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Summary. The paper presents the results of tests on two tractor
tyres with different designs and external dimensions; these tyres
were tested on farming surfaces with various properties. The
tests were carried out using a stand operating with a farm tractor.
Changes in traction properties were evaluated; values of forces
(pulling and traction), rolling resistance, and tractive efficiency
were analysed, and the balance of power on the tested wheels
was established. It was demonstrated that the two tyres reacted
in different ways to the change of surface.

Key words: farm tractor, traction force, tractive efficiency, roll-
ing resistance, power balance

INTRODUCTION

Farm tractors are the main sources of pulling energy in
farming. Currently, a substantial group includes multi-pur-
pose tractors with lower pulling classes, one superior feature
of these vehicles is variety of application. Such tractors can
be used for various field procedures as well as for transpor-
tation work, quite often they are also used in other special
purpose tasks.

The consequence of farm tractor versatility is the fact
that they are used on differentiated surfaces with various
properties. The manner of utilisation is connected with dif-
ferent conditions of interaction between the vehicle wheels
and the surface. On more deformable surfaces, a bigger im-
mersion of the wheel will occur, as a result of which traction
force will be transferred by shearing of the top layer of the
surface. On the other hand, on less deformable surfaces,
where immersion of the wheel is limited, the phenomenon
of friction will prevail during transfer of traction force [15,
22, 25]. It should be mentioned that for economic reasons
multi-purpose farm tractors are usually equipped with one
set of tyres — tyres are not replaced when the type of surface
changes. It is reasonable to ask the question: what type of
tyres will be optimal for the multi-purpose farm tractor?

In the literature, studies discussing compatibility of
farm vehicle tyres with surfaces of various properties
can be found. It was proven that on surfaces with low-
er strength, greater amounts of wheel rolling resistance
and slip occurred, and as a consequence greater losses
of energy and lower tractive efficiency [1, 2, 3, 10, 11].
However, tractive efficiency describes only the ratio of
power on the outlet and intake of the wheel/surface sys-
tem, but does not show with what phenomena losses in
the system were connected [22, 23]. Bearing this in mind,
it seems reasonable to carry out power balancing which
will describe in detail what proportion of power is used in
the form of pulling force and how much power is lost to
rolling resistance and wheel slip [24]. Until now, this issue
has been raised in a small number of studies [13, 14, 21].
It is reasonable to examine it with respect to various tyres
on different surfaces.

OBJECTIVE, SUBJECT MATTER
AND TESTING METHOD

The causes presented in the introduction led to the un-
dertaking of tests the objectives of which were to:

— determine and compare the values of traction force,
pulling force, rolling resistance and tractive efficiency
of wheels provided with different tyres,

— analyse changes of tractive properties as a result of
changes of surface type,

— determine the power of wheels provided with the tested
tyres on different surfaces based on the completed en-
ergy balance.

Two tyres were accepted for testing differing both in
internal design and external dimensions. One common fea-
ture of both tyres was the tread type — classic, Mitas was the
producer of both tyres. The basic parameters of the tested
tyres are presented in Table 1.
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Table 1. Parameters of tyres accepted for testing

Tyre . External Width Height Of. tread Maximum load Maximum inflation
identification Design diameter [mm] [mm] protrusions [ke] pressure
[mm] [MPa]
11.2R24 radial 1060 285 35 1215 0.25
31x15.5-15 diagonal 785 390 25 1400 0.25

According to data presented in the table above, tyre
11.2R24 was characterized by greater external diameter
and height of tread protrusions, but lesser width. During
testing, one level of static vertical load of wheels was used
amounting to 542 kg (5320 N) and falling within the ranges
of catalogue loads provided by the producer. Inflation pres-
sure in both tyres was 0.15 MPa — selection of this value was
dictated by the fact that it is typical for the multi-purpose
nature of the farm tractor operation.

Following acceptance of the concept, the tests were
performed on two surfaces with different properties. The
first surface was stubble after wheat growth, and the other
one — ground forest road. The conditions of both surfaces
were characterized on the basis of conducted measurements
of moisture, compactness and shearing stresses. The results
of these measurements are presented in table 2; the values
of compactness and shearing stresses were established us-
ing mean values calculated for the measurement depth of
0-0,1 m.

Table 2. Parameters of the tested surfaces

Parameter
Surface moisture | compactness | shearing stresses
[%] [MPa] [kPa]
Stubble 19 1.46 46
Ground road 7 2.29 91

Tests of tractive properties were conducted using a spe-
cialist stand suitable for operation with a farm tractor, class
9,0 kN. This stand is illustrated schematically in Figure 1.
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Fig. 1. Scheme of the stand for testing tractive properties (de-
scription in the text)

All elements of the stand are placed on a two-part frame
(2). Drive for the tested wheel mounted on the shaft (8) was
obtained from the power take-off of the tractor (1) through
the hydraulic system (hydraulic motor 3, hydraulic pump 4),
mechanical gear reducer (5), countershaft (6) and chain
drive (7). Measurement of pulling force was carried out
using an induction dynamometer (9) with measurement ac-
curacy of 1 N and range of 0 — 20000 N. This dynamometer
was located between the front and rear parts of the frame.
Measurement of torque was conducted using an induction
torque meter placed on the countershaft (10); measurement
accuracy was 1 Nm and range 0 — 3000 Nm. For measure-
ment of the actual distance, a potentiometric sensor placed
near the additional wheel (11) was used, and the theoretical
distance was determined using a sensor (12) placed near
the shaft with the tested wheel. All the measured data were
transmitted to an electronic registering unit operating with
a portable computer.

Testing of traction properties consisted in transmitting
drive to the tested wheel and setting the stand and the
tractor in motion together. During driving, data measured
by the sensors was registered continuously. In the final
part of the measurement, the stand was braked using the
main brake of the tractor which forced 100% slipping and
as a result a full range of slipping for the tested wheel
was obtained.

Based on the measured parameters, slip of the tested
wheels and values of traction force, pulling force and trac-
tive efficiency were calculated according to formulas 1 —4:

s=100]1-3% |, [1]
Sy

M

P =—2, 2]
rp

P, =P, -P,, 3]
P

nzM—HrD(Joo—a), [4]

10)
where:

0 — wheel slip [%],

SR — actual distance of the wheel [m],

sT — theoretical distance of the wheel [m],
PT — traction force [N],

MO — wheel torque [Nm],

rD — dynamic radius of the wheel [m],
Pf—rolling resistance [N],

PH — pulling force [N],

n — tractive efficiency [%].
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The value of dynamic radius (D) was determined based
on the measured value of the distance covered by the wheel
during ten full rotations.

Power balancing of wheels equipped with the tested
tyres was carried out based on values determined according
to formulas 5 — 9:

Ny =N, +N, +N> [5]
NH :PHVR’ [6]
Nf =vaR’ [7]
Ny =P |r, -2 |, [8]
r )Tp
w, =T, [9]
rD

where:

Nk — power supplied to the wheel (total) [W],

NH — pulling power [W],

Nf—power lost to overcome rolling resistance [W],

NOJ — power lost to slipping [W],

vR — actual velocity (ratio of actual distance to measurement
time) [ms™],

vT — theoretical velocity (ratio of theoretical distance to
measurement time) [ms™].

TEST RESULTS

Figure 2 presents the courses of traction force as a func-
tion of slipping of wheels equipped with the tested tyres, on
both types of surface.

11.2R24 stubble
- = = = 31x15.5-15 stubble
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Fig. 2. Courses of traction force of the tested tyres on both tested
surfaces as a function of wheel slip

According to the above figure, the largest values of trac-
tion force within the entire slip range considered concerned
tyre 11.2R24 on the stubble. The greatest growth of this
parameter was observed for slip within the range of 0 —2%.
The value of traction force for tyre 11.2R24 on the road and
31x15.5-15 on the stubble were similar. The lowest values
of the analysed parameter occurred for tyre 31x15.5-15 on
the road; in this case, the lowest growth of traction force
with low slip values was also recorded. To some extent, the
courses obtained relates to results presented in the literature.

It was shown that traction force increases at the highest rate
with low slip values [4, 5, 6, 12, 16, 19]. On the other hand,
Bashford and others [1] showed that a greater difference in
the values of the traction force of tyres with different diam-
eters is associated with more deformable surfaces, which is
confirmed in the presented test results.

Since traction force is the sum of pulling force and roll-
ing resistance, it is reasonable to present the proportions of
these components. The summary of mean values of these
parameters calculated for slip within the range of 0 — 30%
is illustrated in figure 3.
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Fig. 3. Summary of mean values of pulling force and rolling
resistance for the tested tyres on both surfaces with slips within
the range of 0 — 30% (the sum of rolling resistance Pf and pulling
force PH is traction force PT)

The analysis of the above summary allows us to con-
clude that both tyres on various surfaces were characterized
by similar values of pulling force (relative difference did
not exceed 5%). However, differences in the values of roll-
ing resistance were larger. On both surfaces, higher values
of this parameter were obtained by tyre 11.2R14, for this
tyre also a higher change in rolling resistance as a result
of changing the surface type was observed. Tyre 11.2R24
had smaller width so it should be assumed that the higher
rolling resistance is the effect of its greater immersion in
the surface. In all cases, values of rolling resistance were
higher than values of pulling force — this situation was con-
nected to the method of conducting the measurement; the
resistance of motion of the entire stand consisted of rolling
resistance of the tested wheel and rolling resistance of the
tractor wheels within which the stand was operating. The
results presented correspond with the results of other re-
searchers; it was proven that higher values of traction force
(that is the sum of pulling force and rolling resistance) were
associated with surfaces with lower strength [2, 8, 9]. It was
also highlighted that on less resistant surfaces, the values of
rolling resistance are higher [3, 5], which also confirms the
results of the completed tests.

Another parameter analysed was tractive efficiency. As
with traction force, it was presented as a function of slip —
the courses are presented in Figure 4.

While analysing the above courses, it can be observed
that higher values of tractive efficiency were obtained by both
tyres on the ground road. Within the slip range of 0 — 5%, the
highest values and growths of the analysed parameter appear
for tyre 11.2R24, with higher slips, slightly higher efficiency
was obtained by tyre 31x15.5-15. The lowest tractive effi-
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Fig. 4. Courses of tractive efficiency of the tested tyres on both
tested surfaces as a function of wheel slip

.....

tractive efficiency [%]

ciency concerned tyre 11.2R24 on the stubble, and the lowest
growth of efficiency occurred in the case of tyre 31x15.5-15
on the ground road. Presumably, lower values of efficiency
on the stubble were caused by higher deformability of this
surface, and as a consequence higher rolling resistance. In ad-
dition, tyre 31x15.5-15, due to greater width, showed a lesser
tendency to immerse in the surface, therefore the efficiency of
this tyre on the stubble was higher. The character of changes
in tractive efficiency as a function of slip relates to results
presented in the literature; it was proven that the highest
growths of efficiency occurred with low slips, after which
stabilization of courses took place [2, 16, 22]. However, in
some studies, values of slip at which maximum efficiency
occurred were higher than in the obtained test results [17,
18]. It was also demonstrated that tyres with larger external

a, =Nk ==NH == N — =No

600
T

500
400

300
200
100

power [W]

wheel slip [%]

diameters achieved higher tractive efficiencies [8]. The de-
pendency between tyre diameter and values of efficiency on
various surfaces is confirmed in the study by Bashford [1].

Tractive efficiency is a parameter which does not de-
scribe accurately the type of energy losses that dominate in
the wheel/surface system. Hence it is reasonable to perform
energy balancing which will show what part of the power
supplied to the wheel is used in the form of pulling force and
what parts of power are lost to rolling resistance and wheel
slip. Figure 5 illustrates courses of power as a function of
slip on the stubble.

Based on the courses presented in figure 5, it can be con-
cluded that the character of changes in individual powers as
a function of slip was similar for both wheels, however the
values of these powers made the difference. Higher values
of power were achieved by the wheel with tyre 11.2R24.
In both cases, at low slip values (0 — 2%), considerable
increases in pulling power, power lost to rolling resistance
and total power were observed. After exceeding 2% slip,
pulling power and power lost to rolling resistance showed
small changes and lack of growth. In both cases, power lost
to slip was showed growth proportional to slip, and for the
wheel with tyre 31x15.5-15 an increased rate of growth was
noticed after exceeding 15% slip.

Figure 6 illustrates courses of power as a function of
slip on the ground road.

On the second of the tested surfaces (Fig. 6), the charac-
ter of courses is slightly different than in the case described
previously; for both wheels, fluctuations of power values

b, =Nk ===NH = =N — =No
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Fig. 5. Courses of power as a function of slip on the stubble: a — wheel with tyre 11.2R24, b — wheel with tyre 31x15.5-15
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Fig. 6. Courses of power as a function of slip on the ground road: a — wheel with tyre 11.2R24, b — wheel with tyre 31x15.5-15
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were lower than on the stubble. The highest increases in
total power, pulling power and power lost to rolling resist-
ance occurred at slip within the range of 0 — 3%. For the
wheel with tyre 31x15.5-15, it was observed that at slip
of 0 — 10%, the values of pulling power and power lost to
rolling resistance were maintained at a similar level, when
slip was higher, higher values related to power lost to rolling
resistance. Power lost to slip for both wheels showed growth
proportional to the growth of slip, a slightly higher growth
rate was recorded for the wheel with tyre 11.2R24.

The character of changes in power as a function of slip
is similar to other test results. It was proven that the greatest
increase in pulling power, power lost to rolling resistance
and total power occurred at low slips, after which the courses
was stabilized, the character of changes in power lost to slip
was also similar [9, 13, 14, 20, 21].

In order to determine differences between values of indi-
vidual powers, mean values of these calculated for slip within
the range of 0 — 30% were summarized (Fig. 7). According to
this summary, higher values of total power occurred for the
wheel with tyre 11.2R24. For both wheels, higher demand for
total power appeared on the stubble, and for the wheel with
tyre 11.2R24 the difference in the values of power on the two
surfaces was higher than for the other wheel. This situation is
probably connected with a different degree of deformability
for the two tested surfaces and as a consequence different
values of rolling resistance. Confirmation of this statement
can be the fact that the greatest differences concerned only
power lost to wheel rolling resistance.

Since the values of total power presented above differed,
comparison of the two wheels on the tested surfaces required
presentation of the shares of individual powers in total pow-
er. Such summary is illustrated in Figure 8.

Analysing the above summary it can be stated that the
proportions of shares of power for the two tyres were dif-
ferent; there was also dissimilarity with respect to various
surfaces. The highest shares of pulling for both wheels oc-
curred on the ground road, and the lowest share of this power
occurred for the wheel with tyre 11.2R24 on the stubble. In

600

B No
anf
8 NH

stubble ‘ ground road stubble ‘ ground road

11.2R24 31x15.5-15

Fig. 7. Summary of mean power values calculated for slip within
the range of 0 — 30%

Table 2. Results of statistical analysis (p — probability level)

this case, the highest share of power lost to rolling resistance
was also observed. Furthermore, it can be observed that
tyre 31x15.5-15 was characterized by lower changes of
shares of individual powers as a result of change of surface
type. Different proportions of power shares on individual
surfaces are probably connected with the different degrees
of deformability of these surfaces and different values of
rolling resistance. A different degree of response of the two
wheels to the change of surface type can be the result of
the different external dimensions of tyres; tyre 31x15.5-15
was characterized by greater width, hence its immersion
effect could be smaller than for tyre 11.2R24. Similar values
regarding shares of power lost to slipping for both wheels
can be caused by a similar design of tread.

The obtained results were processed using statistical
analysis. Since the requirement regarding applicability of
the analysis of variance was not fulfilled, a non-parametric
Kruskal-Wallis test was used for the evaluation at the signifi-
cance level of o= 0,05; results of this test are presented in Table
2. Values of p presented in this table define the probability of
accepting the hypothesis that the given factor lacks an essential
influence. If value p is lower than the assumed significance lev-
el, this hypothesis will be rejected (the factor has an essential
effect on the analysed parameter). According to the presented
results, no significant effect of the two factors on the value of
pulling force and power lost to slipping was found.

CONCLUSIONS

The obtained results enabled formulation of the follow-
ing conclusions:

1. The tyres reacted to the change of surface in different
ways; larger differences in traction properties on differ-
ent surfaces were present for tyre 11.2R24.

2. Both tyres obtained higher values of tractive efficiencies
on the ground road which was the result of the lesser
tendency of this surface to deform, and as a consequence
lower rolling resistance.

B NS
@ Nf
S NH

share of power [%)]

stubble ‘ ground road stubble ‘ ground road

11.2R24 31x15.5-15

Fig. 8. Summary of shares of pulling power and lost power in
total power

Factor Values p
PH P/ PT ’7 NI{ NH Nr’ N/Y
Surface type 0,7956 0,0009 0,0427 0,0038 0,0002 0,0003 0,0007 0,2238
Tyre design 0,2112 0,0028 0,0021 0,0124 0,0019 0,0087 0,0039 0,2846
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The values of pulling force of the tested tyres on both
surface were similar, therefore different values of trac-
tion force were determined by different values of rolling
resistance.

Tyre 11.2R24 was characterized by higher tractive effi-
ciency and higher demand for power compared to tyre
31x15.5-15. In the case of this tyre, higher changes in
shares of individual powers as a result of the change of
surface also occurred.
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OCENA ZMIAN WELASCIWOSCI TRAKCYJINYCH
OPON NA WYBRANYCH PODLOZACH ROLNICZYCH

Streszczenie. W pracy przedstawiono wyniki badan dwoch opon
ciagnikowych o réznej konstrukcji i wymiarach zewnetrznych;
opony te badane byly na podtozach rolniczych o réznych wtas-
ciwosciach. Badania wykonywano przy uzyciu stanowiska
wspolpracujacego z ciggnikiem rolniczym. Oceniano zmiany
wiasciwosci trakcyjnych; analizowano wartosci sit (uciagu i trak-
cyjnej), oporu przetaczania, sprawnosci trakcyjnej, dokonano
takze bilansu mocy na badanych kotach. Wykazano, ze opony
odmiennie reagowaly na zmiang¢ podtoza.

Stowa kluczowe: ciagnik rolniczy, sita trakcyjna, sprawnosé
trakcyjna, opdr przetaczania, bilans mocy

Badania zrealizowano w ramach projektu badawczego
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Summary. The study presents the results of tests concerning
the traction properties of driving tyres with radial and diagonal
design on soil covered with turf differing by composition of plant
species. It was shown that composition of plant species on the
tested grounds had an effect on the traction forces and rolling
resistance of tested tyres. Tyre 11.2R24 was characterised by
greater pulling forces compared with tyre 9.5-24. However, no
effect of the various compositions of species in the soil on the
value of tractive efficiency was proven. Tyre 9.5-24 had higher
demand for pulling power and power lost on wheel slip compared
with tyre 11.2R24.

Key words: tractive abilities, driving tyre, power balance, soil
covered with turf.

INTRODUCTION

Farming activities are connected with the operation of
technical equipment on various types of soil. The character-
istic properties of a given soil determine the tractive abilities
of the vehicle, that is, the possibility of moving on it without
considerable losses. Most farming work is carried out on
deformable grounds which should transfer regular forces
resulting from the weight of the vehicle and static forces
connected with the applied driving torque of the wheel and
the shear strength of the soil [9]. Deformable soils also in-
clude soil covered with turf. The research on turf conducted
thus far concerns mainly its reaction to intensive utilisation.
Changes are shown in the aboveground parts of plants, their
root systems and soil environment [4, 14].

It should be stated that the mechanical and traction prop-
erties of turf are poorly recognized fields of research [5, 7,
12]. Many publications refer to arable soils. Traction forces
are analysed, slip of driving wheels is measured, an energy
balance of the driving wheel — soil system is conducted.
Many publications refer to the negative effect of tractors
on soil. In order to minimize unfavourable changes in soil

while maintaining tractive efficiency, structural and oper-
ating parameters of tyres are chosen [6, 10, 15, 17, 18].
The specific character of soil covered with turf presented
in publications indicates a considerable amount of organic
matter covering the soil and the presence of root system of
plants. This may have an effect on the tractive abilities of
a farming tractor interacting with it. It is also worthwhile
adding that tractors working on meadows and pastures in
most cases are not equipped with special “grass” type tyres.
Use of conventional driving tyres involves the possibility
of damaging plants and the appearance of ruts which are
the result of considerable unit pressures [13]. However, if
usage of these tyres is so common and replacement of them
with special tyres is connected with additional costs, the
question arises whether other technical solutions limiting
the unfavourable phenomena mentioned above are possible?
Can such a solution be the replacement of driving tyres of
diagonal design with tyres of radial design? The advantages
of using these are broadly described in the literature [11, 16].

OBJECTIVE, SUBJECT MATTER
AND METHODOLOGY OF TESTS

The analysis of issues connected with traction of farming
tractors was the reason for which the research was under-
taken, the objective of which was to:

1. Evaluate changes in tractive properties taking into ac-
count such parameters as traction forces, efficiency and
rolling resistance for tyres of different designs.

2. Analysis of the tractive properties of tested tyres on turf
with different composition of plant species.

3. Determination and comparison of the values of power
for wheels equipped with the tested tyres for the assumed
field conditions.

The research was conducted in autumn 2011 in four
sites of the Agricultural Experimental Institute in Swojec
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within the Wroctaw University of Environmental and Life
Sciences. The soil on which the research was conducted
was proper alluvial soil made of strong sandy loan. In site
I and IT a mixture of meadow plants, and in site III and
IV a mixture of pasture plants were sown. Composition
of species and percentage share of individual mixtures are
presented in Table 1.

Table 1. Composition of species and percentage share of
sown mixtures

Name of species | Variety Share [%]
Meadow mixture
Perennial ryegrass Licampo 30
Meadow fescue Limosa 20
Timothy grass Lischka 10
Red clover Nike 20
White clover Hula 10
Smooth meadow grass Bila 10
Pasture mixture
Italian ryegrass Livictory 15
English ryegrass Licampo 45
Meadow fescue Limosa 20
Timothy grass Lischka 20

In site I and II, the standard of seed sowing was equal
to 30 kg/ha, and in sites III and IV 40 kg/ha was used. No
mineral fertilization was used, no pasturage of animals was
carried out in the pasture sites. Directly before performance
of traction tests, the sites were mowed at the height of 0.07
m and measurements characterizing the condition of the soil
i.e. compactness of soil and maximum shear stresses were
conducted, soil moisture was also determined.

For measurement of soil compactness, a penetrologger
made by Eijkelkamp, with conical penetrometer with ver-
tical angle 60° and field of base 0.0001 m?, was used. The
additional accessory of this device was the Theta Probe
ML2x by means of which soil moisture was measured.
Measurement of maximum shear stress was performed us-
ing shear Vane H-60 made by Geonor with measurement
range from 0 to 260 kPa.

For traction tests, tyres 9.5-24 and 11.2R24 were chosen
which were fitted on a special measurement station [1]. The
vertical load of the tested wheel was equal to 3300 N. During
motion of the wheel, the values of pulling force, driving mo-
ment, theoretical and actual route of the tested wheel were
registered. The obtained parameters allowed us to calculate
the value of traction force, rolling resistance and tractive
efficiency [Bialczyk and others 2012]. The energy balance
of the tested tyres was presented on the basis of calculated
powers according to formulas 1-5:

N, =Ny +N,+N;, (1)

Ny =Py -vg, ()

N, =(P, =P, )-vy, 3)
Vi

Ns=PF -\r,——| o, 4)
a)T

\
o, =L ®)
"p

where:

Nk — power supplied to the wheel [W],

NH — pulling power [W],

Nf—power used to overcome rolling resistance [W],
N6 — power lost on wheel slip [W],

PT- traction force [N],

PH- pulling force [N],

vR — actual route [m],

vT — theoretical route [m],

rD — dynamic radius of the wheel [m],

T — theoretic rotational speed of the tested wheel [s].

TEST RESULTS

Table 2 presents the results of parameters characterizing
the condition of the tested soils. Values of maximum shear
stresses and soil compactness were read out for three depths
of soil profile. Growth of the values of these parameters with
measurement depth was concluded. In meadow sites (I and
1), due to higher soil moisture (20%), lower values of the
analysed parameters versus pasture sites were recorded (soil
moisture 18%).

Table 2. Values of parameters of the tested soil

| sitel Sitell | Sitelll | SiteIV
Maximum shear stresses [KPa]
0.05m 72 70 78 78
0.10 m 98 84 108 118
0.15m 118 114 126 134
Compactness [MPa]

0.05m 2.16 2.15 2.57 2.42
0.10 m 2.95 3.10 3.42 3.76
0.15m 3.11 3.28 3.33 3.68

Figure 1 presents mean values of traction forces and
maximum tractive efficiency calculated for wheel slip
within the range of 0-30%. Lower values of traction forc-
es for tyre 9.5-24 were recorded. It is also characteristic
that for this tyre no changes in this parameter within sites
having the same composition of species were shown. Dif-
ferent standards of seed sowing did not have any effect on
traction properties of this tyre. Tyre 11.2R24 made better
use of turf properties which was reflected in the values
of analysed parameters. Traction forces achieved differ-
ent values in individual sites. The tractive efficiency of
this tyre was characterized by lower dynamics of changes
which may indicate low sensitivity of this tyre to varying
field conditions.

The highest tractive efficiency was achieved by tyres
9.5-24 in pasture sites. The explanation of this situation can
be found in figure 2 presenting pulling force and rolling
resistance for the tested tyres. These two parameters are
components of the traction force presented above. For this
tyre, pulling force remained at a comparable level, and



EVALUATION OF CHANGES IN TRACTION PROPERTIES OF DRIVING TYRES 11

= traction force —e— tractive efficiency

5000 T T 70
4000 g
£ 3000 2
5
F
22000 °
15} >
£ b5
1000 £

site IT | site I | site IV

9.5-24 11.2R24

source: own study

Fig. 1. Values of traction forces and efficiency for the tested
tyres
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Fig. 2. Values of pulling force and rolling resistance for the
tested tyres

rolling resistance changed. Lower rolling resistance in sites
3 and 4 allowed us to obtain higher tractive efficiency. This

allows us to conclude that in specific field conditions this
tyre may achieve better tractive abilities.

A different situation occurred for tyre 11.2R24, whose
larger surface of contact with the base enabled it to achieve
greater pulling forces, however the values of rolling re-
sistance were (apart from site 1) higher than the generated
pulling force. The obtained results are compliant with
those received by Wulfsohn and others [19], who proved
that design of the tyre had an effect on achieved tractive
efficiency, and diagonal tyre had worse tractive abilities.

Figure 3 presented progresses of individual pow-
ers in the function of slip for wheel with tyre 9.5-24 in
the tested sites. Detailed analysis of the power balance
presented in this way allowed us to show what part of
supplied power is used for pulling force and what part
is lost on rolling resistance and wheel slip. It can be
clearly concluded from the presented progresses that the
character of changes in analysed powers is comparable
for individual sites. Fast growth of power supplied to
the wheel (Nk) was connected with overcoming initial
resistance to motion, and then this power was stabilized
and oscillated within the range of 300-450 W, except
for site 4 where proportional growth of its value in line
with wheel slip is observed. In this site, a higher stand-
ard of seed sowing was used which resulted in higher
thickness of turf coverage. If this condition is combined
with higher values of strength parameters in this site, it
can be assumed that the tyre of diagonal design caused
more difficult immersion of tread projections as a result
of which power lost on wheel slip increased with pulling
power maintained at a comparable level.
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Fig. 3. Progresses of power in the function of slip for tyre 9.5-24: a —site I, b — site II, ¢ — site III, d — site IV
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Fig. 4. Progresses of power in the function of slip for tyre 11.2R24: a —site I, b — site II, ¢ — site III, d — site IV

Figure 4 presents progresses of individual powers in the
function of slip for the wheel equipped with tyre 11.2R24 in
the tested sites. The analysed tyre showed higher demand for
supplied power if compared with tyre 9.5-24 which allowed
increased pulling power. The power needed to overcome
rolling resistance also increased. As already mentioned
above, the radial tyre better reflects existing field conditions
which for sites 1 and 2 allows pulling properties comparable
with sites 3 and 4 to be obtained at lower energy expense.
This was probably connected with a higher adhesion co-
efficient for this tyre which was proven also in a study by
Gee-Glough and others [8].

Presentation of the above progresses allowed evaluation
of the range of changes in the analysed values, however in
order to analyse the share of individual powers in total power
supplied to the wheel, their percentage share was presented in
figure 5. Tyre 9.5-24 showed higher demand for pulling force
apparent especially in sites 3 and 4. However, it was not di-
rectly reflected in the generated pulling force which in each of
the analysed sites had a lower value compared with the pulling
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9.5-24 11.2R24
source: own study

Fig. 5. Percentage share of individual powers in total power

force obtained by the radial tyre. Power lost on slip of this tyre
in sites 1 and 2 also grew which was probably connected with
the presence of white and red clover forming a considerable
part of the organic matter reducing the adhesion of this tyre.

In spite of lower demand for pulling power, tyre 11.2R24
was able to generate higher pulling abilities which, however,
took place at the expense of a greater share of power lost on
rolling resistance. However, this was compensated for by
lesser demand for power lost on wheel slip.

Based on the obtained results, multi-factor analysis of
variance at the significance level o = 0.05 was performed
using the Statistica 9.0 package. Different botanical com-
position of the soil and the type of tyre used have an effect
on generation of traction forces with different values. The
tested tyres also showed different rolling resistance and
tractive efficiency. However, no effect of soil on the value
of achieved tractive efficiencies was proven (table 3).

Table 3. Results of statistical analysis (F — test value, p —
probability)

Dependent variable
Fac- : - . : :
tor Traction force |Rolling resistance|Tractive efficiency
F p F p F p
Soil | 12,304 [<0,0001| 10,968 |<0,0001| 0,530 | 0,6613
Tyre | 41,008 |<0,0001| 50,212 {<0,0001| 39,850 |<0,0001

source: own study

The results of statistical analysis presented in table 4
allowed it to be proved that both the type of soil and type
of tyre used have an effect on total power supplied to the
wheel. Different demand for pulling power, power of rolling
resistance and power lost on slip were also shown.
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Table 4. Results of statistical analysis (F — test value, p — probability)
Dependent variable
Factor Total power Pulling power Power lost on Rolling resistance Power lost on slip
F P F p F P F P

Soil 21,232 <0,0001 27,619 <0,0001 14,336 <0,0001 10,949 <0,0001

Tyre 49,257 <0,0001 28,508 <0,0001 58,405 <0,0001 26,281 <0,0001
source: own source
CONCLUSIONS content in grass covered and cultivated sloping vineyard.

. In the tested sites, the analysed tyres generated traction
forces with different values. The completed analysis of
components of these forces allowed us to conclude that
tyre 11.2R24 showed better pulling abilities, but growth
of rolling resistance occurred which resulted in lower
tractive efficiency for this tyre.

. No effect of species-related composition of soil on the
tractive efficiency of the tested tyres was shown. Tyre
11.2R24 achieved different pulling forces on turf with
the same species-related composition but different seed
sowing standards. Due to considerable stiffness resulting
from its diagonal design, tyre 9.5-24 achieved pulling
forces with comparable values.

. Tyre 9.5-24 showed higher demand for pulling power
which was not directly reflected in growth of pulling forc-
es because higher losses of power on wheel slip occurred.
Tyre 11.2R24 lost more power on rolling resistance, but
its radial design allowed better use of the strength prop-
erties of the soil by reducing wheel slip power.
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OCENA ZMIAN WLASCIWOSCI TRAKCYJNYCH
OPON NAPEDOWYCH NA PODLOZACH
ZADARNIONYCH

Streszczenie. W pracy przedstawiono wyniki badan dotycza-
cych wilasciwosci trakeyjnych opon napgdowych konstrukcji
radialnej i diagonalnej na podtozach zadarnionych réznigcych
si¢ sktadem gatunkowym roslin. Dokonana analiza sit trak-
cyjnych oraz oporow przetaczania, wykazata wplyw sktadu

gatunkowego roslin badanych podtozy na zdolnosci trakcyjne
opony 11.2R24, ktéra ponadto cechowata si¢ wyzszymi sitami
uciggu w poréwnaniu do opony 9.5-24. Nie wykazano natomiast
wplywu odmiennego sktadu podioza na wartos¢ sprawnosci
trakcyjnej. Opona 9.5-24 wykazywata wigksze zapotrzebowanie
na moc uciggu oraz moc tracong na poslizg kota w poréwnaniu
do opony 11.2R24.

Stowa kluczowe: zdolnosci trakcyjne, opona napedowa, bilans
mocy, podtoze zadarnione
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Summary. The importance of temperature measurements is sig-
nificant in many processes. The accuracy of said measurements
is essential for the tasks to be performed by a product and for
its compliance with requirements of applicable standards. The
maintenance of determined temperature regime in individual
production process phases is essential for the quality of obtained
product. Apart from temperature measurement accuracy, the time
of sensors response to its change is also extremely important.
The response time of temperature regulators and controllers
which may significantly affect the parameters of finished product,
depends on the time of sensor response.

The measurements of time constants for temperature sensors
are time consuming and proper equipment and knowledge are
also required for this purpose. It is rather unproblematic in case
of piece production scale but in case of mass production it is nec-
essary to find a solution enabling the automation of time constant
measuring process and ensuring measurements repeatability. The
solution presented in this study will make it possible to automate
the process and to reduce the time of measurement.

By means of proper software it will be possible to read the
time constant from measuring system display.

Key words: time constant, temperature, temperature sensor.

THE STRUCTURE OF A SYSTEM FOR
AUTOMATIC MEASUREMENT OF TIME
CONSTANT OF PT 100 SENSORS

The system enabling the measurement of time constant
for PT100 temperature sensors is illustrated in Fig. 1.

The measurement system consists of a hydraulic assem-
bly ensuring the flow of fluid pre-heating the sensor being
tested and changing its flow rate in individual phases of sys-
tem operation. In the initial phase, the fluid circulates in the
circuit consisting of water bath, fluid circulating tubes and
check valve. In this operation phase, the fluid flows through
the system elements and heats the whole circuit. The purpose
of the check valve is to enable the fluid flow while an electro

—valve is closed. The latter opens in the second phase and
the fluid is supplied to the sensor under test causing a sudden
change of sensor temperature. An algorithm recording the
sensor temperature change at sudden temperature change is
triggered in this operation phase. Temperature changes are
recorded by means of one of analogue to digital (A/D) con-
verters of microcontroller. Resistance changes are recorded
25 times/ second by means of the microcontroller [3, 4]. The
recording time is equal to 25 s and is completely sufficient
to ensure the stabilization of final temperature of the sensor
under test. Internal memory of ATmega 64 microcontroller
is used to record the values of resistance vs. time. The re-
sistance is recorded as a WORD type variable in the table
of variables [18, 19]. An original program has been created,
compiled and entered into the microcontroller memory in
order to make it possible to determine three time constants
T0,50, T0,632, T0,90 [9,16]. The algorithm calculating the
time constants performs the analysis of recorded numerical
values displayed by A/D converter and determines three
values i.e. 0,5, 0,632 and 0,9 for the recorded maximum
value. The time elapsed between the system starting and
occurrence of determined numerical values is determined
on the basis of recorded measurement points (25 times /15s).
Corresponding time constants measured by the system are
specified on the basis of time elapsed until the recorded
maximum value achieved 0,5, 0,632 and 0,9. After START
pushbutton is depressed, the signal received from A/D con-
verter is continuously analyzed by the microprocessor trig-
gering the measurement procedure when a positive change
of sensor temperature is detected.

Another task of applied microcontroller consists in the
measurement of water bath temperature and measuring cyl-
inder temperature. DS18B20 semiconductor sensors have
been used for temperatures measurements. The temperatures
measurement makes it possible to determine the tempera-
ture unit step and to check its conformity with applicable
standard [1, 5, 12].
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Fig. 1. The system for measurement of time constant for PT100 temperature sensors

After completed measurement, the measured values of
time constant are displayed, electro — valve is closed, the
fluid is discharged from measuring cylinder into water bath
and the fan is turned on in order to cool the system before
the next measurement.

The system has been equipped with a function protect-
ing against an erroneous measurement (proper temperature
difference, sensor not connected or damaged). In case of
possibility of an erroneous measurement, the control system
will make it impossible to turn on the system. Information
about errors will be shown on LCD display and indicated
by means of LED control lights [6, 7, 8].

Figure 2 illustrates the schematic diagram of an electron-
ic system performing the following functions:

— temperatures control in course of system operation;

— control of electro-valve operation,

— control of cooling fan operation,

— measurement of PT100 sensor resistance,

— recording of resistance change vs. time,

— calculation of time constant value for the sensor under tests.

AVR Atmega 64 microcontroller performs the function
of a system monitoring the operation of the whole measuring
system. Said microcontroller supports an instrumentation
amplifier based upon an integrated NE5532 operation ampli-
fier[15]. The purpose of this amplifier is to match the Signac
received from PT100 temperature sensor to adequate level
required by A/D converter.

