a 100% addition of
steam, 3 — thermal treatment in a steam convection oven at the
temperature of 100°C and with a 100% addition of steam

tr];:};lt)r?lglft Equation R?
1 Z()=0.02£—-02t+0.8 0.84
2 Z(t)=—0096+08C-20t+25| 0.96
3 Z()=—0.01 £+0.1t+0.6 0.72

Similarly to the case of gumminess, the lowest values
of chewiness for green peas were noted after the process of
boiling. After heating in the steam convection oven, the ana-
lyzed values were much (statistically significantly) higher
in comparison to boiling. On the other hand, no significant
effect of the temperature of heating in the steam convection
oven was observed on the value of chewiness of green peas.

Changes of the distinguishing features measured for the
texture of green peas caused by different methods of thermal
treatment and presented in Figures 1-5 were described by
means of regression equations where the time of treatment was
adopted as the variable. These equations are valid for the time
span of 5 to 25 minutes. The majority of dependencies were
described with equations of the 2nd degree, and some of them
with equations of the third degree, though we do realize that
this presents merely an approximation of the expected changes.

Table 6. Texture parameters of canned green peas

Texture parameters | The arithmetic mean of measurements
Hardness [N] 2.64
Elasticity 0.44
Cohesiveness 0.21
Gumminess [N] 0.55
Chewiness [N] 0.25




86 BEATA SLASKA-GRZYWNA, DARIUSZ ANDREJKO, HALINA PAWLAK

Table 6 presents the values of the texture properties
included in the research program involving canned green
peas. While comparing the data quoted in Table 2 with those
recorded after different thermal processes (Fig. 1-5), we
can claim that they are similar to the values observed after
the process of boiling. On this basis it should be concluded
that the texture of canned green peas is very similar to the
texture of green peas after 25-minute boiling.

CONCLUSIONS

1. The elasticity of boiled green peas and green peas treated
in the steam convection oven does not reveal significant
differences.

2. The values of hardness, cohesiveness, gumminess and
chewiness of green peas cooked in a traditional way
were lower when compared with green peas treated in
the steam convection oven.

3. Changes in the texture properties of green peas resulting
from thermal treatment can be described very accurately
by means of regression equations of the second or third
degree.

4. The texture properties of canned green peas are similar to
the structural parameters of frozen green peas subjected
to 25 minutes of boiling.
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ZMIANY PARAMETROW TEKSTURY ZIELONEGO
GROSZKU POD WPLYWEM OBROBKI CIEPLNEJ

Streszczenie. W pracy badano wpltyw obrobki cieplnej na
zmiany tekstury zielonego groszku mrozonego i poréwnywano
z teksturg groszku konserwowanego. Obrobke cieplng prowa-
dzono sposobem tradycyjnym (gotowanie w wodzie) i w piecu
konwekcyjno-parowym przy roznych parametrach obrobki.
Stwierdzono istotny wplyw czasu obrobki i ilosci dodanej pary
na zmiany takich wyréznikow tekstury jak: twardosé, sprezy-
stos¢, kohezyjnos¢, gumiastos¢ i zujnos$¢. Porownujac wartosci
wyréznikow dla groszku konserwowanego stwierdzono, ze sa
one zblizone do wartosci uzyskanych dla groszku mrozonego
po procesie gotowania.

Stowa kluczowe: obrdbka cieplna, tekstura, zielony groszek.
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Summary. The paper presents an assessment of the strength
of paprika seeds germination, depending on their size. Three
fractions of paprika seeds were assessed, i.e. seeds of the size
range from 1 to 2 mm, next the range of 2 to 3.15 mm, and the
fraction in the range above 3.15 mm. A control sample in the
study were not calibrated paprika seeds. The germination strength
was determined according to the PN-69/R65950 norm using
paper as a substrate. 50 seeds from each fraction were used for
the research. The strength of germination was determined in three
replications. Paprika seeds germination depends on their size.
Seeds in the range greater than 3.15 mm had the highest strength
of germination of 80% after 14 days from sowing.

Key words: germination strength, paprika seeds, separation.

INTRODUCTION

For a long time the industry connected with seed pro-
cessing, where seeds are used in herbalism, horticulture and
market gardening, has been facing the problems related to
seeds purification, separation and processing. It especially
regards economic entities involved in export activities of
these products. Each producer aims at achieving the highest
quality of seeds on offer. A measurable indicator of quality
of seeds on offer is their high strength of germination. Ger-
mination is defined as a complex of processes occurring in
a seed, the result of which is the activation of a germ which
consequently leads to the growth of a seedling. Cardinal
thermal points are determined for the germination of a seed,
i.e. the minimal, maximal and optimal temperature for the
process, whereas the optimal temperature does not guarantee
the highest germination capability. The value of cardinal
points depends on the species of seeds and is connected
with their origin [5, 9].

The germination strength of particular seeds depends
on the thickness and hardness of the husk, as well as the
presence of physiologically active substances on the husk,

called growth regulators, which delay or halt the germination
process. One of the methods for stimulating the seeds for
germination is their scarification, that is abrasion of the seed
coat in order to weaken it [2].

Some of the seeds may have different types of fungi on
their surface, e.g. Alternaria dauci and A. radicina, which
negatively influence the germination process [11]. The pro-
cess which reduces the quantity of fungi on the surface of
seeds is their treatment in different kinds of solutions [3].

In the food processing industry the process of separation
is conducted for a wide range of materials, which include:
cereal seeds, seeds of other plants, and fragmented herbs.
The necessity to purify and separate tens of millions of
tons of seeds representing four basic cereals and a various
range of food materials clearly manifests the depth of this
problem. The process of separation often involves several
stages, e.g. cereal seeds are firstly separated in a harvester,
secondly in machinery for purification, and part of seeds,
later on, in different processes of technological processing
[13, 14]. Taking into consideration the fact that separation
processes involve seeds of, at least, a few hundred plant
species (i.e. seeds of basic species and weeds), it is easy to
understand the difficulties which accompany the process.
Hence, a special care should be taken while selecting the
machinery which executes the separation processes, and
selecting optimal parameters for these processes which are
adjusted to specific materials. That is why, the processes
of separation and purification are often based on the use of
aerodynamic properties, the shape of material or its surface
structure in order to separate the required material [12, 15].

The most common method of separation in agriculture
and the food industry is sieving. It is characteristic of high
efficiency, accuracy of purification and a wide range of the
applied material. On the basis of distribution curves of the
purified material it can be concluded that it is possible to
separate the material according to a particular property, as
well as make an assessment of the loss volume in relation
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to the separated impurities. Such research was carried out
on seeds of selected carrot varieties [1] and other grain ma-
terials [4, 6, 7, 8]. The assessment of the purity of seeds
was conducted with the use of complex separation, that is
pneumatic-sieve separation. While applying only a sieve,
the effect of purification was low. Generally, it may be stat-
ed that the use of a sieve of a bigger diameter of apertures
results in an increase of material purity with a simultaneous
increase of material loss. For the research seeds the best
results were achieved while purifying the material in an
aspiration canal, in which the velocity of the air stream was
2.0 ms™!, and then sifting it through a sieve with oblong
1.6 mm wide apertures [10].

THE AIM AND SCOPE OF THE RESEARCH

The aim of the paper was to identify the effect of selected
physical properties of paprika seeds on their germination
strength. Assessed were three fractions of paprika seeds, i.e.:
seeds within the size range from 1 mm to 2 mm, next the
size range from 2 to 3.15 mm and fractions from the range
above 3.15 mm. The control group in the research were
not calibrated paprika seeds. For each assessed fraction of
seeds their hardness was determined with the use of a texture
analyser. The research was conducted in 30 replications.

RESEARCH METODOLOGY

The germination strength was determined according to
the PN-69/R65950 norm using paper as a substrate. 50 seeds
from each fraction were used for the research. The strength
of germination was determined in three replications. The
separation of paprika seeds was carried out with the use of
a vibrating sieve separator AS 200 (Fig. 1), using sieves with
oblong apertures with the following sizes: 0, 1, 2,3, 15 mm.

Fig. 1. Vibrating laboratory sifter AS 200

RESULTS

Table 1 presents the research results of the germination
strength of particular paprika seeds fractions.

Table 1. The strength of germination of particular seeds fractions

Fraction Germination strength [%]
After 6 days After 14 days
Above 3.15 mm 52 80
2-3.15 mm 32 56
1-2 mm 20 47
Seeds before calibration 32 59

While analysing individual research results of the germi-
nation strength it can be stated that an essential part is played
by the size of seeds. With the increase of seed sizes, the
germination strength also increases. Small seeds germinate
much later and the number of seedlings is smaller compared
to the seeds from the biggest fraction. Among seeds which
did not undergo the process of calibration there is a vast
discrepancy in the number of seedlings.

The paprika seeds provided by the producer are of var-
ious sizes. The size distribution of the analysed seeds is
presented in Figure 2.
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Fig. 2. The size distribution of paprika seeds

The biggest quantity (almost 90%) of paprika seeds
belongs to the fraction from the range 2-3.15 mm. In the
analysed material there is 7.7% of seeds from the fraction
above 3.15 mm, while there is 2.7% of seeds from the small-
est fraction. The remaining mass of the sample which is on
the bottom of the separator are impurities.
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Fig. 3. The hardness of paprika seeds after separating into fractions
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Table 2. The analysis of the variance of paprika seeds hard-
ness in relations to the size at the level of significance a=0.05

Source | Degrees Sums of | Average The value

of diver- | of free- squares | s uargs ofatesting| F | p
sity dom q q function F

Fraction

. 2 175762.1 | 87881.05

size 757 7 314177 |3.11 |p<a

Error 85 237760.5 | 2797.182

The hardest paprika seeds are in the range between
1 and 2.5 mm. Their hardness amounted to 300 N, with
a relatively high discrepancy (standard deviation 59). The
statistical analysis at the level of significance 0.05 proved
fundamental differences in the hardness of paprika seeds
from the range between 2.5-3.15 mm and seeds bigger than
3.15 mm. The hardness of seeds with the size above 3.15
mm was over 190 N.

CONCLUSIONS

On the basis of the conducted research the following
conclusions were formulated:

1. The germination strength of paprika seeds depends on
their size. The biggest seeds (above 3.15 mm) had the
highest germination strength of 80% after 14 days fol-
lowing sowing.

2. Among seeds which did not undergo calibration there
is a vast discrepancy of the germination strength value
in the conducted research, which is caused by different
sizes of seeds in the samples.

3. Approx 90% of paprika seeds are characteristic of size
within the range 2 — 3.15 mm.

4. The hardness of paprika seeds depends on their size.
Smaller seeds are characteristic of higher hardness.
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EFEKTYWNOSC KIELKOWANIA NASION
PAPRYKI W ZALEZNOSCI OD ICH WEASCIWOSCI
FIZYCZNYCH

Streszczenie. W pracy przedstawiono oceng sity kietkowania
nasion papryki w zaleznosci od ich wielkosci. Ocenie poddano
trzy frakcje nasion papryki, tj.: nasiona o wielkosci z przedziatu
od 1 do 2mm, nastepnie z przedziatu od 2 do 3,15 mm oraz frak-
cje z przedziatu powyzej 3,15mm. Proba kontrolna w badaniach
byty nasiona papryki nie kalibrowane. Sil¢ kietkowania nasion
wyznaczono wg normy PN-69/R65950 stosujac jako podtoze
bibul¢. Do badan przeznaczono 50 nasion z kazdej frakcji. Sitg
kietkowania oznaczono w 3 powtorzeniach. Sita kietkowania
nasion papryki zalezy od ich wielkos$ci. Nasiona najwigksze po-
wyzej 3,15 mm posiadaty najwyzsza sit¢ kietkowania wynoszaca
80% po 14 dniach od wysiewu.

Stowa kluczowe: sita kietkowania, nasiona papryki, separacja.

Badania finansowane ze srodkow KBN prowadzonych w latach 2011-2013 jako projekt badawczy nr NN 313757140.
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Summary. This study provides a technical and economic analysis
of a photovoltaic plant providing power supplies to a municipal
waste water treatment plant. Power generation in a photovoltaic
farm was considered in its two aspects, that is connected to the
grid with an option of feeding power to the grid in case of over-
production and as an autonomous system which will generate
power exclusively for the needs of the waste water treatment
plant without the possibility of supplying power to the grid. On
basis of the analysis it was concluded that the operation of the
photovoltaic farm within the power grid is a better solution. In
spite of small unit profit of the project, it brings about a positive
environmental effect in form of reduction of CO, emission. In
order to implement photovoltaic installations in its facilities, the
municipality should apply for various subsidies due to the fact
that only a subsidy covering above 50% of investment costs will
guarantee a minimum profitability of such a project.

Key words: photovoltaic farm, technical and economic analysis
of photovoltaic installations, waste water treatment plant, subsi-
dies for renewable energy sources.

