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Summary. The paper presents the results of measurements of 
-

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 

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 

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-

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

2
 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) 

price is 4.2 Euro per 1 kg of PLA, an 6,0 Euro for 1 kg of 
-

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 

the trials reported.

MATERIALS AND METHODS

The basic raw material for the production of TPS was 

glycerol of 99.5% purity (Odczynniki Chemiczne Lublin), 
added in an amount of 20 % wt. The bland was processed 

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 

Polylactide 2003D Ingeo ™ Biopolymer (Nature Works 
LLC) was added in an amount of 20% by weight to the TPS 
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-
duced at variable screw rotation (50- 80 r.p.m.), at temperature 
range from 80 till 140 o C, using a blow die gap of 0.6 mm.

Fig. 1. Food extruder TS-45

Fig. 2. 

The measurements of selected mechanical properties of 

and methodology described in the literature [1, 15, 16, 17]. 
The tests were carried out using the Universal Testing Machine 
Zwick type BDO-FBO0.5®, just as in the studies carried out 

-

RESULTS

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.

Fig. 3. 

at different screw rotation

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 

Fig. 4. 

PLA produced at different screw rotation

Fig. 5. 

PLA produced at different screw rotation
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CONCLUSIONS

characterized by poor tensile strength, quickly cracked and 

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 

-
lets, their use would require a variety of other functional 
additives. 

The screw rotation had a slight impact on the measured 
-

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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Summary. This paper presents the results of measurements of 

(TPS), enriched by functional additives, produced at different 
screw rotation of the extruder. TPS granules were processed 

= 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. 

Tensile strength, elongation, strain at break, elongation at break, 
work at tensile strength and work at break were measured. The 

-

weaker than the ones containing guar gum.
Key words: thermoplastic starch, extrusion-cooking, mechanical 

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 

50%. During starch degradation to CO
2
 and water, the ma-

terials disintegrate into smaller pieces.
Starch, as a biodegradable component of plastic materi-

-
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-

equipment, typical for synthetic polymers manufacturing. 
Many publications and solutions presented on the interna-

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

2
 and water in a relatively short time. To 

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 

bark, kaolin or pectin [10].

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

2
 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.o.

-
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 

blowing

Sam-
ple

Potato
starch
[%]

Glycerine
[%]

Ingeo™
2003D

[%]

Polyvinyl
alcohol

[%]

Guar gum
[%]

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 

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 

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. 

cm lengths) was dried for 24 hours at ambient temperature 

and 2 cm width), assembled and stored in the open containers.

Fig. 2. 

measured on the Zwick Universal Testing Machine type 
BDO-FBO0.5TH (Fig 3). The samples were cut longitudi-
nally and transversely to the direction of extrusion blown 

-
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-FBO0.5TH

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 

-
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-

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 

the tensile strength of samples with the addition of PLA cut 

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 o  ccurred 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 

transversely produced at 60 rpm). Unfortunately, the low 
-

lation between the screw speed and elongation.

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 

80 rpm and cut lengthwise the inverse relationship was not-

c4 (16.52 MPa) and the lowest in sample e4 (7.83 MPa). 
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Fig. 4. 

Fig. 5. 

transversely)

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

cut transversely). The highest value was observed for the 

-

during the measurements, which did not allow to estimate 
clear relationship between the screw rotation and the screw 
rotation and elongation at break.

-
der the curve of the maximum tensile force. Results of the 
measurement of this parameter are shown in Figure 8. The 

-

The lowest results were noted for sample a4 (37.30 mJ at 50 
-

ly). Looking for the relationship between the value of work 
at tensile strength and the applied screw rotation, only the 

transversely showed satisfactory value of the correlation 
-

Work at break is the value of area under the entire curve 
of the tensile force to break. The screw speed had the impact 

addition of polyvinyl alcohol (Figure 9). For samples c4 the 
highest values of the work at break was noticed (429.57 mJ 

0
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the lowest value of the measured parameter (28.66 mJ at 

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 

Samples containing PLA were characterized by average 

obtained only during the tensile strength test.
-

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 

-

application of the extrusion-cooking technique and typical 

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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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 

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 

-
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 

the ecological point of view and is a rich source of energy 
×kg-1

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 

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 

x is increasing, the values of pressure p
x

material are decreasing.

Fig. 1. 

2002]: p
k x x

pressures, P
d

chamber diameter, P
R

Fig. 2. 
k

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, 

characteristics of biomass.
This paper presents selected issues concerning the pro-

duction of pellets and briquettes.

Fig. 3. 

(it was assumed that the moisture content of biomass is lower 
than 20% and it does not require drying) [2]

Fig. 4 shows a stand for performing the tests of the pro-
cesses of pelletisation and briquettiation of materials of plant 
origin (biomass).

The device consists of an immovable matrix 3 and two 
-

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-

-
ature recorder, C- power recorder 

The example of the matrices using in the universal pel-

Fig. 5. Example matrices [2]

SHREDDING

The average size of particles undergoing pelletisiation 

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 

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 

Biomass

straw,             grain,         sawdust,         shavings,

hay,   buckwheat's halls, grass,     other plants

desintegration

desintegration

dosing

mixing

pelleting, brquetting

cribration 

cooling

storage

conditioning

air

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-

mechanisms would be dominant (this pertains, above all, to 
mixtures of different components).

For example: during the pelletisation of biomass with a 
-

cohesion forces is an important factor.
During the briquettisation of shredded straw, there appear 

-
enced by mechanical coupling and locking of particles, internal 
pressure between particles, binder additives and capillary forces.

content of straw shredded on a beater shredder using a sieve 
mesh of a)10 mm and b)6 mm, the proportional content of 

briquettes decreases (in the b) case) by approx. 10 kg×m-3.

-
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 

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 

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-

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.

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.

For the briquettes with a diameter of 28mm and 50 mm 

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

SIEVING
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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 
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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 

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 

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 

-

tion in 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 

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. 

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-

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.

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. 1. 

Fig. 2. Cross-section of the engine head after modernization

combustion chamber in the piston

Fig. 3. 

TFSCM COMBUSTION MODEL

For the simulation of homogeneously/inhomogeneously 
premixed combustion processes in SI engines, a turbulent

[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 

-
mined by two different mechanisms via: Auto-ignition and 
Flame propagation scheme.

The auto-ignition scheme is described by an Arrhenius 

of these two mechanisms is the dominant one. Hence, the 

fuel
 can be described using a maximum

operator via:
using a maximum operator via:

}opagationPrFlame,ignitionAutomax{ FPAIfuel .

-
alence ratios from 1.5 up to 2.0 and for pressure levels 
between 30 and 120 [bar], respectively. The auto-ignition 

AI
 can be written as:

T

T
expTyya aaa

O
a
fuel

a
1AI

54

2

42 ,

where: a
1
 to a

5 a
 is the activa-

tion temperature, T is the temperature, r is the density, y
fuel

 is 
the fuel mass fraction and y

O2
 is the oxygen mass fraction.

FP
-

nism, the second one in this model, can be written as the 

5 5

1

2

3

4 7

5

6

8

9
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product of the gas density, the turbulent burning velocity S
T

and the fuel mass fraction gradient �y
fuel

 via:

fuelTFP yS .

NUMERICAL MODEL OF ENGINE

The computational mesh can be obtained as surface 
or volume discretization. In AVL FIRE the Finite Volume 

stroke engine four computational domains are required. The 
-

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 

whole engine cycle. The division cycle of three domains 
-

tween the valve train and valve seat. 

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, 
c) exhaust

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

Modelling parameters

Parameters Value

ignition advance angle 12 deg

fuel gasoline

fuel temperature

initial pressure 0.095 MPa

initial temperature

excess air factor 1.0, 1.1, 1.2, 1.3

density 1.19 kg/m3

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 

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-

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

a)
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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-

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.

intake and compression stroke is presented. The main swirl 
process by the streamlines is underlined. There, the so-called 

kernel direction propagation.