Completed measuring system has been tested in labo-
ratory conditions. The tests were carried out on several PT

100 sensors and demonstrated that the time constants for PT
100 platinum temperature sensors are measured correctly by
means of designed and completed system.

MEASUREMENTS

Completed system has been used for testing of tem-
perature sensors basing upon PT100 measuring element.
The measurements have been performed for more than ten
sensors. The results of measurements for four (4) selected
sensors have been presented in Table No 1.

Table 1. Time constant T0,5 for PT-100 sensors located in steel
jackets with silicone filling

Item | Sensor No 1 | Sensor No 2 | Sensor No 3 | Sensor No 4
Ty [s] Ty [s] TO’5 [s] Tys [s]
1 9,11 11,01 8,95 11,23
2 10,10 10,78 9,56 10,58
3 9,70 10,45 9,87 10,89
4 9,68 09,67 10,23 10,59
5 10,03 10,85 9,68 10,55
6 9,54 10,68 9,89 11,04
7 10,34 11,00 9,45 10,97
8 9,85 10,59 9,78 10,87
9 10,05 10,93 9,83 10,76
10 9,33 10,42 8,97 10,75
Average 9,77 10,63 9,62 10,82
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The measurements presented in Table No 1 correspond
to measurements performed manually by means of a stop
watch and digital multimeter. The results of measurements
for individual sensors insignificantly differ from each other.
The difference can be caused by an insignificant change of
sensor resistance at the time of final temperature stabiliza-
tion and by limited resolution of A/D converter in applied
microcontroller.

CONCLUSIONS

The time constants for the transducers under tests are
measured correctly by means of presented system designed
for the determination of time constants for PT 100 trans-
ducers. Obtained results are conforming with the results
obtained by means of manual method. A/D converter with
higher resolution (10-bit version has been used in the sys-
tem) can be used in order to increase the accuracy and re-
peatability of measurements.

There is a problem in the system being tested due to
quick cooling of measuring cylinder. The cylinder consists
of a copper tube characterized by good heat conductivity
but its heat capacity is high. This significant heat capacity
slows down the measuring cylinder process before the next
measurement. The application of more efficient measuring
cylinder process by means of a fan with increased efficiency
or by means of fluid, could significantly reduce the time
required to complete next measurements.
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Summary. In the article the passively reserved system working
in the mode of gradual damages accumulation is considered. The
rules of change of basic reliability indexes, such as the probability
of faultless work and mean time of work till renunciation are set.
Key words. Readiness to work, mean work on a renunciation,
probability of faultless work, model of fail safety.

INTRODUCTION

Reservation is one of the most effective methods in in-
crease of reliability of the technical systems. Its wider use in
engineering is restrained by the necessity of introduction of
additional elements (reserve parts), methods and availability
of periodic regulations, and also the renewals of details’
working capability in the shape of regrinds, use of additional
working verges etc [8]. Another reason of insufficient appli-
cation of the passive reservation is the absence of scientifi-
cally-reasonable recommendations on its effective use. This
article is directed on the removal of the indicated defects.

RESULTS AND DISCUSSION

Pre-condition for the establishment of main criteria of
reliability of the passively reserved system are probabilities
of'its being in this or that expediently chosen state [5]. The
sizes of such probabilities settle accounts in accordance with
the rule of Cramer [6]:

(1

where:

¢ (S) < P({) — the possibility of i-state in the transforma-
tions of Laplas;

4, — determinant of the equation system (7) [1] for the ob-
served unknown authenticity;

A — basic determinant of the same equation system.

The choice of the state of the system and corresponding
to its determinant are set in obedience to the established task
of researches and oriented to one or another studied relia-
bility index. However, in any case it is necessary to find the
decision of the determinant which stands in the denominator
of formula (1). Its size comes from the general extended
matrix of the system of equalizations [1] and makes a basic
matrix which is written down as follows:

S+ Ay 0 — Hio 0 0
~Jo S+ O 0 0
A= S S S S S -(2)
0 0 -4 S+dy O
0 0 0 Ay S+um

The presented matrix has a fifth grade and needs for
a further decision in lowering [7].

Executing the corresponding mathematical operations
of grade lowering, by means of algebraic transformations
and bringing expressions over, we will get:

A=aS’ +bS* +¢S> +dS? +eS,
where:
a=1;
b=+ Ay + Ao + Ago + Ao + 110
¢ = (At + Moo + Hiio + Agottin + Aootao + Agotio + Aokt +
+ Aoy + Aooo + Aoooto = o iy + Hiod + oA );
d = Ayt + Ayohiorae + Agorinao + Ay iy + Ao oAy +
+ Aoot14io + AooAoo it + Ao Ao + Aoodootio — Hrodoo st — HioAeodio +
+ Mot Aoo + Moo Aoo + Mo io thn + ot Aeo + Hiodio Ao )Q
e =(Ago oot + AooAro oo + Aaoorottinao + Moo kiAo )

If to ignore the values of intensities of refuses at triple
and more multiplying, as the values of high order of trifle,
we will get considerable simplification of mathematical
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expressions for determination of matrix decision. Then
we get:
A=S(as? +bS+c) 3)
The numerator of ratio (1) for determination of prob-
ability of fully capable working state ¢, (S) comes from
the basic matrix by the substitution of the column of free
members of the extended matrix [10] in the column of the
found probability of the ”00” state. Then we have:

1 0 ~Hi 0 0
0 S+ O 0 0
Ap=|1 S s s s
0 0  —A S+Ay O
0 0 0 Ay S+m,

Thus, the components for finding out the probabilities
of the first capable working state are set and when we put
them according to formula (1) for the state “00” we get:

st 53(#11 + A+ Ao + Ago — o)+ 52(2110#11 + oo +
Agottiy + Agotro + Agorio — HioAro — HioAoo — Hiokhn)+
+ 5(210'0110#1 1~ HiodooAo = HotiiAeo ) =t Aol
aS® +bS* +¢S* +dS? +eS

-4

Poo S):

However, this probability is obtained as a reflection in
transformations of Laplace and for passing to the original
it needs proper mathematical operations. Such transition
becomes possible if to present the function of probability
as a sum of vulgar fractions [2]:

P00 (S) _ Ay By Coo Dy " Eyo , (5)
S-85 S-§, S-8 S-S, S-5s

where:

Ay By Copp Dy E,— inserted unknown permanent values,

necessary to be set for back transformation of Laplas;
S,8,S, S8, S, —roots of the right part of the equation (3).

The roots come from the equation (3) in the following
way:

$*(as? + bS5 +c)=0-

Itis obvious, that S, =S§,=5,=0, but S, and S, —roots of
the right part of the equation, situated in brackets according
to the formula [3]:

b b
Sys=——=x || =|-c-
4,5 5 (J ¢

For determination of the inserted additional permanent
values we will make a comparison in the equivalence of
numerators of expressions (4) and (5). When denominators
are equal, the equivalence of polynomials of numerators is
possible as a result of equality of coefficients at the same
degrees of the unknown. After inserting of the substitutes
A, +B, +C =Z itispossible towrite down the additional

00 00 00 00 X
system from three equations:

(6)

Zyy +Eg =1
( Zoy + Dy )Ss = (5K oy + Egg)Sa = gy + Aagy + Ao + Agor — 10
— 78,8, =L,

where:
L =20y, + Lol + Ayothr + Aoodio + Aoohio —

— oo — ioAoo — Mok
The received system is solved by the method of suc-

cessive substitution. From the third equalization we will

write down:
L

_ 5.5 .
From the second equation we will get:
(Zoo + Doy )Ss =S4 = 11 + gy + Mg + Aoy = thio”

00 —

And I
ty+ g + Ao+ Aog — tio + 84—
Dy = %
Ss
Thus, the permanent values of Z,, D, , E,, are obtained
and it is possible to conduct reverse transformation of Lap-

lace from the images to the originals. Then we have:

Poo(t)= Zog + Doy exp(—Syt)+ Egg exp(— Sst).
Inserting the meanings of permanent values we can write
down:

Pyo(r)=

1 L
—t— + Ao + Ao+ Aoy — tho +S4s —— | X
S,Ss | Ss (ﬂu 10 10+ Aoor = Hio + 54 54]

X exp(— S4t)+ (1 - SLS

405

@)

]exp(f Sst).

By analyzing the received result it is necessary to notice
that the value of probability of P (7) is determined by three
elements. Their signs depend on those components which
are included in them, but the general value of probability
must not exceed the unit that is the rationed condition. The
analysis of the result is complicated by unknown 4, y — char-
acteristics, included both directly into the formula (7) and
into the substitution L, and also roots of S, and S,. That’s why
in this research it is possible to conduct only the preliminary
quality analysis of the change of probability of the working
state “00” depending on the time of exploitation of the tech-
nical system. It is obvious that independently of its sign the
first component is some permanent value which depends on
the value of the attended roots of S, and S, displacing general
dependence of P, () upwards or downward on a y-axis.

The analysis of behavior of probability function for the
state of the system “00” at the time of exploitation of t — oo
shows that the increase of time diminishes the probability
on an exponential law. The final probability in this case is:

POO(t - oo): Zy -

Or, it is possible on the basis of the value of permanent
Z,, which has been got before to write down:

1
Pyt > )= S5 Aoty +AoAy + Agokn + Agotao +
495

+ Ago o = HioAaor — ooy = Mok )

Thus, the conducted analysis set, that general character
of changing in probability of capable working state “00” of
the passively dubbed system is described by a double ex-
ponential law. Its chart is presented in Fig. 1. The concrete
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form of the curve is greatly dependent on the correlations A
and ¢ which are descriptions included in the equalization.
The double exponential dependence assists at deceleration
of loss of capacity by the system while entering the dubbed
element.

Py (1)

I

K

00

t, time

Fig. 1. Changing in the probability of the passively dubbed sys-
tem in fully capable working state from time of exploitation

Coming from the known determination of mean work
on the refuse through the probability of faultless work [4]
we can write down:

T = TP(t)dt.

In detail, to the solving task on determination of mean
work in the capable working state “00” it is possible to
write down:

i =[Pylt)t.
4

For establishment of mean value of work on the refuse
it is expedient to choose the time of domain ¢, — ¢, after
the period of extra work of the system and its entrance in
the mode of exploitation, when aging processes, related to
the subsequent loss of capacity, begin gradually show the
selves [9].

Putting the value of probability from the expression (7)
we have:

_ ) L 1
foo =~ +— (1 + g + Ao + Ao — 1o + Sq Jexpl(=Syr) +
uL S4Ss  Ss

L
1- —S<t)|dt.
[ S4S5jexp( 5)}

From where:
L) h
_ L 1 L 1) s
too=——t +—|+Ahy+ 4o+ Agg Mo+ Sy —— | ——|e ¥ +
00 S4S5 S5 [/‘ 11 10’ 10 0'0 IUIO 4 S4 ]( S4 ]

4

®)

sio L - L eS|
5,55 \S,

h

For the quality analysis of result the possible depend-
ences of influence of each components of equalization were
built (8) on a general result, and the total curve of change of
mean time of system staying in the fully capable working
state of #00. The graphics is represented in Fig. 2.

00

Fig. 2. Dependence of changing of time of the system being
in the complete capable working state “00” on the time of its
exploitation:

1 — is the first component of equalization (9); 2 — is the
second component; 3 — is the third component; 4 — is total
resulting dependence

As we can see from the summarizing chart (curve 4),
mean time of the system being in the fully capable working
state “00”, when both basic and reserve elements are in
good condition, is gradually going down. It corresponds
to the physical essence of the problem of the system’s
research that it gets older losing the capacity while ex-
ploitation.

CONCLUSIONS

1. Passively dubbed technical system losing the capacity as
a result of aging has the reliability indexes, depending
on the time exploitation according to the double expo-
nential law.

2. The maximally able value of probability of faultless
work of the system, when both basic and dubbed ele-
ments are in good condition, serves the final (asymptotic)
value of this probability.

3. Mean work on the refuse of the system consists of three
components, one of those depends on the time of ex-
ploitation, and two others change on exponent.
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BAPbUPOBAHUE ITOKA3ATEJIEM HAJIEXXHOCTU
I[TACCHUBHO PE3EPBHPOBAHBIX CJIOXHBIX
TEXHUYECKUX CUCTEM

AHoTauis. Y cTaTTi po3mIsHyTa IACKBHO PE3epBOBaHA CHCTEMa
HPALFOI0Ya B PEXKUMI HOCTYIIOBOTO HAKOITHYEHHSI IOIIKOKCHb.
BcraHoBeHI 3aKOHOMIPHOCTI 3MiHH OCHOBHHMX ITOKAa3HHKIB
HaJIHOCTI TaKUX SK BIPOTiMHICTH OE3BIAMOBHOI POOOTH
1 cepenHiif yac poOOTH MOBHICTIO.

Ki11040Bi cJ10Ba: TOTOBHICTB 10 pOOOTH, CEPEIHE HAIIPAL[FOBAHHS
Ha BIZIMOBY, BIpOTiAHICTH O€3BIAMOBHOI POOOTH, MOAENTH
HaJIHHOCTI CHCTEMH.
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Summary. The functionality of control system as well as the
ergonomics and intuitiveness of its use are the essential factors,
except of system operator experience, affecting CCTV video
monitoring system management process. An optimal relation-
ship between system functionality, its ergonomic use and the
system operator experience makes it possible to quickly adapt
the parameters of recorded image to the needs in the scope of
currently performed tasks associated with the observation of as-
signed area. CCTV video monitoring system management mainly
consists in the checking of cameras settings and matching of PTZ
cameras parameters to current needs in the scope of observation.
The article presents the role of ergonomics of work stations
and the technical capabilities of program platforms aiding PTZ
cameras operator work in CCTV system. The presented pro-
gram platform was built as an application basing upon LabView
environment. Except of control functions available in standard
hardware manipulators for PTZ cameras settings, the program
platform enables the visualization of object status on the screen
and the performance of pre-set control functions in the form of
procedures. Particular emphasis has been placed on the practical
capabilities of such systems, operators’ work aiding, reduction
of operation times in case of performance of a task associated
with the change of PTZ cameras settings.

Key words: control and supervision systems, video monitoring,
CCTV systems, PTZ cameras, communication protocols, man-
agement processes ergonomics.

INTRODUCTION

CCTYV video monitoring systems are the components
of technical equipment used for property protection. Their
basic task is to supply comprehensive information on the
current condition of the protected area to the competent
organizational sections in the object protection system in
the form of images. An essential thing is to configure CCTV
system in a manner ensuring that the information received by
the user is as complete as possible and suitable to the needs

at the point of time. The information can be associated with:
protected area checking, confirmation that specified zone
has been disturbed, invader identification or occurred dan-
ger. The factors specified above affect not only the current
safety level in the object being protected but also make it
possible for competent organizational sections in the object
protection system to early react to specified danger as well
as to eliminate thereof or to limit its impact on environment
and achieved targets of attack [1, 4, 7, 8, 9, 10, 17, 18].
From presented tasks it appears that a monitoring sys-
tem shall enable the imaging for the largest possible area
in order to perform its task. Therefore, the user is given the
possibility of close observation of the object being protect-
ed. There are detailed and general surveillance zones in
surveillance areas monitored by means of CCTV camer-
as. The detailed surveillance zones (particularly important
sensitive zones) are defined as the locations and areas of
importance in view of safety to be maintained in the object.
In case of the occurrence of danger, the monitoring shall
be commenced as soon as possible by means of maximum
possible number of cameras. Rotary cameras controlled by
means of special consoles with access to cameras functions
and presets are applied in order to get to selected area. The
settings of selected rotary camera are controlled by operator
by means of a hardware console in order to correct the fol-
lowing parameters: positioning, inclination and zooming. In
case of an excessive number of cameras in the system it is
possible that the system user is unable to set PTZ cameras
parameters, simultaneously tracking the object and properly
responding to additional dangers occurring in the object.
Too many cameras significantly affect the system operation
effectiveness and can even cause the system’s dysfunction.
It is also associated with increased effort of the user during
the system’s operation and with reduced comfort at work.
The purpose of the present study is to draw the attention
to functional capabilities of CCTV systems and to the impact
of algorithmic aiding on the work of system operator and
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the reduction of its workload during the process control.
The study presents the concept of an universal program
platform adapted to specified object and making it possible
to supervise selected observation zones and areas. The article
presents the technical measures enabling the improvement
of ergonomic features of the used system by means of IT
solutions. The scope of the study encompasses the pres-
entation and analysis of the technical measures enabling
the improvement of the system use ergonomics by means
of IT solutions. The attention was paid to the possibility of
utilizing the algorithms of simultaneous control for PTZ
rotary cameras, dedicated for specified object and making it
possible to limit the necessary activities of the user in course
of the performance of its surveillance tasks in the object
being protected. The essence of the algorithm consists in the
definition and interrelation of presets for multiple cameras
accessible in the system.

FUNCTIONALITY AND ERGONOMICS
OF CCTV VIDEO MONITORING OPERATOR

The work performed by hardware and CCTV electronic
system operator consists in the achievement of assumed
security goals. Particularly, the task of the operator is as-
sociated with the management of system elements settings
including PTZ rotary cameras parameters control, the reac-
tion to recorded events and the checking of CCTV system
operation correctness. The communication between the user
and system is possible by means of a screen equipped with
proper graphical interface. The working conditions at the
station equipped with a Video Display Unit should be suf-
ficient to ensure the safety, convenience and comfort in the
course of work performed by the operator in order to avoid
errors [5, 6,7, 8, 10].

Therefore, the task of the person supervising the control
process in CCTV system is to check the object condition,
to supervise the correctness of registration and control pro-
cess, to initiate individual phases, procedures and functions
and to react in case of any abnormalities. This supervision
is particularly characterized by continuous monitoring of
instrument readings from images recorded by the cameras
and by introduction of corrections in case of deviations from
the assumed profile [5, 10].

Computer-aided measuring, control and supervision
system enables data acquisition, processing and their pres-
entation to operator through the performance of information
and decision making subsystem tasks. The tasks performed
by operator consist in monitoring of information occurring
on imaging devices screens, in displaying of necessary in-
formation about process status, entering supplementary in-
formation, evaluation of existing situation, decision making
and decision entry into computerized system. The operator’s
work is aided by the correctly built system performing mo-
notonous repeating activities but the operator is not substi-
tuted in the decision making process. The system performs
the algorithms and procedures associated with arduous and
precisely determined tasks which may take the time of sys-
tem’s operator and divert his attention from the principal

goal, i.e. safety management in the supervised object. The
information exchange between the operator and system is
possible by means of an extended hardware interface (in-
formation exchange technology component) supplemented
by software creating the graphical user interface (GUI). The
work with an incorrectly designed interface can be arduous
for the operator and can lead to errors and to non-compli-
ance with requirements in the scope of quality of performed
tasks as a result of fatigue or stress perceived after a short
period of time [12].

The correctness of decisions made by the operator de-
pends on possibility to receive the signals and ability to un-
derstand information contained therein [20]. The purpose of
control devices is to make it possible to perform the control
process by the operator in an efficient, safe and correct man-
ner through the optimized communication between man and
technical system. The operator stations are usually equipped
with multiple signalling and control devices. Their correct
design solution and working conditions may have significant
impact on the number of operator’s errors and his fatigue.
Currently, control panels have been substituted by comput-
ers analyzing the data received from the sensors recording
process parameters changes and presenting the information
processing results to the operator or correcting the errors
basing upon a predetermined program [20].

However, an appropriate manner of information visu-
alization and processes control method is required for op-
erations on synthetic data and processed information. The
processes control should not be based upon the regulation
of single (partial, detailed) parameters but in the form of
determination of resulting (aggregated, total, general) pa-
rameters. However the partial parameters should be selected
by means of optimizing computer programs. The structures
of contemporary testing and measuring systems are charac-
terized by a trend toward the computerization and graphical
representation of information. Hence, significant interest
has been observed in ergonomic features of the stations
provided with visual display terminals (VDT — Visual Dis-
play Terminal) [20].

The requirements in the scope of system capability to
cooperate with an operator are associated i.a. with the factors
resulting from the essence of control process for specified
system, tasks to be performed in process control and from
established control strategy. Equally essential are the factors
associated with man — machine interface design, impact of
work station (station layout —i.a. ergonomic features of the
devices and their spatial arrangement at the operator station,
material environment conditions) and human factors associ-
ated with the operator’s load in course of work. Therefore,
the compliance with requirements in the scope of working
conditions may affect the capability of an industrial process
control system with the operator [2].

The control room is the basic functional unit in the con-
trol centre and in its associated physical structure occupied
by operators performing the functions encompassing the
centralized control, supervision and guiding. The operator
interface located in the vicinity of the equipment or system
subjected to supervision and/ or control is called the local
control station [3].
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The working conditions in the control room shall ensure
the safety, human health protection and well being as well as
the technical and economical effectiveness. The human fac-
tor, machine (hardware and software), working conditions
and control functions should be considered in its entirety
and subjected to optimization [3, 14].

CAMERAS IN CCTV SYSTEM - FUNCTIONAL
MODEL OF PTZ CAMERAS

The camera used in CCTV video monitoring systems
are defined as image recording electronic systems. Depend-
ing on version, an image converter built in CMOS or CCD
technology is their principal element. The cameras can be
subdivided into digital cameras (H-264 or MPEG standard)
and analogue (TV standard) cameras depending on vision
signal transmitted by CCTV camera. Resolution, objective
focal range and type of image (monochrome or colour) are
the specific features of cameras. There are two types of
cameras in view of their construction (Fig. 1): stationary
cameras (compact and dome type) and cameras equipped
with rotating device (PTZ rotary cameras).

PTZ rotary cameras make it possible to change three
settings: P — positioning, T — tilting and Z — zooming. Due
to such features, the cameras can record images of various
observation areas determined by the operator. The correc-
tions of rotary camera parameters and its setting are most
frequently performed by means of a special hardware ma-
nipulator. The camera code shall be entered by the opera-
tor. It is possible to adapt the image parameters to current
requirements and to perform observation tasks by means
of special joystick.

Due to possibility of adjustment and changes of im-
age parameters based upon changes of position, tilting and

zooming, the functional model of PTZ rotary camera can be
described on the basis of spherical coordinate system. The
spherical coordinate system is based upon three coordinates
f, q, ri making it possible to adapt the regulation parameters
of PTZ rotary camera (Fig. 2). The coordinate f corresponds
to parameter associated with the camera positioning (P),
q coordinate — tilting (7), and r coordinate — zooming (Z).

Fig. 2 illustrates the relations making it possible to
convert from coordinates in rectangular coordinate system
(X, y, z) to spherical coordinate system (f, g, r). The most
frequent is the situation when CCTV system operator track-
ing a moving object (movement in rectangular coordinate
system) has to adapt the actions to the specific features of
rotary camera control system (spherical coordinate system).
Fig. 3 illustrates the situation when the operator is tracking
an object moving along a straight line. Attention should be
paid to changes of multiple parameters in order to maintain
the same image parameters for the object being monitored.
Fig. 4 illustrates the situation when an object is moving
along a circular path, with constant distance from one of the
cameras but it is monitored by two cameras. The necessity
of adaptive correction of PTZ rotary camera parameters by
the operator in order to achieve the assumed observation
goals is also shown in this situation.

The situations presented above have been selected as
the examples of problems experienced every day by CCTV
video monitoring systems operators operating PTZ rotary
cameras in the system. The principal problems experienced
by operators and inconveniences resulting from the applied
observation method by means of PTZ camera and having
essential impact on quality and effectiveness of continued
monitoring activities are:

— mismatch between the control system based upon spher-
ical coordinate system (f, g, r) and the behaviour of per-

a) b)

LA LR
o4 ®

<)

Fig. 1. Cameras of CCTV system [22] a) compact camera, b) dome camera, ¢) PTZ rotary camera
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b)

¢ — positioning P
0 —tilting T

r —zooming Z

P=¢g= arctgl;
X
2 2
VX +
T=0= arctg—y = arccosi;
z r

Z=r=\[x2+y2+zz;

Fig. 2. Functional model of rotary camera a) spherical coordinate system, b) relations between coordinates in spherical coordinate

system and in rectangular coordinate system
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a) b)
object movement
(rectangular coordinate system)
X =1(x)=const; AX=0;
Y = f(y) = var; AY = const;
/ Z=1f(z)=const; AZ=0;
l control PTZ 1
‘ (spherical coordinate system)
P =f(¢) = var; AP=var;
T = f(6) = var; AT=var;
Z =1(r) = var; AZ=var;

Fig. 3. Object movement between A and B points — situation 1; a) layout sketch b) description of relations specific for the object
movement and corresponding relations of changes of PTZ rotary camera settings

a)

b)

object movement
(rectangular coordinate system)
X =f(x) = var; AX = var;
Y =1f(y) = var; AY = var;
Z=1f(z)=const; AZ=0;
control PTZ 1

(spherical coordinate system)
P =f(¢) = var; AP=const;
T=1(0)=const; AT=0;

Z =1(r)=const; AZ=0;
control PTZ 2

(spherical coordinate system)
P =f(¢) = var; AX=var;
T =1(0) = var; AY=var;
Z =1(r) = var; AZ=var;

Fig. 4. Object movement between A and B points — situation 2; a) description of relations specific for the object movement and
corresponding relations of changes of PTZ rotary cameras settings

sons moving in the area under observation (rectangular

coordinate system X, y, z),

— necessity of continuous switchovers of control options
on hardware manipulator in case of supervision over
specified zone by means of large number of cameras;

— mismatch between the standard procedures of calling for
individual functions and specific features of specified
object.

The factors presented above are procedural factors.
Therefore, it is possible to improve the operator’s activity
effectiveness by means of IT tools used in order to make
the control process more efficient.

CCTV VIDEO MONITORING SYSTEMS

CCTV (closed circuit television) video monitoring sys-
tem is defined as the system to be used for observation by
means of proper equipment, a determined zone under sur-
veillance [1]. The closed circuit television (Fig. 5) consists
of basic system elements used for image recording (video
monitoring subsystem), vision signal transmission (signal
transmission subsystem) and for its displaying (receiving
subsystem) as well as supplementary elements (subsystems)
used for archiving of recorded image and controlling of indi-
vidual system elements settings (cameras, rotary devices etc.)

Monitor !

Video
signal VGA

Video signal

Control signal
RS-485 standard

aize. Gaiiie

Video
recorder

Control signal
RS-485 standard

Li L

Dome cameras PTZ

Manipulator
Fig. 5. Diagram of a conventional CCTV video monitoring system

Detailed guidelines for CCTV video monitoring system

should encompass the following scope:

— presentation of the required system safety level (assess-
ment of hazards);

— subdivision into zones and determination of manner of
surveillance for individual zones (Fig. 6);

— determination of spaces (zones) supervised by the system
(coverage);

— characteristics of the range of system operations envi-
ronment conditions;

— description of tasks and procedures associated with the
performance of surveillance functions;

— determination of manner of video signal and control
signal transfer;

— presentation of tasks associated with system elements
control.
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Protect obcject - Warehouse

1 - General surveillance zone — general monitoring
2 — Sensitive surveillance zone — particulary monitoring

Fig. 6. Subdivision into surveillance zones in the object to be
protected

A camera is the basic element of each CCTV system. Two
types of cameras can be specified in the view of their functional
capabilities, role performed in the system and costs: stationary
and rotary cameras. The stationary cameras are usually used
for the observation of general surveillance zones and the rotary
cameras due to their increased capabilities in the scope of
settings are used for the surveillance of particularly important
(sensitive) zones in the object being protected. Their functions
make it possible, through the change of camera optical param-
eters and camera position, to match the size of the surveillance
zone under observation to current needs of the user.

The video signal in conventional video monitoring sys-
tems is transmitted between cameras as well as recording
and imaging elements by means of coaxial cables (so called
coax). The technical limitations resulting from applied signal
transfer medium by means of coaxial cable are associated
with the cable length. Maximum recommended lengths of
coaxial cables in CCTV systems are included between 250m
(RG-59 cable) and 800m (RG-15 cable) [15]. The signal
amplifiers are required in case of signal transfer by means
of cables with the length exceeding recommend values.

However, in case of control system, the system in RS-485
standard is the most common control signal transfer system.
RS-485 standard has been introduced as developed version of
RS-422A standard. RS-485 standard consists of a differential
(symmetrical) transmitter, dual — circuit transmission path
and a differential receiver. It is allowed to connect multiple
transmitters and receivers on single line. Due to possibility
to transfer only one signal (chain of commands) at the same
time, these systems must be equipped with interlocking sys-
tems. The systems equipped with so called tri-state gates.
In said gates, except of output signals corresponding to the
states of logic 1 and logic 0, high impedance state of gate
output is possible. The devices in RS-485 system are usu-
ally characterized by hierarchy of importance i.e. devices
performing master or slave functions to each other [15, 16].

THE CONCEPT OF PROGRAM PLATFORM
ENABLING THE CHANGE OF PTZ
CAMERAS SETTINGS AIDING CCTV SYSTEM
OPERATION WORK

The conventional CCTV video monitoring system illus-
trated in Fig. 5 is an autonomous system built of elements used

only in this type of systems. Exclusive hardware and functional
features are a disadvantage of such solutions. The purpose of
modernization of a conventional CCTV video monitoring sys-
tem (Fig. 7) is to increase the system functionality. Therefore,
aprogram platform has been created in LabView environment
in the form of an application enabling simultaneous control
for multiple rotary PTZ cameras settings. The principal task
of this application is to generate a message signal (instruction
code string) to the control system. PTZ cameras control is
carried out by the calling of procedures triggering predefined
presets of cameras. Due to lack of RS-485 interface in standard
equipment of PC computers, it is necessary to provide RS-232/
RS-485 or USB/RS-48 signal converter in the system.

Control and imaging equipment Video recording eguipment

Stationary cameras

Fig. 7. Schematic diagram of monitoring system with built-in

module enabling simultaneous control for multiple rotary PTZ
cameras settings by means of computer application

Video signal

Control signal
RS-485

RS232-RS485

or USB-RS485

The determination of surveillance of zones in the area of
protected infrastructure is an Essentials element of CCTV
system designing phase, in the scope of general surveillance
zones (Fig. 8) as well as detailed surveillance zones (Fig. 9).
The determination of certain sensitive areas shall be based
upon analysis of potential hazards occurring therein or upon
the performance of control of or supervision over the flow
of persons and property. Therefore, it is important to arrange
CCTV system elements (particularly rotary cameras) in a man-
ner ensuring the performance of said tasks in the best possible
manner. Additional factors limiting excessive extension of
CCTV system are the system costs and possibility of transfer
of'the Signac recorded by camera and its archiving. Not always
and additionally simultaneously, it is necessary to provide
detailed surveillance for all sensitive zones. Such observation
should be carried out in precisely determined conditions only
(e.g. as a result of occurred hazard). Therefore, one rotary
camera can be used for surveillance of several sensitive zones.
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Fig. 8. Field diagram of an object with marked general surveillance
zones for PTZ2 camera including their corresponding presets
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Aplikacja wepomagajaca zarzaczanie | sterowsnie ustawieniami kamer obrotowych PTZ w systemie monitoringu CCTV
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Fig. 9. Field diagram of an object with marked detailed surveil-
lance zones
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In a manner identical to the distributions of detailed and
general surveillance zones illustrated in Fig. 8 and Fig. 9, the
areas associated with presets are created for all PTZ cameras
contained in CCTV system. Individual areas are the field areas
corresponding to certain areas of dialog window of the sys-
tem displayed on the screen display. Therefore, to each pixel
assigned on the synoptic map (field diagram) of the protected
object, there are assigned relations referring to the implement-
ing procedures performing the calling of precisely determined
presets for all the cameras contained in CCTV system.

The task of the operator is not to change the settings of
successive cameras manually any more but to call corre-
sponding procedure on the screen by means of computer
mouse. It is also possible to provide CCTV system operator
station with a touch screen. In such case it is possible to
call any procedure directly on the screen. The purpose of
the presented solution is to support the operator’s work. It
is possible as a result of his release from arduous manual
process associated with calling of successive settings. In-
dividual field areas are called by the operator in presented
solution on the synoptic map of the protected object. The
areas correspond to real areas in the field. Therefore, an
additional advantage of this solution consists in its intui-
tiveness associated with simple calling of certain functions.

APPLICATION FOR PTZ CAMERAS OPERATION
MANAGEMENT IN CCTV SYSTEM

An application aiding PTZ rotary cameras settings man-
agement and control in CCTV system has been created on
the basis of LabView programming environment. This en-
vironment is characterized by large capabilities associated
with technological processes support in the scope of check-
ing and control as well as individual approach to the process
of creating the system operated by users [9, 11, 13, 19].

The program enabling simultaneous control of settings
for PTZ rotary cameras operating in CCTV system in an
object under surveillance, contains the following principal
elements of the system:

— user interface — enabling (depending on user rights)
control, configuration change or checking the system
operation;

— organizational diagram — internal relation between in-
dividual application elements enabling the performance
of tasks assigned by the user on control panel;

— 1/0 operation (communication port operation) — system
component responsible for generation of actuators op-
eration control signal in PTZ rotary cameras.

In case of a correctly operating system managing the
operation and control of settings of individual elements of
video monitoring CCTV system, it is necessary to apply a
recognizable control protocol. Selected protocol standard
does not have to be identical for all the system elements. It is
possible to use various protocols in the system. It is important
to ensure the correlation (protocol conformity) in the time be-
tween the controlling and controlled device. There are many
protocol standards applied in practice; but the most popular
are PTZ protocols: Pelco-D and Pelco-P. The messages for-
mats (format of generated instruction) in Pelco-D and Pelco-P
standard have been presented in Tab. 1 and Tab. 2.

Table 1. Format of message in Pelco-D standard [21]

Bajt 1 | Bajt2 | Bajt3 [ Bajt4 | Bajt5 | Bajt6 | Bajt7
Start | Camera | Instruction code | Camera | Camera | Checksum
byte No [(direction, zoom, | movement| tilting

(FF) sharpness etc.) speed speed

Byte 7 (Checksum) is the result of ,,modulo 100 oper-
ation from logic sum of bytes 2+6.

Table 2. Format of message in Pelco-P standard [21]

Bajt 1| Bajt2 | Bajt3 | Bajt4 | Bajt5 |Bajt6 |Bajt7| Bajt8
Start |Camera| Instruction code | Camera |Camera| Stop |Check-
byte No |(direction, zoom,| movement | No | byte | sum
(A0) sharpness etc.) speed (AF)

Byte 8 (Checksum) is the result of logic sum XOR op-
eration of byte 1+7.

The messages (instruction codes) informing about com-
pletion of two operations in the system: the first one ena-
bling the movement with maximum speed (Turbo) to the
RH side of the camera (rotary device) No 8 and the second
one: stopping of the performance of the first operation in
Pelco-D and Pelco-P protocol standard (hexagonal code)
are presented in Tab. 3.

Table 3. Control messages (instruction codes) in Pelco-D
and Pelco-P standard

Operation Instruction codes Instruction codes
number in PelcopD standard in PelcopD standard
1 FF 08 00 02 FF 00 09 A0 08 00 02 40 00 AF 45
2 FF 08 00 00 00 00 08 A0 08 00 00 00 00 AF 07

The determination of technical possibilities of observa-
tion for specified detailed areas by individual cameras is an
important element associated with the analysis process for
individual capabilities of the system and with the creation
of control procedures (generation of control instructions).
Therefore, it is necessary to build an individual table of
relationships for each object. The table of relationships
for presets of PTZ cameras settings making it possible to
achieve the observation goals for detailed surveillance zones
(Fig. 8) has been presented in Tab. 4. This table illustrates
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the relations between presets defined in the system for indi-
vidual rotary PTZ cameras and detailed surveillance areas.

Table 4. Dome cameras PTZ presets in CCTV system — table
of relationships

Survellanceareas| 1 | 2 [ 3 (4 (5 (6 |7 (8|9 |10]|11
Camera PTZ 1 1121314567 [8|-]|-1]-
Camera PTZ 2 - - 1123|4567
Camera PTZ 3 1123 4(-|-]-|-1]15]6®6

The example of a message (chain of commands) in Pel-
co-P protocol standard (hexagonal code) generated and sent
to the control system (RS-485) by an application aiding the
cameras settings management in CCTV system, enabling the
setting of all available cameras to the detailed surveillance
area No 4, has the following form:

A0 010007 00 04 AF OD;
A0 0200070001 AF 0B;
A0 03 00 07 00 04 AF OF.

CONCLUSIONS

The correct operation of CCTV video monitoring system
is based upon the cooperation between the operator and the
system as well as the correct use of available equipment by
the system operator. Therefore, the most reasonable solu-
tion consists in the best equipment enabling the video data
recording and archiving as well as in auxiliary equipment
of the system in the form of elements releasing the operator
from the execution of unnecessary, complicated or time
consuming procedures. In the opinion of authors, such a
solution consists in the application of a dedicated program
platform matched to object characteristics and making it
possible to call assumed procedures and functions directly
from the application window. The operator’s role is limit-
ed to the choice of a function without any analysis of the
manner of its performing. In such a case, the operator can
engage himself in the object’s observation instead of tasks
associated with correct execution of control process.