INTRODUCTION

Total capacity of commercial power plants in Poland
amounted to 37,4 GW as per the end of 2012. 82% of them
were power plants fired mainly with non-renewable re-
sources, such as hard coal and brown coal. According to
the Energy Regulatory Office [URE 2013], power capacity
of renewable energy installations amounts to 4,4 GW, out
of which 2,5 GW is made up by wind turbines, 0,96 GW by
hydroelectric power stations and 0,82 GW by biomass-fired
plants. Solar power stations are a novelty in this listing, as
currently there are only nine photovoltaic farms operating
in Poland, with a summed capacity of 0,0013 GW. In near
future another four sites are planned to be commissioned
which will increase the nationwide solar power output up
to 0,0063 GW. The development of such installations is
determined both by means of appropriate regulations [di-

rective 2009], as well as environmental and economic as-
pects. Renewable energy sources do not emit any harmful
pollution to the atmosphere, including the most burdensome
CO,. The necessity to reduce the emission of greenhouse
gases provides a very strong impulse for the development
of environment-friendly energy sources. This necessity is
imposed on Poland under international obligations stipulated
in the Kyoto protocol and the United Nations Framework
Convention on climate change [4, 9]. As an additional stim-
ulus for the development of renewable energy sources, the
Ministry of Economy enacted a decree of 18th October 2012
which forces the power distribution companies to acquire
power from renewable energy sources. According to the
decree valid as of 1st January 2013, the percentage share
of renewable energy sources in the Polish power system
should increase regularly by one per cent from 12 in 2013
t020% in 2021 [Decree 2012]. Apart from promoting major
sites using renewable energy sources, works are currently
being conducted on the creation of an efficient support-
ing system of renewable energy sources, as a development
opportunity not only for local communities, but also local
governments, as assumed among other in the act on power
efficiency according to which the public sector should play
a leading role in the promotion of energy savings and usage
of renewable energy sources [Journal of Laws 2011]. Out of
many available renewable energy sources, small photovolta-
ic installations attract ever larger interest of administrators
of municipal buildings, as they may be used to cover their
own power demand and to sell the excess of electric power
[19]. The economic calculation is the essential criterion
influencing the selection of a power system to be installed
[16, 20]. In practice, an energy balance analysis cannot act
as a decisive factor for the selection of a given type of in-
stallation. A potential user should assess both the technical
and economic aspects of each of the considered systems and
choose the most advantageous one from the perspective of
its entire lifespan [1, 8, 13, 15].
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The goal of this study is to deliver a technical and eco-
nomic analysis of a photovoltaic plant providing power
supplies to a municipal waste water treatment plant located
in the South of Poland. The scope of research covers an
operating analysis of a photovoltaic farm in its two aspects,
that is connected to the grid with an option of feeding power
to the grid in case of overproduction and as an autonomous
system which will generate power exclusively for the needs
of the waste water treatment plant without the possibility of
submitting power to the grid.

SCOPE OF RESEARCH

The facility covered in this research is a municipal waste
water treatment plant which is planned to be equipped with
a photovoltaic farm in order to cover the electric power
demand of the receivers located within the plant. The re-
ceivers include lamps, electric sockets for portable receivers
and three-phase receivers. Asynchronous motors powering
the waste water treatment process machinery will act as
the main power receivers. The power demand of currently
installed and operating receivers within the waste water
treatment process amounts to 105,9 kW. The total power
demand of electric power receivers amounts to 116,9 kW.
As the assumed coincidence factor amounts to 0,41, peak
power demand of the facility is 48,1 kW. After the commis-
sioning of the second reactor, the planned power of installed
receivers will grow to 182,7 kW, while their peak power will
reach 75 kW. Real yearly consumption of electric power by
all receivers operating in the waste water treatment plant at
150 [MWh].

TECHNICAL ANALYSIS

The following criteria were used for the calculation of
active surface of photovoltaic modules:

1. Maximum photovoltaic farm power should not exceed
the peak power subscribed with the power supplier,
increased by the mean value of power demanded by
electric devices installed at the waste water treatment
plant.

2. Power generated by the PV farm should cover at
least 90% of demand in the summer half of the year
(April-September).

3. Points 1 and 2 should be fulfilled assuming that two
reactors of the plant are operating; therefore, a growth
of power consumption and power demand by electric
devices of the waste water treatment plant by 62,26%
was assumed.

4. The smallest photovoltaic farm to be considered in the
analyses should meet the criterion 1 and 2 at current
power and energy demand, that is operation of a single
waste water treatment plant reactor.

On basis of the adopted criteria 1-4, and considering
the limit values of solar radiation flux density, that is from
200 W/m2 up to 350 W/m?2, three variants of photovoltaic
module surface were adopted according to insolation value

0of 200 W/m? W1, 250 W/m?> W2, 350 W/m? W3. The pa-
rameters and average costs of such installations are provided
in table 1.

Table 1. Listing of photovoltaic plant parameters for three
variants

Variant Wi W2 W3

Mean power demand [W] 30000 | 30000 | 30000
Threshold flux density [W-m?] 200 250 350
Efficiency rate 13,9 13,9 13,9
iﬁ%::;?? 1’;ze]celvmg module 1100 360 620
Peak farm power [Wp] 153061 | 120000 | 85714
Maximum farm power [W] 137755 | 108000 | 77143
Cost of photovoltaic modules, PLN [1726531[1353600| 966857
Installation cost (20% cost of

cells), PLN ( 345306 | 270720 | 193371
Project costs, PLN 25000 | 25000 | 25000
Inverter, PLN 160000 | 160000 | 100000
Eizgﬁgf%nsgctlons and commis- 69061 | 54144 | 38674
System maintenance and insurance| 17265 | 13536 | 9669
Total installation cost KPLN 2343 1877 1334

After determining the power generation potential for
such a selection modules, a further analysis of cover-
age of power demand of the waste water treatment plant
could be performed. The conducted research considered
a photovoltaic farm connected to the grid with an option
of feeding power to the grid in case of overproduction
and an autonomous system which will generate power
exclusively for the needs of the waste water treatment
plant without the possibility of submitting power to the
grid. For the purpose of the analysis, a mean power output
in a 25-year lifespan was adopted. Due to the planned
commissioning of the second power plant reactor, the
analysis of power demand was performed with the con-
sideration of the forecast energy consumption after the
extension. Within the calculations of the coverage rate,
the decrease of efficiency rates of photovoltaic cells was
considered along the lifespan. The estimated mean cover-
age of power demand of the waste water treatment plant
within 25 years of lifespan amounts variant-specifically
to 36-65% in case of a farm connected to grid, while in
case of an autonomous solution, the coverage the plant’s
power demand will be confined within 16-27% depending
on the adopted variant.
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Fig. 1. Coverage of power demand of the waste water treatment
plant in a lifespan perspective of 25 years.
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Fig. 2. Photovoltaic farm underload in autonomous operation

If the farm operates autonomously, 42-44% of power
is lost due to the insufficient operating coherence of waste
water treatment processes with the photovoltaic farm. As
a solution for this problem, electric batteries could be used,
however due to the high power storage costs amounting
from 0,6 to 1,2 PLN per kWh [7] such option has not been
considered in further research.

ECONOMIC ANALYSIS

The project economic efficiency analysis was performed
on basis of the following economic factors [2, 5, 6]:

— simple payback period (SPBP),

— pay-back period (PBP),

— net present value (NPV),

— net present value ratio (NPVR),
— internal rate of return (IRR),

— dynamic generation cost (DGC).

The selection of a specific photovoltaic system of the waste
water treatment plant should be based on objective criteria.
Excess of effects over expenditures is regarded commonly
as such a criterion. The technical and economic analysis was
performed on basis of simple and complex evaluation methods
of asset investments, based on discount rate and considering
the currency value fluctuation in time, risk and inflation.

Simple pay-back time. Defined as the time necessary to
retrieve the capital expenditures incurred for the delivery
of the specific project:

NI

SPBT = W [years].

Calculated from the commissioning of investment until
the gross sum of benefits gained from the investment com-
pensates the expenditures.

Pay-back period (PBP), that is the period in which dis-
counted cash flows cover the incurred capital expenditures.
Discounted pay-back period considers the changing value
of the investment amount in time:

[years].

Net present value (NPV). Sum of all future income of
the investment lifespan calculated per the current year and
reduced by the incurred capital expenditures:

NPVZEW]gZ -
i

n=1 (l +

Net present value ratio (NPVR) captures the relation
of project net value and the value of capital expenditures
necessary to acquire NPV:

NI [PLN].

npvR = NPV [PLN].
WRK

NPVR is an auxiliary index allowing to select the in-
vestment option by comparing projects that are similar in
terms of structure, capital expenditures, lifespan etc. In most
cases, the following condition has to be met:

NPVR — max .

Internal rate of return (IRR). Calculated on basis of cash
flow; it is such a discount rate value at which the net present
value equals zero (5):

<& WRK

R NP2 (%),
~(1+RRY ]

Dynamic generation costs equals the price which enables
the acquisition of discounted income equalling discounted
costs. In other words, DGC shows the technical cost of ac-
quisition of a unit of environmental effect [Raczka 2002].
This cost is indicated in PLN per unit of environmental
effect. The lower the DGC value is, the higher the efficiency
of the project:

< K1, +KE,
(1+i0)

DGC = p,, == .[PLN/kgCO,],

n
t

t=0 (1 + l)/

where:

re — energy price growth rate,

n — 1..25 consecutive cost year (n=25 estimated number of
installation lifespan years).

NI — capital expenditures [KPLN],

WRK - value of yearly benefits [kPLN],

KI, - investment costs incurred in a given year —t,

KI, - operating costs incurred in a given year — t,

i — discount rate (down to second decimal),

t — year, value from 0 to n, where 0 is the year of first costs
and n the last year of system operation,

EE, — environmental effect rate in physical units acquired in
each year. Environmental effect to which p,, price per
physical unit is assigned (assuming that price is constant
during the entire period covered by the analysis),

p,;, — price for physical unit of environmental effect.

The following components were used for the purpose
of financial projection:
1. Sales revenues on ownership rights to power generation
with a renewable energy source, so-called green certif-
icates. Value of ownership rights in 2011 amounted on
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average to 285 PLN/MWh and it is estimated to grow

by 2-3% per year (2% in the analysis).

2. Costs avoided thanks to not purchased power. In the
analysis, an electricity price growth of 4,5% was adopted
(according to historical data from 2000-2010).

3. Operation and maintenance costs — in the calculations,
a growth by 4% was assumed.

Table 2 provides a projection of yearly profit (value of
yearly benefits) in KPLN gained thanks to the operation of
the PV farm (mean value for a 25 year lifespan) according
to the specific variants.

The following data were used to calculate the economic
rates.

— capital expenditures in the installed photovoltaic farm
(as in table no. 1) W1 — 2343 kPLN, W2 — 1877 kPLN,
W3 — 1334 kPLN

— Table 2. Value of yearly benefits

Variant|W1 in grid| W2 in grid|W3 in grid
kPLN | 224,86 169,89 121,47

WI1 | W2 | W3
80,32(59,37|45,03

— discount rate 5,91%,

— project lifespan 25 years,

— inthe calculation, three project funding levels were used:
100% of own funds, 50% subsidy and 75% subsidy from
environmental funds.

In the calculations it was assumed that the provisions
on the acquisition of green certificates will remain in power
after 2012. The results of the performed economic analysis
are specified in table 3.

While analysing the evaluation factors one can conclude
that the operation of the photovoltaic farm within the pow-
er grid is a better solution, as confirmed by all rates. Out of
grid-connected variants W1 is the best one, regardless of the
subsidy value from funds supporting renewable energy sourc-
es. In case of smaller own funds, W3 is an alternative solution,
as confirmed by IRR and PBP, which are the most advanta-
geous in comparison to variant W2. The exemplary course of
NPV rate as a function of installation lifespan is presented on
the diagram (fig. 3 and 4). According to these diagrams (fig.
3 and 4), the operation of the photovoltaic farm as an autono-
mous facility will generate losses in each variant, as indicated
by the negative NPV values and PBP return period exceeding
project lifespan. A subsidy covering above 50% of investment
costs will guarantee a minimum profitability of such a project.
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Fig. 3. Course of NPV rate in the operating period, assuming
own project funding

Table 3. Values of profitability rates of the photovoltaic farm delivery

Variants of grid-connected installation
Rate Subsidy value W1 W2 W3
Own funds 485,4 KPLN 342,3 kPLN 253,3 kPLN
NPV Subsidy 50% 1 756,5 kPLN 1 274 kPLN 915,2 kPLN
Subsidy 75% 2 338 kPLN 1 756,9 kPLN 1 246,2 kPLN
Own funds 8,01% 7,77% 7,84%
IRR Subsidy 50% 19,23% 18,07% 18,20%
Subsidy 75% 38,93% 36,71% 36,95%
Own funds 10,7 years 10,9 years 10,8 years
SPBP  |Subsidy 50% 5,1 years 5,4 years 5,4 years
Subsidy 75% 2,6 years 2,7 years 2,7 years
Own funds 17,3 years 18,0 years 17,8 years
PBP Subsidy 50% 6,3 years 6,8 years 6,7 years
Subsidy 75% 2,9 years 3,1 years 3,0 years
Autonomous variants
Own funds - 1290,3 kPLN -1097,9 kPLN - 627,2 kPLN
NPV Subsidy 50% - 127,3 kPLN - 166,2 kPLN 34,6 kPLN
Subsidy 75% 454,1 k<PLN 299,6 KPLN 365,6 kKPLN
Own funds - - 0,15%
IRR Subsidy 50% 4,73% 3,96% 6,45%
Subsidy 75% 13,19% 11,99% 15,92%
Own funds 29,0 years 31,4 years 24,5 years
SPBP  |Subsidy 50% 14,5 years 15,7 years 12,3 years
Subsidy 75% 7,2 years 7,8 years 6,1 years
Own funds no capital return no capital return no capital return
PBP Subsidy 50% exceeds 25 exceeds 25 22,4 years
Subsidy 75% 9,7 years 10,9 years 7,8 years
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Fig. 4. Course of NPV rate in the operating period, assuming
50% subsidy from funds supporting renewable energy sources

Having analysed the project by means of NPVR and
DGC rates one can state that power generated in photo-
voltaic farms connected to the grid, in spite of small unit
investment profits (from 0,18 in variant W2 up to 0,21
PLN to variant W1), brings about a positive environmental
effect in form of reduction of CO, emission (fig. 5). The
environmental effect generation cost clearly distinguishes
variant W1 (DGC=-0,4PLN/kgCO,) from other variants

(fig. 5).
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Fig. 5. NPVR rate and technical generation cost in case of own
funding

Also in this case, if a municipality due to limited funds
does not choose W1, it may choose W3 as an alternative. It
is worth noting that complete own funding for autonomous
operation is not efficient.
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Fig. 6. NPVR rate and technical generation cost in case of 50%
subsidy from funds supporting renewable energy sources

While analysing the diagram (fig. 6) one can notice that
in spite of disadvantageous economic NPVR rates of the au-
tonomous system regardless of the variant, in case of a 50%
subsidy of renewable energy sources, the W1 variant is prof-
itable from the environmental point of view (DGC < 0).
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Fig. 7. NPVR rate and technical generation cost in case of 75%
subsidy from funds supporting renewable energy sources

In case of subsidising 75% of project value, all variants
are profitable for the municipality, while the best one is
W1 in case of grid connection and W3 in case of autono-
mous operation (fig. 7). This variant generates the greatest
benefits (NPVR=1.1PLN) compared to others, while it is
only slightly worse (0.03PLN) in its environmental aspect
than others.