Figure 9 shows the cross sections of the engine cylinder 
-

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-

Velocity
m/s

15 deg 65 deg 275 deg

T, K

355 deg 365 deg 405 deg

650 deg 700 deg 715 deg
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pendent pressure and temperature distribution in combustion 

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-

acceptable. The results of modelling allow for an analysis of 
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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 

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 

the basis of study results it was recorded that heating the grain 

increase in the value of the falling number, as well as in lower 

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

INTRODUCTION

Falling number is one of indicators determining the 

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 

Their excessive activity leads to decomposition of starch 
into simple sugars, which deteriorates the bread making 

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 

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:

-
creases,

or decreases,
-

creases,

-
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-

The material studied was the grain of spring wheat of 
-

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 
of 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 

[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 

Fig. 1. 

heating the grain

The data presented in Figure 1 reveal that the lowest 
-

tained from the grain which had not been exposed to thermal 
processing. Depending on the moisture of the grain, the 

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.

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.

suggest a clearly lower activity of the amylases present in 
-

making bread [11].
Figures 3 and 4 present the effect of the time of heating 

produced from those cereals.

Fig. 3. 

heating the grain

been thermally processed ranged from 13.52 to 15.14%. In 

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 

level of 10.26% for the grain of initial moisture amounting 
to 14%, and to 11.74% for the grain of initial moisture of 

required moisture must not exceed 15%. In our analyses 

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%.Fig. 2. 

heating the grain
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Fig. 4. 

of heating the grain

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-

variant of processing the grain for 120 s, the moisture 

Considering the Polish Norm, the requirements regarding 

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 

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 

with three analyzed moisture levels. As the model for the 
experiment, the following linear model was adopted:

,

where:
y

ijkl
j-this grain va-

riety with k-this moisture undergoing l-this processing time,

a
j

j-this grain variety,
b

k
k-this grain moisture,

g
l

l-this processing time,
ab

jk
 j-this grain variety with k-this

grain moisture,
a g

jl
j-this grain variety and

l-this processing time,
b g

kl
 k-this grain variety and

l-this processing time,
e

ijkl

For the needs of the adopted experimental model, we 

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

S
=-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 

that both grain variety and grain moisture, as well as process-

examined properties: grain moisture or the falling number. 
-
-

sional tests of variance analysis were performed (Table 2).

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

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 3,4 0,006 3,9 0,003



26

The tests did not reveal any interaction between the variety 
of the grain and its moisture, or between the variety and heating 

-

both varieties changed similarly along with changed grain mois-
ture, as well as along with changed processing time (Table 2). 

Fig. 5. 

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 

analyzed levels of grain moisture do not result in any sig-

initial level of grain moisture changed in the same way along 
with the change in processing time (Fig. 6).

Changes in the value of the falling number for grain at the 
analyzed moisture levels, depending on heating time

Changes in the value of the falling number for wheat and 
rye, depending on heating time

-
ing time

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

Flour moisture and initial grain moisture

Half of the analyzed grain samples with the moisture 

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 

to deviations from normality [9].

Contrast evaluations

Contrast
Evalua-

tion

Statis-
tical 
error

t p
-95% Con-

Interval

+95% 

Interval

Moisture 
content

8,363 0,173 48,342 0,000 8,010 8,717

Falling 
number

-114,000 2,555 -44,619 0,000 -119,218 -108,782

Irrespective of variance analysis tests, we performed 
a planned comparison of mean moisture and the falling 

from the grain heated for 30, 60, 90 and 120 s.
-

lowing contrast: , where 
t
 are mean 

values of a property for respective heating periods (t=0; 30; 



27

on the average). Also, the difference between the value of the 
falling number in unprocessed grain and the falling number 

it was -114 (-28.5 on the average). The mean value of the 

unprocessed grain, as compared with the falling number in 

On the basis of the contrast analysis it may be claimed 
that the process of grain heating results in a statistically 

-

CONCLUSIONS

The following conclusions were drawn on the basis of 
the studies discussed above:
1. Heating wheat and rye grains with infrared radiation 

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, 
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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 O = 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 

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 

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.

1 . Main engine parameters

Engine capacity 1810 cm3

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 O

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-

COMBUSTION MODELLING

The simulation of combustion process was performed 
for gaseous fuel (methane) at air excess factor value O = 
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1.4, one central spark plug and eight values of the ignition 

top dead center (TDC).
The chemical reaction of methane combustion model in 

the oxidation of fuel and the following three reactions de-
scribe the NO formation according to extended Zeldowich 
mechanism [27].

nism [27].
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The coefficients of NO formation kinetic reaction rate are necessary to perform the 

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

2
 concentration 

(averaged values for the volume of combustion chamber) in 
function of crank angle are also presented.

NUMERICAL ANALYSIS RESULTS

-
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

2
 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) 

Fig. 2. Temperature distribution for three example ignition ad-
vance angles 2qCA, 10qCA, 16qCA before TDC

Fig. 2 reveals that the combustion process was intensi-

phenomenon is clearly seen in case of ignition advance an-
gle equal 16qCA 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.

Fig. 3. In cylinder pressure courses for selected ignition advance 
angle values

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

The maximal pressure values occur earlier than in the 
q

difference in crank angle are 12qCA. It proves that the com-

earlier ignition. It is clearly seen on a chart depicting the 

Fig. 1. Geometric mesh in cartesian co-ordinate system
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2qCA ignition advance angle value, this parameter reaches 
maximal value of 0.42 MPa/q at 372qCA. In case of 16qCA 
ignition advance angle value, dp/dM is two times bigger and 
reaches the value of 0.84 MPa/q at 361q CA.

Fig. 5. Pressure increase courses in function of crank angle for 
selected ignition advance angle values

Taking into consideration the above mentioned data, it 

not purposeful. The difference in maximal values of temper-

(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-

Fig. 6 depicts the nitric oxide distribution in the com-
bustion chamber for the three example ignition advance an-
gles 2qCA, 10qCA, 16qCA 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 

NO concentration in the cylinder volume.
For 2qCA ignition advance angle value, the nitric ox-

ide concentration (the averaged value for the volume of 

value equal 2930 ppm at 394qCA. In case of 10qCA igni-
tion advance angle value, the NO concentration increased 
by 65% up to 4850 ppm at 387qCA. For 16qCA ignition 
advance angle value, the NO concentration increased by 

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

NO distribution (actual maximum values at 46q, 28q, 25q
CA after TDC) for three example ignition advance angles 2qCA,
10qCA, 16qCA before TDC

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 12qCA, 14qCA, 16qCA before 
TDC is not favourable. The pressure increase in the cylinder 
is too big, which can result in very hard engine operation and 

The chart depicted in Fig. 8. shows the variations of CO
2

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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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

2
 was obtained faster.

The results of these tests were compared with those of 
a engine powered by a mixture of O
this case (O = 1.2) the optimal ignition advance angle was 
2qCA 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

2
 and up to almost 50% less nitrogen oxide.

CONCLUSIONS

The results of 3D modelling of methane combustion 
showed, that using earlier ignition advance angle caused 

80% for 16qCA ignition advance angle value. The differ-

High values of pressure growth speed (maximal value of 
0,83 MPa/q) can lead to noisy and hard engine operation.

The optimal value of ignition advance angle appears 
to be 6qCA 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 372qCA and 
pressure increase is 0,53 MPa/q. Concentration of NO reach-
es its maximal value equal 3760 ppm at 387qCA and this is 
about 30% lower in comparison with case 16qCA 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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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 

angle (2.5°, 7.5°, 12.5° and 17.5°). Additionally, sensory assess-
ment was performed for the purpose of selection of the desired 

the amount of the additive and knife wedge angle. The cutting 

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 

in an amount not exceeding 10% of the knife with an angle of 
2.5° and exacerbation of 7.5°.
Key words: 

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 

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-

creation of products with new properties [7, 14]. Such cri-

teria are met by oatmeal. Oats has as well-balanced amount 

both healthy people and diabetics [5, 12]. 