Due to the equipment of conventional CCTV system with
the system aiding PTZ, rotary cameras settings management
and control in CCTV system, it is possible to achieve a quick
and simultaneous preview of a selected sensitive zone in the
protected object for all cameras available in the system. The
task of the operator is to choose an area of interest in the
synoptic map of the object. The change of current settings
of cameras to the settings associated with the preview of an
area determined in specified preset of camera is carried out in
a smooth and unattended manner. Therefore, the time associ-
ated with change of system settings is significantly reduced
in comparison with manual operation of control devices.

Further integration of PTZ rotary cameras settings con-
trol system with other protective systems (Intrusion and
Hold-up Alarm Systems (I&HAS)), access control systems
and fire alarm systems, enables automatic change of cameras
settings in order to enable the preview to selected zone at
the time of hazard occurrence or for the time associated with
the performance of assumed procedure.

The use of PTZ rotary cameras in CCTV systems makes
it possible to reduce the costs associated with the system in-
stallation and video data archiving. In contrast to stationary
cameras, the preview of many sensitive zones (obviously
not at the same time) is possible by means of single rotary
camera. The correct determination of cameras presets makes
it possible to achieve the multiplication of rotary cameras
capabilities in comparison to stationary cameras.
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PLATFORMA PROGRAMOWA WSPOMAGAJACA
PRACE OPERATORA KAMER PTZ SYSTEMU
CCTV — ASPEKT POPRAWY FUNKCJONALONOSCI
I ERGONOMII UZYTKOWANIA SYSTEMU

Streszczenie: Funkcjonalnos¢ systemu sterowania oraz ergo-
nomia i intuicyjnos¢ jego uzytkowania to obok doswiadczenia

operatora systemu gtdwne czynniki majace wptyw na proces za-
rzadzania systemem monitoringu wizyjnego CCTV. Optymalne
powiazanie funkcjonalnosci systemu jego ergonomii uzytkowa-
nia i do§wiadczenia operatora umozliwia szybkie przystosowa-
nie parametréw rejestrowanego obrazu do potrzeb aktualnie
realizowanych zadan zwigzanych z obserwacjg zadanego ob-
szaru. Zarzadzanie systemem CCTYV to w duzej mierze kontrola
ustawien kamer oraz dopasowanie parametrow kamer PTZ do
aktualnych potrzeb obserwacyjnych. W artykule przedstawiono
rolg ergonomii stanowisk pracy oraz technicznych mozliwosci
platform programowych wspomagajacych prace operatora kamer
PTZ systemu CCTV. Przedstawiona platforma programowa to
aplikacja zbudowana na bazie srodowiska LabView. Platforma
programowa oprdcz realizacji funkcji sterowania dostepnych
w standardowych, sprzgtowych manipulatorow ustawien ka-
mer PTZ umozliwia wizualizacj¢ stanu obiektu ma monitorze
oraz proceduralne wykonywanie zadanych funkcji sterowania.
W artykule szczegdlny nacisk zostat polozony na praktyczne
mozliwosci takich systemow, na wspomaganie pracy operatorow,
zmniejszenie czasow obstugi przy realizacji zadan zwigzanych
ze zmiang ustawien kamer PTZ.

Stowa kluczowe: systemy sterowania i nadzoru, monitoring wi-
zyjny, systemy CCTV, kamery PTZ, protokoty komunikacyjne,
ergonomia procesow zarzadzania.
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Summary. Fast and effective detection of attempted burglary
or attack is the essence of alarm systems operation. It becomes
necessary to protect not only the inner areas in the building but
also the outdoor areas enabling the access to the object. The
protection of the window and door openings of the building by
means of reed relay sensors or contact sensors often constitutes
the only possible method of the peripheral object protection. The
purpose of the present paper is to present the concept consisting
in the use of Doppler ultrasonic detectors in casement windows
as the basic detection element in the peripheral protection circuit
for the object. URZ0530 ultrasonic detector has been used for
the tests.

Key words: I&HAS, alarm systems, Doppler ultrasonic detec-
tors, peripheral object protection.

INTRODUCTION

The alarm systems are not used to keep the intruder from
entering into the object. Their essential task is to detect the
hazard and to inform the user about the occurrence of this
danger. The time of system response to occurred hazard [6]
is the basic parameter characterizing the effectiveness of
alarm system. Therefore in view of effective protection of
the object, the essential requirement to be met by the sys-
tem is to enable the detection of attempted invasion of the
intruder into the object before the physical protections are
forced by this intruder. This solution enables the reaction
of the user in order to counteract the hazard or to limit the
scale of material damages (theft, devastation) as well as
non — material damages (human health and life) which could
occur in the protected object.

The hazard detection process is associated with the capa-
bilities of detection elements applied in monitoring system.
The time elapsing since the commencement of the attempt
to force the protections until this attempt is detected is the
crucial factor determining the effectiveness of this process

[9]. The principal objectives to be achieved in the course of

system designing are:

— to detect the maximum possible number of hazards;

— to minimize the time of system response to the occur-
rence of hazard.

Owing to the probability level arbitrarily assumed
by the designer for the occurrence of determined type of
events in the protected object, the hazard detection process
is characterized by finite number of hazards causing the
response of the system. The number of detected events is
closely associated with the number of detection elements
in the system. The number of these elements is associat-
ed with the system installation cost. The achievement of
the second objective consisting in the minimization of
the time of system response to the occurrence of hazard
depends on the technical parameters of detection element
and on the location where this detection element has been
installed [6, 9].

The time interval ¢, determining the correctly running
hazard detection process can be described by means of the
following equations:

teltt), (1
tr 2 tO = 0 H (2)
H—>0, 3)

where:

t, — time of hazard occurrence in the object being pro-
tected,

# —minimum time of system response; associated with the
least time consuming procedure for anticipated hazard
identification,

t, —maximum time of system response; associated with the
most time consuming procedure for anticipated hazard
identification.

Fig. 1 presents running the process of total and correct
hazard neutralization in the protected object.
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Fig. 1. Running of the procedure of hazard neutralization
t, —time of hazard detection process

t; — time of analysis and information relay in the system
t, — time of physical hazard neutralization

Owing to the duration of the hazard detection process,
it is important to provide the system with effective detec-
tion provisions functioning inside the object (detection of
occurred object penetration) as well as on its periphery (de-
tection of attempted object penetration) in order to enable
effective execution of the hazard detection process [10].

Arrangement of the head protection zones in living ob-
ject is presented in Fig. 2.

7 i
3400 D1mey x 26000

Outside area

Outside area

0000 mm x 3400

BB I.._ 1
: Peripheral protection zone ! () iside ares

Fig. 2. Arrangement of particular detection zones in living object

The systems protecting the peripheral (circumferential)
zones of the building most often are provided in the form
of the protections designed for the initiated attempts to
enter into the object through the window and door open-
ings. Nowadays these openings are protected by means of
reed relay sensors or contact sensors constituting the basic
elements of the peripheral protection of the object. The
disadvantage of such solutions consists in the possibility to
bypass this protection in a simple manner e.g. by window
pane breaking. The detection element will not be activated
in such case and the responsibility for hazard detection is
transferred to detection elements installed inside the pro-
tected object.

The purpose of the present paper is to present the con-
cept consisting in the use of ultrasonic motion sensors as
the detection elements in specific zones i.e. the spaces be-
tween individual layers of casement windows. This type of
windows is commonly used in residential buildings. Their

effective protection will enable the quick identification of
the hazard.

According to the common opinion concerning the pos-
sibility of false alarms potentially generated by many ex-
ternal factors and owing to their relatively limited range,
the ultrasonic sensors are not widely used in alarm systems
of the buildings. However, they are commonly applied in
vehicles alarm systems enabling the detection of initiated
attempt to enter into the vehicle.

The purpose of the tests will be the analysis in the scope
of possibility to detect the attempts to force the area being
protected (windows) and the comparison of the effectiveness
of ultrasonic sensors with actually applied solutions (reed
relay sensors and contact sensors).

Presumably the whole space between window panes
will be protected if the ultrasonic sensors are applied for the
protection of inner space of the window. Every motion inside
the protected object will result in the generation of alarm
signal. Owing to insignificant permeability of ultrasonic
waves through structural elements of the window (window
panes and frames), the advantage of the system will consist
in the fact that the area being protected is limited to the inner
space of the window only. The possibility of false alarms
generated by the sensor will be also minimized owing to
the lack of any movable elements in the inner space of the
window.

I&HAS ALARM SYSTEMS

Pursuant to the requirements included in the standard
PN-EN 50131-1 [1], the monitoring system performing
the functions of an intrusion and hold-up alarm system
(I&HAS) should contain the provisions enabling the de-
tection, triggering of alarm status, sabotage and identifi-
cation of damages in the system. Any other functions can
be also performed by this systems, unless there is any
negative impact of said functions on the basic functions
of I&HAS alarm system. The process of the transfer of
information about detected hazard in I&HAS systems is
carried out between the monitored object and alarm re-
ceiving centre by means of alarm transmission system.
The signal transmission system should meet determined
criteria in the scope of transmission time, maximum value
of transmission time, reporting time, accessibility and sig-
nal protection; depending on the system protection degree.
Detailed guidelines concerning the criteria to be met by the
signal transmission systems are determined in the standard
PN-EN 50136-1-1 [2].

The contemporary burglary and attack alarm systems
(I&HAS) are designed in the form of an electric system
ensuring manual or automatic detection of existing hazard
(burglary, attack, attempted sabotage of the system) in the
object being protected PN-EN 50131-1 [1]. From the techni-
cal point of view, the system consists of an assembly of the
devices operating together (also combined with the system
of conductors) in order to detect the hazards, to generate
alarms and to initiate the actions intended to eliminate such
hazard. The transmission of information can take place in
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many different ways using different media and the use of
human factors [4, 5, 7, 8, 9, 12, 14].

As a result of analysis of the functioning of such sys-
tem, the following interrelated basic function blocks can
be determined [8]:

— analytic and decision making (management) block,
— detection (input) block,
— alarming and informing block (actuator),
— power supply block.
Block diagram of the I&HAS alarm system components

is shown in Fig. 3.
Power
supply block

Analytic and
decision block

warning

control and .
devices

indicating
system

sensors

detectors screens
| ATS

keybords dialers

alarm
receiving comunication
modules

push buttons

centre

MP — interconnection media
ATS - alarm transmission system

Fig. 3. Organization block diagram of I&HAS

The detection block consists of an assembly of the devic-
es performing the task consisting in the detection of changes
occurring in the protected object or in the alarm system
(sabotage, failure) and in the information transmission to the
control and imaging device (alarm central panel) of the sys-
tem. The detection block is not responsible for any decision
making on alarm triggering but only for the transmission
of information about the change of the parameter being
measured or controlled (temperature, change of position,
sound, image, vibration, sabotage) exceeding permissible
range or established value.

Depending on the manner of layout, functioning and the
type of individual sensors in detection block, the detection
block can be subdivided into designated protection zones
(i.e. internal, external, circumferential zone). Every zone
will perform different tasks and functions in the hazard de-
tection process.

ULTRASONIC DOPPLER MOTION SENSOR

Doppler motion sensors (motion detectors) are defined
as the alarm system elements based upon the phenome-
non consisting in change of received wave frequency in
comparison with transmitted wave frequency from the
object moving in detection field (Doppler effect) and
using this phenomenon for the detection of hazard and for
generation of alarm signal. All types of motion detectors
are classified in active sensors category [3, 13, 14, 16,
18], because their operating principle is based upon the
transmission of wave i.e. certain amount of energy into
ambient area.

The operating principle of motion sensors is based
upon the use of Doppler effect (Fig. 4) i.e. the phenome-
non describing the change of wave frequency recorded by
the receiver in comparison with standard wave frequency
transmitted by the transmitter and occurring when the dis-
tance to be covered the wave being transmitted between the
transmitter and receiver is changed [11, 14, 18].

The transmitter and receiver remain stationary to each
other in the ultrasonic motion sensors used in alarm sys-
tems. It this case the presence of Doppler effect is possible
in case of change of the distance to be covered by trans-
mitted sound wave reflecting from the object in motion.
If all objects existing within the sensor range will remain
stationary, the distance to be covered by transmitted sound
wave is constant. In such case there will be no change of fre-
quency recorded by the receiver in the relation to standard
frequency emitted by the transmitter (Fig. 5). This situation
will change in case of the motion of object within the sensor
operation area; transmitted wave will be reflected from
this object. Then the distance to be covered by the wave
and consequently the frequency recorded by the receiver
will begin to change (Fig. 6). In this case, for a signal sent
from the transmitter and coming to the receiver there are
two at the same time following the Doppler effect. The
first Doppler effect occurs in system the transmitter — the
object, a second Doppler effect is in system the object — the
receiver. The mathematical notation of this situation can be
described as follows:

— when the object is approaching to the transmitter-receiv-
er system (Fig. 4a),
— the first Doppler effect (between the transmitter and the
object):
Vo+Vs |
vV,

o

1=ty “)
— the second Doppler effect (between the object and the
receiver):
o, (5)
V. o~ VX
— form of the equation determining the frequency of re-
corded by the receiver,

"_ f/.
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— when the object is moving away to the transmitter-re-
ceiver system (Fig. 4b),
— the first Doppler effect (between the transmitter and the
object):
V() - Vx
v,

o

=gyt ©)
— the second Doppler effect (between the object and the

receiver):
Yo
b

V,+Vy
— form of the equation determining the frequency of re-
corded by the receiver:

fv/ — f/' (10)




34 MARCIN BUCZAJ
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where:
Jfo — frequency of sound wave transmitted by the trans-
mitter,
/' —frequency recorded by the object and frequency emit-
ted by the object,
/" — frequency recorded by the receiver,
Vy — velocity of object in motion,
Vy — velocity of sound wave transmitted by the trans-
mitter.
Assuming the following approach:
Vy >0 the situation when the object is approaching to the
transmitter-receiver system,
Vy <0 the situation when the object is moving away to the
transmitter-receiver system,
equation defining the Doppler frequency value Af has fol-
lowing form [15]:
2V

(14)
VO_

Af =

V‘fO’

where:

fo — frequency of sound wave transmitted by the trans-
mitter,

V' —velocity of object in motion,

Vo — velocity of sound wave transmitted by the transmitter.

Intruder .
\Y% 1 — control device
_— 2 — sensor transmitter

3 — sensor receiver

Intruder
\Y4 1 — control device
4 2 — sensor transmitter

3 — sensor receiver

Fig. 4. The principle of ultrasonic motion detector

a — when the object is approaching the transmitter-receiver
system,

b —when the object is moving away from the transmitter-receiver
system
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Fig. 5. Waveform chart of recording signal and frequency spec-
trum for detector in normal state
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Fig. 6. Waveform chart of recording signal and frequency spec-
trum in hazard detection state

MODEL OF CASEMENT WINDOWS WITH ULTRA-
SONIC DOPPLER SENSOR

The purpose of performed tests was to present the ultra-
sonic motion sensors as an alternative solution toward the
reed relay sensors or contact sensors actually used for the
protection of window openings and constituting the elements
of peripheral protection of the object.

The tests associated with the potential applications of
the ultrasonic motion sensors for the protection of window
openings provided with casement windows have been car-
ried out on the model of such type of the window which was
built for this purpose (Fig. 7). This model of the window has
been designed in a manner enabling the execution of the tests
for the following situations occurring in real alarm systems:
— forcing the window by the force opening of its wing

(event 1),

— forcing the window by the opening of its wing
(event 2),

— forcing the window through the opening made in a part
of this window but without opening of its wing (various
variants of the location of openings) (event 3),

— disturbance of alarm system operation by the attempts to
generate a false alarm as a result of motions performed
on the external side of the window (event 4).
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a) b)

| o8

Fig. 7. Model of casement window with an ultrasonic sensor
incorporated inside
a) layout of elements enabling the execution of tests on the mod-
el, b) layout of ultrasonic motion sensor elements; 1 — hinges;
2 —handle; 3 — openings with diaphragms; 4 — sensor transmitter;
5 — sensor receiver

Additionally the model was equipped with measuring
system (Fig. 8). The measuring system consisted of the fol-
lowing elements:

— ultrasonic motion sensor; type URZ0530 (Fig. 9),

— central alarm panel; Integra 32 manufactured by Satel,
— intermediate relay,

— voltmeter and stabilized power pack 12 V.

After its connection to the control system URZ0530
sensor with power supply voltage U=12V, the sensor signal
output was characterized by the following levels of voltages:

— in normal condition, in case of normal operation of all
sensor elements while the sensor is not excited as a result
of detected disturbance — US=6,68 V;

— in alarm condition, in case of normal operation of all
sensor elements while the sensor is excited as a result of
detected disturbance — US=0 V.

+ |

control and
indicating equipment
+ power suplly
JQT ]

2

Fig. 8. Connection diagram for devices in the model, 1 — relay,
2 — transmitter of ultrasonic motion sensor, 3 — receiver of
ultrasonic motion sensor

.

Fig. 9. Ultrasonic Doppler motion sensor type URZ0530

The model of casement window has been additional-
ly equipped with a standard reed relay sensor and contact
sensor. Their incorporation in the model made it possible to
verify the effectiveness of system operation in various hard-
ware configuration. Therefore it will be possible to evaluate
the functioning of these elements in various cases.

ANALYSIS OF TEST

The effectiveness of system operation was determined
on the basis of the correct (expected) system response in
various variants of events. The excitation of alarm system
was the result expected in case of three first events. The lack
of excitation of alarm system was the result expected in case
of the fourth event. The results obtained from performed
experiments have been presented in Table 1.

Table 1. Results obtained from test — excitation of alarm system

EXCITATION OF ALARM SYSTEM
Ultrasonic Reed relay Contact
Event
sensor sensor sensor
1 + + +
2 + + +
3 + - -
4 - - -

The results presented in Table 1 for individual tests have
been obtained from the tests carried out for the conditions
without anticipated possibility of sabotage for individual
detection systems in course of attempted forcing of the pro-
tection. In case of tests in more realistic conditions (allowed
penetration of the intruder into the system as attempted sabo-
tage of its operation) for event 2, it was possible to complete
the forcing of the protections without generating the alarm
for the systems provided with reed relay sensor and particu-
larly with contact sensor. Such attempts were ineffective in
case of ultrasonic sensors. The generation of false alarms
in the system as a result of ultrasonic sensor excitation was
possible only in case of the setting of excessive sensitivity
of the ultrasonic sensor detection system.

CONCLUSIONS

The hazard detection time is an important factor deciding
on the effectiveness of such system operation. The shorter
is the time elapsed between the hazard detection and the
reaction of the system user to this hazard, the greater is the
chance to limit the damages caused by this hazard. There-
fore, it becomes important to provide the monitoring systems
with technical equipment ensuring the effective detection of
hazards before the intrusion of the intruder into the interior
of the object. Consequently, the responsibility for the hazard
detection process should be shifted towards the peripheral
protection of the objects.

The protections in the form of the reed relay sensors and
contact sensors which are actually used for the protection of
window and door openings are inefficient in certain cases
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(e.g. window pane breaking). The application of active IR
barriers for the protection of window and door openings can
be used as more effective but very expensive solution. The
ultrasonic motion sensors are and equally effective tech-
nical solution but their effective functioning is possible in
small closed spaces only. In such cases the whole space is
protected inside the protected object, i.e. the space enclosed
by its structural elements.

The price of the solution associated with the ultrasonic
motion sensors is not significantly different from the price
of the reed relay sensors and contact sensors. The range of
detected events is significantly increased in case of ultrasonic
motion sensors (protecting the whole area accessible to po-
tential intruder). Therefore, this solution can be applied as an
efficient alternative to the currently used technical solutions.
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ZASTOSOWANIE ULTRADZWIEKOWYCH CZUJEK
RUCHU W OKNACH TYPU SKRZYNKOWEGO
W OCHRONIE PERYFERYJNEJ OBIEKTU

Streszczenie: Istota dzialania systemow sygnalizacji wltamania
i napadu (I&HAS) to szybkie i skuteczne wykrycie zagroze-
nia dla os6b i mienia znajdujacych si¢ wewnatrz chronionego
obiektu. Aby realizacja tych celow przebiegata prawidlowo
konieczne staje si¢ zabezpieczanie nie tylko powierzchni we-
wnatrz budynku, ale takze miejsc umozliwiajacych dostep
do chronionego obiektu. Zabezpieczenie otwordw okiennych
i drzwiowych budynku za pomoca czujek kontaktronowych
lub stykowych to obecnie podstawowy sposob zabezpieczenia
ijedyny element ochrony peryferyjnej obiektu. W artykule zo-
stanie przedstawiona koncepcja wykorzystania w oknach typu
skrzynkowego Dopplerowskich czujek ultradzwigkowych, jako
podstawowego elementu detekcyjnego w obwodzie ochrony
peryferyjnej obiektu. Do badan zostat wykorzystany czujnik
ultradzwigkowy URZ0530.

Stowa Kkluczowe: ochrona peryferyjna chronionego obiektu,
systemy sygnalizacji wlamania i napadu, I&HAS, dopplerowskie
czujki ruchu.
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Summary. The paper compares selected Data Mining techniques
for forecasting and describes electricity market including the
structure and forms of energy trading. One of the goals was to
analyze data for electricity production in Poland. The analysis
aimed at studying the influence of selected variables on the ex-
amined problem and the effectiveness of the proposed models.
Four Data Mining methods were used to develop the forecast
models, namely, regression and time series using MLP neural
networks as well as Support Vector Machine (SVM) and MAR-
Splines. Two time horizons of the forecasts, namely, 1 day and
7 days, were studied. The results were used to verify the models
and select the best one.

Key words: electricity market, forecast, Data Mining.

INTRODUCTION

Electricity market is defined by three key characteristics.
One of these characteristics that can be attributed to the spec-
ificity of energy, which cannot be stored in large quantities,
is the significance of balancing demand and supply, and the
fact that electricity overproduction may lead to serious finan-
cial losses. Another characteristic is the fact that the energy
used by a given consumer cannot be traced back to its source
of production. The third characteristic is the variability of
demand for energy in time, and its dependence on numerous
factors (technology, weather, season of the year, industry).

At present, three types of energy trading can be distin-
guished on the Polish market:

— Contract market is the least complicated in terms of
energy trading. It is a place, where contracts between
participants of the market are concluded. These contracts
specify the price of energy for the period of each day
of contract duration. The prices may be fixed, which,
in certain situations, may be unprofitable for sellers, or
variable, based on demand and instantaneous electricity
prices.

—  Exchange market, where future contracts as well as “day
ahead” and “hour ahead” contracts for the purchase and
sale of energy are concluded on the Polish Power Ex-
change (Towarowa Gietda Energii, TGE). Trading is
realized on the Day-Ahead Market. Sale and purchase of
energy takes place 24 hours before the physical delivery
of energy. Orders are placed for the specified hours of
the next 24h day. This is the basis for setting hourly
electricity prices.

— Balancing market is an extremely significant element
of the market, whose function is to ensure smooth elec-
tricity supply. This function is realized by reacting to
demand for energy, and generating the required volume
of energy. This sector is managed by the Transmission
System Operator — PSE-Operator S.A. — the company
which sells or purchases energy to balance supply and
demand.

The volume of energy, for which consumers pay, is
determined based on forecasts. If the estimated and the
actual energy consumption differ, and there is excess
of energy, the surplus may be resold on the balancing
market. Conversely, in case of deficiency, additional
volume of energy may be purchased on the balancing
market. Balancing is managed by trading companies and
not consumers. Fig. 1 presents a graphical interpretation
of this procedure.

The facts presented above clearly show the necessity of
developing a model facilitating accurate forecasts of esti-
mated energy consumption, essential for the generation of
the required volume of electrical energy, and consequent-
ly, more effective balancing of supply and demand [5].
There are various methods to develop forecasting models.
New technologies [10], especially neural networks [3, 9]
and fuzzy logic [11] are especially useful in this respect.
Modifications of currently used forecasting models also
contribute to the improvement of forecasts effectiveness
[1]. Data Mining methods proved to be an extremely effi-
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Fig. 1. A graph presenting the dependence of power on time
showing how balancing market operates. Source: www.cire.pl

cient tool in forecasting, i.a., energy consumption [5]. Data
Mining methods were used to compare different forecasting
models, as they can be applied to on-line analysis of large
datasets.

PURPOSE AND METHODS

Data Mining comprises a set of analytical tools and
methods that may be applied for various purposes [8]. It
relies on computers to discover patterns and regularities
in large datasets [2]. These methods can be divided ac-
cording to a number of criteria. One classification divides
data mining methods into supervised learning (learning
with a teacher) or unsupervised learning (learning without
a teacher) [6]. The first group of methods is used when
the situation has been recognized, and the results are in-
cluded in the training sample. This is the basis for the
development of the model, which is then used to classify
and categorize new data. The following example might
be given to illustrate such a situation: it is necessary to
group new consumers according to the criteria specified
for each group. Unsupervised methods are used when some
data are available but the mechanisms that generate them
are unknown. In this case, the goal is to develop the best
possible model. These methods, as opposed to supervised
methods, are not aimed at discovering relations between
variables, but are used to forecast certain values, recognize
a situation or present a structure of a phenomenon [7]. An
example may be specifying a group of customers accord-
ing to defined criteria e.g. volume of consumed energy or
payment promptness.

The authors analyze the effectiveness of four devel-
oped forecasting models that are based on regression and
time series using MLP neural networks and support vector
machine (SVM) as well as MARSplines. The models were
developed in the Statistica 9 Data Miner. Forecasts for two
time horizons were performed for each of these methods,
namely, a forecast for the day ahead and day seven. The
analysis was performed on the basis of data obtained from
Monthly reports on the operation of the Polish Power Sys-

tem and Balancing Market (which contain data collected
during operative technical planning and during the opera-
tion of the system) for the period of five years (2007-2011)
The dataset contains 1818 observations (1818 successive
days), Fig. 2.
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Fig. 2. A plot illustrating variations in daily (24hour day) electric-
ity production [GWh] in the years 2007-2011 Source: prepared
by the authors

The dataset was divided into two subsets: the training
set (80% of cases) and the test set for the verification of the
models (20% of cases). The following variables were used
to describe these observations:

1. Number of observation (No).
2. Year (Y).
. Day of year (DY).
. Number of month (MNo).
Number of week (WNo).
. Day of month (DM).
. Daily (24hour day) production (DP).
. Daily production of energy delayed by 1 observation
(DP-1).
9. Daily production of energy delayed by 6 observations

(DP-6).

10. Daily production of energy delayed by 7 observation

(DP-7).

11. Energy production forecast for 1 day ahead (DP+1).

12. Energy production forecast for 7 days ahead (DP+7).

13. A variable informing about holidays (including Sundays)
and work days (DS/DR).

The structure of the forecasting models was shown in
Fig. 1. Forecasts for all models were prepared for one day
and seven days ahead.

energy forecasting model forecast
r?a:(r)::\cettl:g (MLP, SVM, MARSplines) (horizon-1 and 7 days)

Fig. 3. Structure of forecasting models

Input variables and the structure of each MLP model
were selected based on the validity analysis (susceptibility
analysis) of these models and simulations. In the time se-
ries model, only past values for electricity production are
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considered, and they are selected depending on the horizon
and feasible network structure. In contrast, the SV M model
aims at finding such a basic function that will predict the
values of the dependent variable for new observations with
the greatest accuracy. The process involves minimization
of the error function using various basis functions (radical
functions) and appropriate selection of constants C and € in
the process of learning. MARSpline (Multivariate Adaptive
Regression Splines), which belongs to Data Mining methods,
is a non-parametric method used for solving classification
and regression problems. This method does not require
preliminary establishment of assumptions concerning the
functional relationship between the independent and depend-
ent variables (e.g. linear or logistic relationship). This rela-
tionship is constructed from a set of coefficients and basic
functions generated from the available data. MARSplines
can be used to solve problems with multiple variables at
the input, which is likely to cause problems in other meth-
ods. The input space is divided into separate regions, each
with its own regression function. MARSplines algorithm in
the Statistica 9 program permits the use of any number of
variables, observations and output variables, and consists
of two stages. The first stage involves building a model, i.e.
increasing its complexity by adding basis functions, and the
second stage, called pruning, involves removal of the least
significant basis functions. This procedure stops when the
Generalized Cross Validation error (GCV) has reached its
minimal value. The GCV error is a measure of the good-
ness of fit of the model that takes into account not only the
residual error but the model complexity as well.

RESULTS AND DISCUSSION

Input variables for the time series neural model were
21 past values for the daily energy production. Simulations
were performed to construct networks with the optimal
structure for forecast horizon 1 — MLP 21:29:1 and 7— MLP
21:43:1. The forecasting model based on MLP networks
was developed for the following input variables: number of
month and week of year, daily production of energy — current
and delayed by 1 and n days (for forecast horizon 1 — n=6
and 7 —n=7), and the qualitative variable that distinguishes
work day from holiday). Optimal network structures were
constructed for these variables: for forecast horizon 1 — MLP

6:3:1,and 7— MLP 6:9:1. Independent variables for forecast
horizons 1 and 7 in the SVM networks and in MARSplines
were assumed analogically as in the previous case. In the
SVMmethod, optimal parameters were selected using a cross
validation sample. Default regression of type 1 was applied,
and optimal parameters were obtained with the following
values: capacity C=3 and ¢=0.1. Attempts to construct the
model proved that the best results were obtained for the
radical basis function RBF, where the parameter gamma
equaled 0.146. Development of MARSplines requires that
a number of important parameters be set carefully. For in-
stance, a parameter Maximum number of basis functions may
be found in the specification of the model. This parameter
is best set at maximum possible number of basis functions,
so that the program can find all the functions. In this case,
the number, determined in the course of model construction,
was set to 110. Further increase of model complexity may
be achieved by increasing the Order of interactions between
input variables. Number 2 was selected for the analysis in-
volving forecast of energy for the day ahead, which allowed
to take into account not only the results but also the inter-
actions between pairs of variables. This parameter was also
determined on the basis of preliminary analyses. With this
method, pruning is recommended to limit the complexity of
the model. It is performed by selecting the option Remove
the least significant basis functions. This prevents overfit-
ting. Generalized cross validation errors for the model for
time horizon of 1 day and 7 days were equal GCV, = 408.7
and GCV_=448.9, respectively. Table 1 presents the results
obtained from MLP time series models, and table 2 shows
the results for the other examined MLP models.

The developed models were verified using the gener-
ated test set. The values of forecast errors and correlation
coefficients indicate the model quality. The forecasting mod-
els were verified using the following quality assessment
measures: correlation coefficient and the values of forecast
errors. To facilitate the model quality assessment, it was
assumed that the output variable was within the range 267—
553 [GWh] for two horizons. The results of the verification
of the models for the test sample are presented in Table 3.

The data show that as the length of forecast horizon in-
creases, the quality of the models decreases. Analyzing the
results for forecast horizon equal 7 days it can be observed
that the highest correlation coefficient is equal to 0.920 and
the smallest forecast errors were for neural networks (solv-

Table 1. Forecast results obtained from MLP time series models.

Forecast Quality Quality Learning Activation Activation
horizon Name of network (learning) (testing) error Test error (latent) (output)
1 MLP 21-29-1 0.960 0.956 110.24 138.86 Exponential Tanh
7 MLP 21-43 -1 0.890 0.900 297.04 302.30 Logistic Logistic
Table 2. Forecast results obtained from MLP regression models.
Forecast Quality Quality Learning Activation Activation
horizon Name of network (learning) (testing) error Test error (latent) (output)
1 MLP 6-3-1 0.941 0.934 171.51 193.58 Exponential Tanh
7 MLP 6-9-1 0.937 0.920 177.83 246.35 Exponential Tanh
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Table 3. Quality measures for each model for the test sample.

BEATA GOLEBIEWSKA, JEDRZEJ TRAJER

N?Etzrrel:;mzr)ks N?%lir::}en:etggsrf S Support Vector Machine MARSplines
Forecast horizon [days] 1 7 1 7 1 7 1 7
Average of squared | 30, | 492.6903 | 266.77 609.64 427.59 518.1768 | 418.27 643.23
residuals
Absolute mean error | 13.47 149002 | 11.10 17.50 13.99 154277 | 13.88 16.15
Correlation coefficient 0.932 0.920 0.956 0.900 0.926 0.906 0.926 0.884

ing regression problems). The worst results were obtained
using the MARSplines method, where the correlation coef-
ficient was equal to 0.884 and the values of forecast errors
were the highest.

CONCLUSIONS

Research to develop the most effective forecasting meth-
ods, in particular for short forecast horizons, has been con-
ducted by many research centres. Data Mining methods are
very useful for that purpose, and allow to prepare forecasts
of electricity production in a short time. However, the best
results (in the two examined horizons) were obtained for
regression using MPL neural networks, with the smallest
difference between them. Moreover, the results confirm that
the developed MLP models yield accurate predictions for
new data (small forecast error for the test set).

The advantage of the last studied method, MARSplines,
is the fact that it does not require preliminary assumptions.
It does well for outlier observations and, consequently, better
characterizes the examined phenomenon. It also gives better
results in case of higher number of explanatory variables.
This method also has its own quality measure (goodness of
fit), taking into account the complexity of the model and the
residual error. Nevertheless, despite numerous advantages,
the interpretation of results in this method is likely to create
difficulties. Like in other non-parametric methods, the imple-
mentation of the model in this method may cause problems.
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ANALIZA RYNKU ENERGETYCZNEGO
Z WYKORZYSTANIEM METOD ‘DATA MINING’

Streszczenie. W pracy przedstawiono techniki Data Mining
shuzace do prognozowania oraz istot¢ rynku energii elektrycznej
uwzgledniajaca strukture i formy handlu energig. Celem pracy
byta analiza danych dotyczacych produkcji energii elektrycz-
nej w Polsce. Analiza miata na celu zbadanie istoty wybranych
zmiennych oraz na badane zjawisko oraz skutecznosci zapropo-
nowanych modeli. Modele prognostyczne zostaty zbudowane za
pomoca czterech metod Data Mining: regresja i szeregi czasowe
z wykorzystaniem sieci neuronowych typu MLP oraz metoda
wektorow nosnych SVM i MARSplines. W kazdej z metod zo-
staty uwzglednione dwa horyzonty czasowe prognoz 1 i 7 dni.
Otrzymane wyniki postuzyly do weryfikacji modeli i wyboru
najlepszego.

Stowa kluczowe. rynek energii elektrycznej, prognozowanie,
Data Mining.



TEKA. COMMISSION OF MOTORIZATION AND ENERGETICS IN AGRICULTURE - 2013, Vol. 13, No. 1, 41-46

Relationships between Common Rail accumulator pressure
and vehicle traction properties

Wawrzyniec Gotebiewski, Tomasz Stoeck

Department of Automotive Vehicles Operation, West Pomeranian University of Technology in Szczecin
17 Piastow Ave., 70-310 Szczecin, Poland, tel.+48 91 449 40 45,
e-mail: wawrzyniec.golebiewski@zut.edu.pl, tstoeck@zut.edu.pl

Received february 23.2013; accepted March 14.2013

Summary. This study aimed at presenting the relation between
Common Rail accumulator pressure and vehicle traction prop-
erties (acceleration capacity and ability to achieve maximum
velocity be vehicle). Tests were performed using an engine test
bench and a CR pressure testing kit. They were conducted in
conformity with engine standards (i.e. the requirements being
specified in them), creating the engine torque and engine effective
power to CR pressure characteristic curves.

‘When making the final diagrams for vehicle acceleration (at
each gearbox ratio) and vehicle velocity (in the last gear) and
accumulator pressure, a significant effect of the latter on traction
parameters was found.

Key words: Common Rail, vehicle traction properties, pressure
in CR accumulator.

INTRODUCTION

The Common Rail is the fuel supply system most fre-
quently used in direct injection compression-ignition en-
gines in passenger cars at present. Its main advantages are
the reduction of noise of working engine and amount of
harmful substances emitted to the atmosphere as well as
power increase [9,11]. The system is more economical to
operate and environmentally friendly (less fuel consump-
tion) in comparison to conventional diesel power systems
and power supply systems of TDI.

Its major advantage is the possibility to change and ad-
just injection pressure and injection time owing to separation
of pressure-producing element (high pressure pump) from
fuel-injecting elements (fuel injectors) by a container (Rail)
acting as a pressure accumulator [10,15]. Pressure in the CR
is a dynamic value and, together with injection time and fuel
temperature, affects the dose size and the whole characteris-
tic of injection, and the same the engine parameters [2,3,4].

In the paper by Gotgbiewski [6], a relationship between
CR pressure and these parameters has been presented.