CONCLUSIONS

1. While analysing the evaluation factors one can con-
clude that the operation of the photovoltaic farm within
the power grid is a better solution, as confirmed by all
rates. Out of grid-connected variants W1 is the best one,
regardless of the subsidy value from funds supporting
renewable energy sources. In case of smaller own funds,
W3 is an alternative solution, as confirmed by IRR and
PBP, which are the most advantageous in comparison
to variant W2.

2. Having analysed the project by means of NPVR and
DGC rates one can state that power generated in photo-
voltaic farms connected to the grid, in spite of small unit
investment profits brings about a positive environmental
effect in form of reduction of CO, emission. The envi-
ronmental effect generation cost clearly distinguishes
variant W1 (DGC=-0,4PLN/kgCO,) from other variants.
If a municipality due to limited funds does not choose
W1, variant W3 is the best alternative. It is worth noting
that complete own funding for autonomous operation is
not efficient.

3. In case of subsidising 75% of project value, all variants
are profitable for the municipality, while the best one
is W1 in case of grid connection and W3 in case of au-
tonomous operation. This variant generates the greatest
benefits (NPVR) compared to others, while it is only
slightly worse in terms of environmental aspect than
others.



96 TOMASZ SZUL, JAROSEAW KNAGA, KRZYSZTOF NECKA

REFERENCES

—_—

. Bartnik R. 2008. Rachunek efektywnosci techniczno-
-ekonomicznej w energetyce zawodowej. Oficyna Wy-
dawnicza Politechniki Opolskiej. Opole.

2. Blawat F. 2010. Analiza Ekonomiczna. Wydawnictwo
Politechniki Gdanskiej. Gdansk.

3. Dziennik Ustaw z 2005 roku. Protokét z Kioto do Ra-
mowej konwencji Narodéw Zjednoczonych w sprawie
zmian klimatu. Dz.U.05.203. 1684.

4. Dyrektywa Parlamentu Europejskiego i Rady 2009/28/
WE z dnia 23 kwietnia 2009 roku w sprawie promowa-
nia stosowania energii ze zrédet odnawialnych zmienia-
jaca 1 w nastgpstwie uchylajaca dyrektywy 2001/77/
WE oraz 2003/30/WE.

5. Jerzemowska M. (red.) 2006. Analiza ekonomiczna
w przedsigbiorstwie. PWE. Warszawa.

6. Johnson H. 2000. Ocena projektow inwestycyjnych.
Maksymalizacja wartosci przedsi¢biorstwa. LIBER.
Warszawa.

7. Knaga J., Szul T. 2012. Optimising the selection of bat-
teries for photovoltaic applications. TEKA. Commission
of Motorization and Energetics in Agriculture — 2012,
Vol. 12, No. 1, 73-77.

8. Laudyn D. 1999. Rachunek ekonomiczny w elektro-
energetyce. Oficyna Wydawnicza Politechniki Warszaw-
skiej. Warszawa.

9. Ministerstwo Gospodarki 2009. Polityka energetyczna
Polski do 2030 roku. Zatacznik do uchwaty 202/2009
Rady Ministrow z dnia 10 listopada 2009.

10. Modzelewski A. 2010. Wyzwania zwigzane z inwe-
stycjami w nowe moce wytworcze Elektroenergetyka:
wspotczesnosé i rozwoj. Nr 2-3(4-5). Polskie Sieci Elek-
troenergetyczne Operator S.A. s. 38-45.

11. Ramowa Konwencja Narodéw Zjednoczonych w spra-
wie Zmian Klimatu (UNFCCC), Rio de Janeiro, 1992.

12. Raczka J. 2002. Analiza efektywnosci kosztowej
w oparciu o wskaznik dynamicznego kosztu jednost-
kowego. TRANSFORM ADVICE PROGRAMME
Investment in Environmental Infrastructure in Poland.
NFOSiGW. Warszawa.

13. Rogowski W. 2004. Rachunek efektywnosci przedsig-
wzie¢ inwestycyjnych. Oficyna Wydawnicza. Krakow.

14. Rozporzadzenie Ministra Gospodarki z dnia 18 paz-

dziernika 2012 r. ,,w sprawie szczegétowego zakresu

obowigzkéw uzyskania i przedstawienia do umorzenia
swiadectw pochodzenia, uiszczenia optaty zastgpczej,
zakupu energii elektrycznej i ciepta wytworzonych

w odnawialnych zrédtach energii oraz obowigzku po-
twierdzania danych dotyczacych ilosci energii elektrycz-
nej wytworzonej w odnawialnym zrodle energii”, Dz.U.
2012 nr 0 poz. 1229

15. Skorek J. 2002. Ocena efektywnosci energetyczne;j i eko-
nomicznej gazowych uktadow ko generacyjnych malej
mocy. Wydawnictwo Politechniki Slaskiej. Gliwice.

16. Szul T. 2012. Energetyczne wykorzystanie biogazu do
produkcji energii elektrycznej i ciepla w skojarzeniu
w $redniej wielkosci oczyszczalni sciekdw. Czgsé 2.
Analiza ekonomiczna . Technika Rolnicza, Ogrodnicza,
Lesna nr 2.

17. Urzad Regulacji Energetyki. 2013. Sprawozdanie Pre-
zesa Urzedu Regulacji Energetyki w 2012 r. Warszawa.

18. Ustawa z dnia 15 kwietnia 2011 r. o efektywnosci ener-
getycznej. Dz.U. z 2011 nr 94 poz. 551.

19. Wisniewski G (red.), Wiecka A., Dziamski P., Kamin-
ska M., Rosolek K., Santorska A. 2012. Matoskalo-
we odnawialne zrddta energii i mikroinstalacje. Instytut
Energii Odnawialnej. Publikacja Fundacji im. Heinricha
Boll. Warszawa.

20. Wojciechowski H. 2010, Efektywno$¢ techniczna i eko-
nomiczna rozproszonych i rozsianych uktadow wytwa-
rzania energii, ,,Instal” nr 6.

OPTYMALIZACJA WIELOKRYTERIALNA
SYSTEMOW FOTOWOLTAICZNYCH
DLA OBIEKTOW KOMUNALNYCH

Streszczenie. W pracy przedstawiono analize techniczno-eko-
nomiczng elektrowni fotowoltaicznej pracujacej na potrzeby
gminnej oczyszczalni §ciekdéw. Produkceje energii w elektrowni
fotowoltaicznej rozpatrzono w dwdch aspektach tj. wiaczonej
do sieci z mozliwosciag oddawania energii do sieci w czasie
jej nadprodukcji, oraz w uktadzie autonomicznym, w ktérym
energia bedzie tylko na potrzeby oczyszczalni §ciekow bez moz-
liwosci oddawania do sieci. Na podstawie analizy stwierdzono,
ze lepszym rozwigzaniem jest praca elektrowni fotowoltaicznej
w sieci energetycznej. Pomimo, niewielkich jednostkowych
zyskow z inwestycji, przynosi ona korzystny efekt ekologiczny
w podstacji kosztow ograniczenia emisji CO2. Gmina chcac
implementowac¢ instalacj¢ fotowoltaiczng w swoich obiektach
powinna ubiegac si¢ o réznego typu subwencje na ten cel, ze
wzgledu na to, ze jedynie dotacja wyzsza niz 50% kosztow
inwestycji pozwoli na uzyskanie minimalnej rentownosci przed-
sigwziecia.

Stowa kluczowe: elektrownia fotowoltaiczna, analiza technicz-
no-ekonomiczna instalacji fotowoltaicznych, oczyszczalnia $cie-
kow, dotacje na odnawialne zrodta energii.
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Summary. The paper presents the results of CFD modelling
of thermal cycle of compression ignition IC engine. The turbo-
charged 6CT107 engine powered by diesel oil was the object
of investigations. The results of model validation at partial load
are presented. Model of CI engine was used to the optimization
of thermal cycle of the test engine. The simulations of the com-
bustion process have provided information on the spatial and
time distributions of selected quantities within the combustion
chamber of the test engine.

Key words: diesel engine, combustion, modelling, mesh, CFD.

INTRODUCTION

CFD modelling of internal combustion engines has been
greatly developing along with the increasing computational
power that allows modelling flow processes, combustion pro-
cesses, emissions and injection fuel using any computational
meshes. To model a complete engine cycle with intake and
exhaust stroke, some commercial programs are most often
used. Internal combustion engine is such a complex object of
modelling that building its model including all the important
processes is becoming very difficult. Early models of the
thermal cycle of the compression ignition engine appeared in
the twenties of the last century. In 1926 Schweitzer published
amodel of heat release in the compression ignition engine. In
the sixties, the development of computation models followed.
At the beginning, the models were single-zone, and later
they were extended to multi-zone direct-injection models.
Models based on the fuel injection characteristics were cre-
ated. One of the first advanced multi-dimension combustion
process models for engines with liquid fuel injection to the
combustion chamber was the CONCHAS-SPRAY model
developed at the Los Alamos Scientific Laboratory in the
USA.. Since the seventies this model has been modified and
complemented with a number of sub-models and has become
a basis for creating the KIVA program [2, 3, 5, 6, 7, 8, 9,

10, 11, 12, 13]. The KIVA program was used by the author
to model the thermal and flow processes with combustion
and fuel injection into the combustion chamber. During the
model researches the commercial programme was used. For
the last few years the modelling of thermal cycle of IC engine
is performed using AVL Fire program. This program allows
the modelling of flows and thermal processes occuring in
the intake and exhaust manifold and in combustion cham-
ber of internal combustion engine. It also allows modelling
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 modelled 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 modelling auto ignition processes. This pro-
gram allows for creating three-dimensional computational
mesh, describing boundary conditions of surfaces as well as
the initial conditions of simulation [14, 15, 16, 17, 18, 19].
Modelling is one of the most effective and readily used
research methods. Advanced numerical models allow for
researches to analyze the flow processes coupled with com-
bustion and spray. These models require a number of ini-
tial and boundary parameters. Therefore, before using the
model to optimize the engine cycle, it should be verified
experimentally. Renganathan et. al. in their work presented
reacting flow simulations performed in a single cylinder
direct injection diesel engine with an improved version of
the ECFM-3Z (extended coherent flame model — 3 Zones)
model using ES-ICE and STAR-CD codes. Combustion
and emission characteristics were studied in the sector of
engine cylinder, which eliminates the tedious experimental
task with conservation in resources and time. It was found
that higher NOx emissions occur at peak temperatures, while
soot and CO emissions occur at peak pressures. Additionaly,
they stated that the numerical modelling of the combustion
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and emissions give clear understanding in the heat release
and formation of reactant species in the direct injection Die-
sel engine [20, 21, 22, 23, 24, 25, 26].

Binesh et. al. present the results of modelling fuel
mixture formation and combustion in the turbocharged di-
rect-injection compression-ignition engine. The numerical
analysis was performed using the Fire program. As a result
of computations, cylinder pressure variations and the curves
of NO_ and soot formation in the engine exhaust gas were
obtained; these results were then compared with the result
of research work carried out on the real engine. As a re-
sult, fairly good agreement between the modelling results
and experimental test results were achieved; and what the
engine model reflected best was the variation of pressure
in the engine. Hélie and Trouvé presented modifications
of the coherent flame model (CFM) to account for the ef-
fects of variablemixture strength on the primary premixed
flame, as well as for the formation of a secondary non-pre-
mixed reaction zone downstream of the premixed flame.
The modelling strategy was based on a theoretical analysis
of a simplified problem by Kolmogorov, Petrovskii, and
Piskunov (KPP). The KPP problem corresponds to a one-di-
mensional, turbulent flame propagating steadily into frozen
turbulence and frozen fuel-air distribution, and it provides
a convenient framework to test the modified CFM model.
In this simplified but somewhat generic configuration, two
radically different situations were predicted: for variations
in mixture strength around mean stoichiometric conditions,
unmixedness tends to have a net negative impact on the
turbulent flame speed: in contrast, for variations in mixture
strength close to the flammability limits, unmixedness tends
to have a net positive impact on the turbulent flame speed.

This paper presents results of thermal cycle modelling
of turbocharged internal combustion diesel engine at full
and partial loads [27, 28, 29, 30].

OBJECT OF INVESTIGATION

Contemporary engines are designed to minimize ex-
haust emissions while maximizing power and economy.
Emissions can be reduced by equipping the engine with
advanced exhaust after-treatment systems or by controlling
the combustion process occurring in the cylinder of internal
combustion engine. In order to improve the performance
of the engine, research and optimization of the combustion
process are carried out. This is dictated by growing con-
cern about decreasing energy resources and environmental
protection. Therefore, intensive research is being carried
out towards development of internal combustion engine
systems. It involves improving the combustion process,
introduction of a new fuel such as hydrogen as well as the
optimization of engine parameters. The engine should op-
erate with the greatest efficiency possible and with the least
toxic compounds emissions [31, 32, 33].

Modelling of the thermal cycle of an auto-ignition inter-
nal combustion supercharged engine was carried out within
the study. The object of investigation was a 6CT107 internal
combustion engine powered by diesel oil, installed on an

ANDORIA-MOT 100 kVA/ 80 kW power generating set.
The engine was equipped with pressure sensors in each
cylinder. The measurements results were used to the model
validation. Based on the recorded results of indication, ther-
modynamic analysis of the engine was performed. Inter alia,
the mean cylinder pressure and efficiency of the test engine
were determined. It should be noted that in this engine the
peak pressures in all the six cylinders are not significantly
different from one another.