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 

development of new products and evaluation of the quality 

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 

shredding the products. The most common are three types 
-

a scoop-shaped blade. The highest prevalence was found 

The cutting tests on confectionery products aimed at 

process while maintaining a good quality of cakes. However, 
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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-

with 0, 5, 10 and 15% by the addition of instant oatmeal 

Other dough ingredients were: 250 g of eggs, 350 g of sug-

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-

computer. In the study knives were used with the shapes of 

the angle between a plane perpendicular to the direction of 

movement and the cutting edge of the knife was 0°. Speed 
-1. 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 

0.063 J (for knife wedge angle of 17.5°). And the lowest 
cutting force and work were recorded for the control, for the 

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

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):

dkF z 0766,00919,03057,2 �� , (1)

R2

209,10291,0 dW (2)

R2

where:
F

W

zk

d

The results were subjected to two-way analysis of vari-

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-

analysis are shown in Table 1

Parameter
Addition of the 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 

the knife wedge going into the product, which causes a large 

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. 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°, c) 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°, c) 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 

effect on the results of organoleptic assessment of cakes 

(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 

2. The best quality of baked pieces is obtained using the 

angle of 2.5° and 7.5°.
3. The scoring shows that the best overall quality of the 

amount of 5 and 10%. It obtained 20 points out of the 
-

in accordance with the requirements.
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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 

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 

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 

-
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 list of activities and the way of their coding in the Bayesian network

No. Preceding activities Following activities T

1 N01_Start Lack N02_Plough skimming_P1_1 0

2 N02_ Plough skimming_P1_1 N01_Start
N03_ Harrowing_P2_1
N04_ Harrowing_P1_1

15

3 N03_ Plough skimming_P2_1 N02_ Plough skimming_P1_1 N05_ Harrowing_P2_1 10

4 N04_ Harrowing_P1_1 N02_ Plough skimming_P1_1
N05_ Harrowing_P2_1
N06_ Pre-sow ploughing_P1_1

10

5 N05_ Harrowing_P2_1
N03_ Plough skimming_P2_1
N04_ Harrowing_P1_1

N08_ Harrowing_P2_2 12

6 N06_ Pre-sow ploughing_P1_1 N04_ Harrowing_P1_1 N07_ Harrowing_P1_2 12

7 N07_ Harrowing_P1_2
N06_ Pre-sow ploughing_P1_1
N08_ Harrowing_P2_2

16

8 N08_ Harrowing_P2_2 N05_ Harrowing_P2_1
N07_ Harrowing_P1_2

10

9 N07_ Harrowing_P1_2
N10_ Soil loosening and level-
ling-cultivation unit_P1_1

16

10
N10_ Soil loosening and levelling-cultiva-
tion unit_P1_1

N14_ Seed sowing_P1_1 8

11 N08_ Harrowing_P2_2 N12_ Winter ploughing_P2_1 16

12 N12_ Winter ploughing_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

15 N15_ N fertilizer sowing_P1_1 N14_ Seed sowing_P1_1
N16_ N fertilizer sowing _P2_1
N17_ Cultivation harrowing_P1_1

16

16 N16_ N fertilizer sowing _P2_1
N13_ Harrowing_P2_3
N15_ N fertilizer sowing _P1_1

N18_ Soil loosening and level-
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
N18_Soil loosening and levelling-cultiva-
tion unit_P2_1

N16_ N fertilizer sowing_P2_1 N19_ Seed sowing_P2_1 8

19 N19_ Seed sowing_P2_1
N18_ Soil loosening and level-
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
N22_ N fertilizer sowing _P1_2

7

21 N21_ Herbicide spraying_P2_1
N19_ Seed sowing_P2_1
N20_ Herbicide spraying_P1_1

N23_ N fertilizer sowing _P2_2 22

22 N22_ N fertilizer sowing _P1_2 N20_ Herbicide spraying_P1_1
N23_ N fertilizer sowing _P2_2
N24_ Seed harvest_P1_1

10

23 N23_ N fertilizer sowing _P2_2
N21_ Herbicide spraying_P2_1
N22_ N fertilizer sowing _P1_2

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

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-

(aggregates) which were categorized according to the uni-

activities were determined as well as the structure of the 
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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

es
) and the 

earliest possible date of the end of any activity (T
ef
) are 

continuous random variables of the assigned distribution. 
For any activity j the values of these variables are calculated 
from the expression:

1,2,... ( ) 1,2,... ( )
max ( ) max ( ),j i i i

j i n j i n j
Tes Tef Tes T

  
�   �

( ),j j jTef Tes T �

Where:
T

esj

T
efj

T
T

esi

T
j

T
i

activity j in the action network

-
ishing (T

lf
) and beginning (T

ls
) their values for activity i are

assigned according to expression:

1,2,... ( ) 1,2,... ( )
min ( ) min ( ),i j j j

i j m i j m i
Tlf Tls Tlf T

  
�   �

( ),i i iTls Tlf T �

Where:
T
T

lsj

T
lfj

T
lsi

T
i

T
j

the activity i in the action network.

The notion resources corresponds to Bayesian network 
knot representing discreet random variable R which values 

These arrangements are categorized according to unitary 

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].

Fig. 2. The model of activities in Bayesian network

earliest possible date of the beginning of the activity action 
T

es
, the action duration T, the earliest possible date of the end 

the action T
ef

T
1f
, the latest date when the action has to start, resources R 

and the conditions of realization of activity S.

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

the aggregate) the lower the variance regardless of condi-
tions (variable S) and vice versa. The average duration of 
the activity from T

min

conditions to T
max

-
tions were also determined. 

The topology of the Bayesian network the sub-network 

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

ef_08

the time of the beginning of the activity (variable T
es_08

) 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 

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

es_08
=33 (case B and C) the schedule of probability over 

the set of variable value T
ef_08

 undergoes sharpening and 

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 

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 

variable T
ef_08

= 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

es_08
=

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 

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 

Fig. 3. The topology of the network representing chosen activities
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Fig. 4. Inference about the latest possible date of the end of the activity

Fig. 5. 
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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 

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, 

-
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-

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.

-
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 extension of principles of resources availability taking 
into consideration the costs connected with the realization 
of given activities.
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Summary. The study includes the results of research on de-

a pod. 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-

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].

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, 

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.

methods of developing air volume inside bean pods.

MATERIAL AND METHODS

The research was carried out in 2008-2010. The bean 
-

ment of Engineering in Agricultural Food Production in 
Rzeszów. 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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Pod characteristics (average values) of the tested 
bean varieties

Narew Nida Warta Wawelska

Dimension of pods 
[mm]:
Length
Width
Thickness
Number of seeds 
in pod

93,2 a
10,1 b
9,4 c

4,7 d

91,1 a
10,2 b
9,1 b

4,1 b

105,9 b
9,8 a
8,8 a

4,4 c

113,8 c
10,9 c
9,6 c

3,8 a

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:

based on tearing a pod by compressed air from the relation:

pVE
2

3
, (1)

where:
E

p

V 3].

There has been a comparison of exact determination of 
air volume inside a pod by a pycnometeric method [2] and 

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:

V
a
= V

p
 – V

s
 – V

c
, (2)

where:
V

a
– volume of the air in a pod,

V
p
 – volume of pod,

V
s
 – volume of seeds in a pod,

V
c
 – volume of pod coats.

In order to avoid moistening the pods, which would 
-

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 

manner of determining volume is very time and labour 
consuming. The obtained exact values of internal volume 

model of a pod, which allows determining air volume in 

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
a2

 = V
cy

 = 0,25

where:
V

a2
– volume of the air in a pod,

V
cy

 – volume of the cylinder,
W – width of the pod,
T

L

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
a3-9

= 2V
co

 + V
cy

 = 
co

 + 0,25H
cy

), (4)

where:
V

a3-9
– volume of the air in a pod,

V
cy

 – volume of the cylinder,
V

co
 – volume of the cone,

H
cy

H
co

 – height of the cone,
W

T

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
a10

= 2V
co

 = 0,17 
co

, (5)

where:
V

a10
– volume of the air in a pod,

V
co

 – volume of the cone,
H

co
 – height of the cone,

W

T

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

Height of the cylinder and cone in models of bean 
pods in the methods 3-10 (L

Method
 Height of the cylinder 

H
cy

Height of the cone
H

co

3
4
5
6
7
8
9

10

0,75 L
0,5 L
0,4 L
0,3 L
0,25 L
0,2 L
0,1 L
0

0,125 L
0,25 L
0,3 L
0,35 L
0,375 L
0,4 L
0,45 L
0,5 L
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The obtained results were statistically analyzed [1, 4, 7, 
15] with Statistica 9 program, including variance analysis 

RESULTS

-

for the applied methods of determination. For the tested 
varieties, air volume in bean pods was determined with the 
method 7:

V
a7

= 0,125· (6)

that was the most approximate for the one determined 
precisely by means of the method 1 (pycnometric), which 

-
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
a6

= 0,133· (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-

The air volume [cm3] in the pods of tested bean 
varieties for the applied of methods of their determination

Methods 
Varieties

Average
Narew Nida Warta Wawelska

1
2
3
4
5
6
7
8
9

10

3,35 cd I
6,93 h I II
5,78 g I
4,62 f I
4,16 e I
3,69 d I
3,46 cd I
3,25c I
2,77 b I
2,31 a I

3,49 c I
6,68 g I
5,51 f I
4,41 e I
3,97 d I
3,52 c I
3,30 c I
3,09 c I
2,64 b I
2,20 a I

3,57 cd I
7,18 h II
5,99 g I
4,79 f I
4,31 e I
3,82 d I
3,59 cd I
3,36 c I
2,87 b I
2,39 a I

4,52 cd II
9,36 h III
7,80 g II
6,24 f II
5,61 e II
4,98 d II
4,68 cd II
4,38 c II
3,74 b II
3,12 a II

3,73 cd
7,52 h
6,27 g
5,01 f
4,51 e
4,00 d
3,76 cd
3,52 c
3,01 b
2,51 a

*different letters in columns and Roman numerals in line 

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 

the varieties of Nida and Warta.
-

in bean pods.