A growing non-linear relationship between the pressure p_
and engine effective power was found using graphs. The
function of engine torque to Common Rail pressure was
similar to that in case of engine rotational speed (curves
had very similar courses).

Engine operating parameters (working ability and
working ability in time unit) are of importance for vehicle
movement potential (accelerations and velocities, thus its
dynamics). They define motor car traction properties (pre-
sented in Fig. 1) [1,5,7,12,13,14,16,17,18,19].

TRACTION PROPERTIES

~

ABILITY TO ACHIEVE
MAXIMUM VELOCITY

ACCELERATION HILL CLIMBING ABILITY

CAPACITY

Fig. 1. Division of vehicle traction properties (prepared by the
authors)

Acceleration capacity a specified in m/s? has been de-
termined from the following relationship [17,19]:
a—i— Ty, Ty My iy
m  mr, mr,

Q)

where :

FN — driving force [N],

m — gross vehicle mass [kg],

T, —torque on driving wheels [Nm],
T, - engine torque [Nm],

1,y — Power transmission system efficiency,
i,,,— POWer transmission system ratio,

r, — wheel kinematic radius [m].
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Vehicle linear velocity v specified in m/s is being defined
by the following relation [17,19]:
2m, 1, mr,
V=@, =—t="—"*%,

60 30i,

2

where:

@, — angular velocity of road wheels [rad/s],
n, — rotational speed of wheels [min™],

1 — engine rotational speed [min™].

When changing the velocity units from m/s to km/h, the
result should be multiplied by 3.6.

Article [8] presents the results of traction motor vehicle
navigation using techniques designed to determine the charac-
teristics of an external spark-ignition engine is also based on the
measurement of the opening of the injector and fuel rail pressure.

The authors of this paper decided to examine a relationship
between Common Rail pressure and vehicle traction properties.

OBJECTIVE AND METHODS OF EXPERIMENTS

The objective of this research project was to determine
a relation between Common Rail accumulator pressure and
vehicle traction properties (acceleration capacity and abil-
ity to achieve maximum velocity). In the study, a torque to
Common Rail pressure relationship for feeding a direct injec-
tion turbocharged compression-ignition engine designed for
driving motor cars with a full dose of fuel. Research methods
were conducted in conformity with the Polish standard PN-
ISO 15550 [21]. Experiments were performed according to
the requirements specified in them using an engine test bench.

TEST BED

The test bed consisted of the following components:

a) fuel tank (diesel oil) — a 750 litre fuel tank designed for
diesel oil, made of plastic;

b) FIAT Multijet 1.3 JTD engine — a direct injection
4-stroke turbocharged compression-ignition engine with
the Common Rail fuel supply system [20];

Table 1. Engine description according to manufacturer’s
data [20]

FIAT Multijet 1.3 JTD 16 V|  unit value / description
Cylinder diameter [mm] 69.6
Piston travel [mm] 82
Compression ratio - 18.1
Number of cylinders - 4
Arrangement of cylinders - in-line
Injection sequence - 1-3-2-4
Engine capacity [cm?] 1248
Maximum power [KM/kW] 75/51
Rotational speed at maxi- [min] 4000
mum power

Maximum torque [Nm] 145
Rotational speed at maxi- [min"] 1750
mum torque

Fig. 2. A view of Fiat Multijet 1.3 JTD 16 V engine

¢) EMX 100 eddy current brake manufactured by Ele-
ktromex (Poland) — a device for power take off and
measurement in combustion engines being placed on
test beds;

Fig. 3. EMX 100 eddy current brake

d) Common Rail high pressure measurement kit which con-
sisted of: a manometer, a T-connection with nozzles, vent
and stopper, a measuring hose, fuel tubbing, a reduction
and a venting hose.

Fig. 4. HP-made Common Rail high pressure measurement kit
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COURSE OF TESTS

Results of the measurements being performed are pre-
sented in Fig. 5. The engine was fed with a full dose of ON
EKODIESEL fuel with the cetane number 51.1. Ambient
parameters during the test were as follows:

— ambient temperature T =294 K,
— ambient pressure p, = 98.5 kPa,
— relative humidity = 40%.

The engine torque and its effective power being measured
were corrected according to the relations comprised in the
Polish standard PN-ISO 15550 [21]. The use of HP-made
high pressure measurement kit allowed creating an engine
torque and engine effective power to Common Rail pressure
relationship. It is presented below in Fig. 5. The characteristic
curves were determined based on measuring points due to
very narrow ranges of measurement uncertainties (see section
5). In order to illustrate the relation between CR accumulator
pressure and vehicle traction properties, the variables such
as vehicle weight, power transmission system efficiency, re-
spective gear ratios and final drive ratio were also necessary.

Table 2. Basic vehicle details

variable| value | unit where:

m 1932.57| [kg] |gross vehicle mass

Moy 0.9 - |power transmission system efficiency
rk 0.27 | [m] |wheel kinematic radius

ibl 3.909 - |first gear ratio

ibll 2.158 - |second gear ratio

iblll 1.345 - |third gear ratio

iblv 0.974 | - [fourth gear ratio

ibV 0.766 - |fifth gear ratio

ipg 3.438 | - |[final drive ratio

RANGES OF MEASUREMENT UNCERTAINTIES

The ranges of measurement uncertainties were deter-
mined for engine rotational speed, torque and effective pow-
er and Common Rail pressure of the engine torque-speed
(external) characteristics.

Expanded measurement uncertainty for engine rotation-
al speed was a type B standard uncertainty (depending on the
accuracy of measuring device calibration; the experiment-
er’s uncertainty was omitted due to the result self-reading
and self-recording measuring system).

Type B standard uncertainty was determined from the
following relationship [22]:

uy(n) = an_1_ 0.67[min "'].  ©
V3 3
where:
An — uncertainty of rotational speed sensor calibration =
1 [min].
According to the uncertainty propagation law, standard
(total) uncertainty was equal to type B standard uncertainty

[22]:
u,(n)=u(n)=0.67[min '] (4)
Expanded uncertainty was determined by the following

equation [22]:

Un)=k-u(n), )
where:
k — coverage factor = 2.

U(n)=2-0.67=134min"']. ©

Thus, ultimately, the measurement uncertainty for the
whole range of rotational speeds was equal to:

U(n) = +2[min"']. 7

Expanded uncertainty for corrected engine torque meas-
urement

In the case of type A standard uncertainty, the arithmetic
mean of torque was adopted as a measurement result [22]:

— 1
th = ;;th(i)’ (®)

where:
T, , — arithmetic mean of engine torque measurement [Nm],
— value of the i-th torque measurement [Nm],

T

1q(i)

n — number of measurement.
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Fig. 5. Engine torque and engine effective power to CR relationship

) . ¥ . .
where: T, — engine torque, P! — engine effective power, p

rail

— Common Rail accumulator pressure
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For example for rotational speed n= 1900 obr/min, it
was as follows:

Table 3. Calculation table for engine torque measurement

_ B - _F ;

No. th(i) th (T,q(‘.) - T,,,) ( 1q(i) tq)
1 140.9 0.8 0.64
2 140.6 140.1 0.5 0.25
3 140.7 0.6 0.36
4 138.3 -1.8 3.24

2

Z (]thi _T'tq) 4.49

Type A standard uncertainty of this result was calculated
as a standard deviation [22]:

o (=143

I3 —
”A(th) = 52 = \/Z(th(i) _th )2 = 0.61[Nm], 9
Type B standard uncertainty was determined from the
following relationship [22]:

AT, 0.1
U, (]—;‘q) — q _

A
where:

AT, — uncertainty of engine brake calibration = 0.1 [Nm].
According to the uncertainty propagation law, standard
(total) uncertainty amounted to [22]:

(AT,)’
3

=0.058[Nm].  (10)

u (T,)=1|s7 + =0.62[Nm].-  (11)

Expanded uncertainty was determined by the following
equation [22]:

u(r,)=k-u(T,), (12)
where:
k — coverage factor = 2.
U(T,,)=2-0.62=1.23[Nm]. (13)

Thus, ultimately, the result of engine torque measure-
ment together with measurement uncertainty was written
in the following form:

T, = (140.1+1.3)[ Nim]. (14)

In the table below, the values of engine torque togeth-
er with expanded measurement uncertainty are presented
for particular rotational speeds. The torque values were
calculated as mean values of 4 measurements. The value
of coverage factor k was 2, whereas the uncertainty of

measurement accuracy for engine brake amounted to
0.1 Nm.

Table 4. Measurement uncertainties for engine torque

no | T, |udT)|u,(T,)| UT,) | T, +UT,)
[min]| [Nm] | [Nm] | [Nm] [Nm] [Nm]

1| 1000 | 71.4| 0.27 0.56 71.4+0.6
2| 1500 | 124.4| 0.38 0.77 124.4+0.8
3| 1700 | 139.6| 0.58 1.16 139.6+1.2
41 1900 | 140.1| 0.61 1.23 140.1+1.3
512000 | 138.1| 0.32 0.65 138.1+0.7
6| 2200 | 137.7| 0.20 0.41 137.7+0.5
7| 2400 | 135.2| 0.18 0.058 0.38 135.2+0.4
8| 2500 | 134.4| 0.06 0.17 134.4+0.2
913000 | 134.6| 0.41 0.83 134.6+0.9
10| 3500 | 124.2| 0.19 0.40 124.2+0.4
11| 4000 | 115.1| 0.13 0.28 115.1+0.3
12| 4500 | 94.6| 0.17 0.37 94.6+0.4

Measurement uncertainties for engine effective power
were determined in a similar manner.

Table 5. Measurement uncertainties for engine effective power

no| P, (PO uy Py | UP?y | P U
[min]| kW] | kW] | (kW] | [kW] [kW]

1] 1000 | 7.5 | 0.020 0.13 7.5:0.2
2| 1500 | 195 | 0.087 021 | 19.5£03
3] 1700 | 249 | 0.104 024 | 24.9+03
4| 1900 | 27.9 | 0.112 025 | 27.9:03
5| 2000 | 29.0 | 0.076 0.19 | 29.0+0.2
62200 | 317 [0.050 | | 015 | 31.7:02
7] 2400 | 34.1 | 0.029 0.13 | 34102
8| 2500 | 352 | 0.000 0.12 | 35202
9] 3000 | 42.3 | 0.091 022 | 42303
10| 3500 | 45.6 | 0.065 0.17 | 45602
11| 4000 | 483 | 0.065 0.17 | 48302
12] 4500 | 447 | 0.115 026 | 44.7+03

Expanded uncertainty for CR pressure was a type B
standard uncertainty (depending on device calibration ac-
curacy).

Type B standard uncertainty was determined from the
following relationship [22]:

Ap
uy(p,,) =Ll =8 34[Mpa),

NE)
where:

Ap,, ., —uncertainty of CR pressure gauge calibration= 50 [MPa].
According to the uncertainty propagation law, standard (to-
tal) uncertainty was equal to type B standard uncertainty [22]:

Up(D,gir) = U(P,qy) = 8.34{MPa).

(15)

(16)
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Expanded uncertainty was determined by the following
equation [19]:

U(prail) = k'u(prail) ’ an
where:
k — coverage factor = 2.
U(p,.,)=2-8.34=16.68[mPa]. (13

Thus, ultimately, the measurement uncertainty for the
whole range of pressures was equal to:

U(P,air) = F50[MPa]. (19

RESULTS

The acceleration values being obtained for each gear
were determined using Equation (1) and Table 2. Using the
data from Table 2 and Relation (2), the values of vehicle
linear velocity in the fifth gear were determined in a similar
manner. In Figures 6 and 7 below, the relations between
Common Rail accumulator pressure and vehicle traction
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parameters (acceleration capacity and ability to achieve
maximum velocity) are presented. The acceleration val-
ues in respective gears themselves depended mainly on the
values of selectable ratios, whereas the character of curves
showed the vehicle to speed up the best in each gear in the
region of Common Rail accumulator pressure being equal
to 850 bar. Taking into consideration the range of effective
accumulator pressure, it amounted to approximately 40%
of the maximum pressure.

The engine torque-speed to CR pressure characteristics
pointed to a linear relationship of these parameters. The ve-
locity in the last gear increased together with the increasing
value of pressure, which indicates to the fact that the vehicle
can be able to achieve maximum velocity at higher values
of Common Rail pressure.

CONCLUSIONS

The carried out study allowed drawing the following
conclusions:
a) CR pressure affects the course of engine torque char-
acteristic curve and further, which is related to this, the
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Fig. 6. Relationship between vehicle acceleration and CR pressure:
a — vehicle acceleration, al — vehicle acceleration in first gear, a2 — vehicle acceleration in the second gear, a3 — vehicle accelera-

tion in the third gear, a4 — vehicle acceleration in the fourth gear,

pressure, R? — square of the coefficient of correlation
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Fig. 7. Vehicle linear velocity (last gear) to CR pressure relationship:
v — vehicle linear velocity (last gearbox ratio), p_, — CR accumulator pressure
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course of vehicle acceleration characteristic curve in
respective ratios;

b) it has a significant effect on engine power and thus on
the ability of a vehicle to achieve maximum velocity (in
the last gear);

¢) increase in Common Rail pressure results in better trac-
tion parameters but also in higher fuel consumption;

d) it cannot be changed in any range due to durability of
engine components (fuel supply system and piston-crank
system).
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RELACJE MIEDZY CISNIENIEM W ZASOBNIKU
COMMON RAIL A WEASCIWOSCIAMI
TRAKCYJNYMI POJAZDU

Streszczenie. Celem pracy byto przedstawienie relacji pomig-
dzy ci$nieniem w zasobniku Common Rail a wlasciwosciami
trakcyjnymi (zdolnos$¢ do przyspieszania i osiggania pr¢dkosci
maksymalnej przez pojazd). Badania zostaly przeprowadzo-
ne przy wykorzystaniu hamowni silnikowej oraz zestawu do
sprawdzania ci$nienia w szynie CR. Zostaly wykonane zgodnie
z normami silnikowymi (wymaganiami w nich okreslonymi)
poprzez utworzenie charakterystyk momentu obrotowego i mocy
uzytecznej silnika od ci$nienia w szynie CR. Wykonujac osta-
teczne wykresy pomiedzy przyspieszeniem pojazdu (na kazdym
przetozeniu skrzyni biegdw) oraz predkoscia pojazdu (na biegu
ostatnim) a ci$nieniem w zasobniku stwierdzono o znaczacym
jego wplywie na parametry trakcyjne.

Stowa kluczowe: Common Rail, wlasciwosci trakcyjne pojazdu,
ci$nienie w zasobniku CR.
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Summary: The work presents the results of research on injuries
of farmers, sustained during accidents involving a farm tractor
used in plain regions. The analysis was done based on the doc-
umentation of Agricultural Social Insurance Fund. The circum-
stances of accidents were grouped. It was found out that the
accidents occurred mostly at an immobile tractor and non-operat-
ing tractor engine. The location and severity of injuries sustained
by the victims was determined. Most of the accidents happened
when leaving the tractor (63%). The body areas mostly injured
were lower limbs. The injuries were knee and ankle twists. The
average value of permanent damage to health is about 5%.
Key words: tractors, accidents, injuries.

INTRODUCTION

The number of agricultural tractors in the Polish farms
amounts to about a million and a half. The data of the Main
Statistical Office show that their number is increasing from
year to year. It is due both to the widening mechanization of
agriculture and to the increasing wealth of the country people.
The increase of the tractors number inevitably leads to the
increasing number of their accidents. These accidents are
special, owing to the character of the works the tractors per-
form. Getting to know the nature of these accidents will allow
for introducing the mechanisms of the accident prevention.

Particular regions of Poland differ both in terms of the
percentage of agricultural areas and in terms of the size of
individual farms. This determines the number of tractors
used in these areas (Fig. 1). The highest number of tractors
appears in Mazowsze province (approximately 214 thou-
sands), Lublin province (approximately 174 thousands) and
Wielkopolska province (approximately 153 thousands). The
least tractors are located in the provinces: Silesian, West
Pomeranian, Lubuskie and Pomeranian [10, 14].

Fig. 1. The number of the tractors used in farms in 2010 in
particular provinces of Poland [10]

PURPOSE AND SCOPE OF THE WORK

The work aimed at collection, systematization and anal-
ysis of the injuries sustained by the persons using tractors
in plain areas. The analysis included the accidents which
occurred in 2005 — 2010 in two Matopolska province coun-
ties: Proszowice and Miechéw. Post-accident documen-
tation of the Agricultural Social Insurance Fund (KRUS)
was used in the study. The analysis of the documentation
enabled to create the characteristics of the specificity of
accidents and damages to the farmers using tractors in
plain areas. It also allowed to determine the severity of the
damage and to indicate which areas of the body are most
vulnerable to damage [9, 10].
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DESCRIPTION/PROFILE
OF THE ANALYSED AREAS

Proszowice county includes the region called Proszow-
ice Plateau with a plain topography, though there are some
hills, ravines and precipices as well. The area of the county is
all covered with loess, on which rich soils developed. Owing
to the rich soils, the fields dominate the county landscape.
There are about 7600 farms in the county; the average farm
size is about 4.5 ha.

Miechow county is constituted by Miechow upland.
The relief of the land is diversified, though, in general, the
landscape appears as a plateau. There are large prominences
with flat or undulating surfaces, forming a vast plateau at
an altitude of 380-320 m above sea level. Other landforms
are the mountains with flat peaks, river valleys, depressions
and other denudation forms [10].

Miechdéw county has excellent soils, mostly of II and IIT
class. There are loess, limestone and fen soils, favourable to
agriculture. There are about 9 thousand farms in the county;
the average farm size is about 5.3 ha and it is the highest in
Matopolska province.

THE SCALE OF THE INJURIES
INCURRED DURING ACCIDENTS

The general model of injuries resulting during the acci-
dents is as follows:

accident
!
mechanical load
measures preventing injuries =~ — l
biomechanical response
level of injury tolerance — l

injury mechanism
where:
biomechanical response — every change in time of the
human body position and shape, of the body part or
tissue during a mechanical load as well as any involved
physiological changes;
injury mechanism — biomechanical response, during
which biological tissues are deformed beyond the recov-

MONIKA GORGON, GRZEGORZ JORDAN, WITOLD JORDAN, ANDRZEJ MRUK

erable limits causing damage to anatomical and func-

tional structures.

The basic classification of human body injuries is pene-
trating injuries and non-penetrating injuries. Here, we must
introduce the notion of injury intensity. It means the impor-
tance of the changes involved in damaging anatomical and
functional structures of a living organism, resulting from
the mechanical force action. The level of the importance of
damage to human bodies is not the same for all people. It
is due mainly to significant anthropometric differences in
body constitution and health condition of individual persons
[1,2,6,15,17].

To estimate quantitatively the level of injury severity, the
injury intensity scales are used. We compare the injuries sus-
tained by the accident victims with the given scale injuries
and we read the numerical value of the injury intensity level.

There are many scales of injury severity. There are four
main groups of scales: anatomical, physiological, combined
scales and the scales of invalidity and social losses [16, 17].

The Agricultural Social Insurance Fund — KRUS, esti-
mating the accident consequences, uses the scales of inva-
lidity and social losses. These scales describe not so much
the injuries as the long-lasting consequences of the damage
and their influence on the injured life quality. When award-
ing the compensations to persons affected, the impact is
estimated of injuries suffered during the accident on their
further functioning and quality of life.

THE SCALE OF INJURY SEVERITY
APPLIED BY THE AGRICULTURAL SOCIAL
INSURANCE FUND

To payment of compensation, for example by the Agri-
cultural Social Insurance Fund, the scale of injury severity
applies from the third group of the above classification
— the scales of invalidity and social losses. This scale is
published in the ordinance of the Minister of Labour and
Social Policy of 18 December 2002 on the specified prin-
ciples of adjudication on permanent or long-lasting damage
to health, on the procedure in determining the damage and
for payment of a single compensation (Law Gazette of 28
December 2002). “Assessment of the percentage of the

Table 1. Illustrative injuries with percentage assessment of a permanent or long-lasting damage to health

Injury area Type of injury Percentgge of permanent
or long-lasting damage to health
H Partial paralysis or radial palsy preventing from independent stand-
ead . . 100
ing up or walking
. . . . . Right 5—15
Upper limb Brachial bone fracture with a small shift and axe disturbance Loft5- 10
Upper limb Fractures and dislocations of the thumb (the ﬁrst met.acarpal bone Right 5-10
and phalanx bone of the thumb) with a shift Left3 -8
Upper limb Losses within thumb — tip loss Iileggt;
Lower limb Lower limb loss 85
Limitation of mobility (as a result of twisting, dislocation, fracture
Lower limb of joint bones, hurting, foreign matter, scars etc.) with and without 1-15
deformations
Lower limb injuries Hallux nail bone loss 5
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permanent or long-lasting damage to health” is the annex
to this ordinance. The annex contains tables with detailed
list of body organs (parts) possible injuries. At every item
the percentage appears of permanent or long-lasting damage
to health, from 0% (no damage to health) to 100%. The
degree of permanent or long-lasting damage is determined
depending on the effects of an accident/a disease on the
organs and systems.

Such a scale is used by a doctor predicate to establish
the magnitude of the insurance compensation. The predicate
should contain the description of the breach of the body
efficiency as well as an establishment of the percentage of
permanent or long-lasting damage to health with the number
of the item in the percentage assessment. If an accident or
an occupational disease has caused the damage to several
limbs, organs or systems, the total degree of a permanent or
long-lasting damage to health is equal to the sum of damage
percentages for particular injuries, according to the percent-
age assessment procedure, limited to 100% [9].

ACCIDENTS INVOLVING FARM TRACTORS
ON THE ANALYSED AREA IN 2005-2010
—RESEARCH METHODOLOGY

The research on the accidents and their consequences
was carried out using the documentation of the Agricul-
tural Social Insurance Fund. The research included the ac-
cidents occurred in Proszowice and Miechéw counties in
2005-2010.

According to the art. 11 of the law of 20 December 1990
on social insurance of farmers, an agricultural accident is
a sudden event provoked by an external cause, which oc-
curred during performing agriculture activities or connected
with these activities:

1. On the area of the farm run by the insured person or
being the place of his/her permanent work, or within
a household directly connected with the farm, or,

2. on the way of the insured person from the house to the
farm referred to in p. 1, or during his/her way back,
or,

3. during the performance beyond the farm referred to in
p. 1 of the activities related to agricultural activity, or
in connection with the performance of these activities,
or,

4. on the way to the place of activities referred to in p. 3,
or on the way back.

RESEARCH RESULTS

In 2005-2010, there were 98 accidents with farm tractors
— 47 accidents in Miechow county and 52 in Proszowice
county.

The accidents occurred mostly at non-operating tractor
engine, i.e. during the time when the tractor was immobile.
It was so in the case of 81 accidents, which is 82.7% of the
total number of accidents with farm tractors in the examined
counties Proszowice and Miechdw.

M non-operating engine of
tractor (standstill)

operating engine of
tractor (standstill)

mmoving tractor

Fig. 2. Accidents involving farm tractors in 2005-2010

The average age of victims is 38 years. Most of them
— 88.8% — are men. An escalation of the injuries is within
the range from 0 to 23% of permanent damage to health.
The average escalation of the injuries is 5%. The average
percentage of the permanent damage to health for the acci-
dents with the tractors with non-operating engine is 4.98%,
with operating engine — 5%, and with a moving tractor
— 5.1%. Translating the percentage values of the perma-
nent damage to health from above accidents to results in
AIS scale, we would receive the values from 0 — 2 AIS.
It means that the majority of the analysed accidents con-
sequences can be determined as insignificant or average.
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Fig. 3. Percentage values of permanent damage to health in the
accidents involving a moving tractor
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Fig. 4. Percentage values of permanent damage to health in the
accidents involving a non-operating tractor

The number of injuries to the particular parts of the body
is presented in Table 2.

The most number of injuries in all the accidents involving
tractors concerned lower limbs: 63 injuries from the total num-
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ber of 100 types of injuries. Damage to upper limbs is 30% of all
injuries, damage to thorax — 3%, to head — 2% and to face —2%.

Table 2. Classification of injuries due to their location

Place of Number of injuries to the given body part
occurrence Tractor engine | Tractor engine | Tractor
of injuries non-operating |~ operating | inmo- | Total
(standstill) (standstill) tion
Upper limbs 21 2 7 30
Lower limbs 56 1 6 63
Thorax 1 _ 2 3
Head 1 _ 1 )
Face 2 _ _ B
Total 81 3 16 100

Among the accidents, in which the upper limbs were in-
jured, most of them cause 5% of permanent damage to health
that is 7 from 28 accidents (Fig. 5). 2% of permanent damage
to health is the consequence of 6 accidents. The minimum
value of permanent damage to health of the upper limbs is
1%, while the maximum is 15%. The average percentage
value of damage is 4.93.

In the case of lower limbs injuries, the most accidents — 17
from 59 — caused 5% of a permanent damage to health. It is the
same value as in the case of upper limbs (Fig. 6). 14 accidents
resulted in 3% damage, 6 accidents —2%. The minimum value
of a permanent damage to health in the case of lower limbs
injuries is 0% (5 accidents). The maximum value is 23% (1
accident). The average percentage value of injuries is 4.78.
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% of permanent damage to health

Fig. 5. Percentage of permanent damage to health in the case of
accidents with injuries to upper limbs
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Fig. 6. Percentage of permanent damage to health in the case of
accidents with injuries to lower limbs

The analysis of the injuries (Table 2) permits to affirm
that a significant part of accidents at non-operating tractor
engine occurred while dismounting from the tractor — 51
accidents. There are also the accidents which occurred when
repairing a tractor — 11 accidents, the accidents during cou-
pling up/detaching a device/machine with the tractor — 10, 2
accidents when getting into the tractor, 7 accidents qualified
as ‘others’.

The second largest group are the accidents that occurred
while moving the tractor-this is the 14 accidents, i.e. 14.3%
of all accidents involving farm tractors. The group includes
7 cases of running on a victim by a tractor, 1 collision with
a car when the farmer was coming back home. The remain-
ing 5 accidents are qualified as ‘others’.

ANALYSIS OF THE INJURY MECHANISMS

Most accidents — 51 — occurred when dismounting from
the tractor. In this group, we can distinguish three types of
accident run: slipping on the tractor step and falling on the
ground, putting the foot on an unevenness of the terrain,
jumping from the tractor on unevenness. By far the majority
of these accidents result in ankle (26 cases) or knee twisting
(6 cases). The ankle twist consists in damage to the joint soft
components. The articular capsule — ligament system is not
completely broken, but stretched and a hematoma appears.
The ankle twist is the consequence of bad position of the foot
on the ground, which happens for example during jumping
down, or stepping on an uneven ground as in the accidents
when dismounting from the tractor. according to the scale
used by KRUS, the degree of the injury intensity in the case
of twisting the ankle is from 1 to 10% of the permanent dam-
age to health, depending on the other simultaneous injuries
like ankle fracture or shank bruise. If it is only a twisting of
the ankle, the permanent damage to health is 1 — 5%.

Another kind of injury occurring when dismounting
from the tractor is a knee sprain. The mobility of this joint
is limited because of many ligaments and muscles. When
our movements are compatible with the direction of the knee
joint, the globular surfaces of the joint are rolling smoothly.
At every correct movement, the muscles shrink and diastole
actively, while the ligaments shrink and diastole passively.
The joint structures often twist and turn, which permits to
block elastically at the moment of some banned movements
appearance. The appropriate structure of the joint allows
of a given range of motion, and the other — not allowed —
is blocked. If a sudden change of the joint bend direction
happens, the correct mechanism will be blocked. A drastic
exceeding of the mobility range ends with a damage to knee
joint or to its stabilizing system (muscles and ligaments).
The knee sprain involves 0 — 12% of permanent damage
to health.

The accident resulting in the greatest permanent dam-
age to health —23% — is located in the group of accidents
with non-operating engine of a tractor. The analysis of
the accident run is the following: when going down the
tractor, the victim foot slips and he falls down. The ac-
cident results in fracture of a bone. The consequences of
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the remaining accidents were much lighter. There were
ankle twists and the permanent damage to health was for
instance 3%. The injuries sustained by a man aged 50 were
heavier and these sustained by the women aged 33 — 37
were lighter. The age difference and a different structure
of the osseous system caused that the injuries to women
were lighter. The run of the accident itself influenced the
damage as well.

The analysis of the accidents which occurred during
motion (Table 2) showed that half of them happened when
the tractor ran on a body part of the injured person. The
consequences of three of these accidents are unknown.
The remained caused 15, 5, 2, and 0% of the permanent
damage to health. The fracture of both right forearm
bones caused 15% of permanent damage to health. In
this case, the arm was run on by a tractor wheel and
submitted to high compressing loads from the tractor
mass and its charge.

A specific and unique of this kind in the plain regions
of Proszowice and Miechow counties is the accident, in
which the tractor tipped over and rolled twice. It happened
as follows: during going down a steep way, the pressure
of the pulled tank trailer makes the tractor tilt and fall on
the right side. The tractor rolls (‘somersaults’) twice with
the victim sitting in the cabin. The victim is crushed by the
tractor. The effect of the accident is the fracture of V, VI
and VII ribs on the left side and 15% of permanent damage
to health. The cause of the accident is a sudden shift of the
vehicle mass centre (set: tractor and trailer) when the tank
trailer leaned.

The farm tractor is a vehicle prone to tipping over be-
cause of the high location of its mass centre. A tilt may
happen when driving on the curve of the road, on a steep
slope or when overcoming different obstacles. Knowing the
tractor mass centre position, we can determine the vehicle
behaviour during its motion. When loading the trailer or
coupling up devices to the tractor, a special attention should
be paid to the mass centre location in such a set. The shift
of the mass centre beyond the allowable zone may result
in tipping over the vehicle. The slope, on which the tractor
was moving, is the most important here [3, 4, 11, 12, 19].

CONCLUSIONS

In 2005 —2010, in the studied area, 98 accidents occurred
involving farm tractors — 52 in Proszowice county and 47
in Miechow county. Relating the number of accidents to the
number of farms in these counties, about 7500 and about
9000,correspondingly, it is clear that the accidents of this
type are rare.

Most accidents involving farm tractors in plain areas
occurred at non-operating tractor — 81 accidents. Most ac-
cidents in this group — 51 (63%) occurred when leaving
the tractor.

The body parts mostly injured in the accidents involving
farm tractors are the lower limbs. Among all injuries, the
most frequent are the ankle and knee injuries.

The average degree of intensity of the injuries sustained
by farmers, according to the scale used by KRUS, is 5% of
permanent damage to health.

The cause of the majority of analysed accidents is in-
sufficient attention as well as disregard of general safety
principles during the work. Many accidents that occurred
during the tractor stoppage were caused by unsuitable shoes
of the workers.
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OBRAZENIA ROLNIKOW POWSTALE W CZASIE
WYPADKOW Z UDZIALEM CIAGNIKOW NA
TERENACH ROWNINNYCH

Streszczenie: W pracy przedstawiono wyniki badan obrazen
rolnikow, powstatych w czasie wypadkow z udziatem ciaggnika
rolniczego eksploatowanego na terenach rowninnych. Analizg
przeprowadzono w oparciu o dokumentacj¢ prowadzong przez
Kasy Rolniczego Ubezpieczenia Spotecznego. Pogrupowano

okolicznosci powstania wypadku. Stwierdzono, ze najwicksza
liczba wypadkow nastapita gdy ciagnik nie byt w ruchu, i przy
niepracujacym silniku. Ustalono obszar ciat i rodzaje doznanych
obrazen jak i ich cigzkos¢. Najwigcej wypadkow wydarzyto si¢
podczas wysiadania z ciggnika (63%). Obszarem, ktory naj-
czesciej doznawat obrazen sg konczyny dolne. Obrazenia te to
urazy skretne stawow kolanowego i skokowego. Srednia wartos¢
trwatego uszczerbku na zdrowiu wynosi ok. 5%.

Stowa kluczowe: ciagnik rolniczy, wypadek, obrazenia

The study was performed within the framework of a PK WM M-4/84/2013/DS Project.
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Summary. Such biological materials as vegetables and fruits
are subject to different static and dynamic loads connected with
harvesting, loading/unloading, sorting and storage. These pro-
cesses lead to mechanical damage of vegetables. On the basis of
the performed laboratory investigations the measurements have
been made of chemical and mechanical properties of the selected
varieties of root parsley.

The objective of investigations was to determine the resist-
ance of peel and tissue of the selected varieties of parsley roots
against mechanical damage occurring in the process of root pene-
tration by means of a punch and uniaxial tissue compression (free
cylindrical sample). Basic elasticity parameters of the parsley
roots have been determined in form of destruction stress and
apparent Young’s modulus. The chemical composition of the
investigated parsley varieties has also been determined.

Key words: root parsley, destruction stress, Young’s modulus,
chemical composition.

INTRODUCTION

Parsley is an edible and ornamental plant and two forms
of parsley are cultivated: the root parsley and the leaf one
[27]. The parsley, due to its chemical composition, belongs
to the vegetable group with high nutritional and health pro-
moting value. 100g of parsley roots contains 4.6 g of sugars,
39 mg of vitamin CD, as well as significant quantities of
minerals, especially calcium, phosphorus, magnesium and
iron. At the same time the ether oils contained in all plant
parts give the parsley its specific flavour [5].

Plant tissues of vegetables and fruits are subject to dif-
ferent static and dynamic loads connected with harvesting,
loading/unloading, transportation, sorting and other manip-
ulations necessary in the process of preparation of the final
product [16]. Mechanical properties of plant tissues vary not
only within species but also within varieties. They depend first
of all on the external load [2, 25, 30] and specific properties
of tissues, like e.g. the turgor pressure, which varies under

the influence of loads [21, 23, 24, 25]. Further, they depend
on the soil environment, cultivation technology, as well as on
duration and conditions of storage and the part of root selected
for sampling [7, 8, 9, 14, 22, 26]. The multi-layered structure
of roots of many vegetables creates additional difficulty in
mechanical property investigations [1, 4, 5, 28, 29].

Investigation of mechanical properties of vegetables are
frequently considered as the addition to biochemical investi-
gations dedicated to quality of particular varieties and their
storage durability [26]. Many researchers have carried out
investigations connected with rheological characteristics of
agricultural products. Investigation objects have comprised
such crops as beets [3], potatoes [12, 20], cereal grains [18,
19] and popular vegetables and fruits, like carrots [10, 11,
13], apples [17] soybeans and tomatoes [26].

METHODS AND MEASURING EQUIPMENT

INVESTIGATIONS OF CHEMICAL COMPOSITION
OF PARSLEY ROOTS

Calorimetric investigations have been carried out with
use of LECO® AC500 calorimeter (Fig. 1). Determination
of water and ash contents in the root tissues of the selected
parsley varieties has been performed with the use of thermal
gravimetric method and LECO® AC500 instrument (Fig. 2).
Instead, the analysis of carbon (C), hydrogen (H) and ni-
trogen (N) contents has been performed with CHN module
of True Spec instrument, and sulphur (S) content with the
sulphur module.

INVESTIGATION OF MECHANICAL PROPERTIES
Measurements of resistance against mechanical damage

have been performed on the strength testing machine Zwick/
Roell 2010 (fig. 3.).
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Fig. 1. LECO® AC500 calorimeter.
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Fig. 2. Stand for thermal gravimetric measurements.
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Fig. 3. Scheme of measurement stand — Zwick/Roell strength testing machine.
The investigations have been carried out for the follow- INVESTIGATION RESULTS

ing stationary parameter values:

— F,=2N (preliminary load applied to sample);

— 'V, _40mm/min (speed of the settling movement of the
beam/sensor assembly);

— 'V, = 20mm/min (speed of the beam/sensor assembly
during measurement).

The investigations have been carried out with fresh ma-
terial directly after harvest. Cylindrical samples 10 mm in
diameter and 20 mm in height have been cut out from two
parts of the parsley roots (the top part and the central one),
along the longitudinal root axis and in the transversal direc-
tion. Each series of samples comprised 15 samples from each
root part and for both directions of sample cutting.

After each series of measurements the results were print-
ed together with calculations of average values of: maximum
destruction forces, strains directly before the moment of
sample penetration or destruction, energies and at the same
time calculations were performed for such parameters as the
destruction stresses and Young’s modulus.

PARSLEY VARIETY
-

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
Water contents [%]

Fig. 4. Average water contents in roots of the investigated parsley
varieties OLOMUNCKA

CHEMICAL COMPOSITION OF PARSLEY ROOTS

The average water content for the investigated parsley va-
rieties was equal to 75.22%. The highest water content, equal
to 79%, was stated in roots of Wistula variety, while the lowest
value of 67.94% has been noted in Otomuncka variety. The
average water contents in tissues of the investigated parsley
varieties, expressed in percentages, are shown in Figure 4.