Table 1. Engine specification

Parameters Value
displacement 6.54 dm?
rotational speed 1500 rpm
stroke 120 mm
cylinder bore 107 mm
connecting-rod length 245 mm
compression ratio 16.5 -
intake valve opening 10+4° BTDC deg
intake valve closure (IVC) 50+4° ABDC deg
exhaust valve opening 46+4° BBDC deg
exhaust valve closure (EVC) 14+4° ATDC deg
injection angle 9°t1.5° deg

MODEL ASSUMPTIONS

The Fire program contains many submodels which are
necessary to solve processes occurring in the combustion
chamber of IC engine. The most important submodel is
combustion model. The ECFM (Extended Coherent Flame
Model) model was developed especially for modelling the
combustion process in a compression ignition engine. The
ECFM-3Z model belongs to the group of advanced combus-
tion process models in a compression ignition engine. For
several years ECFM-3Z combustion model has been suc-
cessfully used, constantly modified and improved by many
researchers. Together with turbulence process sub-models
(e.g. the k-zeta-f), exhaust gas component formation, knock
combustion and other sub-models, they constitute a useful
tool for modelling and analysis of the thermal cycle of the
compression ignition internal combustion engine. To adapt
the model for the modelling of the combustion process in
the auto-ignition engine, a sub-model was added, which
describes the process of mixing fuel to be injected to the
combustion chamber. The flame front is formed by the tur-
bulent effect of load vortices and interaction between the
burned zone and the unburned part of the load. This model
is based on the concept of laminar flame propagation with
flame velocity and flame front thickness as the average flame
front values. It is also assumed that the reactions occur in
a relatively thin layer separating unburned gases from the
completely burned gases . The model relies on the flame
front transfer equation, as well as on the mixing model
describing the combustion of an inhomogeneous mix and
the diffusion combustion model. The model assumes the
division of the combustion region into three zones: a fuel
zone, a zone of air with a possible presence of exhaust gases
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remained from the previous engine operation cycle, and an
air-fuel mixture zone, where combustion reactions occur
following the ECFM concept. The air-fuel mixture forma-
tion model provides for gradual mixing of fuel with air. The
created combustion model is called ECFM-3Z (3-Zones
Extended Coherent Flame Model). In this model, the mixture
zone is additionally divided into a burned and an unburned
zone. To initiate the combustion process, the auto-ignition
model for the forming mixture zone and for the diffusion
flame zone is used . The ECFM makes use of the 2-stage
fuel oxidation mechanism (CH,,). The fuel oxidation
occurs in two stages: the first oxidation stage leads to the
formation of large amounts of CO and CO?2 in the exhaust
gas of the mixture zone, at the second stage in the mixture
zone exhaust gas, the previously formed CO is oxidized to
CO2.The combustion model for the auto-ignition engine
was complemented with the unburned product zone. The
exhaust gas contains unburned fuel and O,, N,, CO,, H,0,
H,, NO, CO. The fuel oxidation occurs in two stages: the
first oxidation stage leads to the formation of large amounts
of CO and CO, in the exhaust gas of the mixture zone, the
second stage in the mixture zone exhaust gas, the previously
formed CO is oxidized to CO,. The reaction of formation
of CO and H2 is taken into account for stoichiometric and
fuel-rich mixtures, while for lean mixtures this reaction is
omitted. In the ECFM-3Z model, transport equations for the
chemical components 02, N2, CO2, CO, H2, H20, O, H,
N, OH and NO are also solved. The concept of the injected
fuel and air mixing model relies on the characteristic time-
scale of the turbulence model. Because of the occurring
process of fuel evaporation, it is necessary to determine the
amount of fuel entering the mixture zone and to the pure fuel
zone. In the injected fuel stream, fuel droplets are situated
so close to one another as to form altogether a fuel zone.
After the fuel has evaporated, a specific time is still needed
for mixing of the pure fuel zone fuel with air and formation
of the combustible mixture. It is additionally assumed that
the composition of gas, fuel + EGR is identical both in the
mixture zone and in the zone which remins unmixed. The
mixture auto-ignition delay is calculated from the empirical

Fig. 1. Computational mesh domains

correlation. The combustion model for the auto-ignition
engine was complemented with the unburned product zone.
The exhaust gas contains unburned fuel and 02, N2, CO2,
H20, H2, NO, CO.

Table 2. Modelling parameters

Parameters Value
Load 100% (80kW) |70% (58kW) [45% (37kW)
Initial pressure 0.164 MPa  |0.137 MPa |0.124 MPa
Initial temperature {317 K 314K 311 K
Injection angle -9 deg BTDC
Fuel temperature {330 K
Table 3. Submodels

Model Name
Combustion model ECFM-3Z
Turbulence model k-zeta-f
NO formation model Extended Zeldovich Model
Soot formation model Lund Flamelet Model
Evaporation model Dukowich
Breakup model Wave

The above-mentioned submodels were used during mod-
elling. The parameters shown in Table 1 were taken from
the experiment and then these were used as input values
for modelling.

RESULTS OF MODELLING

Modelling of the thermal cycle of the test supercharged
compression ignition engine using the FIRE software was
conducted. The object of research was the internal com-
bustion test engine 6CT107, operated at constant rotational
speed equal to 1500 rpm. The researches were conducted
for three loads. The initial parameters were taken from the
previous experiment. The boundary conditions such as tem-
perature of combustion chamber parts, valves and ports were
taken from literature .
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Figure 1 shows the computational domains for, respec-
tively, intake stroke, compression and work stroke and ex-
haust stroke. During the calculation the program uses them

consecutively.
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Fig. 2. Computational mesh which was created as a combination

of three computational domains

Figure 2 shows computational domain for complete en-
gine work space connected during calculation. The presented
domain consists of 350000 cells and the density of this mesh
was optimized.

Figure 3 shows the pressure and heat release rate courses.
The courses for real test engine were taken on the basis of
engine indication process and these courses were compared
with courses achieved by modelling. Also, the satisfactory
consistency of results was obtained. Of course, there are
some differences occurring, but considering the complexity
of the processes taking place in the cylinder, the results of the
verification of the model can be considered as satisfactory.

Figure 4 shows indicated mean effective pressure and
break thermal efficiency calculated on the basis of indica-
tion results of six cylinders of the test engine compared
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with the values obtained by the modelling of engine at full
load (100%). In the case of modelling the indicated mean
effective pressure was equal 1.4 MPa and break thermal
efficiency was equal to 45%. The real engine parameters
are varied in each cylinder. This could be due to different
degrees of filling cylinders and other phenomena. At partial
loads the similar correlations were obtained.

CONCLUSIONS

The paper presents results of modelling of supercharged
IC compression ignited test engine at partial loads. The cal-
culation was carried out using the Fire software . Pressure,
temperature, heat release rate and other parameters in func-
tion of crank angle as well as spatial distribution of the
above mentioned quantities at selected crank angles were
determined. The biggest problem during modelling is to
generate adequate mesh which will not affect the results.
Obtaining the independence of the results on the density of
the mesh is a key issue here. Local and temporary densifi-
cation of the mesh was used in order to improve the results
while reducing cost of calculations. The created model of
diesel engine was successfully verified. The resulting dif-
ferences are acceptable taking into account the complexity
of the problem. The results of modelling allows the analysis
of engine operation both in terms of thermodynamic and
flow. Such verified engine model can be used to model and
optimize the engine thermal cycle.

REFERENCES

1. Schweitzer P, 1926: The tangent method of analysis of
indicator cards of internal combustion engines. Bulletin
nr 35, Pennsylvania State University, September

2. Heywood J. B., 1988: Internal combustion engine fun-
damentals. McGraw-Hill.

3. Rychter T., Teodorczyk A., 1990: Modelowanie ma-
tematyczne roboczego cyklu silnika tlokowego. PWN,
Warsaw.

4. Amsden A.A., O’Rourke P.J., Butler T.D., 1989: KI-
VA-II, A computer program for Chemically Reactive
Flows with Sprays. Los Alamos National Laboratory
LA-11560-MS.

5. Jamrozik A., Tutak W., Kociszewski A., Sosnowski
M., 2013: Numerical simulation of two-stage combus-
tion in SI engine with prechamber. Applied Mathemat-
ical Modelling, Volume 37, Issue 5, 2961-2982.

6. SzwajaS., Jamrozik A., Tutak W., 2012: A Two-Stage
Combustion System for Burning Lean Gasoline Mix-
tures in a Stationary Spark Ignited Engine. Applied En-
ergy, 105 (2013), 271-281, 2013.

7. Tutak W., 2012: An analysis of EGR impact on combus-
tion process in the SI test engine. Combustion Engines,
Vol 148, No. 1/2012, 11-16.

8. Tutak W., 2011: Modelling and analysis of some param-
eters of thermal cycle of IC engine with EGR. Combus-
tion Engines 4/2011 (147), 43-49.

101

9. Tutak W., 2011: Numerical analysis of some parame-
ters of SI internal combustion engine with exhaust gas
recirculation. Teka Kom. Mot. i Energ. Roln. — OL PAN
T. 11, 407-414.

10. Tutak W., 2011: Numerical analysis of the impact of
EGR on the knock limit in SI test engine. Teka Kom.
Mot. i Energ. Roln. — OL PAN T.11, 397-406.

11. Tutak W., 2011: Possibility to reduce knock combustion
by EGR in the SI test engine. Journal of KONES, Pow-
ertrain and Transport, No 3, 485-492.

12. Tutak W., 2008: Thermal Cycle of Engine Modeling
with Initial Swirl Proces Into Consideration, Combustion
Engines, 1/2008 (132), 56-61.

13. Tutak W., 2011: Modelling and analysis of some para-
meters of thermal cycle of IC engine with EGR. Com-
bustion Engines 4/2011 (147), 43-49.

14. Tutak W., Jamrozik A., 2010: Modeling of thermal cyc-
le of gas engine using AVL FIRE software. Combustion
Engines, R.49 nr 2 (141), 105-113.

15. Cupial K., Tutak W., Jamrozik A., Kociszewski A.,
2011: The accuracy of modelling of the thermal cycle
of a compression ignition engine. Combustion Engines,
R.50 nr 1 (144), 37-48.

16. Tutak W., Jamrozik A., Kociszewski A., Sosnowski
M., 2007: Numerical analysis of initial swirl profile in-
fluence on modelled piston engine work cycle parame-
ters. Combustion Engines, 2007-SC2, 401-407.

17. Tutak W., 2008: Thermal Cycle of Engine Modeling
with Initial Swirl Proces Into Consideration, Combustion
Engines, 1/2008 (132), pp. 56-61.

18. Renganathan Manimaran, Rajagopal Thundil
Karuppa Raj and Senthil Kumar K., 2012: Numerical
Analysis of Direct Injection Diesel Engine Combustion
using Extended Coherent Flame 3-Zone Model. Re-
search Journal of Recent Sciences, Vol. 1(8), 1-9.

19. Binesh A.R., Hossainpour S., 2008: Three dimensional
modeling of mixture formation and combustion in a di-
rect injection heavy-duty diesel engine, World Academy
of Science, Engineering and Technology 41, 207-212.

20. Hélie J., Trouvé A., 2000: A modified coherent flame
model to describe turbulent flame propagation in mix-
tures with variable composition. Proceedings of the
Combustion Institute, Volume 28, Issue 1, 193-201.

21. AVL FIRE, VERSION 2009ICE, Physics & Chemistry.
Combustion, Emission, Spray, Wallfilm, 2009, Users Guide.

22. Colin O., Benkenida A., 2004: The 3-Zones Extended
Coherent Flame Model (ECFM3Z) for Computing Pre-
mixed/Diffusion Combustion, Oil & Gas Science and
Technology.

23. Tatschl R., Priesching P., Ruetz J., 2007: Recent Ad-
vances in DI-Diesel Combustion Modeling in AVL FIRE
— A Validation Study. International Multidimensional
Engine Modeling User’s Group Meeting at the SAE
Congress, Detroit, MI.

24. Tutak W., Jamrozik A., Kociszewski A., 2011: Three
Dimensional Modelling of Combustion Process in SI
Engine with Exhaust Gas Recirculation. International
Conference on Heat Engines and Environmental Pro-
tection, 203-208.



102

25. Tutak W., 2009: Modelling of flow processes in the
combustion chamber of IC engine. Perspective Tech-
nologies and Methods in MEMS Design, MEMSTECH
2009. 45-48.

26. Szwaja S., 2011: Knock and combustion rate interaction
in a hydrogen fuelled combustion engine. Journal of
KONES Powertrain and Transport, T. 18, 431-438.

27. Tutak W., 2012: Influence of exhaust gas recirculation
on the ignition delay in supercharged compression ig-
nition test engine. ECONTECHMOD, An International
Quartely Journal on Economics of Technology and Mod-
elling Processes. Vol 1, No 2, 57-62.

28. Jamrozik A. Tutak W., 2010: Numerical analysis of
some parameters of gas engine. Polish Academy of Sci-
ence Branch in Lublin, TEKA, Commission of Motoriza-
tion and Power Industry in Agriculture, Vol. X, 491-502.

29. Szwaja S., Jamrozik A., Tutak W., 2013: A Two-Stage
Combustion System for Burning Lean Gasoline Mixtu-
res in a Stationary Spark Ignited Engine. Applied Energy,
105 (2013), 271-281, 2013.

30. Szwaja S., 2009: Combustion Knock — Heat Release
Rate Correlation of a Hydrogen Fueled IC Engine Work
Cycles. 9th International Conference on Heat Engines
and Environmental Protection. Proceedings. Balatonfu-
red, Hungary.

31. Szwaja S, Jamrozik A., 2009: Analysis of Combustion
Knock in the SI Engine. PTNSS KONGRES. Internatio-
nal Congress of Combustion Engines. The Development
of Combustion Engines.