CONCLUSIONS

variety and the methods of determination.
2. 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.

3. 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 
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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 

-

layers as well as lower ration of the thickness of parenchyma and 

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 

-
enchymatous cells located diagonally to the axis of the fruit. 

walls, during drying they shrink in various directions and 
there is the breaking of the pod along with the ventral and 

internal structure of the pods are the content and structure 

[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 

Engineering in Agricultural Food Production in Rzeszów. 
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-

measured using an electronic dial gauge with the accuracy 
of 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
f
, was determined as the ratio of pod 

width to its thickness:

e

d
s f  , (1)

where:
s

f

d

e

Strength research covers such pod structure elements as:
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The research was conducted with the use of the testing 

the following structure elements were determined: critical 
stress, modulus of elasticity (Young’s modulus) and defor-

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 

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 

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-

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-

statistically different.

Fig. 1. Energy of pods opening on bean varieties
-

The pods of Wawelska variety (Tab.1) were statisti-
-

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.

Geometric characteristics of bean pods and their 

Dimension of pods [mm] Shape fac-
tor of podLength Width Thickness

Narew
Nida
Warta
Wawelska

101.7b
96.8a

113.2c
118.6d

10.2b
10.4b
9.7a

10.2b

8.9b
8.1a
7.9a
8.6b

1.14a
1.28d
1.24c
1.19b

Correlation 

energy of open-
ing the pods

0.5335 -0.3302 0.6505 -0.9256

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-

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 

shall be assumed that the susceptibility to cracking pods in 
the analysed varieties, is conditioned by other features [13].

Average values sclerenchematic of bundles abdom-
inal (A) and dorsal (D) seam on bean pods and their correlation 

-
tion

Seam 
bundles

Narew Nida Warta
Wawel-

ska

Correla-
tion coef-

Thickness
[µm]

A
D

178.4b
172.7ab

189.3bc
181.1b

157.6a
160.0a

194.2c
204.5c

-0.1952
0.0425

Width
[µm]

A
D

706.5cII
616.8bI

628.3bII
584.9bI

571.9aII
531.7aI

652.9bII
587.5bI

0.4458
0.2307

Surface 
of cross 
section 
[mm2]

A
D

0.129bII
0.108bI

0.120b
0.107b

0.092a
0.087a

0.128b
0.122c

0.1810
0.1509

Width/ 
Thickness

B
G

4.24bII
3.79bI

3.57a
3.44b

3.88a
3.54b

3.60aII
3.02aI

0.6589
0.1108

* different letters in line and Roman numerals in column 

Analysing the results included in Table 2, it must be con-
-

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 

were the bundles of the abdominal seam in all of the tested 
-
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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 

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.

-
ly greater damaging pressure, deformation and conventional 
module of elasticity from the bundles of the abdominal seam, 

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.

Strength properties of sclerenchematic bundles ab-
dominal (A) and dorsal (D) seam on bean pods and correlation 

Specification
Seam 

bundles
Narew Nida Warta

Wawel-
ska

Correla-
tion coef-
ficients

Critical stress 
[MPa]

A
D

84.95I
113.86II

59.04I
121.02II

105.57
112.51

90.03I
125.66II

0.7049
-0.2476

Deformation
[%]

A
D

5.52
6.49

4.99
7.96

6.69
7.75

5.35
7.46

 0.3460
-0.7811

Modulus 
of elasticity 
[MPa]

A
D

1875.8
1977.0

1535.6
1712.2

1715.3
1600.9

1979.8
1864.5

0.8951
0.5887

*different letters in line and Roman numerals in columns 

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. It 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 (282.4µm), parenchy-
-

was noted in the pods of the variety of Wawelska (Tab.4). 

layer (67.7µm) and the ratio of parenchyma thickness and 

The pods opening energy was correlated very highly with 

-

-
tion

Thickness [µm] Ratio of paren-
chyma thickness Shell

pods
Fibre
layer

paren-
chyma

Narew
Nida
Warta
Wawelska
Average

232.6b
172.6a
187.5a
282.4b
218.8

84.9b
67.7a
71.3a
99.1c
80.8

147.7b
104.9a
116.2a
183.3c
138.1

1.74c
1.55a
1.63b
1.85d
1.69

Correlation
0.7121 0.7045 0.7150 0.8018

A positive correlation of the energy of bean pod opening 

to open pods. However, the easiest opening of pods with 

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 

walls, the weaker the cracking [25]. The very high corre-
lation of opening energy with the thickness of parenchyma 

that the thicker is the part of the pod shell in relation to the 

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-

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 their deformation and the module of elasticity. It may 

strength parameters.



56

Varieties
Critical stress 

[MPa]
Deformation

[%]
Modulus of elas-

ticity [MPa]

Narew
Nida
Warta
Wawelska

127.9ab
119.2a
145.0b
170.3c

6.28a
6.13a
6.35a
8.20b

2040.5a
1958.8a
2296.9b
2078.8ab

Average 140.6 6.74 2093.8

Correlation
0.5052 0.3912 0.3575

CONCLUSIONS

1. The pods which are the least susceptible to cracking 

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.

1. 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 

-
verse section are more resistant to cracking.

2. 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.

-
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 

of elasticity of the bundle of the abdominal seam.
4. 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.

along with the greater ratio of parenchyma and layer of 

-
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 

layer were noted in the pods of Narew variety: damaging 
stress 119.18MPa, elongation by 6.13% and the module 
of elasticity 1958.75MPa.

7. The energy of bean pod opening was highly correlated 

with their deformation and the module of elasticity, i.e the 

of strength parameters were less susceptible to cracking.
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Summary. This paper presents the results of the research on the 

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 

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 

-
ican company Oxbo. For the purpose of the research the 

Examined was the suitability of the above harvester for 
picking summer variety of raspberry called Canby meant 
for cold storage.

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 

designed to pick raspberries and put them in plastic boxes 
which were placed on the platforms next to inspection car-

-
amination of the harvester was carried out in a village called 

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 

-1 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-

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 

Prior to starting the assessment of the combine har-

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 

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:

,

where:
d

n

Destructive changes in fruits were determined based 
on the observation of raspberry juice leakages, in accord-

-

RESULTS AND DISCUSSION

The results of the measurement of the raspberry 
plantation characteristics, on which tests of combine 

in Table 1. 

Characteristics of the raspberry plantation of Canby 
variety

Measure-
ment unit

Average 
results

Variabil-
ity ratio, 

%

Row spacing cm 316,0 2,1

Distances between bushes 
in a row

cm 30,0 5,4

Width of growing shoots cm 31,1 7,3

Number of shoots per 1 
linear metre

shoots 29,3 23,4

Height of raspberry plants cm 176,3 11,0

Row width cm 102,3 8,6

Minimum height at which 
fruits are formed

cm 35,0 28,5

Average weight of 100 fruits g 271,7 0,8

Fruit mass volume -3 106,6 7,0

Raspberry potential yield -1 643,8 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)-3. The 

-1.

presented in Table 2. 

Work

Measure-
ment unit

Average 
results

Variability 
ratio, %

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-

variety raspberries were presented on charts 1 and 2.

* variability ratio

Fig. 1. Losses occurring while harvesting Canby variety rasp-
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* variability ratio

Fig. 2. Damages and impurities occurring while harvesting Can-

majority i.e. 7,5% were fruits dropped out by the harvester 
at the junction of the adjusting system. The shells of the ad-

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 

Lost fruits were also ripe fruits left on the bushes and fallen 

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. 