The ash contents in the investigated parsley varieties
were from 1.03 % for Otomuncka variety to 1.51 % for
Warta variety, while 1.33 % was the average ash content for
all the investigated parsley varieties. The average percentage
values of ash contents for the investigated parsley varieties
are presented in Fig. 5.

It was stated on the basis of the performed investiga-
tions of chemical compositions at the angle of carbon (C),
hydrogen (H), nitrogen (N) and sulphur (S) contents in
parsley roots that the highest share in chemical composi-

Fig. 5. Average ash contents in roots of the investigated parsley
varieties OLOMUNCKA
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tion is for carbon. The average content of this element in
roots of the investigated parsley varieties is 43.79 %. The
hydrogen content in parsley roots is significantly lower
than for carbon and amounts to 6.42 % in average for all
varieties. The nitrogen content in chemical composition of
parsley roots is, on average, 1.16 %. The lowest content for
this element was stated in Halblange variety, in which the
nitrogen constituted only 0.37 %, while the highest content
for this element, equal to 1.75 %, was observed in Sonata
variety. The average calorific value for all investigated
parsley varieties amounted to 3855.7 kcal/g (Table 1).

Table 1. Average contents of C, H, N and S elements and
calorific values in the investigated varieties of root parsley

Contents of chemical elements Calorific
Parsley o
Variety [%] values
C H N S [kcal/g]
Roksana 44,52 6,42 1,34 0,21 3856,1
Cukrowa 42,96 6,33 1,42 0,26 3845,5
Halblange 43,69 6,53 0,37 0,08 3879,7
Otomuncka | 43,25 6,55 1,07 0,15 3763,3
Sonata 43,44 6,33 1,75 0,32 3860,7
Lenka 43,65 6,27 0,93 0,17 3878,1
Warta 44,42 6,43 1,02 0,14 3900,2
Wistula 44,38 6,49 1,38 0,13 3861,9
X 43,79 6,42 1,16 0,18 3855,7
MECHANICAL PROPERTIES

PROCESS OF UNI-AXIAL COMPRESSION
(FREE SAMPLES)

Table 2 presents the average values of destruction force
F_.. [N], strain directly before the moment of sample de-
struction L [mm], work Wto F_[Nmm] to the moment
of destruction, as well as the destruction stress 6 [MPa] and
Young modulus E [MPa]. On the basis of the obtained results
the differentiation was stated in the measured and calculated
values of parameters of the investigated root parsley varie-
ties. The highest resistance against mechanical damage was
observed in Lenka variety with destruction force of 674.7 N,
while the lowest value of 483.7 N was for Cukrowa variety.
The lowest average amount of energy needed for destruction
of parsley tissuewas stated for Roksana variety — 1485.7
nmm, while the highest amount of 2044 nmm was observed

Table 2. Average values of mechanical parameters of the
investigated varieties of root parsley

Parsley a | dLfor [WtoF_ | & c E,

variety [N] |F_ [mm]| [Nmm] ([MPa] [MPa]
Cukrowa | 483,7 6,6 1449,1 1,5 [0,33] 5,2
Halblange | 608,0 7,6 1887,2 | 1,9 |0,38| 5,6
Lenka 674,7 6,5 1962,5 | 2,2 [0,33| 6,5
Otomuncka| 605,8 7,3 2044,0 | 1,9 |0,37| 5,9
Roksana 500,6 6,6 1485,7 1,6 [0,33| 5,0
Sonata 542,3 6,9 1610,8 1,7 {033 5,5
Warta 565,2 6,9 1796,6 | 1,8 |0,35| 5,6
Wistula 591,6 6,8 1758,9 | 1,9 [0,34| 5,9

in Olomuncka variety. The average strains directly before the
moment of sample destruction were stated from 7.3 mm for
Lenka variety to 8.1 mm for Otomuncka variety. The highest
elasticity was noted in Lenka variety with E = 6,5 MPa, and
the lowest one — in Roksana variety (E = 5,1 MPa).

PARSLEY ROOT RESISTANCE
AGAINST PENETRATION

Average values of F__[N] penetration force for root
peel and tissue, strain directly before the moment of sample
destruction L [mm], work W to F_[Nmm] to the mo-
ment of destruction and the destruction stress 6 [MPa] are
presented in Table 3.

On the basis of the obtained investigation results and cal-
culations the differentiated values of the analyzed parameters
were stated. The highest resistance against penetration of root
peel and tissue was noted in Cukrowa variety (77.5 N), while
the lowest one for Lenka (67.7 N). The average strain directly
before penetration was in the range 4.5-5.5 mm. The average
values of penetration energy amounted to 187.9-220.59 Nmm.
The average destruction stresses for root peel and tissue were
noted from 4.07 MPa (Lenka variety) to 5.40 MPa (Cukrowa
variety).

Table 3. Average values of the investigated parameters in the
process of penetration of peel and tissue of the root parsley with
the punch 5 mm in diameter

Part of root selected for sampling

Top part of the root Centralrg z{t of the

Parsley variety Parametors
max max_ 6 Fmax Lmax 8

[N] | [mm] |[MPa] [mm] |[MPa]
CUKROWA 71,74 | 4,76 | 5,29 | 83,28 | 4,40 | 5,52
HALBLANGE | 69,19 5,36 | 4,82 | 76,71 | 4,61 | 5,38
LENKA 65,51 5,19 | 4,36 | 69,96 | 5,69 | 3,78
OLOMUNCKA| 68,39 | 537 | 4,60 | 79,20 | 4,95 | 4,91
ROKSANA 67,60 | 5,28 | 4,63 | 81,70 | 5,52 | 4,23
SONATA 64,18 | 537 | 4,45 | 71,82 | 533 | 4,22
WARTA 69,53 | 5,45 | 4,72 | 75,05 | 5,55 | 4,12
WISTULA 64,10 | 547 | 4,22 |72,55| 5,15 | 4,30

CONCLUSIONS

— The following factors have the influence on the resist-
ance of parsley roots against mechanical damage:
— part of root selected for sampling and load applying

direction,

— parsley variety.

— The water contents in fresh parsley roots were differentiat-
ed. The highest water content was noted for Wistula variety
(79 %), while the lowest — for Otomuncka variety (68 %).

— The average values of penetration force of peel and tissue
of parsley roots with a punch 5 mm in diameter were within
the range from 67.7 N for Lenka variety to 77.56 N for
Cukrowa variety. The lowest values of penetration force
for peel and tissue were noted for top parts of the root.
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— The average values of destruction stress for tissues of
the analysed varieties of parsley roots were differentiated
and were from 1.5 to 2.2 MPa.

— The average values of Young’s modulus were in the range
from 5.0 MPa (for Roksana variety) to 6.45 MPa (Lenka),
and the relative strains were in the range 0.33-0.38.

REFERENCES

1. Abbott J.A., Lu R., 1996: Anisotropic mechanical proper-
ties of apples. Transaction of the ASAE 39(4), 1451-1459.

2. Bajema R. W,, Hyde G. M., Baritelle A. L., 1998: Tem-
perature and strain rate effects on the dynamic failure
properties of potato tissue. Trans. ASAE, 41(3), 733-740.

3. Bentini M., Caprara C., Rondelli V., 2005: Mechanical
properties of sugar beet roots. Transaction of the ASAE,
48(4), 1429-1439.

4. Bohdziewicz J., 2001a: Wiasciwosci reologiczne zwia-
zane z morfologia korzenia marchwi. Inzynieria Rolni-
cza, 12(32), 51-58.

5. Bohdziewicz J., 2001b: Zmiennos¢ cech reologicznych
korzenia pietruszki. Inzynieria Rolnicza, 12(32), 59-64.

6. Borna Z. 1997: Szczegdtowa uprawa warzyw. Panstwo-
we Wydawnictwa Rolnicze 1 Lesne. Warszawa.

7. Ciupa A., Gladyszewska B., 2011: Elastic hysteresis deter-
mination for the skin of tomato fruit during uniaxial tension
test. Teka Kom. Mot. Energ. Roln.- OL PAN, 11, 40-47.

8. Gladyszewska B., Ciupak A., 2011: A storage time
influence on mechanical parameters of tomato fruit skin.
Teka Kom. Mot. Energ. Roln.- OL PAN, 1lc, 64-73

9. Gladyszewska B., Stropek Z., 2010: The influence of the
storage time on selected mechanical properties of apple
skin. Teka Kom. Mot. Energ. Roln.- OL PAN, 10, 59-65

10. Golacki K., 2001: Nowe mozliwosci wykorzystania
charakterystyk lepkosprezystych materialéw pochodze-
nia ro$linnego. Inzynieria Rolnicza 2(22), 69-75.

11. Golacki K., Obroslak R., 1998: Wyznaczanie wspot-
czynnika Poissona korzeni marchwi. Zeszyty Problemo-
we Postepow Nauk Rolniczych, 454, 221-227.

12. GolackiK., Stankiewicz A., Stropek Z.,2005: Wplyw pred-
kosci deformacji na wybrane charakterystyki lepkosprezystych
materiatow roslinnych. Acta Agrophysica, 5(3), 645—655.

13. Golacki K., Stropek Z., 2001: Viscoelastic properties of
Jonagold apple flesh. Electronic Journal of Polish Agricul-
tural Universities, 4(2), series: Agricultural Engineering.

14. Guz T., 2008: Thermal quarantine of apples as a fac-
tor forming its mechanical properties. Teka Kom. Mot.
Energ. Roln.- OL PAN, 8a, 52-62.

15. Henry Z.A., Zhang H., Onks D.O., 2000: New mo-
del for elastic behaviour of cellular material. Journal of
Agricultural Engineering Research, 76, 399—408.

16. Kaminski E., Stopa R., Stepien B., 2011: Zmiana na-
ciskow powierzchniowych korzeni marchwi w funkcji
czasu przy statej wartosci przemieszczania poczatkowe-
go. Inzynieria Rolnicza 4/(129), 105-111.

17. Kolowca J., 2005: Wtasciwosci reologiczne migzszu
jabtek o zréznicowanej strukturze. Inzynieria Rolnicza,
6 (66), 355-359.

18. Kolowca J., 2006a: Wiasciwosci reologiczne masy ziar-
na o zréznicowanej wilgotnosci. Inzynieria Rolnicza,
12(87), 243-248.

19. Kolowca J., 2006b: Wptyw wiclokrotnych obcigzen sta-
tycznych na stopien zaggszczenia i wlasciwosci reologicz-
ne masy ziarna. Inzynieria Rolnicza, 13(88), 193-199.

20. Kolowca J., Krzysztofik B., Nawara P., 2006: Wplyw
czasu przechowywania na wlasciwosci reologiczne bulw
ziemniaka. Acta Agrophysica, 7(1), 99-104.

21. Konstankiewicz K., Zdunek A., 2001: Influence of
turgor and cell size on the cracking of potato tissue. Int.
Agrophysics, 15, 27-30.

22. Kuna-Broniowska L., Gladyszewska B., Ciupak A., 2011:
Storage temperature influence of young modulus of tomato
skin . Teka Kom. Mot. Energ. Roln.- OL PAN, 11,218-228

23. Murase H., Merva G.E., DeBaerdmaeker J.G., Seger-
lind L.J., 1980: Importance of the water potential con-
cept in studying physical properties of plant materials.
Proceedings of the 2nd International Conference Physical
Properties of Agricultural Materials in Godolld, 35, 55-63.

24. Pitt R.E., 1982: Models for the rheology and statistical
strength of uniformly stressed vegetation tissue. Tran-
sactions of the ASAE, 25(6), 1776-1784.

25. Pitt R.E., Chen H.L., 1993: Time-dependent aspects
of the strength and rheology of vegetative tissue. Tran-
sactions of the ASAE, 26(4), 1275-1280.

26. Stepien B. 2009: Modyfikacja cech mechanicznych
ireologicznych wybranych warzyw pod wptywem r6z-
nych metod suszenia. Wydawnictwo Uniwersytetu we
Wroctawiu, ISBN 978-83-60574-75-1.

27. Stepien B., Michalski A., 2006: Zmiany cech mecha-
nicznych zachodzace w trakcie przechowywania suszo-
nej pietruszki. Inzynieria Rolnicza 4/79,199-206

28. Szot B., Golacki K., 1987: Ocena wlasciwosci mecha-
nicznych korzeni marchwi na podstawie pomiaréw pod-
stawowych parametréw wytrzymato$ciowych. Zeszyty
Problemowe Postepdw Nauk Rolniczych, 321, 175-183.

29. Wang J., 2003: Anisotropic relaxation properties of
pear. Biosystems Engineering, 85(1), 59—65.

30. Zdunek A., Konstankiewicz K., Gancarz M., 2001:
Failure and acoustic emission of potato tuber tissue of
selected varieties in compression tests at various strain
rates. Electronic of Polish Agricultural Universities. Ag-
ricultural Engineering, 4, 2.

ANALIZA
WYBRANYCH WEASCIWOSCI MECHANICZNYCH
PIETRUSZKI KORZENIOWEJ

Streszczenie. Celem badan bylo okreslenie odpornosci skorki
i tkanki wybranych odmian korzeni pietruszki na uszkodze-
nia mechaniczne powstate w procesie przebicia stemplem oraz
jednoosiowego Sciskania tkanki (walcowa probka wolna). Wy-
znaczone zostaty podstawowe parametry sprezystosci korzeni
pietruszki w postaci napr¢zenia niszczacego oraz umownego
modulu Younga. Okreslono takze sktad chemiczny badanych
odmian pietruszki korzeniowe;j.

Stowa kluczowe: pietruszka korzeniowa, naprezenie niszczace,
modut Younga, sktad chemiczny.
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Summary: The present paper describes the components of intel-
ligent electric systems used in the building automation systems
for HVAC installations control as well as methodology for de-
signing said installations using LCN — Local Control Network
system as an example combining the tasks performed by a con-
ventional system and introducing multiple new functionalities
making it possible to control individual systems in the building,
including HVAC installation.

Key words: heating, control, intelligent, designing, integration,
installation.

INTRODUCTION

Electric energy is the most cost-consuming element gen-
erating the highest financial burdens in the housing sector
[21]. Therefore, newly erected objects are equipped with the
systems enabling energy minimization through the cognizant
energy management i.c. the systems controlling the devices
operation in a manner imposed by operating personnel in
order to minimize energy losses [3, 4, 5, 6, 12, 18].

Due to technological development, the contemporary
buildings should ensure proper and effective working condi-
tions for their users [14]. It is possible to achieve this goal by
means of the state of art, integrated and automated electric
installation systems. Therefore, the designers are required to
perform a completely new task as a result of such approach
to the designing and completion of electrical installations
on the basis of technical novelties. In recent years, increased
requirements have been observed in the scope of forming
a microclimate in rooms. The assurance of proper air quality
(described by means of temperature and humidity) becomes
an essential task to be performed by an intelligent building.
Aforesaid requirements can be met by introduction of mod-
ern HVAC systems (Heating, Ventilation, Air Condition), i.e.
the heating, ventilation and air — conditioning in the rooms
[1,2,7, 16,19, 20].

LCN system has been created and introduced to the mar-
ket by a German company — ISSENDORFF Mikroelektronik
GmbH. The system can be installed in small objects as well
as in large buildings, like in case of Main Tower in Frankfurt
or F1 racing track in Germany [13].

LCN belongs to leading intelligent control systems world-
wide and to the most popular solutions in the scope of build-
ings automation in global scale. The features of an intelligent
building are demonstrated by the degree of integration of
installations provided therein. HVAC systems constitute an
important element of a modern and fully automated building.
The present paper describes the basic elements of LCN system
applied in HVAC installation with particular consideration of
their programming by means of LCN Pro utility program.

The technological progress in the scope of building sector
contributed to the use of more and more new and complex
systems dedicated for devices controlling. Due to such com-
plexity and diversity of installations, it was necessary to intro-
duce a system enabling the management of the whole system
with all the devices in an integral mode. Another important
factor consists in the fact that it is impossible to manage the
building energy resources by means of old type installations.

In practice, an intelligent building makes it possible to save
20 up to 30 % of energy; these calculations are realistic even
in case of reduced stability of daily and monthly distribution.
With increasing speed of our life, we are more interested in
the comfort of buildings and in their convenient use. Routine
everyday activities can be performed by the building manage-
ment system to be controlled properly by all of us as the users.

LEGAL AND NORMATIVE REQUIREMENTS
IN THE SCOPE OF VENTILATION

Pursuant to building law, the designers of ventilation
systems are required to meet determined requirements to
ensure proper conditions in the scope of hygiene and energy
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consumption. Air change intensity in the building should
be modified depending on concentration of the emissions
caused by the persons occupying a room and by the devices
installed therein.

The amount of air to be removed within one hour from
various types of rooms is specified in case of residential
buildings. In public utility buildings, the requirements can
be met on the basis of fresh air supplied to each person
staying in such room.

The issues associated with thermal comfort perceived
by the employees in office rooms are governed by PN-
EN ISO 7730:2006(U) standard: “Thermal environment
ergonomics. Analytical determination of thermal comfort
and its interpretation applying the calculation of PMV and
PPD indicators and local thermal comfort criterion” and the
draft of prEN 15251 standard: “Criteria of indoor environ-
ment, encompassing thermal conditions, inside air quality,
lighting and noise” [22, 23]. The indicators presented in
both documents are used to describe thermal comfort. PMV
indicator (Predicted Mean Vote) depends on: activity of an
individual, insulation of his / her clothing, air flow velocity
as well as its temperature and humidity. The indicator deter-
mines the mean vote for thermal environment in the rooms
(for a group of persons) in seven step scale: — 3 (cool),
0 (neutral), +3 (hot).

PPD indicator (Predicted Percentage of Dissatisfied
(people)) is the next thermal comfort indicator, closely as-
sociated with thermal comfort. It must be recognized that
owing to individual perception, it is impossible to achieve
identical thermal comfort that can satisfy everyone in the
same room.

Three basic categories of office rooms are specified in
the draft of prEN 15251 standard [7]:

— Class A—PPD < 6%,
— Class B—PPD < 10%,
— Class C—PPD < 15%.

Therefore, it can be concluded that the requirements
applicable to class C are met by the majority of objects in
Poland and that only a small number can be classified in
class B.

REDUCED CONSUMPTION OF ELECTRIC
ENERGY AND COMFORT OF USE AS ONE
OF ESSENTIAL GOALS OF LCN

We live in times where significant attention is paid
to saving of natural resources due to their decreasing
amounts and increasing prices. The majority of object
resources in the form of thermal and electric energy orig-
inates from natural resources processing. Therefore, ra-
tional use of electric energy or thermal energy generation
became a priority.

Currently, the scope of two principal fields of systems
integration encompasses the integration of object security
systems as well as building automation systems. The pur-
pose of the first field is to integrate the following systems
together: burglary and attack alarm system (SSWN), access
control and closed loop control television system (CCTV) in

order to enable proper building safety management and to
accelerate the support of alarm, emergency and fire signals.
The building automation system encompasses the control
functions in the scope of heating, ventilation and air-con-
ditioning as well as the control functions in the scope of
shutters, lighting, lifts, doors and their power supply system
(including holdup systems).

The purpose of the building automation systems inte-
gration is the eagerness to achieve savings. A structural
network is often used for this task. Simultaneously with
increasing prices of electric energy, the reduction of en-
ergy consumption in the building causes more and more
problems.

Each system makes it possible to reduce the operation
costs. For example, the cooperation of systems with each
other in the scope of temperature comfort and ventilation
in determined room of the building can be commenced
at the time of logging in to the system by means of em-
ployee’s identification card and the temperature will be
maintained on an economic level after its logging out.
The heating, ventilation and air-conditioning control in
the office rooms occupied by several employees increases
the comfort of work and is possible by means of simple
logical functions AND and OR. The level of saving and
safety increase are significantly affected by the number
of integrated systems in the building. There are many
examples and manners of correct energy management, for
instance the heating planning system in the room. Regular
working hours for the personnel employed in the specified
office are between 8.00AM and 4.00PM. Using the heating
electro-valves and temperature sensors connected to LCN
network, temperature can be controlled in advance. In
order to achieve the temperature of 21°C in the room at
8.00AM, the heating is turned on at 7.00AM and turned
out at 3.00PM by the system maintaining the temperature
of 15°C. It does not make any big difference but, according
to an energy balance, the savings on room heating for the
employees are possible. This solution is also comfortable
because none of the employees is responsible for heating
control [13].

THE EFFECTS OF POOR VENTILATION

Respiratory tract diseases (for instance asthma) are
possible as a result of non-compliance with applicable
standards and regulations (and consequently poor venti-
lation and breathing contaminated air) and prolonged stay
in the rooms with poor ventilation leads even to cancer
cases. The use of gas fired heating equipment in the rooms
with inefficient ventilation may lead to carbon monoxide
generation.

Carbon monoxide poisoning is most dangerous for
humans due to colourless and odourless character of this
chemical compound and may lead even to death.

Apart from adverse health consequences for the per-
sonnel, the impact of poor ventilation on the building (its
structure and appearance) is also unfavourable and leads to
heat losses, as shown in Table 1.
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Table 1. The effects of poor ventilation (prepared on the basis of [16])

THE EFFECTS OF POOR VENTILATION

VISIBLE

INVISIBLE

Mildew and mould presence on the lintels, windows framing,
under window stools, in the corners of the rooms and behind
furniture.

Bad mood, headache and vertigo, tiredness, irritation, irrita-
tions of the nasal mucosa, irritations of throat, skin irritation,
allergic reactions.

Glasses mist over in windows.

Destruction of building structure, humidity penetration into
walls and their gradual reaction.

Condensed water vapour on cool surfaces of walls and objects.

Air supply through air exhaust grilles in gravity ventilation
system.

THE HEATING, VENTILATION
AND AIR-CONDITIONING
IN LCN SYSTEM

The central control becomes a necessity in case of light-
ing, shutters and security system but first of all in case of
heating, ventilation and air-conditioning system in many
public utility buildings. The main focus is on maintaining
the air quality parameters conforming with applicable laws
and EU directives in the scope of work conditions. LCN
system is selected by many companies in order to meet
these expectations. The sensors, actuators and panels are
supplied by various manufacturers and selected in a manner
ensuring optimal functioning of the whole control system
and its economy with consideration of selected transmis-
sion medium.

Indoor air quality is measured by means of temperature
sensors (thermostats), humidity sensors and carbon dioxide
concentration sensors. These values are transmitted to air
— conditioning controller ensuring the air — conditioning
devices control and to KNX controller ensuring the heating
control.

The required data for the system i.e.: wind direction and
velocity, daylight intensity are supplied by KNX weath-
er station installed outdoors. KNX/EIB system gives the
possibility of remote control and information receiving by
means of mobile telephones and the Internet. The settings
of heating, ventilation and air-conditioning can be selected
automatically, in accordance with the schedule.

It is possible to set ,,standby” or ,,comfort” operation
mode on the basis of signal informing about open or closed
status of the doors locks in a room [8, 9, 10, 11].

Fig. 1. LCN-TSA sensor [13]

LCN system demonstrates its advantages particularly
in case of complex control systems, like the heating, ven-
tilation and air-conditioning system. The system simplifies
the complex installation enabling the system modifications
as well as remote access to the object and measuring data
archiving.

SELECTED ELEMENTS AND SENSORS
OF LCN SYSTEM VICINITY PARAMETERS

LCN-TSA TEMPERATURE SENSOR

An outdoor temperature sensor equipped with own
processor and able to support all modules provided with
connection I. The measurement values are directly affected
by the installation place. The following factors should be
taken into consideration: air flow, solar radiation incidence
on the sensor as well as the height of its installation and
distance from adjacent heat sources (lamps, ventilation
openings). Maximum length of the conductor connecting
the sensor with module is equal to 100 m (by means of
LCN-IV). After its connection to module, the sensor is
identified automatically and its indications are displayed
after status checking for the module currently connected
with the sensor. Temperature value is specified in the form
of four values: LCN value, Kelvin degrees, Celsius or Fahr-
enheit degrees. After activation, the sensor should be set to
determined value of hysteresis associated with its reaction
but not exceeding the sensor accuracy. It is also possible
to program proper response of module for threshold values
contained in the program.
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2. Sensor connection method [13]
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LCN-TS TEMPERATURE SENSOR

Indoor sensor with miniature dimensions enabling its
installations. Exactly like outdoor sensor described above,
LCN-TS temperature sensor is provided with its own pro-
cessor establishing gradient dependent noise free values and
sending them via port I to specified module. Furthermore,
the impact of environment on potentially occurring meas-
urement errors should be taken in account at its installation.
The programming is identical to the method applied in case
of LCN-TSA sensor.
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Fig. 3. Sensor connection method [13]
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Fig. 4. Sensor dimensions [13]

The sensor is supplied with special holder enabling
its installation in any location without excessive jump-
ing out.

LCN-AVC ELECTRO-VALVE
FOR HEATING
AND AIR — CONDITIONING CONTROL

LCN-AVC s an electronic actuator dedicated for valves
setting on central heating radiators. The device is provided
with opening angle electronic meter and used for heating
control in the rooms instead of conventional radiator shutoff
knob. It is possible to connect maximum 5 actuators to one
output in the module.

The transparent cover installed on the housing is also
used as the lever in order to dismantle the valve from its
fastening holder. The flap can be removed in order to prevent
any unauthorized flow rate adjustments.
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Fig. 6. Sensor dimensions [13]

Fig. 7. LCN-AVC sensor [13]

LCN-WRL65 WEATHER STATION

Weather station consisting of light sensor, rain sensor
and wind intensity meter including proper cables. The whole
set is contained in two protective boxes which can be in-
stalled on the wall or mast. Proper parameters are set by
means of appropriate software supplied by the manufactur-
er. It is possible to change the sensitivity of rain sensor by
means of built — in potentiometer. This sensor is subjected
to maintenance consisting in contacts cleaning after deter-
mined period of use.
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Fig. 8. Sensor connection method [13]
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SELECTION OF INTELLIGENT
INSTALLATION ELEMENTS

The designing of an intelligent building encompasses
the following basic phases:

— Identification of client’s needs and presentation of object
management system concept.

— Design.

— System installation and programming.

— As-built documentation.

— Warranty and post-warranty service.

In case of incorrect identification of client’s needs it is
impossible to fully utilize system capabilities. Therefore
an audit is necessary to eliminate the differences between
client’s expectations and system capabilities. Each sensor
is less or more necessary, depending on types of objects. It
is not required that an object should be provided with all
types of specified sensors. All solutions depend on users’
needs [16].

An additional data wire and conventional zero wire is
used in LCN system for communication. The modules can
be provided with 230V power supply or 12 V/ 24 V if re-
quired [13].

In designing phase, it is necessary to consider the pres-
ence of other systems in the building and to answer the
question whether the intelligent network will be integrated
with said system and to determine the degree of integra-
tion. Furthermore the designer is required to consider the
functions which will be performed by the system and to
anticipate the use of alternative energy sources.

The models are often created in order to enable the anal-
ysis of building installations and to establish the assumptions
for energy saving buildings control. The model illustrated in
Fig. 8 has been used for testing of installations in an energy
saving building.

DESIGN DESCRIPTION

The object has been designed for office functions. The
thermostats integrated with electro — valves have been in-
stalled in each designed office room in order to ensure the
possibility to control and to maintain the temperature in the
room on preset level. Windows opening sensors have been
installed additionally in order to reduce heat losses and to
directly improve rooms heating effectiveness.

Various types of air supply and exhaust elements have
been installed in order to ensure proper ventilation in the
rooms. Slot diffusers have been mounted in walls or close
to the ceiling as well as air supply and exhaust elements i.e.
the diffusers mounted in ceiling have been applied in the
project in the form of square diffusers. Except of typical
gravity ventilation elements, the devices enabling air change
control and air temperature control for the air supplied to
the rooms have also been installed. Air curtains have also
been designed. The principal purpose of an air curtain is to
create a visible barrier between the rooms being heated or
air — conditioned and its surroundings. These devices are
applied in order to improve thermal insulation properties of

Fig. 9. Switchgear model
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Fig. 10. Electric connection diagram for building modules

the room where they are installed. Therefore, they are usu-
ally installed in the areas in vicinity of windows and doors
characterized by the highest heat loss. One of the rooms in
the building (kitchenette) has been equipped with kitchen
extractor hood. This device is usually operated during short
period of time but its output is high and air extracted from
the rooms contains high amounts of contaminants (mainly
fats). Therefore, any connections of kitchen extractor hood
with the main ventilation system are avoided.

CONCLUSIONS

The purpose of the present study was to present and
analyse HVAC systems integration issue in an intelligent
building and to elaborate the installation design for an of-
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fice object. In order to achieve this goal, the categories of
building automation systems and the concept of intelligent
systems integration were first presented. The structure of
intelligent installation in LCN system as well as devices
contained in these systems, their intercommunication and
programming were described thereafter.

The following general conclusions are drawn from the

considerations presented in this study:

L.

The integration and central control solutions are nec-
essary in many public utility buildings owing to large
number of installed building automation systems in case
of the following systems: lighting, shutters, safety sys-
tem but first of all in case of heating, air-conditioning
and ventilation system. The main focus is on maintaining
the environment quality parameters (e.g. air temperature
and humidity) conforming with applicable laws and EU
directives in the scope of work conditions.

Heat losses and unfavourable impact on the building
(its structure and appearance) are possible as a result of
non-compliance with applicable standards and regula-
tions. Breathing contaminated air may cause unfavour-
able health consequences for personnel (e.g. respiratory
tract diseases, asthma) and prolonged stay in the rooms
with poor ventilation leads even to cancer cases.

It is impossible to find one perfectly integrated building
automation system meeting all the requirements. All
systems, regardless of their capabilities, have their own
advantages and disadvantages. Future users of intelli-
gent systems have diversified requirements and needs.
Therefore, they will try to find a suitable system in the
market; i.e. the system which could attempt to meet their
individual needs in the most complete manner.

An intelligent installation installed in the building makes
it possible to create a place with high comfort, conven-
ience and safety for its users and to improve electric
energy quality and its saving. The saving level and safe-
ty increase are significantly affected by the number of
integrated systems in the building. The tasks associat-
ed with LCN system use in an intelligent building are
completed in the scope of system operation reliability
and its flexible self — adaptation to continuously varying
requirements in work and rest environment.

Due to low additional expenditures incurred for sys-
tems integration, the intelligent building systems become
more and more profitable. The investment return period
is very short, particularly in case of objects with high en-
ergy consumption (e.g.: machine shops, trade and office
objects, educational objects). From an economic point of
view, the best solution consists in control systems instal-
lation in the object already in its construction phase. In
such a case, the cost of control systems is equal to only
1-2% of total costs incurred during its whole service
life. On the other hand, these systems make it possible
to reduce the costs associated with later operation and
maintenance of the building by about 75%.
Increasingly often, application of intelligent systems in
the buildings can bring positive effects in micro scale
(residential building, enterprise etc.) as well as in macro
scale (whole economy).

10.

11.

12.

13.
14.

16.

17.
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Summary. The paper presents an application of the empirical
mode decomposition to filtering of the fast changing compo-
nents of the solar radiation curve. Results of the measurement
of the solar irradiation for a few typical days are presented. The
measurements were taken with a frequency of one sample per
second, which is a high value as for solar radiation. Then the
data were resampled with lower sampling frequencies, directly
and after eliminating fast changing components with the use
of empirical mode decomposition. For each case a daily solar
energy was calculated.

Key words: empirical mode decomposition, signal filtration,
solar radiation.

INTRODUCTION

Since the energy crisis in 1970’s a constant growth of
photovoltaic power production has been observed [6, 12,
16]. One of the areas of solar energy application is agricul-
ture [13, 17]. This kind of energy is sometimes considered
as “agro-energy” [14].

The solar radiation, depending on the weather conditions
on a particular day, may have various levels of variability.
On a cloudless day or when the sky is covered with even-
ly distributed cloud layer, the insolation changes slowly
according to the earth rotation. But on a windy day when
the sky is covered with small clouds (for example cumulus
clouds), the radiation changes very quickly.

Due to the shape of the current — voltage curve of the
photovoltaic (PV) panels, the efficiency of the set PV gen-
erator — electrical load depends on how the load matches
the source. In systems with battery, instantaneous values of
the solar insolation are not that important — presence of the
battery stabilizes the working point of the generator. A dif-
ferent situation, due to aforementioned problem of matching
between generator and load, occurs in case of a PV island
system without battery. It is of special importance in case

of applications in agriculture, where this kind of PV system
may be employed.

Therefore, when analyzing the operation of systems
powered by photovoltaic generators, it often happens
that in addition to the sum of energy in a given day the
calculations are performed using the data from measure-
ments of the instantaneous values of radiation intensity
(as in [15]). The highest accuracy is achieved by using
high sampling frequencies, but such an approach gener-
ates huge amounts of data which in case of long lasting
measurements can be inconvenient because of the storage
space required and CPU usage when this data is used in
computer simulations. The solution is to properly choose
the sampling frequency, however the sampling points are
chosen randomly and it may happen that that the sample
will be taken in a moment which is not representative for
a given period, for example in a temporary, short moment
of cloudiness.

An alternative approach is to acquire the data with high
frequency, process it in order to eliminate (average) the high
volatility and then to resample it with lower frequency for
data archiving.

The paper presents application of Empirical Mode De-
composition (EMD) to filter fast changing components of
solar radiation curve.

EMPIRICAL MODE DECOMPOSITION

Empirical mode decomposition (EMD) is a novel meth-
od which can be applied to any complicated data set in
order to decompose it into a finite number of intrinsic mode
functions. It is applicable to non-linear and non-stationary
processes [1, 4, 5].

According to Huang [8] the decomposition is made on
an assumption that any data consists of different simple in-
trinsic modes of oscillations. Each of the oscillatory modes
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is represented by an intrinsic mode function (IMF) with the

following definition [7]:

1. in the whole data set, the number of extrema and the
number of zero crossings must either be equal or differ
at most by one;
and

2. atany point, the mean value of the envelope defined by
the local maxima and the envelope defined by the local
minima is zero.

An integral part of the EMD procedure is the sifting
process. It can be described by the following steps, assuming
that x(7) is the source data:

1. Find all the local extrema (minima and maxima) of x(?),

2. Interpolate the extrema with a cubic spline: the maxima
will create the upper envelope eup_n(t), the minima will
create the lower envelope elo_n(?),

3. calculate the mean value line which lies between the
upper and lower envelope according to the following
equation:

mn — eupin (t);_elnn(t)’ (1)

4. calculate the residue /n:
h,=x(t)-m,, @)

5. the steps 1 to 4 are repeated treating /n as the input data
until a stoppage criteria is met.
There are two approaches to the stoppage criteria. One
is to calculate normalized squared difference between two
successive sifting iterations » and n-1 [8]:
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and continue the iterations until the SD# is small enough.
This criterium, however, does not guarantee that the function
will have the same number of zero-crossings and extrema,
even if the value of SDn is lower than a given threshold value.

Another stoppage criterium proposed in [9] is based on
the fact whether the signal obtained in the last iteration has
the same number of zero-crossings and extrema. With this
criteria, the sifting process will stop only after S consecutive
times when the number of extrema and zero-crossings differ
at most by one. The value of S proposed by Huang et al. is
between 4 and 8 for optimal sifting.

If the stopping criteria is met the /#n will be the first
IMF which represents the fastest oscillating component.
Subtracting x(7) and IMF'] gives the residue r/:

r =x(t)—IMF,, 4

rl contains longer oscillations and is treated as input
data to the sifting process. In this manner the following
IMFs are computed until /MFn or rn becomes smaller
than a predefined value or when rn becomes a monotonic
function.

Considering equation (4) and iterative nature of the pro-
cedure we may write that:

x(t) = ZnZIWn +r,. (5)

J=1

The equation (5) reflects the decomposition process of
the given signal x(7) into a series of » IMFs and the residue.
Each higher IMF represents longer oscillating component
of x(f). The procedure is illustrated on figure 1.

As the intrinsic mode functions of various orders repre-
sent different levels of oscillations, eliminating the compo-
nents with shorter oscillations can be used to filter-out the
fast changing components of a given signal.

One big advantage of decomposing the signal using the
empirical mode decomposition is that there is no need to
decide apriori which function will be used to represent the
signal. In contrast, in traditional Fourier transform a sinusoi-
dal function is assumed and in wavelet transform the mother
function needs to be chosen prior to the analysis.

Several authors have addressed the usage of the EMD in
solar radiation analysis [11, 18, 19, 20]. None of them however
uses the EMD to filter solar radiation data. Some attempts are
made to employ this procedure to filter other kinds of signals.
Fleureau and others [5] use a modified version of EMD to filter
ElectroEncephaloGraphic(EEG) sleep recording.