WOIJCIECH TUTAK

32. Jamrozik A., 2009: Modelling of two-stage combustion
process in SI engine with prechamber. MEMSTECH
2009, V-th International Conference PERSPECTIVE
TECHNOLOGIES AND METHODS IN MEMS DE-
SIGN, Lviv-Polyana, 22-24.

33. Jamrozik A., 2008: Analiza numeryczna procesu two-
rzenia i spalania mieszanki w silniku ZI z komora wstep-
na. Teka Komisji Motoryzacji Polskiej Akademii Nauk
oddziat w Krakowie. Konstrukcja, Badania, Eksploata-
cja, Technologia Pojazdow Samochodowych i Silnikéw
Spalinowych, Zeszyt Nr 33-34.

MODELOWANIE CFD SILNIKA
O ZAPLONIE SAMOCZYNNYM
PRZY OBCIAZENIACH CZESCIOWYCH

Streszczenie. W pracy przedstawiono wyniki modelowania CFD
obiegu cieplnego tlokowego silnika spalinowego o zaptonie samo-
czynnym. Przedstawiono siatkg obliczeniowa modelowanego silnika
oraz weryfikacje przyjetego modelu dla trzech obcigzen silnika 100,
70 i 45%. Weryfikacja modelu polegata na poréwnaniu przebiegu
ci$nienia w cylindrze silnika modelowanego z przebiegami uzyska-
nymi droga eksperymentalng, pordwnano takze przebiegi szybkosci
wydzielania ciepla. Szybkos¢ wydzielania ciepta w silniku jest bar-
dzo miarodajnym parametrem obiegu cieplnego silnika ttokowego.
W prezentowanym modelowaniu uzyskano niezalezno$¢ wynikow
od gestosci siatki, co jest zagadnieniem kluczowym w modelowaniu.
Uzyskang zgodnos¢ wynikow uznano za satysfakcjonujaca.

Stowa kluczowe: silnik ttokowy, spalanie, modelowanie, siatka
obliczeniowa.
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Summary. The purpose of undertaken research was to determine
and compare heating values for seeds of selected leguminous
plant species and their mixes with cereal seeds. The tests were
carried out using a calorimeter according to the applicable stand-
ard: PN-EN ISO 9831:2005. It has been observed that highest
average heating value 0of 20.19 MJ-kg™! is characteristic for yellow
lupine seeds, and lowest — for field pea (17.91 MJ-kg™). More-
over, the tests have proven that seeds of selected leguminous
plants do not burn entirely, as a result of which deposit remains
on crucible bottom.

Key words: seeds of leguminous plants, combustion heat, cal-
orimetric method.

INTRODUCTION AND PURPOSE
OF THE RESEARCH

Biomass will be more and more frequently used as fuel
for heating purposes in houses and public facilities. Among
other things, this is fostered by increasing prices of gas and
heating oil, and the obligation imposed on Poland to increase
the share of energy derived from renewable sources. In the
world, grains of cereals, mainly oat and corn are used quite
commonly for energy production purposes. Easier transport
and storage are among the advantages of using this biomass
type, as compared to straw or wood. Moreover, there are
technical possibilities to fully automate the process of fuel
feeding into boiler [5].

In Poland, using plant seeds or fruit for energy purposes
is not widespread yet due to the fears of competitiveness
regarding production of food and feeds. However, in case
of energy production it is possible to use material of lower
quality, not qualified for eating. In agricultural practice,
material used for these purposes requires storing for shorter
or longer time, while its quality is quite often deteriorating.
This effect may result from activity of pests, which have
adapted to feeding in closed rooms [9]. There are many

reasons why fighting them is not easy. First, it is their high
vitality and reproduction rate; moreover, development stages
of some of them are hidden inside the seeds, thus limiting
access for fumigants. Storage pests not only destroy mate-
rials, on which they feed, but also deteriorate their quality
contaminating them with excreta, skins, and/or dead speci-
mens. Moreover, they change physical properties of stored
materials. Life-processes occurring in pest organisms (re-
lease of water, thermal energy) cause increase in material
humidity and temperature, which in turn creates favourable
conditions for growth of microorganisms, e.g. mildew fun-
gi. Their metabolism products may be the reason for acute
intoxications, and they also prove to have mutagenic, car-
cinogenic, teratogenic and estrogenic properties [8]. Cereal
plantations captured by Fusarium genus fungi contaminated
with mycotoxins may constitute another source of grain for
energy production purposes [2].

The purpose of undertaken studies was to determine
and analyse heating values for seeds of selected leguminous
plant species and their mixes with cereal seeds.

MATERIAL AND METHOD

Material for tests was taken from a field experiment estab-
lished using the method of randomly selected blocks in four
repetitions. The experiment was carried out in soil with grain
composition of strong clayey sand, belonging to good rye
complex. White mustard was the forecrop. The tests covered
seeds of the following leguminous plants: Mister variety yel-
low lupine, Sonet variety narrow-leaved lupine, Titus variety
horse bean, Eureka variety field pea. Tested cereal-legumi-
nous mixes include: seeds of Mister variety yellow lupine
with seeds of Kier variety rye — ratio 1:1, seeds of Eureka
variety field pea with Furman variety oat seeds — ratio 1:1.

The tests were carried out in the humidity of leguminous
plant seeds close to 8.5 %, and cereal seeds: 10 %. Examined



104

material humidity was determined using the dryer-weight
method according to Polish Standard PN-R-65950 of De-
cember 1994 [12]. Samples were dried for 1 hour at the
temperature of 130°C.

Heating value for seeds was determined using the KL-
10 calorimeter (Fig. 1) according to applicable standard
PN-EN [13-15].

The experiment involved complete combustion of sam-
ples weighing 1g (+/-0.0002) in oxygen atmosphere under
pressure of 2.8 MPa in a bomb calorimeter, immersed in
water (2.7 dm? in volume), in calorimetric vessel. Subse-
quently, water temperature rise was determined. Kanthal
resistance wire was used to ignite samples.

Calorimeter operation is based on the measurement of
characteristic thermal balance temperatures for the following
setup: bomb calorimeter with combusted fuel and calorimet-
ric vessel with water.

[ ]

1. control device 8. thermometer water jacket
2. digital display 9. mixer the water jacket

3. power switch 10. computerized measuring
4. start of measurement system

5. read heat of combustion 11. bomb calorimeter

6. mixer 12. LEDs

7. thermometer 13. coil

Fig. 1. Calorimeter schematic diagram

Fuel sample heating value was computed automatically
according to an internal device program using the following
formula:

Q,=K(T,-T,-k), @)
where:
K — calorimeter heat capacity [kJ/kg],
T,, T,~ characteristic balance temperatures [K],
k — allowance for heat exchange between calorimeter and

environment,

k=0.5[0.2(T,-T)+02(T,-T)]+02@-1)(T,-T), (2)
where:
n — number of minutes in cycle no. 2 (main period),
T,, T, — characteristic balance temperatures, [K].

The results were processed statistically with variance
analysis method for significance level 0.05, using Statistica 9
application. Homogeneous groups were separated accord-
ing to Duncan’s test in case of occurrence of significant
differences.
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TEST RESULTS AND THEIR ANALYSIS

Currently, available literature includes studies on the
subject related to using different plant biomass types for fuel
purposes. However, most frequently they refer to vegetative
organs of plants only. Whereas, relatively few concern seeds
or fruit, while they mostly focus on cereal seeds and primar-
ily refer to one species only — oats [7,10]. Completed studies
included leguminous plants as well, in order to compare
heating value of their seeds and determine the chances to
possibly use them for energy production purposes through
combustion.

Obtained heating values for seeds of leguminous plants
and their mixes with seeds of tussock-grass subfamily cereals
range from 17.9 to 20.2 MJ-kg'. The highest heating value
was shown by yellow lupine seeds, the lowest — by field pea
(Fig. 2). Heating value for leguminous plants was higher
compared to seeds of tussock-grass subfamily cereals, for
which it was ranging from 16.2 to 18.6 MJ-kg' [19]. Proba-
bly, this is due to high protein concentration in leguminous
seeds (in general 26.9% of dry matter), and in particular yel-
low lupine (on average 42.75% in dry matter) [6,11]. Protein
is characterised by higher heating value (24 MJ-kg") than
starch (17.5 MJ-kg™), which prevails in chemical constitution
of cereal seeds [3]. Heating values for cereal-leguminous
mixes were ranging between the values obtained for legu-
minous seeds and cereal seeds used in these mixes.

As opposed to cereal seeds, during combustion of legu-
minous plant seeds, especially yellow lupine, the researchers
observed a residue in form of hard, glassy substance on cru-
cible bottom. This is probably due to higher ash content in
leguminous plant seeds, compared to cereal seeds, on average
4.3% in dry matter (cereal grain: 2.4%) [6,17]. Moreover,
leguminous plant seeds are characterised by high content of
alkaline metals, especially potassium, (cereal grain: 0.5% of
dry matter). Potassium reduces ash fusibility temperature.
As aresult of this, the mixture of chemical compounds char-
acterised by low melting point generated during combustion
process forms a good binder for all ash particles and unburned
fuel particles. In practice, using fuels of this type makes boiler
operation harder, since it leads to formation of hard and diffi-
cult to remove deposits inside combustion chamber. They dis-
turb heat exchange process and accelerate high-temperature
corrosion. It seems that good solution for this problem would
be using co-combustion of leguminous plant seeds with other
biomass type. This effect may be also partially prevented by
adding to fuel those substances, which increase ash fusibility
temperature, e.g. potassium-bonding silicon and aluminium
compounds [4]. The first of the proposed solutions will also
allow to use ashes as fertilisers, thus closing the entire cycle
from agricultural production to energy production [1].

CONCLUSIONS

1. Among the examined leguminous plant seeds, the high-
est average heating value of 20.19 MJ-kg ! was observed
for yellow lupine seeds, and the lowest for field pea seeds
(17.91 MJI-kg™).
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Fig. 2. Heating values for leguminous plant seeds and their mixes with cereal seeds.

2. Heating values for cereal-leguminous mixes were within
range limited by values obtained for individual species,
for field pea and oats: 18.25 MJ-kg", and for yellow
lupine and rye: 19.11 MJ-kg.

3. Seeds of leguminous plants do not combust entirely,

leaving deposit on crucible bottom.
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CIEPLO SPALANIA NASION ROSLIN
STRACZKOWYCH I ICH MIESZANEK
Z ZIARNIAKAMI ZBOZ Z PODRODZINY
WIECHLINOWATYCH

Streszczenie. Celem przeprowadzonych badan bylo okreslenie
i poréwnanie warto$ci opatowych nasion wybranych gatunkow
roslin stragczkowych i ich mieszanek z nasionami zbdz. Badania
przeprowadzono za pomoca kalorymetru wedlug obowiazujacej
normy: PN-EN ISO 9831:2005. Stwierdzono, ze najwigksza Srednia
warto$cig opatowa 20,19 MJ - kg-1 charakteryzuje si¢ zotte nasiona
tubinu, a najnizsza — groch zwyczajny (17,91 MJ - kg-1). Co wigcej,
badania wykazaly, ze nasiona wybranych roslin straczkowych nie
pala si¢ w catosci, w wyniku czego pozostaje popidt na dnie tygla.
Slowa kluczowe: nasiona roslin straczkowych, wartos¢ opatowa,
metoda kalorymetryczna.
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Summary. Application of modern tools and machines in agricul-
tural farms facilitates the work, but the lack of skills in managing
the machines often leads to accidents causing injuries of different
degree of seriousness. The paper presents the investigation on
the injuries sustained during the accidents involving tools and
farm machines in the Krakow County in 2005-2010. It was ex-
amined what kinds of injuries were the commonest and in which
group of machines the number of accidents was the highest. Also,
the degree of seriousness of injuries was considered. The most
frequent were the accidents involving sawing machines. The
second group were angle grinders. Among the typically agricul-
tural machines, the most frequent were the accidents involving
combine-harvesters. The part of body mostly injured during the
accidents was an upper limb. The most frequent type of injuries
amid all the accidents was laceration. In case of the group of
sawing machines and angle grinders, the injuries mostly caused
rather low percentage of permanent health damage. In the acci-
dents involving combine-harvesters, the percentages increased
significantly and reached the values that indicated important
health damage leading to the limitation of independent existence.
The most frequent cause of accidents was carelessness, lack of
concentration, inattention or the operator’s tiredness.

Key words: agricultural farm, tools and machines, accidents,
injuries.

INTRODUCTION

The agricultural engineering develops continuously involv-
ing a necessity to launch more and more modified agricultural
machines of different kinds. Using the agricultural machines in
farms facilitates the work and enables doing the farming better
and faster. Nowadays, the farmer’s work consists mainly in
running the machines, so it is important that every operator is
skilled at their management. The lack of such skills often leads
to accidents causing injuries of different degree of seriousness.

The purpose of the study was an analysis of operators
injuries sustained during the accidents involving agricultural

machines within Krakow County in 2005-2010. It was inves-
tigated what kind of injuries were the commonest, in which
group of machines the accidents occurred most frequently
and what the level of damage severity was.

CHARACTERISTICS OF THE REGION
UNDER INVESTIGATION

The investigation included the accidents which took place
in Krakow County. Krakow County is situated in North-West
Matopolska directly within Krakow environment, bordering
eight other counties and a town on the rights of the county.
The area of Krakow County is 1231 km?, which is about
8% of the Province’s total area. In terms of size, this County
occupies the fourth place in Matopolska Province. In Krakow
County there is a great diversity of soil kinds and types. The
most common soil is loess. 80% of all soils in the county are
used agriculturally — it is one of the greatest shares of arable
lands amid the counties of Matopolska province [4, 5].