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-

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%.

3. Fruit damages were 2.1%.

company may in friendly conditions be successfully 
used to harvest Canby variety raspberries meant for cold 
storage.
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letniej maliny odmiany Canby, prowadzonej na podporach. 
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kombajnem. 
maliny, zbiór kombajnowy, straty, uszkodzenia 

owoców, 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 

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 

various methods. The simplest method of physical modi-

Humidity, temperature, pressure and mechanical shear 

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. 

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 

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 

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-

(SME) after the following formula:

Qn

OPn
SME

m �
��

  [kWhkg-1], (1)

where:
-1],

n
m

-1],

-1].

RESULTS

Extrusion-cooking of the corn starch was characterised by 
-1 and 26.6 kgh-1,

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 

(Fig. 1). This effect was observed in the whole range of 
applied temperatures.

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 

through the extrusion-cooker. During processing at all used 

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-1 (288-1044 kJkg-1). Changes in 
SME depended mainly on the extruder screw speed and 
starch moisture content, less on process temperature.

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).

Fig. 2. SME changes during corn starch extrusion-cooking at 
120°C

-
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 

-
tral. The increase of energy consumption with raw material 
moisture content growth was only observed for a high screw 
speed range (100-120rpm). 

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-
-

sumption changes.

CONCLUSIONS

Extrusion-cooking of corn starch is characterized by rela-

from 288 to 1044 kJkg-1 (0,08-0,29 kWhkg-1

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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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 

simulations, the lowest MAPE and  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 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: 

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-

n’.
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 

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 

n’ day is performed. Such 
clearance is carried out on basis of dynamically changing 

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 

reduce the balance difference against the allocated standard 

The knowledge of the typical hourly power demand pro-

view of power suppliers and customers [20, 22]. Currently, 
as electricity is regarded as merchandise, the appropriate 

-
ysis gains high economic and technical importance. The 

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 

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 

databases are thus available, but the question arises how 
to obtain the greatest possible amount of information to 
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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 

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 

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 number of production output quantity of a given day. 
The collected data provided the basis to determine the in-

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.

performed by (APE) 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 ( ):
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RESEARCH RESULTS

all days of the year was developed on basis of raw data. As 

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 n-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 

According to the performed analyses, the development 

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 the hourly power demand schedule were ob-
tained by constructing separate load schedules for working 

tolerance ranged from 20,79% to 24,25%. On the other hand, 

Type of schedule MAPE [%] ESR [%]

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-
ties were planned on a given day

22,80 19,90

Separate load schedules for working days, Saturdays, Sundays and holidays 22,91 19,80

22,63 19,57

Separate load schedules for working days and Saturdays, Sundays and holidays, taking into account 
whether slaughter activities were planned on a given day

21,66 19,42

Separate load schedules for working days and holidays in the summer, winter and spring-autumn 22,67 19,33

20,79 17,78

whether slaughter activities were planned on a given day
18,13 15,38
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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 

further 2%. The reason why the quality of performed hourly 
consumption forecast has improved was the correct classi-

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 

days depending on the production output quantity and the 

-
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. 

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. 

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]:

X
j
(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>:
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formed on basis of value t

j
. 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 t

j
 was lower than the 

adopted threshold value of 05. 
-

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 =20% [15]:
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In order to eliminate unfavourable phenomena occurring 

-

As the presented requirements for the development of 

indicators were selected: 

daily power consumption: 
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geometrical average of daily 
load: PPPG

e
, (14)

average harmonious daily 
load:

i i
P

H , (15)

where:
P

i
, P

j
 - load in hour i (j),

i, j = 1, 2, ..., 24,
T

d
= 24 hours.

-
ter analysis performed in the Statistica 10.0 application, 
attempts were made to determine the most effective indi-

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 

was examined: 
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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-

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.

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 k

v-of this data group by using for this purpose v-1 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 

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.

Grouping method Input variable, formula no. Cluster interval Number of clusters MAPE [%] [%]

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 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 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 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.

for the purpose of determining days with a similar load 

the power cleared on the balancing market was reduced. 
By using the k-average algorithm for analysing purposes 
the lowest MAPE and  error values of 14,01% and 
12,65% were achieved by using the following indicators for 

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 

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, 

forecasts involving a relatively small error risk (MAPE = 
14,01%,  = 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 

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 
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 

by further 2%.

the purpose of determining days with a similar load pro-

power cleared on the balancing market was reduced. Within 
the performed research the lowest MAPE and  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, 

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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Summary. In the paper presents the results of a research on the 

-1) 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 

the mixture through the working system of the pellet mill and 

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-

interest in the use of other natural raw materials for the 

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 

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; 

fruit and fragile goods [23]. In practice, however, as claimed 

most commonly treated a waste material, and buckwheat 
processing plants are seeking realistic possibilities of their 
utilization.

value of by-products of buckwheat processing, as well as 

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, 

-
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, 

An undeniable drawback of buckwheat hulls, however, is 

processing the hulls in the plant where they are produced is 
-

wheat hulls are a material characterized by a low suscepti-

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 

process, a binder material needs to be added to them during 
the pelletisation process. Potato pulp, which mainly consists 

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 

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 

the pelletisation process of poplar.
-

er during pelletisation process improves pellets physical 

and Laskowski [8], total energy consumption of pelleting 
is affected mostly by the chemical composition of the pro-

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 

was increasing, the energy consumption of the pelletisation 
process, as well as the mechanical strength and density of 
the obtained pellets, were decreasing.

of the addition of potato pulp to buckwheat hulls and the 

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-

which was a remnant of washing out starch from potatoes 

The moisture content of the raw materials (buckwheat 
hulls, potato pulp and the prepared mixtures of buckwheat 

-
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 

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

-

system.
The pellet mill (1) was driven by the electric motor 2,

whose torque was transmitted through a bevel gear to the 

worked with a stationary system of two bearing-supported 

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 

using the Microsoft Excel and Statistica 10.0PL software.
In the course of the tests carried out on the SS-4 stand, 

z
w
=15 %, 20 % and 25 

-1) 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.

-
wheat hulls with potato pulp in the working system of the 
pellet mill, were conducted for the working gap between the 

h
r
=0.4 mm and a rota-

tional speed of the matrix of n
m
=280 rpm. The diameter of 

the openings in the matrix used in the tests was d
o
=8 mm, 

while their length was l
o
=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%. 

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 

the humidity.
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RESEARCH RESULTS

the content of potato pulp in a mixture with buckwheat hulls 

mixture through the working system of the pellet mill on 
the power consumption of the pellet mill.

increasing the content of potato pulp in a mixture with buck-

of the power consumption of the pellet mill, by approx. 35 

-1 (from 2.08 to 

-1 (from 2.73 to 1.78 kW); and by approx. 51 % 
-1 (from 4.26 

to 2.07 kW).
The achieved reduction of the power consumption of the 

moisture content of the mixture resulting from the increased 

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 

a)

b)

Fig. 1. 
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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-

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 

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 

the openings. This, in turn, caused a reduction of the power 

research of the author, conducted for a mixture of oat bran 
and potato pulp [16].

through the working system of the pellet mill from 50 to 
-1 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 

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 

increasing (the thickness of the layer of material pumped 

increasing). The increased thickness of the layer in a single
-

ance to forcing through the openings and, consequently, an 
increase of the power consumption of the pellet mill.

z
w
 in a mixture with 

mixture through the working system Q
s
 on the power con-

sumption of the pellet mill N
g

-
cation of a mixture of buckwheat hulls and potato pulp in 

described by the following equation:

N
g

z
w

+ 0.067Q
s
 + 0.013z

w

2

z
w

Q
s
 + 5.87×10-5Q

s

2 [kW], (1)

where:
z

w

Q
s

-1].

potato pulp content in a mixture with buckwheat hulls and 

working system of the pellet mill on changes in moisture 
content of the obtained pellets.

concluded that increasing the pulp content in a mixture

increase of the moisture content of the pellets, determined 

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 
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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 

the working system of the pellet mill

Fig. 3. Correlation between the moisture content of the mixture 
of buckwheat hulls with potato pulp and the potato pulp content 
in the mixture
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through the working system of the pellet mill from 50 to 100 
-1 caused a slight reduction of the moisture content of 

the obtained pellets. The highest reduction of the moisture 

-
-1 was recorded 

moisture content of the obtained pellets by approx. 7%.
The pelletisation process caused a reduction of the mois-

CONCLUSIONS

1. Increasing the potato pulp content in a mixture with 

reduction in the power consumption of the pellet mill 

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 
-1 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 %.

the reduction of the moisture content was decreasing as 

Fig. 4. 

through the working system of the pellet mill on the moisture 
content of the pellets
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OCENA ZAPOTRZEBOWANIA NA MOC W PROCESIE 

-
-

50, 75 i 100 kg•h-1

znaczny spadek zapotrzebowania granulatora na moc przy 

-

z tych mieszanek.
-
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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. 

made on the basis of carried out measurements.
Key words: car lighting, LED bulbs, light effectiveness.