NS oW s
T —

Time

Fig. 1. Example of a sifting process for a simulated signal.
a) original signal (solid line), upper and lower envelopes with
mean line (dotted lines), b) result of the first iteration of the
sifting, ¢) result of the 10th iteration of the sifting

DATA, METHODS AND TOOLS

The short-circuit current of a photovoltaic cell is direct-
ly proportional to insolation [10]. This fact has been used
to measure the solar radiation intensity on a PV module
plane. The diagram of the measurement circuit is presented
on Fig. 2. The sampling frequency was 1 sample per sec-
ond, which is a high value for solar radiation measures. The
measurement was made with help of an application created
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in a LabView programming environment which is suitable
for measurements both in real and simulated circuits [2, 3].
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Fig. 2. Diagram of the circuit for solar insolation measurement

The next step was to obtain two types of signals: 1) a sig-
nal created by resampling of the original signal with lower
frequency, 2) a signal created after filtering the fast-changing
components of the originally measured signal and resam-
pling it with the same frequency as the first signal. These
steps were performed by a script executed in the GNU Oc-
tave programming environment [4]. The script was also cal-
culating the daily amount of solar energy by using a signal
acquired with frequency of one sample per second and the
two types of signals described previously. Also the absolute
and relative errors of daily energy estimation were calculated
with an assumption that the original signal is error-free.

The filtering consists of the following steps:

1. Decompose the original signal into set of IMFs,
2. Reconstruct the signal eliminating the IMFs representing
faster oscillations.

As a result a new signal is obtained in which the rapid
changes of the solar irradiation are removed.

RESULTS

The analyzed data was solar insolation curve registered by
the author for selected days of April 2010. Figure 3 presents
the instantaneous power of the solar radiation on a PV module
plane. On days A and B we can see many rapid changes of
the insolation. Day C has significantly less fast components.

The signal was decomposed into 20 intrinsic mode func-
tions plus residue. The filtering was done by reconstructing
the signal using higher level IMFs — the IMFs representing
faster oscillations were removed. The calculations were
done for all the sequences of the IMFs, eliminating the
lowest functions gradually (2-20 plus residue, 3-20 plus
residue and so on). The results are presented on a 3D chart
(Figures 4-6). Additionally, 2D graphs are presented for
selected sequences of reconstructed signal (Figures 7-9).
For convenience, the residue will be referred as 21st IMF
on the charts. On the 3D charts, the presented IMF value
is the first IMF included in the signal reconstruction, for
example 5 means that the signal is reconstructed from the
5th IMF and higher plus residue.
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Fig. 3. Solar insolation curve on selected days of April 2010
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Fig. 4. 3D chart illustrating influence of the IMF components
included in the signal reconstruction on the relative error for
selected sampling intervals for day A

CONCLUSIONS

The results show that when applying shorter sampling
intervals (higher sampling frequency) the error of calculating
the daily energy is usually less. There are, however, cases
with longer sampling intervals (like 600 and 900 s), in which
the relative error is lesser, compared to longer intervals. The
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Fig. 5. 3D chart illustrating influence of the IMF components
included in the signal reconstruction on the relative error for
selected sampling intervals for day B
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Fig. 6. 3D chart illustrating influence of the IMF components
included in the signal reconstruction on the relative error for
selected sampling intervals for day C

accuracy of daily energy estimation depends also on the
intensity of the irradiation oscillations.

Application of the proposed filtration allowed for an
increase of the measurement accuracy. In most cases the
error after filtration of the fast-oscillating components is sig-
nificantly lower than without the filtration, in some cases it
is similar. The results show that we should not eliminate too
many IMFs —not more than 10 fast oscillating components.
Otherwise, the results may become unstable — producing
a generally random error.

The relative error values, even without the filtering,
are relatively small and not greater than 6 % and if sam-
pling intervals not greater than 3 minutes would be used
— not greater than 3,5 %. Nevertheless eliminating faster
oscillations with the described procedure decreases the
error further.

Applying sampling intervals less than 60 s, even with-
out signal filtering allows for high measurement accuracy.
In cases when, due to the amount of the acquired data
and calculations performed, it is necessary to use longer
sampling intervals it is advisable to perform the meas-
urement with higher frequency, then to remove faster
oscillations with the presented method and, before ar-
chiving, resample the signal with lower frequency. This
will allow for higher accuracy of calculations made using
the prepared data.
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ZASTOSOWANIE EMPIRYCZNEJ DEKOMPOZYCJI
MODOW DO WYZNACZANIA KRZYWEJ
NATEZENIA PROMIENIOWANIA SEONECZNEGO

Streszczenie: Artykut przedstawia zastosowanie empirycz-
nej dekompozycji modéw do filtrowania szybkozmiennych
sktadowych krzywej nat¢zenia promieniowania stonecznego.
Przedstawiono wyniki pomiaréw nat¢zenia promieniowania
stonecznego dla kilku typowych dni. Pomiary byly dokony-
wane z czestotliwoscia jednej probki na sekunde, co jest war-
toscia duza dla promieniowania stonecznego. Nastgpnie dane
zostaty ponownie sprobkowane bezposrednio oraz po wyeli-
minowaniu szybkozmiennych sktadowych z wykorzystaniem
empirycznej dekompozycji modéw. Dla kazdego z przypadkow
zostata wyznaczona warto$¢ dziennej energii promieniowania
stonecznego.

Stowa kluczowe: empiryczna dekompozycja modow, filtracja
sygnatu, promieniowanie stoneczne.
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Summary. The article contains materials on the bio-energetic po-
tential of the Republic of Belarus and prospects of development
of bioenergetics. In the area of bio-energetic, technologies which
use renewed organic resources, the so-called biomass for energy
manufacture, including the electric power, energy of liquid, firm
and gaseous kinds of fuel, warmth, chemical substances and other
materials were discussed.
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INTRODUCTION

The Republic of Belarus is located in the eastern part of
Europe. It borders Lithuania and Latvia in the north, Ukraine
in the south, the Russian Federation in the east and Poland
in the west. The territory occupies 207,6 thousand sq. km.

The agricultural soil occupies 44,9%, of the ploughed
land — 30% of total area. The weakly utilized soils in the
national economy (sands, bushes, swamp so forth) compose
15% of total area [7].

12000

The population of the Republic of Belarus as of
01.02.2012 is 9463 thousand people, 1885 thousand of them
live in Minsk.

More than 75% of population live in the cities and there
are only 25% rural inhabitants [6].

The dynamics of the population since 1990 is presented
in Fig. 1.

The agriculture of Belarus’ is specialized in the cultiva-
tion of cultures traditional for the temperate latitudes. In the
plant growing the predominant grains are barley, rye, wheat,
potatoes, feed crops.

In connection with the structural conversions and the
orientation to the renewed energy sources in the Republic
the volumes of the cultivation of leguminous and oily cul-
tures are enlarged.

In the stock raising in essence large livestock is reared
for the production of milk and meat, but also pigs and
poultry.

The dynamics of cattle and poultry livestock since 2007
is presented in Tab. 1.
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Fig. 1. The rural and urban population of Belarus
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Table 1. Cattle and poultry livestock at the beginning of
each year

Large | Cows Sheep
Years| horned |of dairy| Pigs and | Horses | Poultry
livestock| herd goats
2007 | 3989 1506 | 3642 122 156 28,7
2008 | 4007 1459 | 3598 124 147 29,4
2009 | 4131 1452 | 3705 126 137 31,2
2010 | 4151 1445 | 3782 127 125 34,1
2011 | 4151 1478 | 3887 124 113 37,0
2012 | 4247 1477 | 3989 125 100 40,0

Note: The poultry is resulted in millions, the others in thousands

THE BASIC PART

According to the Republican program of rational use of
power resources for 2011-2015, the total consumption of fuel
and energy resources in the Republic in 2015 is predicted at
41 million tons of conditional fuel, in 2020 — 44 million tons
of conditional fuel [1]. The forecast of total consumption of
fuel and energy resources in Belarus is presented in Tab. 2.

Table 2. The forecast of total consumption of fuel and energy
resources in Belarus,%

F“G;L:(‘)‘Srlc’gswer 2010 2015 2020
Natural gas 63,5 56,2 37,3
Coal 0,3 2,4 10,0
Nuclear fuel 0 0 11,4
Mineral oil 18,5 19,7 22,7
Others 17,7 21,7 18,6

The power supply system of Belarus has a difficult charac-
ter, but it is perfectly integrated into the general uniform elec-
tric network in the other states (the scheme of a power supply
system of Belarus and the other states is resulted in Fig. 2).
,/r\:s; i

Uadfﬁ — ’

bt}

Power supply systerm
of Byelorussia and

the adjacent states

Fig. 2. Scheme of a power supply system of Belarus

Among the power companies of Belarus, Russia, Esto-
nia, Latvia and Lithuania whose electric networks work in
a uniform electric ring, the Agreement on parallel work of
power supply systems has been in operation since February
7th, 2001.

The specified interstate electric communications of Be-
larus power supply system not only provides the reliability
of electricity supply to consumers of the Republic, but also
participate in the realization of steady parallel work of power
supply systems of all the region Baltic — Belarus — Russia —
Ukraine. Teamwork of a power supply system of Belarus with
the CIS countries and Baltics allows to carry out deliveries of
the electric power for the purpose of optimization of electric
balances of the parties, and also to give reserves of capacity and
to render the emergency help in extreme situations [4]. Within
the limits of parallel work of power supply systems, Belarus
imports the electric power from Russia and Ukraine, exports
it to Lithuania, and also carries out electric power transit in
energetically scarce regions of Russia and the Baltic State.

The structure of fuel balance of the Belarus power supply
system is resulted in Fig. 3.
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Fig. 3. Structure of fuel balance of the Belarus power supply
system on 2010, 2015 and 2020
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Bioenergetics — technologies which use renewed organic
resources, a so-called biomass for energy manufacture, in-
cluding the electric power, energy of liquid, firm and gaseous
kinds of fuel, warmth, chemical substances and other ma-
terials. The bioenergetics after the sun is the most powerful
renewed energy source [15].

Fuel from a biomass starts to become more popular be-
cause of the growing prices for fossil kinds of fuel. Besides,
using biopower sources reduces pollution, helps to supervise
emissions of carbon dioxide [14].

What is the biomass and how it can be used for warmth
and electricity reception?

Biomass is constituted by any materials of biological
origin, products of life processes and various organic waste.
The biomass will exist on the Earth until there is life on it.
According to the European Economic commission of the
United Nations the annual gain of organic substance on
the Earth is equivalent to manufacture of such quantity of
energy, which is ten times more than annual consumption
of energy by all mankind at the present stage [13].

The basic directions of use of biomass for power:
st group
— Fire wood (coniferous, deciduous breeds and fast-grow-

ing trees),

— Manufacture pellets (wood or peat granules),

— Manufacture of combustible briquettes (wood, grassy,
peat),

— Manufacture of special wood (for direct burning),

— Straw or grassy bales (in special fire chambers),

2nd group

— Gasification,

— Pyrolysis,

3rd group

— Ethanol manufacture,

— Manufacture of biodiesel fuel,

4th group

— Biohydrogen manufacture,

5th group

— Biogas manufacture.

In the conditions of Belarus, the development of bioener-
getics is economically expedient and technically realizable.
In Belarus there are in operation over 6300 complexes KPC;
over 100 pig-breeding complexes and 60 poultry-farming
complexes on which millions of tons of waste (Tab. 3) are
annually formed [2].

Table 3. The forecast of an exit of manure and dung in 2012, tons

Animal (birds) Lalri%‘z:;ggfd Pigs | Birds
Exit of manure (dung) 212 350 79 780 2400

This waste (practically without their preliminary pro-
cessing) is dumped on fields as fertilizers. However, be-
sides advantage, they simultaneously cause a considerable
ecological damage. Being washed away by snow and storm
waters, manure from fields, and also non-neutralized waters
of animal industries’ enterprises, in particular pig-breeding

farms, get to reservoirs. Such sewage contain a considerable

quantity of biogenic elements among which there is phospho-

rus and nitrogen promoting mass development of seaweed.

The potential of biogas from all the sources makes 160
thousand tons of conditional fuel in a year [16].

Biomass sources, characteristic for our republic, can be
divided into five basic groups:

— Products of natural vegetation (wood, wood waste, wood
dust and peat),

— Photogenes biomass (raps, straw, oil cake, silo, etc.),

— Waste of human life processes ( solid household waste,
waste of industrial production and deposits of treatment
facilities),

— Agricultural production waste (manure, chicken dung,
tops of vegetables, etc.),

— Agriculture waste ( beetroot, potato waste, beer pellets,
technical glycerin, meat waste, milk processing waste, etc.),

— Specially grown up fast-growing agricultures, plants and
wood plantings.

In Belarus solid household waste goes to dumps and two
waste recycling factories (Minsk and Mogilyov).

Annually there are taken out (thousand ton): paper —
648,6; food waste — 548,6, glass — 117,9; metal — 82,5; tex-
tiles — 70,8; wood — 54,2; skin and rubber — 47,2, plastic
—-170,8 [3].

The potential energy included in solid household waste,
formed on the territory of Belarus, is equivalent to 470 thou-
sand tons of conditional fuel.

At its processing for the purpose of gas obtainment,
the efficiency will reach no more than 20-25 %, which is
equivalent to 100—120 thousand tons of conditional fuel.
Besides, it is necessary to consider long-term stock waste,
which is available in all large cities and creates problems
with its warehousing. Only in regional cities, the processing
of annual municipal waste into gas would allow to receive
about 50 thousand tons of conditional fuel, and in Minsk — to
30 thousand tons of conditional fuel energy.

On the whole, in Belarus only 16 % of waste is pro-
cessed [5].

Efficiency of the given direction should be estimated not
only from biogas yield, but also on the basis of the ecological
component which will be essential in the given problem.

For obtainment of useful products or substances the bio-
mass demands processing which has complex character and
allows to solve a number of extremely important problems:
— Sanitary-ecological (disinfecting of waste);

— Agrochemical (obtainment of effective organic fertiliz-
ers);

— Power (obtainment of qualitative fuel, and then thermal
and electric energy);

— Social (improvement of working and living conditions,
increase in productivity of agricultural crops, increase of
efficiency of animals, reduction of poisonous chemicals’
application etc.).

At present the following large biogas complexes in
agrarian sector are being realized: Open Society «Gomel In-
tegrated Poultry Farm» (340 kw); “The Western” (500 kw);
“The Belarussky” (340 kw) and «Agrocombine of Snouy
(2 MW, Fig. 4).
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Fig. 4. Biocomplex «Agrocombine of Snou»

Understanding the importance of the question of waste
recycling, in 2012 in the Belarus Republic it is planned to
finish new large projects — seven biogas installations and
the complexes working on the waste from agricultural pro-
duction, with electric capacity 1-3 MBT.

They involve the following: Open Society “Gastello-
vsky” (electric capacity 3 Mw), Open Society “State Farm
Combine” Sozh »(electric capacity 1 Mw), The closed
joint-stock company “Lipovcy” (electric capacity 3 Mw),
Agricultural production co-operative “Maiak Kommuny”
(electric capacity 1 Mw), The republican unitary agricul-
tural enterprise «Sovhoz “Slutck® (electric capacity 1Mw),
The republican unitary agricultural enterprise «Pig-breed-
ing Complex “Borisovsky* (electric capacity 1 Mw), Agri-
cultural Production Co-operative “Vishnevetsky” (electric
capacity 1 Mw) [6].

Besides, by means of foreign investors, during the same
period it is planned to construct six biocomplexes on treat-
ment facilities and 5 biocomplexes on distilleries.

They involve the following: The Municipal Unitary
Enterprise «Minskvodocanal» (investments about 20 mil-
lion $ and 15 million $), The Municipal Unitary Enterprise
«Bobruiskvodocanal» (investments about 5 million $ and 4
million $), The Municipal Unitary Enterprise «Baranovichi-
vodocanaly (investments about 5 million $), The Municipal
Unitary Enterprise «Slonimvodocanal» (investments about
3 million $), 5 complexes «Belstatefoodprom» (investments
about 15 million $) [12].

It is necessary to notice, that the main ecological ad-
vantage of the “know-how” of biogas consists of reduction
of emissions of methane, carbonic gas and nitrogen oxide
in atmosphere. During fermentation process exactly such
quantity of carbonic gas which has been absorbed before
by plants in the course of photosynthesis is allocated, and
methane renders 21 times stronger influence on the hotbed
effect than carbonic gas, as it is caught and not dissipated
in the environment [9].

State policy realization in the sphere of use of renewed
energy sources is carried out according to the following
documents:

1. The Law of Belarus «About rational use of power re-
sources» from July, 15th, 1998 Ne190-3.

2. The Law of Belarus «About renewed energy sources»
from December, 27th, 2010 No204-3.

3. The instruction of the President of Belarus «Economy
and thrift — primary factors of economic safety of the

State» from June, 14th, 2007 Ne3.

4. The republican program of rational use of power re-
sources for 2011-2015 (it is confirmed by the decision
of the Ministerial Council of Belarus from December
24th, 2010 Ne1882).

5. The national program «Development of local, renewed
and nonconventional power sources for 2011-2015».

6. The program of social and economic development of
Belarus for 2011-2015.

Among the State’s priorities in fuel and energy sphere
there is the searching for and commercial operation of alter-
native energy sources on the basis of modern world technol-
ogies. Development of agriculture of Belarus will be carried
out according to the Government program of strengthening
of agrarian economy and development of rural territories
for 2011-2015.

The major problems of development of agriculture are
the formation of competitive, ecologically safe manufacture
of the agricultural production, fully satisfying the internal
requirements of the State, growing export potential as well
as an increase in profitability of sales [11].

The prior directions providing an increase of agricultural
production concern:

— Creation of highly effective integration structures of cor-
porate type on technological grocery chains from manu-
facture of initial raw materials till finished goods sale.

— Intensification of an agricultural production on the basis
of an effective utilization of industrial and climatic con-
ditions, manpower, infrastructures of sale in the country
and abroad with orientation to requirements of the pro-
cess industry and demand in the foodstuffs world market.

— Modernization of the enterprises processing agricultural
raw materials, introduction of new equipment and tech-
nologies allowing for deep processing of raw materials,
greater assortment, and also the provision of output with
high added cost.

The ecological policy of Belarus is directed on the main-
tenance of ecological safety, effective utilization of natural
resources at preservation of integrity of natural complexes,
including the unique ones. The basic directions of its real-
ization can result in:

— Considerable improvement of the environmental com-
ponents quality on the basis of an increase in the tech-
nological level of production.

— Reduction of volumes of formation of waste, emis-
sions of polluting substances into the atmospheric air
and dumps of polluted sewage in superficial reservoirs,
prevention of pollution of underground waters, soils and
degradation of agricultural grounds.

— Realization of a complex of actions for the prevention
and minimization of the harm caused to the environment
by accidents of techno-genic and natural character, at the
expense of carrying out of preventive organizational-tech-
nical measures in the sphere of manufacture, working out
and introduction into practice of modern methods, technol-
ogies and equipment for hydro meteorological supervision
and preparation of hydro meteorological forecasts.

— Increase in the level of waste involvement in the civil
turn, neutralization of the accumulated dangerous pro-
duction waste.
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— Preservation of biological variety, natural landscapes,
natural ecological systems by the development of espe-
cially protected natural territories network.

— Development of the National system of monitoring of
environment on the basis of introduction of progressive
technologies of supervision, data gathering, reception
and representation of ecological information.

— Formation of ecological culture of the population
through the educational system;

— Prevention of the ecological threats connected with the
increase in emissions of hotbed gases in atmosphere, an-
thropogenic change of climate and technology-induced
accidents.

Problems in the sphere of efficiency increase, use of local
and renewed power resources in Belarus so that:

1. To lower power consumption of gross national product
to the level of 2005: not less than 50 % in 2015; not less
than 60 % in 2020.

2. To provide economy of power resources (in comparable
conditions): not less than 7,1-8,9 million tons of condi-
tional fuel in 2011-2015; not less than 5,2 million tons
of conditional fuel in 2016-2020.

3. To provide a share of use of own power resources in the
balance of power resources for manufacture of thermal
and electric energy: not less than 25,0 % in 2012; not
less than 28,0 % in 2015; not less than 32,0 % in 2020.
The financing of actions for the rational use of energy

and own power resources in 2010-2015 is presented in Fig. 5.

The total amount of financing will make 8 662,5 million $.
The program of building of the power sources working on

blogas in 2010-2012 (the purposes and program problems):
Ecological load decrease in the environment.

— Reception of biogas and its use for the development of
electric and thermal energy with the view of replacement
of imported fuel and energy resources.

— Obtainment of high-quality organic fertilizers.

— Reduction of the contamination of areas under crops
from the use on them of unprocessed organic chemistry.
As aresult of realization of this Program in the Republic,

39 biogas installations with the total electric capacity of

40,4 MW will be placed in operation, which will allow for

the annual development of about 340 million kWh electric

energy and for the replacement of imported natural gas in
volume greater than 145 thousand tons of conditional fuel.

Realization of the national program «Development of
local, renewed and nonconventional power resources in

2011-2015» assumes:

— Building of 102 biogas complexes in the rural organiza-
tions as well as housing and communal services, micro-

Million USD
2000 1816,7
1693,4 1804,6 ’
1800
1667,4 1680,4
1600
1397,8

1200

2010 2011 2012 2013 2014 2015

Fig. 5. Financing of actions for rational use of energy

biological industry and on ranges of the municipal and

household waste the total electric capacity of 77,8 MW.

— Building wind stations of the total electric capacity
365-385 MW.

— Introduction of 184 solar power plants for the needs of
hot water supply.

— Introduction of 166 thermal pumps for the use of low
potential secondary power resources and geothermal
energy [10].

In the conditions of the world’s financial crisis and lim-
itation of resource potential, the increase of efficiency of
using fuel and energy resources gets the special importance
for the Republic. The economy becomes not simply oblig-
atory principle of managing, but the major requirement of
maintenance of national safety of the State.

As the basic directions of research and search works for
bioenergetics development in Belarus it is possible to consider:
— Reception of new data on resources of biofuel and its

characteristics.

— Studying of processes and creation of bases of technol-
ogies of preparation, processing and biofuel conversion
in power production.

— Studying of accompanying environmental problems,
including pollution of surrounding space by production
of waste and harmful gas emissions.

— Working out and substantiation of technologies of using
materials from waste processing for manufacture of fuel,
warmth and electric power.

— Estimation of economically expedient potential of bio-re-
sources for manufacture of fuel, warmth and electric
power, including their use in small agricultural towns.

CONCLUSIONS

There is the basic direction in recycling of waste in ag-
riculture, including processing enterprises of an agrarian
complex (milk factory, meat-packaging plants, spirit man-
ufactures etc.), old dumps and sewer drains in Belarus.

As to municipal services, both in the industrial and pri-
vate scale it is still necessary to work intensely. In immediate
prospects, the organization of separate collection of food and
industrial waste is considered very much as a challenge. As,
living in modern high-rise houses (8—16 floors) and having a
refuse chute, the population will hardly voluntary carry out
waste separation. Besides, the presence of special services
(firms) which would be engaged in delivery of the collect-
ed waste to destination is very important, and they are not
present as yet. All these problems can be solved sooner or
later, there would be desires and the will to carry them out.
Certainly, the State’s support is required.
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PERSPEKTYWY ROZWOJU BIOENERGETYKI
W REPUBLICE BIALORUS

Streszczenie. Publikacja zawiera materiaty dotyczace bioenerge-
tycznego potencjatu Republiki Biatorus. Przeprowadzono analizg
perspektyw rozwoju bioenergetyki. W jej obszarze rozpatrzono
technologie wykorzystania odnawialnych organicznych zrdodet,
w tym biomasy do produkcji energii elektrycznej; energi¢ z cie-
ktych, twardych i gazowych paliw; energi¢ cieplng zwiazkow
chemicznych i innych materiatdéw. W powyzszym aspekcie
bioenergetyka po stoncu jawi si¢ podstawowym odnawialnym
zrédtem energii.

Stowa kluczowe: bioenergia, zrodta energetyczne, zrodta bio-
masy, odpady rolnicze, przetwoérstwo odpadéw w produkcji
rolnicze;j.
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Summary: The paper presents the results of investigation of the
consequences of accidents involving a farm tractor used in a moun-
tainous region with a specific landform. The injuries sustained by
victims of the accidents were analysed. The basis for analyses was
the documentation prepared by the Agricultural Social Insurance
Fund. The results of the analyses allowed for indicating the spec-
ificity of such accidents. The human body parts most exposed to
damage and the severity of injuries were determined. The tractor
drivers sustain the injuries of a different kind than the other par-
ticipants of accidents (for example — the passengers). The drivers,
apart from the upper and lower limbs injuries, sustain damage to
head and trunk. Because of accidents, 2/3 of the victims sustain
irreparable damage to the body. In majority, it is 1-5% of perma-
nent damage to health. There are also fatal accidents.

Key words: tractor, accidents, injuries.

INTRODUCTION

The principal element in agricultural engineering is a farm
tractor. At present, in the fields of Poland, more than half
a million of farm tractors of different types are in operation.
They are used for typically agricultural works (tractor + unit)
as well as in the transport (tractor + trailer). They are exploited
under different conditions resulting from the specificity of
agricultural lands where they are used.

In mountainous lands, because of steep slopes, the work
of a tractor is difficult as it is necessary to keep its stability.
Classic, traditionally designed farm tractors should be able
to maintain their stability on a slope of 12°. Special construc-
tions of mountain tractors are designed for working on the
slopes of 25-30°. In Poland tractors of traditional designs
are used in mountainous regions [5, 8, 11, 12].

The specificity of using tractors in mountainous lands,
i.e. on steep slopes, involves the risk of accident if due cau-
tion is not observed, when a tractor working with a unit
loses its transverse stability. Such accidents usually have
considerable effects on mechanical damages of the tractor

and the units (or trailers) co-operating with it and on the
accident participants [7, 18].

In order to identify and classify the injuries sustained by the
persons participating in such accidents, an investigation was per-
formed,; the results of the investigation are discussed in this work.

RESEARCH METHODOLOGY

The research included the accidents occurred in Lesser
Poland/Matopolska Voivodeship, in the following counties:
Limanowa, Nowy Sacz, Nowy Targ, Tatra. The structure
of using lands in selected counties is presented in Table 1.

The analysis of the above table comparing the charac-
teristics of examined counties shows that the part of the
arable land in these counties amounts to 8% — 31,1%, of
the orchards 1,5% — 3,8%, of meadows and pastures 7,4%
— 16%, of forests and woodland 36% — 57%.

The accidents were analysed based on the documents of
the Agricultural Social Insurance Fund (KRUS) from 2005
—2010. According to its statute, KRUS keeps the documen-
tation of all accidents that happened in agriculture. Therefore,
the accident documentations gathered by KRUS can be used
as source material for analysing accidents with the participa-
tion of farm tractors. In the paper, we used the materials from
KRUS local post in Nowy Sacz, which activity includes the
counties of Nowy Sgcz, Limanowa, Tatra and Nowy Targ.

From the whole documentation, 46 accidents were se-
lected. The authors assumed these accidents as a representa-
tive sample of the accidents with the participation of a farm
tractor in the mountain region.

RESEARCH RESULTS

The accidents occurred on the meadows and pastures
area — 46%, on the dirt and forest roads — 25%, asphalt
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Table 1. Structure of using lands in selected counties of Malopolska Voivodeship [10]

Arable lands [ha] Forests | Remained
County Total area Arable and wood-| lands and
[ha] Total Orchards | Meadows | Pastures land waste land
lands [ha] [ha]
Tatra 47162 14620 3772 1415 4716 4716 26882 5660
% of total 100 31 8 3 10 10 57 12
Nowy Targ| 147466 72996 16221 2212 23594 30968 53088 21382
% of total 100 49,5 11 1,5 16 21 36 14,5
Limanowa | 95196 49471 29596 3588 9256 7031 39161 6564
% of total 100 52 31,1 3,8 9,7 7,4 41,1 6,9
Nowy Sacz| 155024 72322 36663 5924 16892 12843 69226 13476
% of total 100 46,7 23,6 3,8 10,9 8,3 44,7 8,7
Matopolska| 1514410 | 880807 | 598159 22599 178406 81643 441642 | 191961
% of total 100 58,2 39,5 1,5 11,8 5,4 29,2 12,7

roads — 19%, other — 10%. The most frequently participating
tractors were: URSUS C-330 — 44%, SAM (individually
assembled tractors) — 24%, URSUS C-360 — 13%, others
(URSUS, MF, Wtadymirec) — 19%. None of the farm trac-
tors was a mountain tractor, adapted to work on a land with
a steep slope.

The results of research are presented in diagrams. Be-
cause of the small sample size, the results give rather quality
than quantity information.

The number of accidents in individual counties is pre-
sented in Fig. 1
Limanowa county — 10 accidents
Nowy Targ county — 13 accidents
Nowy Sacz county — 17 accidents
Tatra county — 6 accidents

7

6 -

v
L

N
L

M Limanowa county

Nowy Targ county

w
L

® Nowy S3acz county

Number of accidents

N
L

M Tatra county

o
L

2005 2006 2007 2008

Year

2009 2010
Fig. 1. Number of accidents with the participation of a tractor
in individual counties

From the source material it appears that the number of
accidents was the highest in Nowy Sacz county (17 acci-
dents), and that it was the lowest in Tatra county (6 acci-
dents). In Limanowa county, 10 accidents took place, while
in Nowy Targ county — 13. It is clear that the number of
accidents correlates with the surface development in these
regions. In Nowy Sacz county, arable lands represent up to
46% of the county area, while in Tatra county only 31% of
the county total area.

The most accidents with farm tractors in the mountain-
ous lands happened in 2007 — 13 accidents, the least acci-
dents happened in 2009 — only 4 accidents.

The results of the analysis of the accident participants
age groups are presented in Fig. 2.
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Fig. 2. Age groups of accident participants:
above 51 years — 14 persons
50 — 41 years — 16 persons
40 — 31 years- 15 persons
till 30 years — 7 persons

52 persons participated in 46 accidents. The analysis
shows that in a majority of accidents, the participants
were more than 31 years old (87%). The most numer-
ous group, that is 28%, in mountainous regions includes
the persons from the age interval 41 — 50. The group of
people more than 51 years old is also large — 27% of
all the participants of accidents with farm tractors. The
persons younger than 30 constitute a small group of 7
persons, i.e. 17% of the total number of victims in such
accidents. This age structure is presumably the effect
of the advantageous opinion on abilities and routine of
middle-aged and older people in the works using a farm
tractor in mountainous regions. It is notable, at the same
time, that the country ‘grows old’ and elderly people have
health problems, which can influence the increase of the
number of accidents in country lands.

In 2007, the accidents with the largest group of victims
happened. In this period up to 14 persons participated in the
accidents with farm tractors, % of whom were the persons
above 41 years old.

The analysis of the victims (driver, passenger, observer)
of the accidents with farm tractors is presented in Fig. 3.
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M Observer - 3 persons

Passenger - 9 persons

Number of persons

M Driver - 40 persons

2005 2006 2007 2008 2009 2010
Year

Fig. 3. Victims of agricultural accidents

The analysis shows that not only the persons actively
participating in the works with a farm tractor: driver — 77%
and passenger — 17%, but also passive observers of the event
sustain injuries — 6 %.

Statistical participation of the victims of accidents with
farm tractors is as follows: 0.23 passengers and 0.07 observ-
ers to one injured driver.

M Problems due to
the mountainnous
land

Other

M Bad technical
condition of tractor

H Alcohol

Fig. 4. Cause of accidents

The analysis of the accidents causes demonstrates that
more than a half — 52% of accidents is caused by wrong
driving technique, not adapted to the current conditions,
and by insufficient driver abilities required for operating
tractors under heavy mountainous conditions. Bad technical
condition of the farm tractors contributes to an increase
in the number of accidents, as well. Among 46 analysed
accidents with a tractor, only 1/6 of all tractors had been
tested. Alcohol and other causes like carelessness or gross
negligence are the causes of 1/3 accidents with farm tractors.

The operation of a farm tractor in a mountainous region
needs knowing, experience, good equipment and perceptive-
ness as well as full concentration, because it often happens
that some little error involves heavy accidents and injuries.
The best solution for the work in mountainous regions is
a mountain tractor, which by its design and technology in-
creases the safety and facilitates the work.

INJURIES OF ACCIDENT PARTICIPANTS

It results from the analysis of injuries severity of the vic-
tims of accidents with the participation of farm tractors, that
within a period of 6 years (2005 — 2010), 50% of victims (27
persons) sustained constant, irreversible damage to health,

16 people sustained prolonged injuries and 8 persons died.
Moreover, the attention must be paid to the severity degree
of prolonged and constant injuries. The severity of prolonged
damages to health, i.e. the percentage of damage to health,
is significantly lesser than in the case of constant injuries.
From the group of 52 persons, half of them will be disabled
for life. The scale of danger involved in the work using
a tractor in the regions with significant slopes is very large.
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Fig. 5. Injury severity rate of the victims
The location of the post-accident injuries is presented
in Fig. 6
M Lower limb
Upper limb

M Trunk

B Head

Fig. 6. Location of post-accident injuries

The analysis of the post-accident injuries shows that
half of them are the injuries to the limbs: upper (26%) and
lower (27%). Trunk injuries are % of all the injuries. Head
injuries and multiple-organ injuries are seldom encountered,
they represent 25% of all post-accident injuries.

A comparison of injuries sustained by a driver and a pas-
senger is presented in Fig. 7

A B
7%
14%

20% 36%

29%
7%

50%
37%

Fig. 7. Comparison of injury location in accident victims:
A — driver, B — passenger
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It results from the analysis of post-accident injury loca-
tion in a driver and in a passenger, that the passenger mostly
sustains the injuries to a lower limb (50% of all injuries) and
to an upper limb (36%). Drivers are often hurt in upper and
lower limbs. However, a comparative analysis demonstrates
a difference in location of the remaining post-accident inju-
ries; 1/5 injuries of drivers are damages to trunk, a passenger
suffers such injuries twice less. It is similar in the case of
head injuries — a driver suffers such injuries twice more
often than a passenger.

The post-accident injuries to upper (Fig. 8) and lower
(Fig. 9) limbs were analysed in detail.
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Fig. 8. Post-accident injuries to upper limbs

The analysis shows that 1/3 of all upper limb injuries are
the damages to the upper limb pectoral girdle, and 2/3 are
the injuries to the upper limb self. The most frequent injury
as a result of accidents with a farm tractor in a mountainous
region is collarbone fracture and sprain of hand as well as
fracture within the shoulder. The most frequent injury is
fracture — 45% of injuries, and less serious ones— bruise
and damage to the upper limb — constitute 30% of injuries.
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Fig. 9. Post-accident injuries to lower limbs

The analysis of the injuries to a lower limb shows that
86% of injuries were the injuries of the limb itself; other
14% are the injuries to the pelvic girdle. Mostly, as a result
of accidents, damages to thigh follow — they constitute 1/3
of all the injuries — next are damages to knee and shank
(shin). The most common is the fracture of shin, knee sprain
and fracture of thigh. Fracture is the most common injury to
a lower limb. It happens in almost half of cases.

Decisive for the extensiveness of injuries are the follow-
ing factors: place, surface and energy of the vehicle impulse
contact between the tractor and the victim. Furthermore,

it is notable that the extensiveness as well as the quality
of injuries would be dependent on the physical condition
(properties) of a particular person. It depends, among other
things, on the features like bone and soft tissue elasticity, i.e.
damping capacity and energy dissipation [2, 6, 17].

Determinants of the injury type are the kind of the
collision, the position occupied by the person and the
safety measures used by this person, like safety cabin,
safety belts [3, 4, 16, 19].

The collected and analysed source material proves
that the most common location of injuries occurring in
both tractor drivers and passengers is a lower limb. The
type of injury most commonly sustained by the victims
is fracture.

Fracture is a break of bone continuity on its whole cross
section. It happens under the action of an external force
applied to the bone. These forces act on the bone until the
moment of surpassing the allowable stress causing destruc-
tive deformations — crack and fracture of the bone.

The mechanism of the fracture depends on the position
and direction of the force causing the injury. There are two
principal mechanisms: direct — when the injury force acts
directly on the bone, and indirect — when the injury force
acts through another bone, articulation, tendon etc. [6, 15].

In the case of the accidents with a tractor, 2/3 victims
are the drivers. The injury type is determined by the acci-
dent run, the position occupied by the particular person, as
well as the safety measures used by this person, like safety
cabin, safety belts.

CONCLUSIONS

The number of accidents within a representative sample
from a mountainous region correlates with the region’s
development.

— More than 50% of accidents are caused by wrong driv-
ing technique, not adapted to the working conditions in
a mountainous region and by problems connected with
agriculture.

— The injured are mostly (80% of accidents) the drivers.
The passengers participate in every fifth accident, and
the observers constitute 6% of the injured. The largest
age group affected are people after 41 years of age. The
‘ageing agriculture’, both in terms of technology and hu-
mans, influences the increase of the number of accidents.