The districts within Krakow County have an agricul-
tural character. According to the statistical data, more than
40% of Krakow County population work in the agricultural
sector. The arable lands constitute definitely a predominant
part of the County area, that is about 81.5 thousands of
hectares. The remaining lands and wastelands constitute
more than 20% of the County area. A characteristic feature
of Krakow County is a high degree of farm fragmentation.
The area of many farms does not exceed 1 ha. There are
50% of such farms in the County, while only about 1% of
farms have the area larger than 10 ha. Because of the high
fragmentation of farms, their economic condition is poor.
That is why the main task of the farms is the production
for family needs, then to deliver the products to the shops
and markets in Krakow. Only 20% of the farms in Krakow
County are oriented at the market production. Among 40%
of the County inhabitants working in agriculture, only about
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16% of households treat agricultural activity as their main
source of income [5].

Because of the agricultural character of the districts and
the significant amount of inhabitants with agricultural tra-
ditions, Krakow County is a place with a large number of
accidents involving machines used in farms.

MACHINES USED IN FARMS
1. FARM MACHINES

Farm machines and devices are necessary components of
modern farm equipment. The term ‘farm machines’ includes a
whole range of technical means used in the agriculture produc-
tion for mechanization of production and works in farms. The
farm machines, in the strict sense of the word, are the group of
machines, where the working process is the consequence of
the motion both of the whole unit in the field and of the active
interior gear driving the working elements of the machine.

An appropriate connection of the machines to the energy
sources, which enables mechanization of many activities
in a farm, makes a unit. The farm tractors are the source
of energy for the machines moving in the field, while in
the case of stationary machines, the sources of energy are
electric motors or stationary combustion engines. The degree
of the diversity of the tasks realized in the farms is very
high. Therefore, the agricultural machines and devices must
include a wide range of possibilities of working in different
production processes [5].

The manure spreader is a farm machine used to deliver,
grind down and spread evenly the manure in the field. The
machines used to haul hay and other green fodders from
the field are the mowers, which can be divided, according
to their destination, into lawnmowers (electric, petrol) and
tractor mowers. In both mower groups, the working set is
a cutting set. Shear or rotational cutting set is a piece of
equipment of the tractor mowers and it is used to cut stalks
of plants [6, 8].

The harvester is a farm machine destined to combine the
cereals and root crops. The use of a harvester reduces the
transport way of the plant processing and resultant losses. De-
pending on the prime mover, the combine harvesters divide
into self-propelled harvesters (with the own prime mover)
and tractor harvesters (semi-mounted or trailed) [11, 12].

The hay presses are farm machines for gleaning hay,
straw and green fodders. The press, besides collecting, press-
es hay or straw (bale forming), which significantly facilitates
the collection and transport, and allows to save storage space
used to store these materials [8].

The binder is a farm machine for automatically reaping
rye and some kinds of rape. This machine also binds the
reaped materials into sheaves [4].

Potato sorters are farm machines, which grade dug po-
tatoes according to size.

Cutters for clean and healthy potatoes, beet shredders
and grain mills are used to prepare and deliver feed. Straw
cutters are used to cut green fodder and straw. Grain mills
serve to grind the seeds of cereals and leguminous plants.
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2. SAWING MACHINES AND OTHER MACHINES
USED IN FARMS

In farms, besides the crop and harvest works, many
activities are connected with logging and woodworking.
Sawing machines are the main machines used to cut wood.
There are different models of sawing machines. Diversity of
equipment and design of these machines allow using them
not only as professional machines for forest work, but also
for other farm tasks, for home-garden work, for the urban
greenery cultivation etc. Sawing machines can be classified,
considering the type of engine, as combustion machines and
electric machines [9]. Considering the cutting tool, they
can be classified as chain machines and circular machines.

Many accidents in the farms involve the angle grinders.
They are used for cutting, grinding and polishing.

Moreover, among the accidents involving machines
there are the accidents with planers and lathes. A planer is
a cutting machine used to plane wood. In planers, the ma-
chining tools can be flat cutters, saw blade discs, shafts or
cutter heads. The lathe is a machine tool for machining the
objects with a surface of revolution. The machining tool in
the lathe is a turning tool, drill or a tool for threads.

SCALES OF ASSESSING THE SEVERITY
OF INJURIES

1. CLASSIFICATION OF THE SCALES OF INJURY
SEVERITY

Many point scales have been developed to assess the
severity of injuries. Some of them are based on anatomical
assessment (structural injuries, for example fractures), the
others — on physiological assessment (function changes due
to the injury, for example change in the eye reaction to the
light). There is also a scale based on the assessment of the
disability and social losses.

Anatomical scales are used to describe the injury, consid-
ering its anatomic location, the type of injury and the severity
level. These scales classify rather the injuries than their con-
sequences. The most popular anatomical scale is Abbreviated
Injury Scale (AIS). The anatomical scales distinguish the degree
of human damage severity, depending on the fact if it is damage
to one part of human body or to several parts. This scale has
been modified, now the scale in force is”AIS 90” [13].

Physiological scales, describing physiological condition
of a patient, are based on information about function changes
due to the injuries. This condition and, in consequence, the
numbers assigned to it, can change during the treatment of the
patient. Therefore, such scales are applied mainly in clinics.

The last group of scales are the scales of disability
and social losses. In this case, neither the injury itself nor
physiological changes due to the injury are assessed. The
assessment concerns the long-lasting consequences, also
these relating to the economic situation. [llustrative scales
are Injury Cost Scale (ICS), Injury Priority Rating (IPR) and
HARM. All these scales are based on assigning economic
values to different injuries [13].
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2. SCALE OF THE PERCENTAGE OF PERMANENT
DAMAGE TO HEALTH

The scale of the percentage of permanent damage to
health is used by the insurance firms, for instance by Agri-
cultural Social Insurance Fund. On the reason that during the
accidents people sustain permanent damage to health, these
scales are applied wherever the compensation is awarded. For
a percentage of permanent damage to health, a determined
sum of money is awarded as compensation. The greater the
permanent damage to health is. the higher the compensation.
The percentage of permanent damage to health is determined
by a medical commission. Determining the permanent dam-
age to health, the doctors rely on the tables “Principles of
assessing permanent damage to health”. The tables contain
all possible injuries with percentage values of damage. The
doctors determine permanent damage to health assessing
individual damage to physical fitness in medical terms. In
the case of disturbance of many physical and mental body
functions as a result of an accident, the degrees of damage
to health for all the impairments are summarized. The only
condition is that the value after summarizing does not exceed
the percentage of permanent damage to health responsible
for the total loss of the damaged part of a limb [3].

RESEARCH METHODOLOGY

Necessary information about the accidents in agriculture
was developed and analysed using the documentation from
Agricultural Social Insurance Fund (KRUS) —regional unit
in Krakow. Studies include years 2005-2010.

ANALYSIS OF INJURIES SUSTAINED
DURING ACCIDENTS

The principal purpose of the analysis is to determine the
most frequent injuries caused by mobile parts of machines

Number of accidents

M 47 - sawing machines
W15 - angle grinders
® 8 - combine harvesters
W5 - mowers
W4 -sowers
4 - beet shredders
m 3 - chaff cutters
3 -grain mills
W 2 - spreaders
W2 - planters
2 - planing machines
1- presses
1-sheaf - binders

1-sorters

1-hand planers
1-lathes

Fig. 1. Number of accidents in different groups of machines
used in farms
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used in farms, as well as the severity of these injuries. The
relations between the number of accidents and the type of
the farm machine, the percentage of damage to health and
the kind of the injured body part were analysed.

The analysis of the number of accidents in different groups
of farm machines used in the farms shows clearly that in the
group of sawing machines, the number of accidents was the
highest, i.e. 47 for 100 examined accidents. Many accidents
(15) were involved with grinding machines. The analysis of
the accidents run showed that the main cause of accidents
was the ignorance of the rules of work safety, tiredness, care-
lessness, inattention of the operator or inefficiency of the
machine. A frequent cause of the injuries was the effect called
‘rebound of sawing machine’. It occurred when a moving
saw suddenly touched the wood causing a violent turn of the
sawing machine. The accidents often happened during the
approaches to jerk out a saw jammed in wood, or during the
work using a chain saw which was too blunt or improperly
stretched. A frequent cause of the accidents was the incorrect,
forced position of the operator during work (mostly bending),
causing tiredness of the operator and break of the cutting disk.

The most frequent accidents involving farm machines
were these with the combine harvesters. In 2005-2010 there
were eight accidents involving combine harvesters. A har-
vester is composed of many active working elements, so the
harvester operator should have a considerable knowledge
on the operation of these elements. Most accidents resulted
from the lack of knowledge about the work of the harvester
elements or from the lack of a full cover of a working part in
the machine. Most of the accidents with combine harvesters
were caused by the carelessness, inattention or lack of experi-
ence of the operator, often leading to widespread injuries and
sometimes even to the operator’s death. In the case of tractor
harvesters, the cause was the lack of or bad signalling between
the operator of the harvester and the driver of the tractor.

The lowest number of accidents — one in each group —
involved presses, sheaf-binders, sorters, planers and lathes.
The main cause of these accidents was insufficient con-
centration during the work and lack of covers for mobile
machine mechanisms. The carelessness of the machine
operators, even during the simplest operations, can lead to
accidents and to permanent health damage.

Number of injuries

m 85 - upper limb
13 - lower limb

= 3-face

Fig. 2. Number of injuries to different body parts

Based on the analysed accidents, it can be confirmed that
the part of the body mostly injured is an upper limb. Upper



110

limbs were injured in up to 85 accidents. It is so because most
of'the accidents occur during the works involving sawing and
grinding machines, where the operations are performed using
the upper limbs — hands. Moreover, most of farm works, like
repair or adjustment of machines, are done using upper limbs.
Another body part that sustains frequent injuries is a lower
limb. There were 13 accidents causing damage to lower limbs.
The face is the part, which is the most rarely injured. For
a hundred of accidents, there was only one causing more than
one injury. This was the situation during an accident involving
a spreader, when an upper and a lower limb were injured.

Number of different types of injuries

¥ m 52 - lacerations
29 - amputations
W 21 -fractures
m 9 - wounds
4 - cut wounds
2 - crush wounds
1 - dislocations
1-sprains
1- bruises

Fig. 3. Number of different types of injuries

The analysis results concerning the relation between the
number of accidents and the type of injury are presented
graphically in Fig. 3. Amid all injuries, the most frequent
were: lacerations — in 52 accidents, amputations — in 29
accidents and fractures — in 21 accidents. The rarest were
the following injuries: bruise — 1, sprain — 1, dislocation — 1.
In total, the number of injuries in 100 accidents came up to
120. There were accidents with many different injuries for
one body part. Frequent were both the amputations with
fracture and the lacerations with fracture.

The wounds are caused by breaking anatomical continu-
ity of the skin, of deeper tissue or of organs. The most fre-
quent reason is a mechanical injury. Wounds can be divided
depending on the force’s acting way and its mechanism, into
lacerations, cut wounds, bruises, puncture wounds, crush
wounds and many others [1, 10].

The lacerations are inflicted with the objects tearing
the tissues. A laceration has uneven, jagged edges, walls
and bottom. In case of a cut wound, the skin was cut with
a sharp object. The break of the skin occurs throughout the
thickness, it can also damage the tissues lying deeper.

The cut wounds are distinguished by smooth edges,
while a bruise is caused by a blow made with a blunt-end-
ed object. In case of a bruise, besides breaking anatomical
continuity of the skin, the tissues adjacent to the wound are
crushed. Afterwards, the necrosis spreads on the crushed
tissues. A bruise has uneven and swollen edges.

The crush wounds are kind of bruises with the difference
that the injury surface is larger. Crushing causes a strong
injury to tissues surrounding the wound.

The amputation also is a kind of wound, caused by the
action of a crushing force resulting in partial or total detach-
ment of a perimeter body part such as upper limb, lower
limb, ear, nose, from the whole organism.
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The fracture is an interruption of the bone continuity
under the influence of the inside or outside factors. A frac-
ture occurs when the force acting on the bone is too great.
Among the analysed injuries, frequent types of fractures are
multiple fractures. It is a very grave type of fracture caused
by high forces, in which the bone has broken into several
pieces and the bone fragments are driven into each other.
A dislocation is a displacement of the bones in the articular
capsule under the action of the force causing a transposition
of articulation surfaces [1, 2, 10, 13].

A sprain consists in damaging the articular capsule as a re-
sult of surpassing the allowed limit of the articulation motion.

Sawing machines
I I  HEEENE

2 3 4 5 6 7 8 9 10 12 13 14 18 20 206 37

Percentage of permanent damage to health

Number of accidents
O B N W A U O N

Fig. 4. Relation between the number of accidents involving saw-
ing machines and the percentage of permanent damage to the
operator health

Angle grinders

4
2
1 IIIII
0
23 4 5 7 8 13

Percentage of permanent damage to health

Number of accidents
w

Fig. 5. Relation between the number of accidents involving an-
gle grinders and the percentage of permanent damage to the
operator health

Combine - harvesters

Number of accidents

3
2
1
0 l l H H BH B
3 4 10 23 40 65
Percentage of permanent damage to health
Fig. 6. Relation between the number of accidents involving

combine-harvesters and the percentage of permanent damage
to the operator health

The analysis of the relation between the number of acci-
dents and the percentage of permanent damage to health was
done for three groups of machines with the highest number of
accidents, i.e. for sawing machines, angle grinders and com-
bine-harvesters. The analysis results are presented graphically
in Figs. 4, 5 and 6. In the analysis, the scale of the percentage
of permanent damage to health was used. The analysis using
the AIS scale showed that the injuries in all examined acci-
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dents belonged to the same group — AIS 1. However, applying
the scale of percentage of permanent damage to health, we
can distinguish accidents in terms of the intensity level of
sustained injuries. In case of the group of sawing machines,
we can note, that most of accidents caused, in principle, not
very large permanent damage to health, within 3-7%. How-
ever, there were more serious accidents, involving more se-
vere consequences, where the permanent damage to health
came up to 20% — 37%. Accidents with sawing machines
also caused small permanent damage to health, usually 2-3%.
The highest damage to health caused by an angle grinder was
13%. The accidents involving combine-harvesters, because
of their complexity, cause different damages to health. They
can be small damages of 3-4%, but they can also be damages
coming up to 40% or 65%, resulting even in the limitation of
independent existence of the accident’s victim.