INTRODUCTION

-
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 

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.

Fig. 1 Car light sources [2]: a. incandescent lamp; b. discharge lamp 

of current through a conductor. The second group uses the elec-
tric discharge in gases. The incandescent lamp emits the light 

[12]. The quantity of the emitted light stream and its colour 

The discharge lamp emits the light in the result of the electric 
discharge in the arc tube. The change of the spectrum of light 

sources of the light require the additional converter raising the 
supply voltage. The LED
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.

Fig. 2. The schematic principle of operation of light-emitting 
diode [own study]

+

+

+

+

+

  p   n

-
-

-
-

-



80

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 

used for the tests. The bulbs of this type are used e.g. in fog 
lights . R21W bulb, R5W 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 

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.

THE TEST METHODOLOGY

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 I. 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 50mm x 50mm squares. 

Fig. 4. 

Fig. 5. 

source



THE EFFICIENCY OF THE SUPPLEMENTARY LIGHT SOURCES 81

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 

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:

, (1)

where:
E

i
 i, lx,

S 2.
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:

[W]IUP � . (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]:

. (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 R5W 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.

The distribution of the illumination of the measuring 
screen lighted with the R5W bulb supplied with the voltage of 

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

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

The type 
of lighting

Bulb Power, 
W

The light 
stream I, lm

The light effec-
tiveness E, lm/W

R5W
central 5.8 7.6 1.3

side 5.7 13.2 2.3

R21W
central 28.3 97.3 3.4

side 28.2 199.5 7.1

5LED
central 0.4 4.6 10.5

side 0.4 6.5 14.8

9LED
central 0.6 4.5 7.8

side 0.6 7.1 12.1

12LED
central 0.8 6.8 8.5

side 0.9 15.0 17.1

19LED
central 1.8 5.4 3.1

side 1.8 12.0 6.9

The preliminary analysis of the received test results 
showed that LED type light source can replace only the bulb 
of R5W 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 

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 

-

and 15.0 lm, 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% 

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 



82

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.

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 

light elements (12LED) had the highest light effectiveness. 
It equalled 17.1 lm/W. The diode with 5 elements (5 LED) 
had the effectiveness lower by 14 % (14.8 lm/W), the diode 
with 9 elements (9 LED) had the effectiveness lower by 30% 
(12.1 lm/W) and the one with 19 elements (19 LED) had 
the effectiveness lower by 60% (6,9 lm/W). The R5W bulb 

2.3 lm/W which was approximately 13% of the maximum 
effectiveness.

values however were lower by approximately 50% for 12 
LED, 30% for 5 LED, 35% for 9 LED and 55% for 19 LED.

CONCLUSIONS

-
signed to use heat or discharge light sources. The use of 

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 

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 R5W bulb with 12LED or 

the condition of the equivalence of the light stream.

type should lead to development of the new constructional 

new light source.
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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 

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 

BC). On the area of Poland the pea was known in the 6th

century BC, and the evidence was found in Biskupin settle-

middle of the 19th century, yet it did not become cultivated 
on a wide scale until after the 1st 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 
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-

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 

of requirements regarding their organoleptic assessment. 
The pea should look clean, intact, healthy, well-shaped, the 

8, 12, 14, 15]. Thus, the aim of the study was to determine 

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 



84

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 

-
er. The material was double compressed, with the head mov-

-1. 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 

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

-
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 80oC 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-

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.

Fig. 1. Changes in the hardness of green peas, depending on the 
time of its heating with different methods.

the temperature of 80o

thermal treatment in a steam convection oven at the temperature 
of 100oC and with a 100% addition of steam

-
tion, R2 -

oven at the temperature of 80oC and with a 100% addition of 

temperature of 100oC and with a 100% addition of steam 

Type of 
treatment

Equation R2

1 F(t) = 0.3 t2 0.84

2 F(t) = 0.06 t2 0.71

3 2 + 0.4 t + 3.9 0.50

Fig. 2. Changes in the elasticity of green peas, depending on the 
time of its heating with different methods,

the temperature of 80o

thermal treatment in a steam convection oven at the temperature 
of 100oC and with a 100% addition of steam

-
nation, R2

convection oven at the temperature of 80oC and with a 100% 

oven at the temperature of 100oC and with a 100% addition 
of steam 

Type of 
treatment

Equation R2

1 2 + 0.08 t + 0.5 0.78

2 E(t) = 0.007 t3 2 + 0.2 t + 0.4 0.64

3 3 + 0.1 t2 0.53

Fig. 3. Changes in the cohesiveness of green peas, depending on 
the time of its heating with different methods,

the temperature of 80o

thermal treatment in a steam convection oven at the temperature 
of 100oC and with a 100% addition of steam



THE EFFECT OF THERMAL PROCESSING 85

-
nation, R2

-
vection oven at the temperature of 80oC and with a 100% addition 

the temperature of 100oC and with a 100% addition of steam

Type of 
treatment

Equation R2

1 2 + 0.05 t + 0.3 0.66

2 2 + 0.05 t + 0.2 0.98

3 2 + 0.05 t + 0.2 0.92

the elasticity or cohesiveness of green peas (Fig. 2 and 3). 
-

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 100oC and 
with a 100% addition of steam. Prolonging the duration of 

or cohesiveness.

Fig. 4. Changes in the gumminess of green peas, depending on 
the time of its heating with different methods,

the temperature of 80o

thermal treatment in a steam convection oven at the temperature 
of 100oC and with a 100% addition of steam

-
tion, R2

-

oven at the temperature of 80oC and with a 100% addition of 

temperature of 100oC and with a 100% addition of steam 

Type of 
treatment

Equation R2

1 G(t) = 0.05 t2 0.73

2 G(t) = 0.006 t2 0.91

3 2 + 0.3 t + 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 

temperature of the process on the measured value was ob-
served.

Fig. 5. Changes in the chewiness of green peas, depending on 
the time of its heating with different methods,

the temperature of 80o

thermal treatment in a steam convection oven at the temperature 
of 100oC and with a 100% addition of steam

-
tion, R2 -

oven at the temperature of 80oC and with a 100% addition of 

temperature of 100oC and with a 100% addition of steam 

Type of 
treatment

Equation R2

1 Z(t) = 0.02 t2 0.84

2 3 + 0.8 t2 0.96

3 2 + 0.1 t + 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-

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.

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
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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 

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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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 

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-

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 

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
-

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 

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 

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 

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 

applied material. On the basis of distribution curves of the 

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,

-
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 

-1, 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. 

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.

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.

Fig. 3. The hardness of paprika seeds after separating into fractions
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The analysis of the variance of paprika seeds hard-

Source 
of diver-

sity 

Degrees 
of free-

dom

Sums of 
squares

Average 
squares 

The value 
of a testing 
function F

FD p

Fraction 
size 

2 175762.1 87881.05
31.4177 3.11 p<D

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 

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 

4. The hardness of paprika seeds depends on their size. 
Smaller seeds are characteristic of higher hardness.
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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 

environmental effect in form of reduction of CO
2
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 

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 

-
sources, such as hard coal and brown coal. According to 

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 

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

2
. 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 

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 
to 20% in 2021 [Decree 2012]. Apart from promoting major 
sites using renewable energy sources, works are currently 

-
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 

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 

[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]. 



92

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).

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 

200 W/m2 up to 350 W/m2, three variants of photovoltaic 
module surface were adopted according to insolation value 

of 200 W/m2 , 250 W/m2 , 350 W/m2 . The pa-
rameters and average costs of such installations are provided 
in table 1.