— Inthe accidents, the injured drivers and passengers sus-
tain different kind of damages. The passengers are more
exposed to the injuries of lower and upper limbs, which
may be connected with jumping down the tractor during
the accidents. The drivers sustain damages to lower and
upper limbs as well, but they are exposed almost as often
to head and trunk injuries.

— Inthe accidents, half of victims sustain irreparable dam-

age to the body, though the severity of these injuries

usually is not significant (the largest group within 1%

— 5% of permanent damage to health), however a farmer

with a leg or hand motor disability would have trouble

performing his duties.
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— The work with a farm tractor in a mountainous region
requires knowledge, experience, good equipment as
well as perceptiveness and full concentration on the per-
formed task, because it often happens that some small
error or an oversight results in heavy accidents. The
best solution for the work in mountainous regions is
a mountain tractor, which by its design and technology
increases the safety and facilitates the work.
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OBRAZENIA OSOB W WYPADKACH
Z UDZIALEM CIAGNIKOW ROLNICZYCH
NA OBSZARZE GORSKIM

Streszczenie. W pracy przedstawiono wyniki badan skutkow
wypadkow z udziatem ciagnika rolniczego eksploatowanego
w specyficznym pod wzglgdem uksztaltowania terenie gorskim.
Analizowano obrazenia jakich doznaty osoby uczestniczace
wypadkach. Podstawa do przeprowadzonych analiz byta doku-
mentacja wypadkéw prowadzona przez Kasy Rolniczego Ubez-
pieczenia Spotecznego. Wyniki analizy pozwolity na wskazanie
specyfiki takich wypadkow. Okreslono jakie cz¢sci ciata czlo-
wieka sa najbardziej narazone na obrazenia oraz cigzkos¢ tych
obrazen. Kierujacy ciggnikiem ulegaja obrazeniom innego typu
niz pozostali uczestnicy wypadku (np. pasazerowie). Kierowcy,
obok obrazen konczyn dolnych i gornych, doznajg obrazen glo-
wy 1 tutowia. W wyniku wypadkow 2/3 poszkodowanych ulega
statemu nieodwracalnemu uszkodzenia ciata. W wigkszosci jest
to 1%-5% stalego uszczerbku na zdrowiu. Zdarzaja si¢ takze
wypadki ze skutkiem $miertelnym.

Stowa kluczowe: ciggnik rolniczy, wypadek, obrazenia.

The study was performed within the framework of a PK WM M-4/84/2013/DS Project.
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Summary. This paper presents the results of analyses investi-
gating the effect of specific piston pressure (45 to 113 MPa) and
the addition of a calcium lignosulphonate binder (0 to 20%) on
the compaction parameters of oakwood sawdust. The experi-
ments were performed with the use of the ZWICK Z020/TN2S
universal strength tester and a closed compression die assembly.
An increase in pressure led to an increase in material density in
the compression chamber and agglomerate density (by 16% on
average), and it more than doubled the mechanical strength of
the agglomerate. Higher compaction pressure increased the de-
mand for compaction energy by 104%, on average. The addition
of binder contributed to agglomerate density and increased the
mechanical strength of the agglomerate by 33%, on average.
Key words: compaction, pressure, binder, calcium lignosulpho-
nate, sawdust, biomass.

INTRODUCTION

Solid biofuels manufactured from plant biomass are the
main resource in the renewable energy industry [4, 6, 15,
20]. Energy biomass comprises timber processing waste,
including sawdust. Those plant resources are characterized
by low density and low calorific value (per unit of volume),
and they are difficult to transport, store and feed to boilers in
unprocessed form [1, 2]. Biomass density has to be increased
to make this raw material more suitable for energy produc-
tion. This is achieved by briquetting or granulating bulk
material in the process of pressure agglomeration [5, 13, 21].

In laboratory analyses of the agglomeration process, raw
material is compacted in a closed compression chamber with
a piston. Process parameters, including energy consumption
and raw material’s susceptibility to compaction, are deter-
mined. Changes which take place in the material during com-
paction and the quality of the final product have to be closely
monitored. The compaction process and agglomerate quality
are determined by process parameters as well as by the phys-
ical and chemical properties of the compacted material [5, 7].

Compaction pressure (specific piston pressure) signifi-
cantly affects the compression process and the quality of the
resulting agglomerate [3, 11, 14, 17]. Inadequate pressure
settings can lead to wasteful energy consumption, and they
may lower the strength characteristics of the agglomerate.
According to the authors’ previous research [8], the use
of lignin binders containing calcium lignosulphonate may
offer a partial solution to the above problem. Lignin has
adhesive properties, and it binds raw material components
to improve agglomerate stability and quality [12, 16, 19,
22]. The resulting agglomerates are characterized by greater
density and higher mechanical strength which, in turn, low-
ers energy intensity of the compaction process, decreases
storage requirements and facilitates agglomerate transport.

The objective of this study was to determine the effect
of specific piston pressure on the compaction parameters of
oakwood sawdust containing various quantities of calcium
lignosulphonate.

MATERIALS AND METHODS

The experimental material was oakwood sawdust sup-
plied by a sawmill in the Lublin area. The material was
obtained by cutting oakwood with a wooden saw with 22.2
mm tooth pitch. The granulometric composition of sawdust
was determined in accordance with standard PN-EN 15149-
2:2011 using the SASKIA Thyr 2 laboratory sieve. The bulk
density of raw material was described in line with standard
PN-EN 15103:2010.

A binding agent (calcium lignosulphonate) was added to
material samples with 12% moisture content in the amount
of 1% and 2%. Material without the added binder served
as a control sample.

The pressure compaction methodology was described
in the authors’ previous study [9]. The experiment was
performed with the use of the Zwick Z020/TN2S strength
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tester with a closed compression die assembly and a com-
puter-controlled system for monitoring compaction param-
eters. Test parameters were as follows: chamber diameter
— 15 mm, cylinder (compacted material) temperature — 20°C,
piston speed — 10 mm'min™. Sawdust was compressed at
five values of the maximum compaction force: 8, 11, 14, 17
and 20 kN, which corresponded to the following compaction
pressure parameters: 45, 62, 80, 96 and 113 MPa. Every
compaction process was performed in three replications.

The results were plotted on a compaction curve showing
the correlation between compaction force and piston speed.
The curve was used to determine process parameters: max-
imum material density in the chamber pc, total compaction
effort (Lc = L-m™, where : L — compaction effort, m — weight
of material sample). The coefficient of material’s suscepti-
bility to compaction kc was calculated from the following
formula:

LC
k, = ————((@g"Y(g-em?)), (1
(P =p,)
where:
pn — initial density of raw material in the compression cham-
ber, g-cm; Lc— specific compaction effort, J-g.

Agglomerate density after 48 h of storage (pa) was de-
termined. The degree of material compaction in the chamber
Szm and the degree of agglomerate compaction Sza (volume
reduction) were calculated as the ratio of densities pc and
pa to raw material density in the compression chamber pn
(Szm= pc. pn’', Sza= pa. pn).

The mechanical strength of the agglomerate was de-
termined in a compression test with the use of the ZWICK
Z020/TN2S strength tester (piston speed 10 mm-min™). An
agglomerate with diameter d and length / was compressed
along the perpendicular axis until damaged, and maximum
breaking force Fn was computed. Mechanical strength on
[MPa] of the agglomerate was calculated from the following
formula [10, 18]:

o =
" ored- l
The correlations between binder content and moisture
content of the examined material and compaction parameters
were analyzed statistically in the STATISTICA application
at the significance level of o, = 0.05. Regression equations
describing the correlations between compaction and pressure
parameters at various binder content levels are shown in
Figures 2-5. A regression analysis revealed that the observed
correlations can be described by quadratic equations of the
second degree or linear equations.

)

RESULTS

BASIC PHYSICAL PARAMETERS
OF THE ANALYZED MATERIAL

An analysis of the granulometric composition of material
(Fig. 1) revealed that particles with the size of 0.4 to 1.6 mm
were the predominant fraction.
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Fig. 1. Particle size distribution (P,) of the studied raw material
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Particle size distribution of the analyzed material was
conducive to pressure agglomeration.

The average bulk density of raw material with 12%
moisture content was determined at pn= 0.297g-cm>.

RAW MATERIAL DENSITY IN THE COMPRESSION
CHAMBER AND AGGLOMERATE DENSITY

The results presented in Figure 2 indicate that the initial
density of raw material in the compression chamber pc in-
creased with a rise in pressure at all binder content levels z/.
The greatest increase in agglomerate density ra was observed
in the pressure range of 45-80 MPa. Further pressure increase
had no effect on agglomerate density. The highest values of
the analyzed parameters were reported for sawdust with the
highest binder content, and the lowest — for control material.
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Fig. 2. Correlation between material density in the chamber (pc),
agglomerate density (pa) and compaction pressure (P) at various
binder content levels (z/)

In the pressure range of 45—113 MPa, the density of ma-
terial with 2% binder content was determined in the range of
1.21 grem? to 1.55 g-cm? for parameter pc and 0.92 g-cm
to 1.11 g-cm for parameter ra. The applied binder had the
greatest effect on sawdust density within the pressure range
of 62— 96 MPa.

DEGREE OF AGGLOMERATE COMPACTION

An analysis of the degree of raw material compaction
in the chamber and agglomerate compaction after storage
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point to a significant increase in compaction values with an
increase in compaction pressure (Fig. 3). Under the pres-
sure of 113 MPa, the maximum material compaction in the
chamber pc was 5.3 times higher on average in comparison
with initial density of raw material pn regardless of its binder
content. The addition of binder had the most significant
impact on the analyzed parameter within the pressure range
of 62-96 MPa.
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Fig. 3. Correlation between the degree of material compaction

(Szm), agglomerate compaction (Sza) and compaction pressure
(P) at various binder content levels (z/)

The highest degree of agglomerate compaction Sza was
reported in sawdust with 2% binder content compressed
under the pressure of 80, 96 and 113 MPa (no significant
differences in the values of Sza were observed under the
above pressure settings). Agglomerate density was approx-
imately 3.7 times higher in comparison with the initial
density of raw material. Similarly to the reported changes
in the value of ra, the highest increase in agglomerate
compaction was observed in the pressure range of 45-80
MPa in all studied samples.

COMPACTION EFFORT
AND SUSCEPTIBILITY
TO COMPACTION

The correlations between specific compaction effort
Lc, coefficient of susceptibility to compaction and com-
paction pressure P are presented in Figure 4. Within the
entire range of examined values, the analyzed parameters
increased with a rise in compaction pressure. Such a trend
was observed in all examined samples. The value of Lc
was determined in the range of 42.61 to 99.55 J-g!, and
the value of k¢ — from 23.01 to 40.11 (J-g1)-((g-cm?))™.
The highest values of the analyzed parameters were noted
at the maximum compaction pressure (113 MPa) in sam-
ples with the highest binder content (2%). This suggests
that binder application increases the coefficient of friction
between material particles and between particles and the
walls of the compression chamber, leading to an increase
in compaction effort and the coefficient of susceptibility to
compaction (Fig. 4).
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Fig. 4. Correlation between compaction effort (Lc), coefficient
of susceptibility to compaction (kc) and compaction pressure (P)
at various binder content levels (z/)

MECHANICAL STRENGTH OF THE AGGLOMERATE

In all the analyzed samples, the mechanical strength of
agglomerate on increased with a rise in compaction pres-
sure within the range of 45-96 MPa (Fig. 5). A pressure
increase to 113 MPa in material samples with 1% and 2%
binder content did not lead to a noticeable increase in the
mechanical strength of the agglomerate. An insignificant
increase in the value of on was noted only in control ma-
terial. Mechanical strength values were determined in the
range of 0.85 to 2.31 MPa. The agglomerate produced
from sawdust with 2% binder content under the pressure
of 96 and 113 MPa was characterized by the greatest me-

chanical strength.
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Fig. 5. Correlation between mechanical strength of agglomer-
ate (om) and compaction pressure (P) at various binder content
levels (z/)

Greater variations in the value of on were reported with
an increase in pressure in the range of 45 to 96 MPa due to
different binder content of the examined material. Under
compaction pressure of 96 MPa, the mechanical strength of
material with 2% binder content was 44% higher on average
in comparison with control.
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CONCLUSIONS

The following conclusions can be drawn from the results

of the study:

1.

The density of material in the compression chamber, in-
cluding samples with and without the addition of binder,
increased by 18% on average with a rise in compaction
pressure. An increase in density within the examined
range of values also contributed to an average 16% in-
crease in agglomerate density. The addition of binder
had the most significant impact on density within the
pressure range of 62-96 MPa.

The degree of material compaction in the compression
chamber increased by 24% on average within the en-
tire range of tested pressure parameters. The degree of
agglomerate compaction increased by 23% on average
only within the pressure range of 45-96 MPa.

Specific compaction effort and the coefficient of suscep-
tibility to compaction increased with a rise in compac-
tion pressure values. The average increase in the former
parameter reached 104% and in the latter — 80%. The
addition of binder decreased the analyzed material’s
susceptibility to compaction.

An increase in compaction pressure within the analyzed
range of values led to an average 104% increase in the me-
chanical strength of the agglomerate. In material with 2%
binder content, the value of o increased by 33% on average.
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WPLYW CISNIENIA NA EFEKTYWNOSC
ZAGESZCZANIA TROCIN DEBOWYCH
Z DODATKIEM LEPISZCZA

Streszczenie. Przedstawiono wyniki badan nad okresleniem
wplywu jednostkowego nacisku tloka (od 45 do 113 MPa)
i dodatku lepiszcza w postaci lignosulfonianu wapnia (od 0 do
2%) na parametry zaggszczania trocin dgbowych. Zageszczanie
przeprowadzano przy wykorzystaniu maszyny wytrzymatoscio-
wej Zwick typ ZO20/TN2S i zespotu prasujacego z matryca

zamkniegta. Stwierdzono, ze wraz ze wzrostem cisnienia ros-
nie gesto$¢ materiatlu w komorze i ggstos¢ aglomeratu (Srednio
0 16%) oraz ponad dwukrotnie zwigksza si¢ odpornos¢ mecha-
niczna produktu. Zwigkszanie ci$nienia zaggszczania w bada-
nym przedziale, powoduje wzrost zapotrzebowania na energi¢
zageszczania Srednio o 104%. Wykazano, ze dodatek lepiszcza
zwicksza gestos$¢ aglomeratu oraz powoduje wzrost jego odpor-
nosci mechanicznej przecigtnie o 33%.

Slowa kluczowe: zageszczanie, ci$nienie, lepiszcza, lignosul-
fonian wapnia, trociny, biomasa.
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Summary. The paper presents impact of effective car fleet
management on the development of the company. It lists and
describes the major problems resulting from the maintenance
of vehicles, such as cost of fuel and insurance, expenses related
to servicing of vehicles, conducting their periodic inspections
and repairs, etc. It also considers the options to acquire savings
that can be used for investments that could contribute to the
development of the company.
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INTRODUCTION

Dynamic growth of automotive branch enables greater
access to means of transport. Most companies have, smaller
or larger, vehicle fleet meant to carry out various tasks. In the
vehicle fleet, depending on a company, there are cars that en-
able carrying out transport services related to passenger and
cargo transport, personal cars exploited by the management,
as well as special, public, fire fighting, military or medical
vehicles meant to carry out specific tasks. Cost related to
the fleet management, fuel purchase, insurance and service
is considerable and significantly influences the company’s
financial condition [7]. Additionally, in the case of transport
companies — the number of which is still increasing and this
adds to greater competition on the services market — the cli-
ents’ expectations pertaining to transport quality and related
fees are increasing, too.

In order to decrease the vehicle fleet management-re-
lated costs, its proper management is vital [3,6]. Saved
financial means resulting from effective vehicle fleet man-
agement in a transport company make it possible to lower
rates for clients. An attractive price offer for passenger
or cargo transport is not only an opportunity for getting
regular orders, but also a chance for attracting new clients
and developing the transport enterprise. Decreasing the

costs resulting from the fleet maintenance in every company
means extra financial resources for carrying out various
investments having an impact on improved functioning of
the company.

OUTSOURCING IN VEHICLE FLEET
MANAGEMENT

Vehicle fleet management means proper planning and
work organization for means of transport owned by the
company. In order to guarantee operational readiness of
the fleet its technical condition needs to be controlled dur-
ing diagnostic tests, it must be serviced at regular intervals,
insured, provided with fuel and other materials [1]. Vehicle
fleet management means also dealing with all administra-
tive issues related to its maintenance, sale and purchase of
cars, coordinating and supervising cooperation with service
stations, etc. Duties of the person dealing with the vehicles
include negotiating conditions with fleet service providers
and insurance companies (Fig.1) [13,17].

Proper vehicle fleet management is a key factor influ-
encing its development and gaining a market position by the
company. A crucial element facilitating vehicle fleet man-
agement is using telematic technologies [ 14]. Implementing
such solutions and their correct use in transport companies
adds to extending the scope of services, lowering the costs
and improving the quality of carried out transport tasks. Tak-
ing advantage of new technologies and providing the drivers
with suitable training packages meant to improve their skills
leads to significant savings pertaining to more economic
driving style [4,8,12]. Savings resulting from lower fuel
consumption and smaller accidents rate add to generating
greater profits in the company and creating its own reliable
name. Good opinions about a transport company, i.e. relia-
bility, clients’ satisfaction, timely execution of tasks are all
features of effective vehicle fleet management.
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Fig.1. Entities with whom a fleet manager cooperates and
deals [21]

More and more companies are aware of the role of proper
fleet management. Most companies invest in their own fleet
and suitable vehicles management systems. This gives the
company’s management an opportunity of having complex
control over the fleet they operate. Some companies give up
their own fleet and decide to make use of external operators
specializing in a given field. Delegating some duties to an
eternal company (outsourcing) enables better coordination
over the remaining tasks.

In many companies vehicle fleet management is worth
outsourcing to specialists who can relieve the staff employed
by the company owning a vehicle fleet of their workload.
They can add to limiting the costs related to vehicles main-
tenance. In Poland, similarly as in many European countries,
functions of fleets managing companies have been taken
over by vehicles leasing enterprises [5,20]. Outsourcing
a vehicle fleet management has become more and more
common practice, both in large corporations and small
companies owning just several vehicles. They receive, as
a package:

— inspections and repairs in authorised service stations,

— complex scope of insurance services OC, AC, NW and
supervision over the liquidation process of motor insur-
ance claims,

— 24-hours Assistance, as well as an opportunity to get an
interim vehicle,

— special fuel cards, owing to which fuel costs at petrol
stations can be settled in a non-cash way,

— asystem monitoring of the vehicle fleet GPS.

Tasks of a fleet managing company include the duty to
replace the cars into new ones and disposal of the exploit-
ed ones. The client is only to pay a monthly fee related to
potential vehicles rental and control over the costs. The
fleet managing company also prepares a complex scope of
analyses and managerial reports pertaining to exploitation of
the client’s vehicle fleet. These types of analyses and reports
are necessary for costs control and reduction. An appendix
to such report can be a list of all transactions realized by
particular users, specifying dates, places, fuel type and quan-
tity, and even the vehicle filling up times.

A company deciding to outsource its vehicle fleet man-
agement can select one of several options described in Ta-
ble 1 [21]. There are also solutions meaning partial transfer
of duties related to vehicles maintenance to an external
partner. This pertains to revolving lease, a service package,
insurance lease, as well as lease with a service package.
Regardless of the option selected by the company owning

a vehicle fleet, taking advantage of outsourcing services
has many advantages. It is a perfect solution for enterprises
treating their vehicles as business means which, after some
period of operation, depreciate and should be replaced into
new ones. Also, they do not experience problems related to
current exploitation of vehicles.

Table 1. Outsourcing options in vehicle fleet management

Variant Scope of duties
Full service |- pertains to taking over all duties related to

"|leasing vehicles service maintenance.
— means current vehicle fleet management,
— the entity placing the order remains the
vehicle owner,
— the outsourcing company is only responsi-
Car fleet ble for current fleet management,
2.|manage- |- within the scope of the order we provide
ment service, liquidation of claims and other

elements that can be offered by an outsourc-
ing company,

— the clients purchase vehicles themselves
and insure them.

— it means re-sale of the fleet owed by the
company to the managing company and
then leaseback of the same vehicles,

— the offer is addressed mainly to companies
owing relatively new vehicle fleet,

— taking advantage of this option can improve
the flow of documents in the company and
simplify settlements.

3.|Lease-back

Selecting a suitable vehicle fleet managing company
is crucial. Only an experienced and professional company
can add to effective vehicles management, decreasing the
costs and generating profits [10, 15]. Thus saving up extra
financial means and their proper use can add to each com-
pany’s development.

COSTS OF VEHICLES FLEET MANAGEMENT

The most important problems related to vehicles main-
tenance in a company include expenses concerning fuel
purchase and their depreciation costs. The costs consti-
tute approx. 57% of general expenses related to owing
a vehicle fleet. High depreciation rate has a direct impact
on decreasing the vehicles’ book value and higher re-
sale value. Compulsory insurances constitute 13% of the
fleet maintenance costs. Other elements constituting the
fleet-related expenses are: 12% — credit costs, 12% — in-
spections and tyres replacement, 6% — taxes and admin-
istrative costs (Fig.2).

In order to reduce high costs resulting from vehicle fleet
maintenance, that significantly influence the company’s con-
dition, one should implement various types of economy
programs, effective control of all activities and optimization
of expenses [2,16,18]. Owing to such activities, monthly
expenses can be reduced by as much as 5-10%. Even a more
effective way to save up to 10 — 20% is outsourcing the
vehicle fleet management to an external company, as men-
tioned previously. Expenses borne by the company owning
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the means of transport, the so-called TCO and ways of their
reduction are presented in Tables 2 and 3. All costs related to
the owned vehicles and hired drivers should be segregated
separately, to know it precisely what specifically the mon-
ey is spent on and on what one can save. Such accounting
restricts undue expenses and individualizes the costs per
a specific vehicles/driver.

An important problem in effective fleet management is
proper attribution of means of transport to execute a spe-
cific task and, resulting from that, determining the required

advantage of most recent IT and telematic technologies,
such as [11,14]:
— OBD systems diagnosing and informing about vehicles
damages,
— satellite navigation systems,
— geographic information systems,
— wireless communication systems.
Applying IT technologies enables continuous vehicles
localization online, sending text messages, data collec-
tion and administration, time evidence, as well as keeping

number of drivers. In solving the problem one can take a route record.

Insurance
13%
Repair, tire

maintenance
12%

Fuel

24%

Taxes
3%

Adminstration
3%

Credit cost
12%

Depreciation
33%

Fig. 2. Cost constituents of maintaining a 50-100 vehicles fleet [21]

Table 2. Ways of reducing costs related to vehicles’ purchase and their servicing

Cost

Benefits

paying attention, during vehicles purchase, to:

—newest technologies increasing the driver’s comfort and safety,

— savings related to their exploitation (cars’ manufacturers present the total
vehicle maintenance cost for some period; the lower CO, emission, the
less fuel a specific vehicles will consume, and this is related to lower tax
rates),

— same brand of vehicles — this results in savings related to vehicles’
servicing by one service station and thus a possibility of discounts, faster
repairs, inspections, tyres replacement, etc.,

selection of the best technical and financial offer,

Costs reduction ways

controlling expenses related

Purch f vehicl
urchase ot VEICICS 1) the sales offer

punctuality and reliability of periodic inspections, pursuant to manufactur-

ers’ recommendations and guarantee conditions, because:

— an oversight related to this can result in a lost guarantee and generate
extra costs (purchase of new spare parts),

—an eventual failure may immobilize the vehicle for a longer period and
thus reduce its operational ability and value, when intended for sale,

analysis of offers from
service stations

Service

facilitates functioning of a company owing a vehicle fleet and adds to sig-

nificant savings, because:

— it guarantees high quality of performed services,

— low inspection and repair costs,

— fast and punctual inspections and repairs — this guarantees the vehicle can
be timely returned for operation.

own repair service
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Table 3. Ways of reducing costs related to fuel purchase and insurance of a vehicle fleet

Cost

Costs reduction ways

Benefits

Fuel purchase
costs

fuel cards

non-cash transactions, owing to which the drives does not have to carry
legal tenders (cash, debit card),

discounts for fuel purchase,

deferred payments terms,

unlimited access to on-line systems enabling:

— inspection of fuel expenses over a specific period,

— having permanent control over transactions realized by means of a fuel
card,

control over drivers working time, since their location and fuel purchase
time is known,

creating monthly reports including all transactions by means of a specific
fuel card and submitting them to companies, owing to what detailed fuel
purchase costs generated by a specific vehicles are knows,

change of drivers’ habits:

— eco driving and defensive
driving training sessions,

— intelligent systems recording
the driving style

improvement of the driving style, increasing safety,

faster prediction of situations occurring on the road and thus better
possibility of avoiding sudden braking and acceleration (also, accidents),

decreasing fuel consumption (up to 15-20% a year) and fumes emission to
the environment,

selection of the optimum rout
and its monitoring

lower fuel consumption,

control over the driver,

giving a vehicle at a user’s
disposal only during business
hours

this way one can currently control fuel consumption related to business
strips during business hours,

Vehicle insurances

analysis of offers from insur-
ance companies

selection of the best offer,

insuring the entire fleet in one insurance company, since this enables:
— negotiation of the proposed insurance policy terms and conditions,
— getting better conditions (more vehicles — better offer),

selection of an offer with extra options, i.e.:

— third-party liability of motor vehicle owners which, in a package, includes
also extra voluntary insurance,

— an interim vehicle,

giving up voluntary insurance
(eg with AC)

increased awareness of the driver, because he will bear financial
consequences related to the vehicle or its equipment damage himself.

On the Polish market modern technologies supporting
vehicle fleet management have only been used in approx.
20%. Most Polish companies have purchased such sys-
tems mainly to control the drivers and check their location.
Meanwhile, the telematic systems offered by manufacturers

are used mainly for effective and dynamic management
and improved functioning of the entire company. Finder
Online (fig.3) and AutoControl are examples of such sys-
tems. Characteristic features of the systems are presented
in Table 4 [21].

Fig. 3. Diagram of the system Finder On-Line [21]
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Table 4. Characteristic features Finder Online i AutoControl
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Finder Online

AutoControl

— this is a complex solution addressed to large, medium and
small companies who want to increase work effectiveness
of their companies,

— all data are recorded on a server by means of transmission,

— devices installed in vehicles send information to a GSM
operator and then the coded data is sent to the server,

— when GPRS data transmission is not available, the devices
record collected information owing to built-in flash memory,

— Finder Pro devices are equipped with a 32-bit processor
and an internal battery enabling 48 hours uninterrupted
operation without external power supply,

— the system is characterised with low current consumption
and an aluminium enclosure that guarantees high resistance
and aesthetic values.

— data transfer takes place similarly as in Finder system, i.e.
by means of GSM network and GPS technology,

— the system’s operational range includes all European
countries,

— access to the system is possible through an Internet browser,
by means of installing the software on the user’s PC, as
well as by means of a mobile version available for a mobile
phone,

— the application is available in 2.0 version and it enables:
monitoring the means of transport and fuel consumption,
planning the routes, analysis of the travelled route, sending
messages and orders, data import from the driver’s card
and a digital tachograph, supervision of service activities,
insurance deadlines, generating reports, creating and
mapping own spots and zones, searching for addresses,
distance measurement, mobile system management and
integration with other systems.

Tests carried out by AutoGuard company show savings
caused by implementing IT technologies in a company. Re-
sults of the tests are presented in Figure 4.

Procentowy udziat w kosztach przed wdrozeniem
systemu AvtoControl

- -13%
- -
20%
5% -3%
ey
10%
o -23% I =% Sy
e — i '

Koszty

W Procentowy vdzial w kosztach po wirozenin
systemu AutoControl
- 16%

]

o

i

Dostep do 1 Porostate +

AxtoCentrol

Komenikacja Paliwo

Fig. 4. Percentage costs reduction after the system AutoControl
implementation [21]

CONCLUSIONS

Issues related to effective vehicle fleet management
require complex and thorough analysis of transport tasks
and making rational decisions within that scope. In order
to facilitate management of the means of transport one
should implement innovative technologies and telematic
systems, because they guarantee quality and are a showcase
of a modern enterprise. They cause that a company taking
advantage of such systems is becoming more competitive
on the market [9,19]. Modern technologies and telematic
systems make it possible to reduce excessive costs related
to vehicles’ maintenance and this significantly adds to the
company’s development, because the saved financial means
can be spend on making many investments.

The most recent proposals of companies producing fleet
management systems are meant to save many problems
that enterprises face. They offer an opportunity of vehicles
monitoring, determining optimum routes, constant contact
between the employer and the driver, electronic collection
of fees resulting from using the road infrastructure. Position-
ing of facilities on the map, with 1 m accuracy, and using

open frequency, will be possible due to the implementing
in Poland of a modern and detailed system — Galileo. To
collect fees from truck drivers using paid sections of mo-
torways and express roads, the viaTOLL system is used.
It also enables weighing the vehicle when in motion and
this enables fast and efficient control of its load and thus
avoiding penalties resulting from the vehicle’s overloading.
An important solution for those managing the vehicle fleets
is the system implemented by Elte GPS company, which
enables authorization and identification of drivers and thus
protects the vehicle and the cargo against theft and use by
unauthorised parties.
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PROBLEMY ZARZADZANIA FLOTA
SAMOCHODOWA W PRZEDSIEBIORSTWACH

Streszczenie. W artykule przedstawiono wpltyw efektywnego
zarzadzania flota samochodowa na rozwdj przedsigbiorstwa. Wy-
mieniono i opisano najwazniejsze problemy wynikajace z utrzy-
mania pojazdow, tj. koszty zakupu paliwa oraz ubezpieczen
komunikacyjnych, wydatki zwigzane z serwisowaniem pojazdow,
z przeprowadzaniem ich okresowych przegladow i napraw itp.
Wskazano takze na rozwigzania zmierzajace do pozyskiwania
oszczgdnosci, ktore moga by¢ przeznaczone na realizacje inwe-
stycji przyczyniajacych si¢ do rozwoju przedsigbiorstwa.
Stowa kluczowe: zarzadzanie flota samochodowa, przedsigbior-
stwa transportowe, systemy nadzoru eksploatacyjnego
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Summary. The aim of this study was to explain the effect of the
2.5% additive of calcium carbonate or 5% additive of rapeseed oil
cake for chopped plant material of topinambour, prairie spartina,
multiflora rose, polygonaceous and Virginia mallow (sida) for du-
rability, calorific value and density of the pellets. The additive of
calcium carbonate and rapeseed oil cake increased the durability
of pellets to 6.1% and 13.6%, respectively, and slightly decreased
the density of pellets — 0.7% and 1.7%, respectively. The use of
rapeseed oil cake in the pellets improved their calorific value
and calcium carbonate had practically no eftect on the change
in this value. The most marked effect for additives was obtained
for topinambour, prairie spartina and Virginia mallow, however
for polygonaceous and multiflora rose no significant changes in
pellet durability were observed.

Key words: pressure agglomeration, pellet, calcium carbonate,
rapeseed oil cake, mechanical durability.

INTRODUCTION

The use of alternative energy sources, including biomass,
is becoming wider in recent years [6]. Biomass combustion
technology is not complicated and thanks to the availability
of cheaper raw material its use for energy purposes is more
competitive to currently used conventional fuels [3, 11]. One
way of converting biomass is pressure agglomeration, which
improves the properties of solid biofuels [4].

One of the stages in the process of pressure agglom-
eration is conditioning. This covers a range of activities
and treatments that are designed to activate natural binders
in the material [12]. During conditioning it is possible to
add water or steam to the material in order to soften the
fiber of densificated particles [20], and particularly the
lignin and hemicellulose, which improves the pelletisation
process and results in more durability and better physical
properties of the obtained pellets [13, 14]. In addition,
conditioning also involves adding specific binding agents
or other additives.

Although producing pellets without any additives is
common [21], there has appeared an interesting possibility
to look for a more efficient method of densification of ag-
glomerates improved with appropriately selected binders.

Substances that increase pellet consistency are binders,
which means that they support the pressure agglomeration
process and, at the same time, they improve their quality
and environmental performance [9]. They bind the plant
material in a sustainable product that meets standards and
does not significantly increase the production cost of the
agglomerate , including pellets [1]. Also, binders offer the
possibility of developing a new technology and obtaining
significantly better agglomerate properties (extra dry, proof
against the absorption of moisture from the air, with reduced
energy consumption) than before , which may not only affect
the combustion process itself, but to a large extent reduce
emissions of SO,, N20,, dust, CO,, etc. [8].

Additives, both liquid and solid, produce strong bind-
ings between molecules in the densificated material. Ad-
ditives are often used in order to improve the quality of
pellets according to current standards [10]. Different types
of additives are used: binders that improve bindings be-
tween particles and those that reduce energy intensity of
pellets and improve their combustible properties. There is
also an interesting possibility to use waste substances from
agricultural production as additives for the production of
pellets [15]. In addition to utilising these additives, it can
be assumed that rational dosing of those substances can
improve physical and chemical parameters of the obtained
granules [16, 17].

Adding inert materials, for example, calcium compounds
(calcium hydroxide, calcium carbonate) improves plastici-
ty of organic substance which is to undergo pelleting and
makes it easier to get forms [19], and a small additive of
such a material often significantly reduces dust. In turn,
on the basis of agricultural practice, it can be concluded
that increasing the participation of protein improves pellet
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durability, while a too high proportion of fats significantly
worsens it, but positively affects granulate energy [5, 18, 22].

For example, calcium carbonate increases ash melting
point and thus reduces the risk of ash pollution on grades
[7]. Because it is a mineral, the quantity of ash increases.
Such additive absorbs heat to decompose, at the same time
decreasing the temperature of combustion, which in con-
sequence leads to a reduction in the amount of NOx. The
process of pelletization leads, however, to binding of the
water contained in plant material. With little moisture of
organic substance, the durability of bond between particles
is lower, which results in the reduction of mechanical du-
rability of pellets. In order to compensate for these defects
binders that increases the durability of bindings and calorific
value, eg. rapeseed oil cake, should be used in the mixtures.

The aim of the study was to determine the impact of the
additive of calcium carbonate and rapeseed oil cake into
energy plants shredded material on the physical properties
of pellets produced from these mixtures in the pressure ag-
glomeration process.

MATERIAL AND METHODS

The research material was obtained from rose multiflo-
ra (Rosa multiflora), prairie spartina (Spartina pectinata),
topinambour (Helianthus tuberosus), Virginia mallow — sida
(Sida hermaphrodita) and polygonaceous (Polygonum sa-
chalinense) plantations. The raw material moisture content
(wet basis) was determined using the dry-and-weighing
method according to PN-EN 15414-3: 2011 Standard with
accuracy 0.1% (Fig. 1).

The plant material was broken up on a stationary stand
by means of a forage harvester and then it underwent pres-
sure agglomeration on the pellet machine ZLSP-200B whose
basic parameters are summarized in Table 1.

Table 1. Technical parameters of the pellet machine ZL-
SP-200B
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Tests were carried out for each of the plants without
the binder and with 2.5% of calcium carbonate or 5% of
rapeseed oil cake. The total final weight of each sample was
2 kg. After each trial the material was cooled to ambient
temperature.

Mechanical durability coefficient of pellets was deter-
mined at a stand made in accordance with the requirements
of the PN-EN 15210-1 Standard. During the tests the bin
rotational speed was 50 rpm-min!, and test time — was 10
min. After the durability test the material was sieved through
a sieve with a hole diameter of 3.15 mm and the obtained
fractions were weighed with an accuracy of 0.01 g while
durability was calculated according to the formula:

m,,

Y =100 > 6]

m,

where:

Y — durability coefficient, %,
mp — pellet mass before trial, g,
mpt — pellet mass after trial, g.

Combustion heat was determined by the calorimetric
method using KL-10 calorimeter and the calorific value was
calculated. Milled samples of 1 g were burned at a pressure
of 3 MPa. Taking into account the hydrogen content in the
material, which was established in the Analytical Center of
Warsaw University of Life Sciences, the calorific value was
calculated using the following formula:

W, =W, —2454W, +9H ),

f )
where:

Wu — calorific value, MJ-kg™,

Wt — combustion heat of sample, MJ kg™,

Ww — relative moisture of fuel,

H — relative proportion of hydrogen in fuel.

Pellet density measurement was made on a random-
ly selected representative sample of 10 pellets from each
group. Two series of measurements were performed within
1 minute after the agglomeration process as well as after

Effi- ] ] ] Die 15 minutes. Pellet diameter was measured in two perpen-
ciency Power| Weight| Dimensions =722 length | dicular planes in the middle of the pellet length. Linear
[ke-h']| [kW] | [ke] [mm]  |[mm]|[mm]| [mm] measurements were made by means of an electronic digital
80-120| 7.5 | 250 [1000430950| 200 | 8 20 caliper with an accuracy of 0.01 mm, the measurement of
mass of each pellet was carried out with an accuracy of
32
9,
5 6,44
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S
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topinambour polygonaceous

Fig. 1. Moisture content of the material during the tests

spartina sida rose
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0.01 g on laboratory scales RADWAG WPS 600 / C, and
the density of the pellets was determined by the formula:

pP=—> (3)

|4

where:
p — pellet density, kg-m=,
m — pellet mass , kg,
V — pellet volume , m3.