Sawing machines
35

Noow
[ ]

Number of accidents
=N
v o

[
o

5 3 2 1
0 . — R
Finger Metacarpus Palm Forearm

Part of upper limb

Fig. 7. Relation between the number of accidents involving saw-
ing machines and an injured part of the upper limb

Sawing machines

3
2
1
0-..---

Shin
Part of lower limb

Number of accidents

Hallux Foot Ankle joint Knee Thigh
Fig. 8. Relation between the number of accidents involving saw-

ing machines and an injured part of the lower limb

For the sawing machines, as it is a group of machines with
the highest number of accidents, an additional analysis was
made — which of the limbs sustained injuries and on what area.
The results of the analysis are presented in Figs. 7 and 8. In
most of the accidents involving sawing machines, 38 for 47
accidents, the upper limb was injured. The most frequent were
the injuries to the upper limb fingers. It results from the fact
that most of accidents involving sawing machines concern sta-
tionary circular saws, where the operator shifts the cut wood
with his hands. There were some more dangerous accidents,
in which more than one part of the upper limb is injured.

The accidents in which the lower limb was injured were
less numerous — 8 accidents. There was however a great
diversity among them. Almost all parts of the lower limb
were injured in the same number of accidents. The foot and
the ankle joint appeared only in two accidents. Injuries to
the lower limb occurred during the works using portable
chain sawing machines, where the operator was injured
when trying to jerk out a jammed chain. In one accident with
a sawing machine, the operator’s face was injured.
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CONCLUSIONS

On the area of Krakow County in 2005-2010, most of
accidents involved the sawing machines. It is due to the
fact that the number of such machines used in farms is the
highest. These machines, apparently simple, often are op-
erated by people without proper acquaintance with such
work and this leads to accidents. Another group of ma-
chines with numerous accidents were the angle grinders.
Among the typically agricultural machines, the frequent
accidents were those involving combine-harvesters.
The part of the body frequently injured in the accidents was
the upper limb. In the accidents involving sawing machines,
most of the damage to an upper limb concerned fingers.
The most frequent types of injuries amid all accidents
were the lacerations. Also, frequent types of injuries
were amputations (occurring mainly during the works
with the sawing machines) and fractures.

In case of the group of sawing machines and angle grind-
ers, the injuries sustained involved, in majority, a low
percentage of permanent damage to health.

In the accidents involving combines, the percentages
were significantly higher and reached the value that in-
dicated important damage to health leading to the limi-
tation of independent existence.

The most frequent causes of all the accidents were care-
lessness, lack of concentration, inattention or the opera-
tor’s tiredness.
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ANALIZA OBRAZEN OPERATORA
SPOWODOWANYCH PRZEZ RUCHOME CZESCI
MASZYN UZYWANYCH W GOSPODARSTWACH

ROLNICZYCH

Streszczenie. W gospodarstwach rolniczych uzytkowane sa
coraz to nowsze narzedzia i maszyn, ktore utatwiaja pracg. Brak
umiejetnosei do ich obstugiwania prowadzi czgsto do wypad-

MAGDALENA WOJCIK, GRZEGORZ JORDAN, WITOLD JORDAN, ANDRZEJ MRUK

kow, ktdrych efektem sg urazy o réznym stopniu nasilenia cigz-
kosci. Przeprowadzono badania obrazen powstalych podczas
wypadkéw z udziatem narzedzi i maszyn rolniczych na terenie
Powiatu Krakowskiego w latach 2005-2010. Zbadano jakie ro-
dzaje obrazenia wystepuja najczesciej, w jakiej grupie maszyn
jest najwiecej wypadkdw, a takze oceniono stopien nasilenia
cigzkosci obrazen. Najwigcej wypadkow miato miejsce z udzia-
tem pilarek, drugg grupa sa szlifierki katowe. Wsr6d maszyn
typowo rolniczych najcz¢sciej zdarzaly si¢ wypadki z udziatem
kombajndw. Czescig ciala, ktora najczesciej doznawata obrazen
w wypadkach jest konczyna gorna. Najczgstszym rodzajem
obrazenia wsrod wszystkich wypadkow byly rany szarpane.
W przypadku grupy pilarek i szlifierek katowych wystepujace
obrazenia w wigkszo$ci maja niewielki procent trwatego ubytku
na zdrowiu. W wypadkach z udziatlem kombajnéw wskazniki
procentowe ulegaja znacznemu wzrostowi i osiggaja wartos¢
procentowa, ktdra wskazuje na znaczne ubytki na zdrowiu pro-
wadzace do ograniczenia samodzielnej egzystencji. Najczestsza
przyczyna wszystkich wypadkdw jest brak zachowania nalezytej
ostroznosci, brak koncentracji, nieuwaga, a takze zmgczenie
operatora.

Slowa kluczowe: narzedzia i maszyny gospodarstw rolniczych,
wypadki, obrazenia.

The study was performed within the framework of a PK WM M-4/84/2013/DS Project.
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Summary. The paper deals with issues of oil flow intensity in
variable-height flat and ring gaps in hydraulic machines. On the
basis of the Navier-Stokes equations and the continuum equation
a formulas are given describing leaks in gaps. It is demonstrated
that the volumetric loss in gaps depends on the dimensions and
exploitation parameters of hydraulic machines.

Key words: variable-height gaps, hydraulic oil leaks.

INTRODUCTION

Hydraulic systems are applied in numerous branches of
industry [1, 3, 13, 19]. In hydraulic machines there are oil-
filled spaces between surfaces of neighbouring parts, called
gaps [2,4, 11, 14, 15, 17, 20]. The phenomena occurring in
gaps are of great practical importance, since most energy
losses in hydrostatic machines is associated with complex
processes taking place in gaps [9]. Examining and under-
standing these processes makes it possible for designers
and constructors of hydraulic machines to create more and
more effective, reliable and durable devices [6, 7, 12, 15].

In the majority of cases, a gap is not of constant height,
which may be caused by the inevitable imprecision of con-
struction, or non-uniform wear [14]. Fig. 1 presents a clas-
sification of variable-height gaps dealt with in this paper.
Wedge-shaped gaps are a typical case of flat gaps. Cone-
shaped gaps, on the other hand, are typical representatives of
ring gaps. Such gaps occur between the piston and cylinder
block in axial piston pumps and hydraulic motors.

Among variable-height gaps one can distinguish confu-
sor gaps (the height decreases with the flow direction) and
diffuser gaps (the height increases) [16, 18].

Each gap is a source of volumetric losses, and the leak
can be caused by various kinds of flow [8]:

— pressure flow (there is a pressure difference between the
ends of a gap)

— friction flow (the piston or the cylinder wall is moving),

— pressure-friction flow (both phenomena occur).

The gap height is usually 1 + 50 um, but the fluid flow
is not disrupted even for 0.1 um. Despite the fact that the
gap height is so small, the laws of the fluid mechanics still
hold [2].

VARIABLE-HEIGHT GAPS
+ i
FLAT GAPS RING GAPS
i { ¥ {
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Fig. 1. Classification of variable-height gaps
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APPLICATION OF THE NAVIER-STOKES
EQUATIONS FOR DETERMINING VOLUMETRIC
LOSSES IN LIQUID FLOWING THROUGH GAPS

Fig. 2 presents a diagram of a flat gap and a ring gap of
a variable height 4 and the known length /. At the entrance
to the gap of height /, the pressure is p, and at the exit from
the gap of height /, the pressure is smaller and equals p,.
One of the walls of a gap can move with respect to the other
with a relative velocity v. The direction of the liquid flow
intensity Q is marked with an arrow.

a) b)

Fig. 2. Variable-height gaps: a) flat diffuser gap, b) ring con-
fusor gap

The confusor and diffuser type gaps can be described by
means of convergence m or convergence parameter & [8]:

hz_hl
m=tga =t ()

- 2

Pressure changes in the flat gap are accounted for by the
Navier-Stokes equations and the flow continuum equation
represented in the cylindrical coordinate system x, y, z [5, 10]:

2 2
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¥ :
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0 [e; Ox %% 0z p Oz

—+—L4+—==0. (6)

The following assumptions were adopted in the analysis:
— the flow is laminar, uniform, steady and isothermal [9],
— inertia forces of the liquid are negligible,
— the liquid is incompressible and completely fills the gap,
— tangent stress is Newtonian,
— liquid particles directly adjacent to the moving surface
retain its velocity,
— the gap surfaces are rigid,
— cavitation phenomena in gaps were not taken into con-
sideration.

TADEUSZ ZLOTO, KONRAD KOWALSKI

Whenv, =v (x,2), v,= 0and v, = 0is assumed, equations
(3 + 6) become simplified:

vﬂ=v("’?+avf}la—p, )
ox ox 0z p Ox
0-2, ®)
oy
=2, ©)
[o%4
ov
AT 10
~ (10)

It follows from equations (7 =+ 10) that v_=v (z) and p = p(x).
Thus, the liquid motion in the gap is described by the fol-
lowing differential equation:

6zv‘ 1 op

oz pox .

0=v

(1)

With the dynamic viscosity coefficient u, equation (11) be-

comes: i
o'v, 1 op

0z uox

(12)

To obtain a formula for the liquid flow velocity in the gap,
equation (12) was integrated twice and boundary conditions
for a gap with a moving wall were assumed:

(13)

The liquid flow intensity through a gap of width b can be
represented as:

0=b[v.d. (14)
0
The pressure of the liquid in the gap is:
p(x):J.ilZpdx. (15)

The differential dp/dx occurring in equation (15) was ob-
tained as:

dp _buv _12uQ (16)
o K bR

where 4 is the gap height equal to:
h=(h2—h,)§+h,. (17)

Substituting (16) into (15) and taking (17) into consideration:

6 12
peg=f| 0

((hz 7h,)§+hlj2 b((hz 7hl)§+h]j

_ldx. (18)

After integrating equation (18), determining the integration
constant and applying transformations:
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p(x)-ijl:‘[rv—g’”h'}pl. (19)

b hh

Further to the operations stated above, assuming the bound-
ary conditions as x=/, p=p,, h=h,, the leak flow intensity Q
was obtained from (19):

b(pl _pz)(hlhz )2 i vbhh, )
6ul (h+hy)  h+h

(20)

An analogous procedure was conducted for the ring gap
and the following formula was obtained for the leak flow
intensity in a cone-shaped gap [8]:

_ zdh, (pl _pz)
12l

1

i”dh‘v 2+k-
4

where: e is a centrifugal displacement of the piston with
diameter d.

RESULTS OF SIMULATION EXPERIMENTS
ON LEAK FLOW INTENSITY OF OIL
IN VARIABLE-HEIGHT GAPS

Simulation experiments on leaks in typical hydraulic
oil were performed for a flat diffuser gap (convergence pa-
rameter k = 0.8) and for a ring confusor gap (convergence
parameter k£ = -0.5). It was assumed that the oil flow is of
pressure-friction type. One of the gap walls is moving with
respect to the other with velocity v =1 [m/s] in the direc-
tion reverse to the oil flow in the gap. Similarly, the piston
is moving in the cylinder with velocity v =1 [m/s] in the
direction reverse to the oil flow in the gap.

The following parameters were assumed in the compu-
tations for the flat gap:

— pressure at the gap entrance pl = 25 [MPa],

— pressure at the gap exit p2 = 0 [MPa],

— the gap length 1= 0,032 [m],

— the gap width b=0,01 [m],

— dynamic viscosity coefficient p = 0.0253 [Pas].

For the ring gap, the parameters were as follows:
— pressure at the gap entrance pl = 25 [MPa],

— pressure at the gap exit p2 = 0 [MPa],

— the gap length 1 = 0,02 [m],

— the piston diameter d = 0,015 [m],

— dynamic viscosity coefficient p = 0.0253 [Pas].

(2+k) 4[2]2
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Fig. 3 presents the results obtained in a flat diffuser gap
for various dimensions and exploitation parameters. It can be
observed that leaks grow with decreasing values of the dynamic
viscosity coefficient of oil (Fig. 3a). At the same time, as the
mean gap height increases, leaks grow exponentially (Fig. 3b).
When the gap wall is moving in the direction reverse to that of
oil flow, increase in the gap wall velocity contributes to decreas-
ing leaks (Fig. 3c). Besides, leaks grow with the growth of the
pressure difference between the two ends of the gap (Fig. 3d).

Fig 4 presents the results obtained in a ring confusor
gap for various dimensions and exploitation parameters. By
changing the value of the centrifugal displacement of the pis-

2

’ 1
1+1.5[;j +O.5k(3+0.5k—0.25k2)+0.75k[2] U S

. (2+k)2—4(;|)2

21)

2

k

ton from 0 (concentric position in the cylinder) to 16 pm (the
maximal displacement of the piston in the case under consid-
eration), its impact on volumetric losses was examined. The
analysis demonstrate that as the piston displacement increases,
the value of leaks in the gap increases too (Fig. 4a). The leaks
are the greater, the bigger the mean gap height is (Fig. 4b).
Increase in the gap length / is accompanied by decreasing
leaks (Fig. 4c). Oil viscosity is a crucial factor: when viscosity
increases, leaks decrease (Fig. 4d). Besides, leaks grow with
the growth in the pressure difference between the two ends
of'the gap (Fig. 4¢). When the piston is moving in the reverse
direction to that of oil flow, then increase in the velocity of
the piston motion causes leaks to decrease (Fig. 4f). Thus, it
is evident that piston velocity influences the quantity of leaks
due to the operation of molecular friction forces in oil.

CONCLUSIONS

The study leads to the following conclusions:

1. Computational models discussed in the present analysis
provide adequate tools for determining the flow intensity
of oil leaks in flat and ring gaps.