Listing of photovoltaic plant parameters for three 
variants

Variant W1 W2 W3

Mean power demand [W] 30000 30000 30000
2] 200 250 350

13,9 13,9 13,9

Required receiving module 
surface [m2]

1100 860 620

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

Power connections and commis-
sioning, PLN

69061 54144 38674

System maintenance and insurance 17265 13536 9669
2343 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, 

considered along the lifespan. The estimated mean cover-
age of power demand of the waste water treatment plant 

to 36-65% in case of a farm connected to grid, while in 
case of an autonomous solution, the coverage the plant’s 

on the adopted variant. 

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 

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

on basis of the following economic factors [2, 5, 6]:

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 

retrieve the capital expenditures incurred for the delivery 

[years].

Calculated from the commissioning of investment until 
-

pensates the expenditures.
Pay-back period (PBP), that is the period in which dis-

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:

[PLN]

Net present value ratio (NPVR) captures the relation of project net value and the value 

.

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

NPV
NPVR   [PLN].

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:

maxoNPVR .

Internal rate of return (IRR). Calculated on basis of cash 

value equals zero (5): 

[%]

Dynamic generation costs equals the price which enables the acquisition of discounted 

.

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-

This cost is indicated in PLN per unit of environmental 

of the project:

[PLN/kgCO2],

where:

installation lifespan years).

t

t

and n the last year of system operation,
EE

t

each year. Environmental effect to which p
EE

 price per 
physical unit is assigned (assuming that price is constant 
during the entire period covered by the analysis),

p
EE

The following components were used for the purpose 

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). 

a growth by 4% was assumed.

the PV farm (mean value for a 25 year lifespan) according 

The following data were used to calculate the economic 
rates.

Variant W1 in grid W2 in grid W3 in grid W1 W2 W3

kPLN 224,86 169,89 121,47 80,32 59,37 45,03

100% of own funds, 50% subsidy and 75% subsidy from 
environmental funds.
In the calculations it was assumed that the provisions 

after 2012. The results of the performed economic analysis 

While analysing the evaluation factors one can conclude 
that the operation of the photovoltaic farm within the pow-

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, 

-
geous in comparison to variant W2. The exemplary course of 
NPV rate as a function of installation lifespan is presented on 

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. Asubsidy covering above 50% of investment 

Fig. 3. Course of NPV rate in the operating period, assuming 
own project funding

Variants of grid-connected installation

Rate Subsidy value W1 W2 W3

NPV

Own funds 485,4 kPLN 342,3 kPLN 253,3 kPLN 

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 

IRR

Own funds 8,01% 7,77% 7,84%

Subsidy 50% 19,23% 18,07% 18,20%

Subsidy 75% 38,93% 36,71% 36,95%

SPBP

Own funds 10,7 years 10,9 years 10,8 years

Subsidy 50% 5,1 years 5,4 years 5,4 years

Subsidy 75% 2,6 years 2,7 years 2,7 years

PBP

Own funds 17,3 years 18,0 years 17,8 years

Subsidy 50% 6,3 years 6,8 years 6,7 years

Subsidy 75% 2,9 years 3,1 years 3,0 years

Autonomous variants

NPV

Own funds - 1 290,3 kPLN - 1 097,9 kPLN - 627,2 kPLN 

Subsidy 50% - 127,3 kPLN - 166,2 kPLN 34,6 kPLN 

Subsidy 75% 454,1 kPLN 299,6 kPLN 365,6 kPLN

IRR

Own funds - - 0,15%

Subsidy 50% 4,73% 3,96% 6,45%

Subsidy 75% 13,19% 11,99% 15,92%

SPBP

Own funds 29,0 years 31,4 years 24,5 years

Subsidy 50% 14,5 years 15,7 years 12,3 years

Subsidy 75% 7,2 years 7,8 years 6,1 years

PBP

Own funds no capital return no capital return no capital return

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 

PLN to variant W1), brings about a positive environmental 
effect in form of reduction of CO

2

environmental effect generation cost clearly distinguishes 
variant W1 (DGC=-0,4PLN/kgCO

2
) from other variants 

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 

NPVR rate and technical generation cost in case of 50% 
subsidy from funds supporting renewable energy sources

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).

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 

W1 in case of grid connection and W3 in case of autono-

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 

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, 

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 

effect in form of reduction of CO
2
 emission. The envi-

ronmental effect generation cost clearly distinguishes 
variant W1 (DGC=-0,4PLN/kgCO

2
) 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 

3. In case of subsidising 75% of project value, all variants 

is W1 in case of grid connection and W3 in case of au-
tonomous operation. This variant generates the greatest 

slightly worse in terms of environmental aspect than 
others.
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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 

-
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 

thermal cycle of the compression ignition engine appeared in 
the twenties of the last century. In 1926 Schweitzer published 
a model 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-

process models for engines with liquid fuel injection to the 
combustion chamber was the CONCHAS-SPRAY model 

complemented with a number of sub-models and has become 

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 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 

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 

-
bustion and spray. These models require a number of ini-
tial and boundary parameters. Therefore, before using the 

experimentally. Renganathan et. al. in their work presented 

direct injection diesel engine with an improved version of 

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

x
 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 

-
fects of variablemixture strength on the primary premixed 

-

The modelling strategy was based on a theoretical analysis 

-

turbulence and frozen fuel-air distribution, and it provides 

radically different situations were predicted: for variations 
in mixture strength around mean stoichiometric conditions, 
unmixedness tends to have a net negative impact on the 

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-

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, 

were determined. It should be noted that in this engine the 

different from one another.

Parameters Value

displacement 6.54 dm3

rotational speed 1500 rpm

stroke 120 mm

cylinder bore 107 mm

connecting-rod length 245 mm

compression ratio 16.5 -

intake valve opening 10r4o BTDC deg

intake valve closure (IVC) 50r4o ABDC deg

exhaust valve opening 46r4o BBDC deg

exhaust valve closure (EVC) 14r4o ATDC deg

injection angle 9or1.5o 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-

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 

-
bulent effect of load vortices and interaction between the 
burned zone and the unburned part of the load. This model 

front values. It is also assumed that the reactions occur in 
a relatively thin layer separating unburned gases from the 

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 

fuel oxidation mechanism (C
13

H
23

). The fuel oxidation 

formation of large amounts of CO and CO2 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

2
, N

2
, CO

2
, H

2
O,

H
2
, NO, CO. The fuel oxidation occurs in two stages: the 

of CO and CO
2
 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

2
. 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 O2, N2, CO2, CO, H2, H2O, 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. 

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 

correlation. The combustion model for the auto-ignition 
engine was complemented with the unburned product zone. 
The exhaust gas contains unburned fuel and O2, N2, CO2, 
H2O, H2, NO, CO. 

Modelling parameters 

Parameters Value

Load 100% (80kW) 70% (58kW) 45% (37kW)

Initial pressure 0.164 MPa 0.137 MPa 0.124 MPa

Initial temperature

Injection angle -9 deg BTDC

Fuel temperature

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 .

Fig. 1. Computational mesh domains
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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. 

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 

Figure 4 shows indicated mean effective pressure and 
-

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 

are varied in each cylinder. This could be due to different 

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 

-
cation of the mesh was used in order to improve the results 
while reducing cost of calculations. The created model of 

-
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 

optimize the engine thermal cycle. 
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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 

-1 is characteristic for yellow 
-1). 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 

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 

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

-
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 Tested cereal-legumi-
nous mixes include: seeds of Mister variety yellow lupine 
with seeds of Eureka

Furman

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

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 dm3 in volume), in calorimetric vessel. Subse-

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.

Fig. 1. Calorimeter schematic diagram

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

Q
s 3 2

where:

T
2
, T

3

environment,

k = 0.5 [0.2 (T
2 1

) + 0.2 (T
4 3 4 3

), (2)
where:

T
1
, T

4

The results were processed statistically with variance 

application. Homogeneous groups were separated accord-

differences.

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-

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 

-1. The highest heating value 

(Fig. 2). Heating value for leguminous plants was higher 
compared to seeds of tussock-grass subfamily cereals, for 

-1 [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 

-1) than 
-1), 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 a result 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 

-
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 

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-
-1 was observed 

-1).

1. control device
2. digital display
3. power switch
4. start of measurement
5. read heat of combustion
6. mixer
7. thermometer

8. thermometer water jacket
9. mixer the water jacket

10. computerized measuring 
system

11. bomb calorimeter
12. LEDs
13. coil
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2. Heating values for cereal-leguminous mixes were within 
range limited by values obtained for individual species, 

-1, and for yellow 
-1.

3. Seeds of leguminous plants do not combust entirely, 
leaving deposit on crucible bottom. 
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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 

-
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 

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-

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 

-
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 

eight other counties and a town on the rights of the county. 
2, which is about 

8% of the Province’s total area. In terms of size, this County 

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 

-
tural character. According to the statistical data, more than 

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 

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 

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 
-

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 

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 

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, 

machines used to haul hay and other green fodders from 

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-

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.

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 

considering the type of engine, as combustion machines and 
electric machines [9]. Considering the cutting tool, they 

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-

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 

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 

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. Illustrative 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 
-

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 

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 

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 

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-

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.

involved presses, sheaf-binders, sorters, planers and lathes. 
-

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.

Fig. 2. Number of injuries to different body parts

the part of the body mostly injured is an upper limb. Upper 
Fig. 1. Number of accidents in different groups of machines 
used in farms
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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 

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.

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 

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 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.

The fracture is an interruption of the bone continuity 
-

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.

Fig. 4. Relation between the number of accidents involving saw-
ing machines and the percentage of permanent damage to the 
operator health

Fig. 5. Relation between the number of accidents involving an-
gle grinders and the percentage of permanent damage to the 
operator health

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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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 

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.

Relation between the number of accidents involving saw-
ing machines and an injured part of the upper limb

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 

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 

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 

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.

CONCLUSIONS

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 upper limb. In the accidents involving sawing machines, 

were the lacerations. Also, frequent types of injuries 
were amputations (occurring mainly during the works 
with the sawing machines) and fractures.

-
ers, the injuries sustained involved, in majority, a low
percentage of permanent damage to health.

-
dicated important damage to health leading to the limi-
tation of independent existence.

-
lessness, lack of concentration, inattention or the opera-
tor’s tiredness.
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Summary. 

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-

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-

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-

diffuser gaps (the height increases) [16, 18].
Each gap is a source of volumetric losses, and the leak 

ends of a gap)

hold [2]. 

Fig. 1. 
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EQUATIONS FOR DETERMINING VOLUMETRIC 
LOSSES IN LIQUID FLOWING THROUGH GAPS 

a variable height h and the known length l. At the entrance 
to the gap of height h

1
the pressure is p

1
 and at the exit from 

the gap of height h
2
the pressure is smaller and equals p

2
.

One of the walls of a gap can move with respect to the other 

intensity Q is marked with an arrow. 

Fig. 2. -
fusor gap

The confusor and diffuser type gaps can be described by 
means of convergence m or convergence parameter k [8]:

2 1h h
m tg

l
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1

h h
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represented in the cylindrical coordinate system x, y, z [5, 10]:
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The following assumptions were adopted in the analysis: 

retain its velocity,

-
sideration.

When v
x
= v

x
(x,z), v

y
= 0 and v

z
= 0 is assumed, equations 

2 2
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w
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It follows from equations (7 ÷ 10) that v
x
 = v

x
(z) and p = p(x).

Thus, the liquid motion in the gap is described by the fol-
lowing differential equation:

2

2

v 1
0 x

p

z x

w w
Q
w U w

 � . (11)

, equation (11) be-
comes:

2

2

1v
x

p

z xP

w w
 

w w
. (12)

equation (12) was integrated twice and boundary conditions 
for a gap with a moving wall were assumed:

� �21 v
v v

x

p
z hz z

x h

w
 � � �
�P w

. (13)

b can be 
represented as:

0

v
h

x
Q b dz ³ . (14)

The pressure of the liquid in the gap is:

( )
dp

p x dx
dx

 ³ . (15)

The differential dp/dx occurring in equation (15) was ob-
tained as:

2 3

6 v 12dp Q

dx h bh

P P
 � , (16)

where h is the gap height equal to:

� �2 1 1

x
h h h h

l
 � � . (17)

Substituting (16) into (15) and taking (17) into consideration:
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After integrating equation (18), determining the integration 
constant and applying transformations:
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Further to the operations stated above, assuming the bound-
ary conditions as x=l, p=p

2
, h=h

2
Q

was obtained from (19):
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An analogous procedure was conducted for the ring gap 

intensity in a cone-shaped gap [8]:

where: e is a centrifugal displacement of the piston with 
diameter d.

IN VARIABLE-HEIGHT GAPS 

Simulation experiments on leaks in typical hydraulic 
-

rameter k = 0.8) and for a ring confusor gap (convergence 
parameter k

pressure-friction type. One of the gap walls is moving with 
respect to the other with velocity v = 1 [m/s] in the direc-

is moving in the cylinder with velocity v = 1 [m/s] in the 

The following parameters were assumed in the compu-

For the ring gap, the parameters were as follows:
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for various dimensions and exploitation parameters. It can be 
observed that leaks grow with decreasing values of the dynamic 

mean gap height increases, leaks grow exponentially (Fig. 3b). 
When the gap wall is moving in the direction reverse to that of 

-
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-

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 l 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. 4e). When the piston is moving in the reverse 

the piston motion causes leaks to decrease (Fig. 4f). Thus, it 

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 

2. The intensity of oil leaks depends on a number of param-
eters, such as dimensions or exploitation factors. Their 

machines and devices. 
-

olds number increases with the growth of leaks. 

,
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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, 

-

12, 19]. Axial piston pumps are most often used in the 

20]. Needless to say, attempts are constantly made at im-
proving the design and exploitation parameters of pumps 

10, 14, 17, 18, 21]. 
As was mentioned, axial piston pumps have a constantly 

growing range of industrial applications, including such 
branches as 

molding machines),

cokeries),

mowers, harvesters),

bridges).

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
p
 origi-

nating from pressure in the displacement chamber, dynamic 
force F

a
 of the piston system, centrifugal force F

w
 and fric-

tion F
T
. The friction force F

T
 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]: 
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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 F

Wy 
coming

mostly from the force of displacement pressure acts on the 
piston joint. This causes the piston to skew, and subsequent-

R
A
, R

B
 occur between the piston and 

the cylinder. 

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]: 

. (2)

The maximum surface compressive stress between the 
piston and the cylinder are [4, 19]:

. (3)

Fig. 4 presents the maximal and minimal values of sur-

cylinder block rotation in the model under consideration.

Fig. 4. Maximal and minimal surface compressive stress as the 

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 

Fig. 5 presents the algorithm of the simulation subse-
quently applied in the Adina system. 

Fig. 5. Algorithm of the simulation in the Adina system

Fig. 2. Piston moving in: a) sleeveless cylinder, b) sleeved cylinder

START

Defining global degrees of freedom

and dimensions of piston system  

Defining boundary conditions

and introducing load

Defining material, mesh thickness

and type of finite elements

Saving file,  starting computational module

Graphic representation of results

STOP
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deformation in a two-dimensional space. Such a model in-

important advantages, such as simplicity of modelling, com-
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.

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.

Two-dimensional model mesh (steel-steel)

contact zone, obtained for the piston-cylinder system.
Fig. 9 shows a mesh of the two-dimensional model of 

the steel piston-bronze cylinder system.

Two-dimensional model mesh (steel-bronze)

-
tact zone, obtained for the steel piston-bronze cylinder system. 

Table 1 presents selected stress values obtained in the pis-
ton-cylinder contact zone in an axial piston pump for the analyt-
ic model not taking into account the material of which the parts 
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 

whereas in the case steel piston-bronze cylinder the relative 

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. 

Huber-von Mises smoothed effective stress distribution in the contact zone, obtained for the steel piston-steel cylinder system
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No.

Cylinder block 
rotation angle

[q]

Radial force

F
wy

[N]

Analytic
model

[MPa]

Numerical models

Steel
piston and
cylinder

[MPa]

Relative
values

[%]

Steel piston and 
bronze cylinder

[MPa]

Relative values

[%]

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

On the basis of the present study, the following conclu-
sions can be put forward: 
1. 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. 

2. In the case when the piston is made of steel and the cyl-
inder block is made of bronze the surface compressive 

the piston and the cylinder are made of steel. Supposedly 
it is caused by different strain and material properties of 
steel and bronze.
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