2. The intensity of oil leaks depends on a number of param-
eters, such as dimensions or exploitation factors. Their
occurrence negatively affects the efficiency of hydraulic
machines and devices.

3. The laminar flow occurs in hydraulic gaps, and the Reyn-
olds number increases with the growth of leaks.
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NATEZENIE PRZEPLYWU PRZECIEKOW OLEJU
W SZCZELINACH O ZMIENNEJ WYSOKOSCI

Streszczenie. W artykule przedstawiono problematyke zwigzana
z nat¢zeniem przeptywu oleju przez szczeliny plaskie i pierscie-
niowe o zmiennej wysokosci, ktore wystepuja w réznego rodzaju
maszynach hydraulicznych. W oparciu o rownania Naviera-Sto-
kesa i rownanie ciaglosci wyznaczono zaleznosci okreslajace
przecieki w szczelinach. Rezultaty obliczen strat wolumetrycz-
nych wystepujacych w szczelinach przedstawiono w zaleznosci
od parametrow geometrycznych i eksploatacyjnych.

Stowa kluczowe: szczelina o zmiennej wysokosci, przecieki
oleju hydraulicznego.
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Modelling the load of the piston system in an axial piston pump
by means of the adina software

Tadeusz Zloto, Piotr Stryjewski

Insitute of Mechanical Technologies
Czestochowa University of Technology

Received April 11.2013; accepted June 18.2013

Summary. The paper analyses the load of the kinematic pair
piston-cylinder block in an axial piston pump. The surface com-
pressive stress occurring between the piston and the cylinder
block were determined by means of the commercially available
software Adina, which was used for constructing numerical mod-
els and representing results of the research.

Key words: axial piston pump, piston load, software Adina.

INTRODUCTION

Axial piston pumps have numerous industrial applica-
tions. Since they can operate by high pressures and power,
they are characterized by high values of power efficien-
cy, defined as the ratio of power to mass or volume [11,
12, 19]. Axial piston pumps are most often used in the
drives of complex devices requiring high efficiency [13,
20]. Needless to say, attempts are constantly made at im-
proving the design and exploitation parameters of pumps
to further increase their efficiency and reliability [6, 7, 9,
10, 14, 17, 18, 21].

As was mentioned, axial piston pumps have a constantly
growing range of industrial applications, including such
branches as
— aircraft industry,

— automotive industry (presses, CNC systems, injection
molding machines),

— heavy industry (pressure foundries, rolling machines,
cokeries),

— building industry (excavators, loaders, extension arms),

— agriculture and forestry (cranes, elevators, grill rigs,
mowers, harvesters),

— military vehicles (multifunction vehicles, constructing
bridges).

LOAD OF A PISTON IN AN AXIAL PISTON PUMP

From among all hydraulic machines, the highest pres-
sures are attested in axial piston pumps [1, 8, 22]. High
pressures cause high loads of the basic kinematic pairs in
these machines. Fig. 1 presents forces acting on the piston
system in an axial piston pump.

Fig. 1. Load of an axial piston pump

The following forces can be observed: Force F, origi-
nating from pressure in the displacement chamber, dynamic
force F_ of the piston system, centrifugal force F' and fric-
tion F,. The friction force I, operates between the cylinder
and the piston when the latter is moving in the course of the
work. In the pump work cycle, friction increases load of the
valve plate, but in the motor work cycle it causes relief of
the valve plate.

One of the main sources of energy losses in axial piston
pumps is the system piston-cylinder block. The two types
of cylinder lining and the corresponding piston motions are
presented below [3, 5, 16]:

— piston travels in a sleeveless cylinder (Fig. 2a),
— piston travels in a sleeved cylinder (Fig. 2b).
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Fig. 2. Piston moving in: a) sleeveless cylinder, b) sleeved cylinder

ANALYSIS OF STRESS FORCES
IN THE PISTON SYSTEM

In the piston-cylinder system in axial piston pumps oper-
ating on the swash plate principle, a radial force /7, coming
mostly from the force of displacement pressure acts on the
piston joint. This causes the piston to skew, and subsequent-
ly, significant reactions R , R, occur between the piston and
the cylinder.
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Fig. 3. Computational model of surface compressive stress

The surface compressive stress coming from the radial
force are represented by the following formula [2, 4, 19]:

(1)

and the surface compressive stress coming from the
torque of the radial force are represented as [4]:

Oy = 2

The maximum surface compressive stress between the
piston and the cylinder are [4, 19]:

Tmax = Tur T Of. 3)

Fig. 4 presents the maximal and minimal values of sur-

face compressive stress as the function of the angle ¢ of the
cylinder block rotation in the model under consideration.
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Fig. 4. Maximal and minimal surface compressive stress as the
functions of the angle ¢ of the cylinder block rotation

MODELLING THE PISTON-CYLINDER
CONTACT ZONE

In the study, the ADINA (Automatic Dynamic Incre-
mental Nonlinear Analysis) system was used to simulate
numerically the effective stress distribution of the kinematic
pair piston-cylinder in an axial piston pump. The software
is designed as a dedicated tool for solving problems related
to fluid mechanics and heat flow.

Fig. 5 presents the algorithm of the simulation subse-
quently applied in the Adina system.

Defining global degrees of freedom
and dimensions of piston system

|

Defining boundary conditions
and introducing load

A4
Defining material, mesh thickness
and type of finite elements

‘ Saving file, starting computational module ‘

l Graphic representation of results ‘

Fig. 5. Algorithm of the simulation in the Adina system
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The piston-cylinder contact is analysed as a case of flat Fig. 8 presents smoothed field of effective stress in the
deformation in a two-dimensional space. Such a model in-  contact zone, obtained for the piston-cylinder system.
cludes some simplifications, but on the other hand, it offers Fig. 9 shows a mesh of the two-dimensional model of

important advantages, such as simplicity of modelling, com-  the steel piston-bronze cylinder system.
pact size, and consequently, short computation time. There-
fore, the model proves to be useful for testing computations
related to various problems.

Fig. 6 presents the discretization region of the piston system.
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Fig. 6. Discretization region

The discretization uses 4-nod elements of the type
2D-SOLID.

Fig. 7 presents a mesh of the two-dimensional model of
the steel piston-steel cylinder system.

A 8 TIME 10.00
s

Fig. 10 presents smoothed field of effective stress in the con-
L ! LB tact zone, obtained for the steel piston-bronze cylinder system.
|| al SLSH S Table 1 presents selected stress values obtained in the pis-
N| A O I ton-cylinder contact zone in an axial piston pump for the analyt-
A\ = e L LT ic model not taking into account the material of which the parts

bronze [

Fig. 9. Two-dimensional model mesh (steel-bronze)

e

are made and the numerical models of the steel piston-steel
cylinder system and the steel piston-bronze cylinder system.

The absolute differences in unitary stress were obtained
for the numerical models and the analytic model with respect
to the analytic model. The relative values for the numerical
model in the steel piston-steel cylinder case are 1.6 — 13.6 %,
whereas in the case steel piston-bronze cylinder the relative
values are 1.9 — 8.7% [15].

The study carried out therefore lends support to the thesis
that the construction with a steel piston and a bronze cylinder
should be preferred over the alternative construction of a
pump in which both the piston and cylinder are made of steel.
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RST CALG
TIME 10.00

M
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NODE 65069 (5.057E-06)

Fig. 8. Huber-von Mises smoothed effective stress distribution in the contact zone, obtained for the steel piston-steel cylinder system
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Fig. 10. Huber-von Mises smoothed effective stress distribution in the contact zone, obtained for the steel piston-bronze cylinder system

Table 1.
Numerical models
Cylinder block | Radial force Analytic Steel Relative Steel piston and | Relative values
No. | Totation angle model piston and values bronze cylinder
. cylinder
¢ wy o o a
[°] [N] [MPa] [MPa] [%o] [MPa] (%]
1 0 1864.11 32.21 31.68 1.6 30.33 5.8
2 45 1835.63 30.42 31.18 2.5 29.85 1.9
3 90 1774.53 26.55 30.15 13.6 28.86 8.7
CONCLUSIONS 5. Jang D.S. 1997: Verlustanalise an Axialkolbeneinheiten.

On the basis of the present study, the following conclu-

sions can be put forward:

L.

The numerical models developed with the use of the soft-
ware Adina enable determining the values of stress forces in
the kinematic pair piston-cylinder of an axial piston pump.
In the case when the piston is made of steel and the cyl-
inder block is made of bronze the surface compressive
stress are significantly smaller than in the case when both
the piston and the cylinder are made of steel. Supposedly
it is caused by different strain and material properties of
steel and bronze.

RERERENCES

Balas W. 1966: 1.ozyska hydrostatyczne w osiowych pom-
pach tlokowych. Przeglad Mechaniczny, Nr 11, 329-331.
Bronsztejn I.N., Siemiendiajew K.A., Musiol G.,
Miihlig H. 2004: Nowoczesne compendium matema-
tyki. WN PWN, Warszawa.

Heyl W. 1979: Ermittlung der optimalen Kolbenanzahl
bei Schriigscheiben-Axialkolbeneinheiten. Olhydraulik
und Pneumatik, 23, Nr 1, 31-35.

Ivantysyn J., Ivantysynova M.: Hydrostatic Pumps and
Motors. Akademia Books International, New Delhi 2001.

6.

10.

11.

12.

13.

Dissertation RWTH, Aachen.

Kagl Ch. 1995: Verstellbare hydrostatische Verdrangere-
inheiten im Drehzahl- und Drehmomentregelkreis am
Netz mit angepaftem Versorgungsdruck. Dissertation
RWTH, Aachen.

. Kraszewski D. 1975: Dobieranie parametréw kon-

strukcyjnych tozyska hydrostatycznego o powierzchni
ptaskiej i sferycznej w zastosowaniu do maszyn ttoko-
wych. Rozprawa doktorska. Pol. Wroctawska, Wydziat
Mechaniczny, Wroctaw.

. Murrenhoff H. 2005: Grundlagen der Fluidtechnik. Teil

1: Hydraulik, Shaker Verlag, Aachen.

. Niegoda J. 1978: Badanie mozliwosci zastosowania tto-

kéw z bezprzegubowym podparciem hydrostatycznym
w pompach i silnikach wielottoczkowych osiowych.
Rozprawa doktorska. Pol. Gdanska, Wydz. Budowy
Maszyn, Gdansk.

Olems L. 1999: Berechnung des Spaltes der Kolben-Zy-
linderbaugruppe bei Axialkolbenmaschinen. Olhydrau-
lik und Pneumatik, 43, Nr 11-12, 833-839.

Osiecki A. 1998: Hydrostatyczny naped maszyn. WNT,
Warszawa.

OpJioB FO.M. 1993: ABunainmoHHbIe 00bEMHBIC THPOMA-
LIMHBI € 30I0THUKOBBIM pactipeaenenuem. [II'TY, Ilepme.
Osiecki L. 1999: Badanie zjawisk zachodzacych w ze-
spole tloczek-stopka hydrostatyczna-dtawik srubowy



14.

15.

16.

17.

18.

19.

20.

MODELLING THE LOAD OF THE PISTON SYSTEM

maszyny wielottoczkowej osiowej. Rozprawa doktorska.
Pol. Poznanska, Wydz. Budowy Maszyn i Zarzadzania,
Poznan.

Osiecki A., Osiecki L. 1998: Prace rozwojowe nad nowa
konstrukcja pomp wielottoczkowych osiowych. Hydrau-
lika i Pneumatyka, Nr 4, 4-9.

Paleczek W. 2003: Mathcad Professional. Akademicka
Oficyna Wydawnicza EXIT, Warszawa.

IMos1030B A.B. 1976: Bribop onTuManbHBIX HapaMeTPOB
00BEMHOTO POTOPHOTO Hacoca. BecTHrk MamuHOCTpO-
enusi , Ne 1, 3-8.

Renius K.H. 1973: Experimentelle Untersuchungen an
Gleitschuhen von Axialkolbenmaschinen. Olhydraulik
und Pneumatik, 17, Nr 3, 75-80.

Renius K.H. 1975: Reibung zwischen Kolben und
Zylinder bei Schrigscheiben-Axialkolbenmaschinen.
Olhydraulik und Pneumatik, 19, Nr 11, 821-826.
Stryczek S. 1995: Naped hydrostatyczny. Tom 1, WNT,
Warszawa.

Ryzhakov A., Nikolenko I., Dreszer K. 2009: Selection
of discretely adjustable pump parameters for hydraulic
druves of mobile equipment. Polska Akademia Nauk,

21.

22.

123

Teka Komisji Motoryzacji i Energetyki Rolnictwa,
Vol. IX, 267-276.

Zloto T., Stryjewski P. 2012: Load of the kinematic pair
piston-cylinder block in an axial piston pump , PAN,
TEKA Komisji Motoryzacji i Energetyki Rolnictwa,
Vol. 12, No 2, 269-274.

ZhangY. 2000: Verbesserung des Anlauf- und Langsam-
laufverhaltens eines Axialkolbenmotors in Schragschei-
benbauweise durch konstruktive und materialtechnische
MapPnahmen. Dissertation RWTH, Aachen,.

MODELOWANIE OBCIAZENIA ZESPOLU TEOCZKA
POMPY WIELOTLOCZKOWEJ Z WYKORZYSTANIEM

PROGRAMU ADINA

Streszczenie. Praca zawiera analiz¢ obcigzenia pary kinematycz-
nej ttoczek-cylinder pompy wielottoczkowej osiowej. Do okre-
$lenia naciskow powierzchniowych wystgpujacych pomigdzy
ttoczkiem i cylindrem w pompie wielotloczkowej wykorzystano
komercyjny program komputerowy Adina. Zbudowano modele
numeryczne w tym programie i zaprezentowano wyniki badan.
Stowa kluczowe: pompa wielottoczkowa osiowa, obciazenie
ttoczka, program Adina.
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