Data analysis was performed using the Statistica com-
puter program version 10, using the procedure of analysis
of variance and Duncan’s test.

Table 2. Pellets after pressure agglomeration process

RESULTS AND DISCUSSION

With additives, pellets of similar size and shape changed
their colors and appearance (Table 2). Pellets produced with
the additive of calcium carbonate were characterized by
a slightly cracked outer surface and were matte, rough, with-
out the characteristic glassy surface which is formed as a re-
sult of thermal conversion of lignin. Pellets with rapeseed oil
cake were characterized by a darker color and a shiny outer
surface with burnt lignin. Rapeseed oil cake reduced dust
in pressure agglomeration, whereas the additive of calcium
carbonate significantly increased dust in that process.

Pellets without additive

| Pellets with additive of rapeseed oil cake |Pellets with additive of calcium carbonate

topinambour
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An analysis of variance showed that both the energy
plant species, the type of the additive, and their interaction
had a statistically significant effect on the pellets mechan-

Table 4. The results of the Duncan test of the analysis of mean
values of the mechanical durability of pellets for homogeneous
groups of plant species and type of additive

ical durability, as in all cases, the value of the critical level Factor | Y, % | Homogenous group
of significance of p < 0.0001 (Table 3). The results of the Plant
Duncan test (Table 4) allow the conclusion that in the case  |Topinambour 73.59
of both.ty.pes of additives and pellets without any addiFive Polygonaceous 7436 X
three distinct homogeneous groups of pellet mechanical  [g;5. 7478 x x
durability values were formed. Spartina 7545 x
R .
Table 3. The results of the analysis of variance of factors o%e 88.21 v X
. . - Type of additive
affecting the mechanical durability of pellets from energy plants
material None 7250 X
Calcium carbonate | 76.96 X
Source | Sum of |Degrees of| Mean | F p — value| [Rapeseed oil cake 82.38 X
squares | freedom | square |factor
Plant: A 1360.8 4 340.2 {311.4 | <0.0001 . .
— Plant species formed four homogeneous groups, which
Additive: B | 735.6 2 367.8 1336.6 | <0.0001 | jncluded pairs of plant species of mixed system; this means
Interaction: 4729 8 591 | 54.1| <0.0001 that there were 1o cle?lr' differences between t'he coe?fﬁc'ients
AxB of mechanical durability of pellets for the investigational
Error 32.8 30 1.1 species. Mean values of the mechanical durability, their
standard deviations and 95% range of variation are shown
in Table 5, a graphic interpretation of the interaction of the
durability is shown in Figure 2.
95
I33
85
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Fig. 2. The interaction of the additive with the species of energy plants on mechanical durability of pellets

Table 5. The average values of mechanical durability, standard deviation, SD and 95% confidence intervals for the plant species

and type of additive or its lack

Factor | ¥.% | SD¥,% [-95%¥,% | +95% ¥, % | Population
Plant
Topinambour 73.59 0.35 72.87 74.30 9
Spartina 75.45 0.35 74.74 76.16 9
Rose 88.21 0.35 87.50 88.92 9
Polygonaceous 74.36 0.35 73.65 75.07 9
Sida 74.78 0.35 74.07 75.50 9
Additive
None 72.50 0.27 71.94 73.05 15
Rapeseed oil cake 82.38 0.27 81.83 82.94 15
Calcium carbonate 76.96 0.27 76.41 77.51 15
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Rose pellets had the highest durability (87%—-89%), but
the effect of additives on the value rate change of mechan-
ical durability was the lowest and ranged within statistical
error (Fig. 2). For other plants, additives improved pellet
durability more effectively. The additive of rapeseed oil
cake increased durability to a greater extent than the addi-
tive of calcium carbonate (Fig. 2). The additive of calcium
carbonate and rapeseed oil cake allowed to increase the
durability of pellets by 6.1% and 13.6% respectively. To
sum up, the greatest effect of additives was obtained for
topinambour, spartina and sida, but for rose and polygona-
ceous practically no change in the pellets durability was
recorded. Therefore the durability of the produced pellets
was mainly affected by the type of densificated material and
type of additive. This observation confirms the inference of
Niedzidtka et al. [16], who also found that the percentage of
additives in prepared mixtures has a significant influence on
the durability of pellets. Another factor influencing the value
of durability coefficient is also the moisture of material [2].
In our study, material from multiflora rose had relatively the
highest moisture (8.32%), but the lowest moisture for sida
(6.44%) was not lower significantly enough in this area to
draw any conclusions about its impact on the durability of
pellets, especially since the moisture content of the material
was covariate and was associated with plant species.

Pellet calorific values ranged from 15.1 MJ-kg! for po-
lygonaceous without an additive to 19.9 MJ-kg™! for spartina

20

99

without an additive (Fig. 2). For other plants calorific values
were similar and were approximately 17 MJ-kg™. Calcium
carbonate had no significant effect on the calorific value of
pellets and the additive of rapeseed oil cake generally caused
a increase in combustion heat and calorific value.

An analysis of variance showed that pellet density of was
affected in a statistically significant way by the main factors:
species of energy plants, the type of the additive used, the
time of measurement and all of their double and triple inter-
actions with a critical significance level p <0.0001 (Table 6).
On the basis of an analysis of the Duncan test (Table 7) four
homogeneous groups for the plant species were identified,
including a common group created by spartina and rose. An
additive of calcium carbonate did not significantly differen-
tiate the density of pellets because it formed homogenous
groups with the additive of rapeseed oil cake and without
any additive. Table 7 summarizes the mean density of the
pellets determined after 1 min and after 15 min from the time
of pellet production for comparison purposes only, because
for two factor levels variance analysis results are sufficient
(Table 6). A smaller value of 2.9% for density of the pellets
after 15 min indicates the expansion of the pellets associated
with stress relaxation of the material between the particles
during their storage. Average densities of pellets with their
standard deviations and 95% range of variation are shown in
Table 8, and the graphic interpretation of factors interaction
on the density of pellets is presented in Figure 4.

=N

B without additive —
calcium carbonate
Crapeseed oil cake

S

)

Calorific value [MJ*kg‘l]

topinambour polygonaceous

Fig. 3. Calorific values of pellets

sida spartina rose

Table 6. The results of the analysis of variance of factors affecting the density of the pellets from energy plants material

Source Sum of squares 0?; g;fif(:)sm Mean square F factor p — value

Plant: A 1143889 4 285972 93.6 <0.0001
Additive: B 19681 2 9841 32 <0.0001
Time: C 80988 1 80988 26.5 <0.0001
Interaction: AxB 1160604 8 145076 47.5 <0.0001
Interaction: AxC 403876 4 100969 33.0 <0.0001
Interaction: BxC 131004 2 65502 21.4 <0.0001
Interaction: AxBxC 1151864 8 143983 47.1 <0.0001
Error 824974 270 3055
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Table 7. The results of the Duncan test of the analysis of mean
values of the density of pellets for homogeneous groups of plant

species, type of additive and measurement time

ALEKSANDER LISOWSKI, MAGDALENA DABROWSKA-SALWIN...

After 1 min from the pellets production, sida without
additive was characterized by the highest density of pellets,
whereas spartina with rapeseed cake had the lowest pellet

Factor | p, kg'm | Homogenous group density (Fig. 3). The density of pellets after 15 min was
Plant smaller, but more stable than after 1 min. After 1 min from
Spartina 1050.47 X the pellet production, the additive of calcium carbonate
Rose 1054.53 increased the density of pellets made of spartina material
Topinambour 1112.61 X and after 15 min also of the material of topinambour and
Polygonaceous 1137.88 X sida. Generally, however, the additive of calcium carbonate
Sida 1218.51 X and rapeseed oil cake contributed to a slight decrease in
Type of additive pellet density, by 0.7% and 1.7% respectively. Confirmation
Rapeseed oil cake 110421 X of this inference requires an extension of research on the
Calcium carbonate 111631 X participation of additives, extended time of stress relaxation
None 1123 .88 x in the pellets, increasing the moisture content and diversity
Measurement time, min of agglomerate pressure.
1 1131.23 X
15 1098.37 X

Table 8. The average values of density, standard deviation, SD and 95% confidence intervals for the plant species, type of
additive or its lack and measurement time

Factor | p, kgrm™ | SD p, kg'm™ | -95% p, kg'm | +95% p, kg'm? | Population
Plant
Topinambour 1112.61 7.14 1098.56 1126.66 60
Spartina 1050.47 7.14 1036.42 1064.52 60
Rose 1054.53 7.14 1040.48 1068.58 60
Polygonaceous 1137.88 7.14 1123.83 1151.93 60
Sida 1218.51 7.14 1204.46 1232.56 60
Additive
None 1123.88 5.53 1113.00 1134.76 100
Rapeseed oil cake 1104.21 5.53 1093.33 1115.10 100
Calcium carbonate 1116.31 5.53 1105.42 1127.19 100
Time
1 1131.23 4.51 1122.346 1140.12 150
15 1098.37 4.51 1089.485 1107.26 150
1400
1350 |
1300 |
1250 |
o 1200}
£
> 1150t
=
Z 1100 |
3
0 1050 |
1000 |
950 |
900 |
B % v = S o @ 2 o
3£8¢8 $£838
- -
£ 5 g B
2 = 2 = 3§ without additive
< = "% rapiseed oil cake
Time, min: 1 Time, min: 15 ¥ calcium carbonate

Fig. 4. The interaction of the additive with the species of energy plants and measurement time on the density of pellets
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CONCLUSIONS

. The additive of calcium carbonate or rapeseed oil cake
allowed to increase mechanical durability of pellets by
6.1% and 13.6%, respectively, and slightly decreased
pellet density by 0.7% and 1.7%, respectively. Also, the
calorific value of this solid fuel changed slightly.

. The density of the pellets after 15 minutes was small-
er by 2.9%, but more stable than after 1 minute from
production time, which indicates that expansion of the
pellets is associated with stress relaxation between the
particles of the material during their storage time.

. The most marked effect of using additives was ob-
tained for topinambour, spartina and sida, but for rose
and polygonaceous practically no change in the pellets
durability was recorded. However, pellets from rose
were characterized by the highest values of the me-
chanical durability coefficient (87%—-89%), which may
be due to the structure and physical properties of that
material.

. Pellets produced with the additive of calcium carbonate
were characterized by a slightly cracked outer surface
and were matte, rough, without the characteristic glassy
surface, formed as a result of thermal conversion of
lignin. Pellets with an additive of rapeseed oil cake were
characterized by a darker color and a shiny outer surface
with burnt lignin.
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AGLOMERACIJA CISNIENIOWA BIOMASY
Z DODATKIEM MAKUCHOW RZEPAKOWYCH
LUB WEGLANU WAPNIA

Streszczenie. Celem pracy byto wyjasnienie wptywu dodatku
2,5% weglanu wapnia lub 5% makuchow rzepakowych do roz-
drobnionego materiatu topinambura, spartiny, rozy, rdestowca
i $§lazowca na trwato$¢, wartos¢ opatows i gestosé peletow. Do-
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danie weglanu wapnia i makuchéw pozwolito na zwigkszenie
trwatosci peletdw, odpowiednio 0 6,1% i 13,6% oraz nieznacz-
ne zmniejszenie gestosci peletdw, odpowiednio 0 0,7% i 1,7%.
Zastosowanie makuchow poprawito warto$¢ opatowa peletow,
a weglan wapnia praktycznie nie miat wptywu na zmiang tej

wartosci. Najwigkszy efekt wptywu dodatkow uzyskano dla
topinambura, spartiny i §lazowca, a dla rdestowca oraz rézy
praktycznie nie zarejestrowano zmian w trwatosci peletow.
Slowa kluczowe: aglomeracja cisnieniowa, pelet, weglan wap-
nia, makuchy rzepakowe, trwato$¢ mechaniczna.
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with implementation of the finite element method
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Summary. In this paper, implementation of CAD systems and
the finite element method applied to the parametrization and
poyoptimalization process of the test stand of subatmospheric
press were discussed. The results, obtained in this way, are pre-
sented as electronic maps, tabular listing, charts and graphs. The
proposed methodology of research is practically used to place
orders for the needs of industry producing agricultural machines
and devices, building industry and defense industry.

Key words: computer aided design, finite element method, con-
tact stresses, distribution of stresses in the soil, subatmospheric
press, parametrization, polyoptymalization.

INTRODUCTION

The subatmospheric press is intended for cohering large-
size, multilayer composite elements. Composite elements
are employed for the contraction of, among other things,
self-supporting container constructions of various usage. Wall
composite elements are also used in agricultural technology
for cold store erecting and farm building construction [7].

In this work, practical aspects dealing with polyotimali-
sation of a digital model of test stand of the large-size press
intended for subatmospheric cohering multilayer composite
panels were discussed. The work on the project of the test
stand of the subatmospheric press is co-supported financially
by the European Regional Development Fund as a part of
the Innovative Economy Programme [10].

In the project, a parametric digital model of the press
(3D) with implementation of solid modeling with CAD sys-
tem application was created. Sample constructional variants
of presses, with different selected geometrical features, were
generated [6]. The next stages of work were devoted to
carrying on calculations of strength and stiffness for se-
lected constructional cases of main components and parts
constituting the supporting structure of modeled test stands
with implementation of tools of analytical systems CAD

(a frame analyzer, the finite element method). The last el-
ement of this work was devoted to finding optimal con-
structive solution to the problem of press construction,
considering adopted scalar criteria [1, 2, 3, 4].

Fig. 1. The test stand of subatmospheric presses

DETERMINATION OF PARAMETRIC
CONSTRUCTIONAL FEATURES
(DECISION-MAKING VARIABLE)
OF THE SUBATMOSPHERIC PRESS

The carrying frame, designed with closed-profile steel
sections, is the basic constructive element of subatmospher-
ic press. The frame construction is constituted with two
stringers and two outer cross-bars which are connected in
a process of welding. The inner construction of the carrying
frame’s truss was made of cross-bars which are perpendic-
ularly welded to stringers of the frame. Perpendicularly to
outer cross-bars and inner cross-bars, struts were welded,
placed in two rows in a particular way that they constitute,
together with stringers and cross-bars, a uniform surface on
which a unit of panels was placed [7].
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The features which played the role of parameters were
selected in the construction of the subatmospheric press. The
assigned parameters were coordinates describing construc-
tive shape of particular constructive features and, determined
on a stage of assumptions, values of layout dimensions [15,
17, 18, 19]. Two basic parameters, describing geometry of
the carrying frame — ie. the length of the frame LR and its
width SR, were determined in the construction of the press.
It was presented in Figure 2.

The place for possible constructional solutions was gener-
ated, in the design process of the subatmospheric press, based
on series of types [5] of the parameters. The determined unit
of probable constructional solutions made realization of the
assigned task of polyoptimalisation possible. The aim of this
action was selection of possible constructional features of the
subatmospheric press in order to optimise the basic criteria. The
result of polyopimalisation is selection and conceptualisation
of the concept of the press to be put into practical realization .

The units of values for the parameters, for which series
of types of the construction of the subatmospheric press
were set, are presented in Tables 1 and 2.

Table 1. The unit of the value for the L, parameter [mm]

Ly(D) | L,2) | LB) | L@ | Ly(S) | Ly(©) | Ly(7)
3400 | 5200 | 7000 | 8800 | 10600 | 12400 | 14200

Table 2. The unit of the values for the S, parameter [mm]

Se(1) | Sp(2) | S,3) | Sp(4) | Sy(5) | Sp(6) | Sp(D) | Sp(8)
1380 | 1680 | 1980 | 2280 | 2580 | 2880 | 3180 | 3480
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The whole number of choices for series of types was
estimated at 8x7=56, but the number of selected options for
the further analysis was limited because of time consuming
complexity of calculations for this problem. The need for
comparison of options due to technological conditions of
cohering process of composite panels, was an additional
reason for the choice.

Table 3. Dimensional values of parameters selected from series
of types of the optional variety of the subatmospheric press

Working name of optional selection L, S,
from series of types of the press [mm)] [mm)]
A 8800 2580
B 8800 2280
C 7000 2580
D 7000 2280

DETERMINATION OF QUANTITATIVE
CRITERIA FOR POLYOPTIMALISATION
OF THE SUBATMOSPHERIC PRESS

The aim of optimization deals with selection, from
the unit of acceptable solutions, such a solution for which
the objective function (optimisation criteria) reaches the
extreme value (minimum or maximum). In case of the
task of polyoptimalisation, lots of criteria of optimisation,
sometimes opposing one another [12], come into existence.

SR

LR

Fig. 2. Constructional parameters for the carrying frame of the subatmospheric press.

Fig. 3. The numeric map of displacement of the frame of the subatmospheric press formed during the cohering process (subatmos-
pheric pressure of 400 hPa applied) — a view from the side of the supports



POLYOPTIMALIZATION OF THE CONSTRUCTION OF SUBATMOSPHERIC PRESSURE PRESS105

Two criteria for the task of polyoptimalisation were set in
the discussed case of the construction of the subatmos-
pheric press:

q, — the weight of the press (the carrying frame, the support,
laminated panels, the rebate) given in [kg],

q,—maximal displacement in [mm] of constructive elements
of the press operated with implementation of subatmos-
pheric pressure at 400 Pa, determined with the use of the

MES calculations [8, 9, 11, 13, 16, 20, 21].

The choice of the presented criteria was introduced due
to the following matters:

— reduction of expenses spent on materials used to build
the subatmospheric press,

— reduction of costs necessary to build the press (minimi-
sation of weight directly results in the drop of techno-
logical expenses, e.g. the welding process),

— reduction of deformations of the carrying frame of the
press during cohering process (400 hPascals’ worth of
subatmospheric pressure applied), due to this fact the
circumstances affecting deformation of the formed ele-
ment (multilayer composite panel) are held down.

The value of the q, criterion was determined based
on a digital model of the press and qualities of materials
used for its construction. This task was completed using
the Inventor system by applying appropriate functions of
this program (the Proprieties function). The value of the
q, criterion was determined in a digital model by applying
the finite elements method, implemented in the Autodesk
Inventor. Pairs of numbers, valued for the q,, q, criteria, were
assigned for any constructional variety of series of types of
subatmospheric press.

According to the above, for the problem analyzed, the
positive cone will have coordinates set down for the a=(al,
a2) point, whose values were determined in the process of
polyoptimalisation.

The mathematical notation is recorded as:

Ca=1{0=(q192):(q; —a) =20, =12}

In view of that, the X=X X)) polyoptical element
will be such constructive solution (allotted for the ® unit of
possible solutions); it means that for any x=(x, ... , x )e®
possible element there will not be any relation of minority
according to the partial order set up by the positive cone be-
tween the Q(x)=(q,(x), q,(x)) elements and the Q(xp):(ql(xp),
qz(xp)) element.

The polyoptimal constructions, which were set up in this
way, comprise the Pareto unit for modeled series of types
of the subatmospheric press construction.

DETERMINATION OF THE PARETO-OPTIMAL
UNIT (UNDOMINATED SOLUTIONS)
FOR SELECTED CASES OF THE PARAMETRIC
MODEL OF THE SUBATMOSPHERIC PRESS

Two criteria q,, q, were accepted to carry on the task of
polyoptimalisation of the subatmospheric press construc-
tion. The q, criterion means the weight of the construction

of the carrying frame of the subatmospheric press, together
with supports, whereas the q, criterion means the maximal
dislocation set up for the construction of the carrying frame
and supports.

Four acceptable constructional x,, X, X, X, solutions
were examined in the project task and also an appropriate
value for quality indicators was calculated for every solu-
tion. In the target space, a unit of four a,(q,, q,), a,(q,, 9,),
a.(q,, q,), a,(q,, q,) points, which comprises quality vector
for every constructional solutions, was obtained.

The polyoptical solution, in terms of the Pareto sense,
is any acceptable solution, for which any other acceptable
dominating solution does not exist. No solution, for which
the value of all criteria would be better than any option-
al polyoptimal solution, exists in the unit of the correct
solutions.

The Pareto relation (equal to the relation of partial or-
der specified by the positive cone) is the most frequently
met relation which is implemented to defy the polyoptimal
solution [12].

In the analyzed task, the following coordinates of the
a,, a, a_ a, points, in the (q,, q,) criterion space, were
determined in the process of the MES calculations.

Table 4. Coordinates of thea,,a , a

A+ 8 dc, ap points in the q, q,
criterion space

real results q, [kg] q, [mm]
a, 1842,74 0,7915
a, 1707,84 1,3990
a. 1495,85 0,6801
a, 1391,18 0,7968

In order to make the values for the points in the criterion
space more readable and comprehensive, the subsequent
measure was implemented — normalisation of their coordi-
nates in concordance with the following dependence:

q.
q' = qM.lAX ’

where: gM4* = MAX(q;(a4), q;(ag), q;(ac), q;(asp) )

The maximal values for the q)#¥X=1842,74 kg,
gMAX =1,3990 mm. criterion function was determined,
running Table 4. Based on this action, the normalizing
measure of the value for the q,, q, and function was
implemented, according to the dependence presented
in Table 5.

normalisation N
; —— g
qi q;

Table. 5. Normalized values for the coordinates of the
al, al, al}, a points in the (q, qY) criteria space.
Normalized results qy qy

ay 1,0000 0,5658

al 0,9268 1,0000

a¥ 0,8118 0,4861

al 0,7550 0,5695
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In Figure 4, the dimensional graph of the (q,, q,) target
space was presented, where the unit of four a,, a, a_, a,
points, or vectors of quality for particular constructional
solutions of (A, B, C, D), was also illustrated.

Unit of points (a,, ag, a., ap)

1,2000

1,0000 a8

0,8000 -
an
0,6000
0,4000
0,2000

0,0000

0,0000 0,2000 0,4000 0,6000 0,8000 1,0000 1,2000

Fig. 4. Graphic illustration of the target space

When investigating into relations between the elements,
the Pareto unit was determined, following the dependence:

A

€ o:
Xp XE D

does not occur Q(x) i Q(xp),
polyyoptimal values were determined in the unit of ob-
tainable targets or a. and a,. Consequently, polyoptical
constructions are constructions valued by vectors of the
X,, X, decision-making variables. The element matched
as a, exists in the space determined by the positive cone
of the a, point, which means that a, dominates over a,.
The similar situation is observed in the next case, where
an element lies in the area of the cones of the aC and aD
positive points, and this results that it is dominated by
them. On the other hand, the aC and aD points are not dom-
inated by one another, which means that they constitute
representation matching the Pareto unit, that is poloptimal
constructions. The graphic illustration of this problem is
provided in Figure 5.

And subsequently, the task of polyoptimalisation
was solved and also “the best element” was determined
by the implementation of the target polyoptimalisation
method.

O c R"

1,2000

0,0000

Unit of polyoptimal solutions
in the acceptable unit

Fig. 5. Graphic illustration of the Pareto unit

0,2000
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DETERMINATION OF THE OPTIMAL SOLUTION
WITH APPLICATION OF THE TARGET
POLYOPTIMATISATION METHOD

The target method is applied when the target point in
the target space, which would be an ideal solution if could
be gained, is given. Such a point is always physically unap-
proachable (utopian) and usually it is the beginning of the
co-ordinate system in the target space [12].

The target point forms the q,=0 and q,=0 co-ordinates
(zero value for the weight of the frame construction and zero
value for displacement), in the discussed problem.

The target polyoptimalisation depends on the searching
for such solution of the Pareto unit (the x,, X, constructions),
for which the distance, in terms of the selected norm from
the target solution, reaches its minimum in the target space.
The solution existing in the closest range of the target point
is treated as the most optimal.

In this way, a new target function is generated; it is made
as the distance between the target state and the optional state
in the target space, which can be recorded in the following
way:

Q" () = llQo — QI

where:
Qo = (410) > 9s0) -

In the discussed case of polyoptimalisation of the con-
struction of the subatmospheric press, when s=2 the Q target
point forms the following expression:

Qo = (q10 = 0,q20 = 0).

The Q*(x) function is a scalar function and determines
the distance of the point belonging to the target space from
the point at which it is aimed, and its value depends on the
decision-making variables making up the x=(x, ...., X ).
construction. The calculating methods of the one-criterion
optimalisation are applied to reduce the Q*(x) function, and
finds the .optimal solution in this explicit way.

Ziér punktow (a,, ag, a,, ap)

0,4000 0,2000 1,0000 1,2000
Curve of polyoptimal states
in the unit of obtainable

states
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The way the Q*(x) function is recorded depends on the
accepted norm. In case of the Euclid norm, it forms the
following expression:

Qx) = Z(ql’o - Qi(x))z :
=1

In case of polyoptimalisation of the subatmospheric
press, for the case when s=2 and the qi values were nor-
malised, the Qj(x) function will form the expression:

Qx) = \/(‘ho = q1)? + (q20 — 92)%.

Because of the fact that, in the discussed case, the co-or-
dinates of the target point in the target space are equal to
zero, the Q(x) function forms the expression:

Q(x) = /qf+q§-

In the analysed process of polyoptimalisation of the con-
struction of the subatmospheric press, the Pareto unit is con-
stituted of two (X, X,), solutions, for which the values of the
functions in the q, target space as well as the distance from
the Q(x) point at which it is aimed is presented in Table 5.

Table 6. Values for the Q(x) function

Normalised results q{v qév Q(x)
X, 0,8118 0,4861 0,9462
X, 0,7550 0,5695 0,9457

1,2000

1,0000
ac

—

0,8000
0,6000
0,4000 -
0,2000

0,0000 -+

0,0000 0,8000

0,4000

0,2000 0,6000 1,0000 1,2000

Fig. 6. The selection of the optimal point in the target space

The findings derived from the analysis of the calculations
results, presented in Table 6 with graphic representation in
Figure 6, lead to the ultimate conclusion that, it is the choice
number 4 of the press for the construction of the subatmos-
pheric press which is the optimal solution (the lowest value
for the Q(x)=0,9457 function).

CONCLUSIONS

The results of the calculations are presented in the
form of numerical maps, tabular listing, charts and graphs.
The analysis of theoretical calculations demonstrated the
compatibility with the results gained based on empirical

research carried on in the “KONTENER” — Production of

Building Elements LLC in Plock, Poland. Practical ap-

plication of the CAD systems and the MES calculations,

presented in the discussed matters, gives the following
practical benefits:

— vast cut of time of applied researches and designing work
due to numerical analysis of many possible options for
the press,

— relief given to the investigational team from routines
and uncreative working,

— completion of reliable researches with implementation
of computer systems, at the project-stage of the press,

— possibility of optimalisation of the construction on the
grounds of the chosen criterium.

— proposed methodology of researches was practically
used to place orders for the needs of industry producing
agricultural machines and devices, building industry and
defense industry.
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DARIUSZ LODWIK, WLODZIMIERZ MALESA, ZBIGNIEW WIKTORSKI

POLIOPTYMALIZACJA KONSTRUKCJI PRASY
PODCISNIENIOWEJ Z ZASTOSOWANIEM METODY
ELEMENTOW SKONCZONYCH

Streszczenie. W artykule przedstawiono zastosowanie syste-
méw CAD i metody elementow skonczonych w procesie pa-
rametryzacji i polioptymalizacji stanowiska badawczego prasy
podcisnieniowej. Uzyskane wyniki obliczen przedstawiono
W postaci map numerycznych, zestawien tabelarycznych oraz
wykresdw. Zaproponowana metodyka badan zostata praktycz-
nie wykorzystana do realizacji zlecen dla potrzeb przemystu
maszyn i urzadzen rolniczych, budownictwa oraz przemystu
obronnego.

Stowa kluczowe: komputerowo wspomagane projektowanie,
metoda elementéw skonczonych, napr¢zenia kontaktowe, roz-
ktad naprezen w glebie, prasa podcisnieniowa, parametryzacja,
polioptymalizacja.
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Summary. The paper presents results of tests on influence of pea
moisture on parameters obtained in a test of axial loading and
unloading. For the tests pea cv. Fidelia at the moisture ranging
from 8 to 18% was used. The measurements were performed on
auniversal machine Zwick Z020. The load-displacement charac-
teristics recorded using the TestXpert software by Zwick allowed
to set out values of elastic and loss energies and corresponding
deformations. An increase in seed moisture caused changes in
values and relations between the aforementioned parameters.
The lowest changes were observed for the elastic strain energy,
which changed only slightly with the change of seed moisture.
A considerable increase was observed for the lost energy, which
also had significant influence on values of the total energy. Sim-
ilar relations were found while analysing seed deformations.
Key words: compression, hysteresis, moisture, pea

INTRODUCTION

The great interest in studying of mechanical properties
of food and agricultural materials is reasoned by fact that the
latter have a crucial impact on conditions and outcomes of
processing as well as properties of final products. Agricul-
tural materials frequently discover a large variability in the
response to mechanical loading. They change from brittle
to elasto-plastic, plastic, viscous due to varying moisture,
temperature, ripeness, and others [4, 10, 20]. Grace to this,
on one hand a large spectrum of products can be obtained
and on the other hand strict control of processing conditions
is necessary for the optimization of outcomes.

Mechanical properties in relation to their processing
and quality is an issue that has been studied with different
approaches for years. Within the context, research on a ma-
terial’s elastic or plastic behaviour is one of the most impor-
tant. Strain hysteresis is one of the available techniques, and
addresses the amount of energy dissipated in the loaded body
due to friction, internal damage, irreversible deformations
etc. [1,7,13]. Thus, it can be used for description of the pro-

cesses, for which such exchange is relevant. It can be related
to a material’s resistance to cracking [5,18], susceptibility to
reversible deformations and internal damages, grindability
and others [2]. Increased plasticity significantly influences
breakage mechanisms, which leads to an increase in grinding
energy requirements [3,10]. It is necessary in compaction
processes, where it causes the agglomerate formation in an
easier and more energy-efficient way [8,12,14,15]. In this
context, the profound knowledge on materials response to
loading is important for agglomeration of foods, feeds, bi-
omass, and others [6,8,9,16,17].

The objective of the study is to focus on examining the
effect of moisture content on the response of pea seed to
cyclic loading.

MATERIAL AND METHODS

The Polish variety of pea (Pisum sativum L.) cv. Fidelia
was used in the studies. The moisture content of a batch of
seeds sample was determined applying the air oven method
and drying three 5 g samples of pre-crushed seeds for over
3 h at a temperature of 105°C according to Polish Standard
PN-86/A74011.The batch was subsequently divided into
smaller samples, and to each of them, the amount of required
water was added (or removed by drying in 40°C) to achieve
moisture levels established at 8—18% (wet basis) with 2%
increment. The added or removed amounts of water were
achieved, according to the mass balance equations. The
samples were then tempered in hermetic jars, and stored for
48 hours at ambient temperature.

Testing was carried out on a Zwick Z020 universal test-
ing machine. An intact seed was positioned on the fixed
bottom plate, such that the plane splitting two seed cot-
yledons was parallel to the compressive plates. The seed
was then loaded and unloaded with the compression rate
adjusted at 10 mm/min. The loading was performed until
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a predefined force, set at 200N, was achieved. For each
test load—displacement data were recorded using testXpert
software by Zwick. On the basis of the strain hysteresis
loops, an example of which is presented in Fig.1, partitions
of strain energy and deformations were calculated (Fig. 1)
[11,12,19]. In the figure, Et represents the total amount of
strain energy absorbed by a seed during compression, while
En-r and Er correspond to the irrecoverable and released
energy respectively. All the experiments were done in 10
repetitions for each moisture level of seeds.

Pre-defined load

E,=E, . tE,

Load

recoverable

/ (claslic)/
//energy E,/

e

Def¢rmation
.

residual deformation /,,_, ‘ recoverable (elastic) deformation /,

total deformation /,

Fig. 1. Typical strain hysteresis curve while loading of a pea seed

Statistical analyses of the obtained parameters were
done with a help of Statistica 6.0 software (StatSoft Inc.).
Any verification of statistical hypotheses and development
of mathematical models were done applying 95% proba-
bility level.

RESULTS

General view of the loading-unloading profiles in rela-
tion to moisture is given in Fig. 2.

Deformation (mm)

Fig. 2. Examples of hysteresis curves for pea seeds varying in
moisture content

It is well noticeable, that the response of an individual
seed to the compressive loading was strongly related to the
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amount of water content. An increase of moisture caused
significant changes in the shape of the hysteresis loops. The
area enclosed between the loading and unloading parts of
the hysteresis curves increased very significantly with the
moisture increment. It expresses the increased plasticity of
seeds. As the result of it, the response of seed to mechanical
loading is prevalently plastic in nature. The strain energy
used is mainly released to permanent i.e. non recoverable
deformations. They are not accompanied by readable crack-
ing effects, what demonstrates the loss of brittleness and
increased toughness of seeds. The results are in agreement
with observed for pea [10], and similar to obtained by Lysiak
et al. for wheat kernels [11].

A high increase of deformations up to the pre-defined
load (200 N) was first and the best visible. The total defor-
mation increased from about 0.20 mm to 1.63 mm. The
differences were more considerable for moisture above 12%.
This was confirmed by statistical analysis. The analyses ap-
plying Tukey procedures discovered that the average defor-
mations obtained for the particular moisture levels were
significantly different at 95% probability. It was observed
that the increase in total deformation was mainly driven
by the level of the permanent one. The latter increased in
similar extent from 0.09 to 1.37 mm. The two were closely
correlated. The elastic deformation increased with moisture
as well, but relatively very slightly (Fig. 3).

1.0

Deformation (mm)

0.8

0.6

0.4

0.2

0.0

Moisture content (%)

Fig. 3. Influence of seed moisture on values of total, elastic and
lost deformations

Moisture content influenced the relative contribution
of residual deformation in relation to elastic one (Fig. 4).
The share of residual (permanent) deformation increased
from 39% up to 83% in the studied moisture range. It
was observed that the rate of the increment was higher
at lower moisture levels, and slightly decreased above
14-16%. The differences were statistically confirmed at
95% probability.

The above analyzed total, residual and elastic defor-
mations were expressed in function of seed moisture. It
was done by means of regression equations and procedures
included in a Statistica 6.0 software (Statsoft Inc.). The
results are presented in table 1. In each case the best fit-
ting to the experimental data was obtained for polynomial
equations of the second degree. The right choice of the
mathematical models was confirmed by the high values of
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W /el
alir

Share of deformation (-)

Moisture content (%)

Fig. 4. Share of elastic and permanent deformation as a function
of seed moisture

determination coefficients, which were generally higher
than 0.99 (on the basis of averages values obtained for
particular moisture level)

Table 1. Relations describing the influence of moisture of pea
on the deformation during axial loading-unloading

Equation form: Detfgl:lina-
=ax? + bx +
Parameter yzaxroxTe coefficient
a b ¢ R
Total deformation, /, 0.0201 1-0.3826 | 1.994 0.996
(mm)
Residual deformation 0.01801-0.3438 | 1.696 0.996
I (mm)
Elastic deformation | 7 |.0.0388 | 0.297| 0996
1, (mm)
Share of residual 1 30091 0,0714 |-0.137|  0.985
deformation (-)

x — moisture of pea seeds in % (w.b.)

The effect of moisture on the energies obtained in the
hysteresis test was similar to the described above changes
in deformations (Fig. 5 and 6). The total strain energy
increased from about 20 mJ to 152 mJ. The relatively low
increment for the lower moisture range (8-12%) was fol-
lowed by a considerable increase for the moisture above
12%. It was confirmed that the strain energy inputs were
mainly dependent on the energy absorbed for plastic defor-
mations. The irreversible energy increased very significant-
ly, from 0.12 mJ to 1.38 mJ.

The elastic energy changed relatively slightly with mois-
ture, although a rise in this parameter was also observed.

The contribution of non-recoverable energy increased
very significantly with the increase in amount of water
(Fig. 6). The values ranged from 57% to 90%. The mag-
nitude of changes decreased when moisture crossed 14-
16%. The differences were statistically confirmed at 95%
probability.

Similarly to the analyses done for the deformations, the
strain energy release during the axial loading-unloading was
related to the moisture of pea seeds. The results are presented
in table 2. The best fitting to the experimental data was also
obtained for polynomial equations of the second degree.

111

180
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140

Strain energy (ml)

Moisture content (%)
Fig. 5. Influence of seed moisture on values of total, elastic and
non-recoverable strain energy

>
20
2
5 W Eel
= 0501 —
s O En-r
<040 — —
=]
o
S 030 T —
=
1%
0.20 T —
0.10 +— —
0.00

8 10 12 14 16 18

Moisture content (%)

Fig. 6. Share of elastic and permanent energy as a function of
seed moisture

The obtained relations were, like previously, characterized
by high values of determination coefficients.

Table 2. Relations describing the influence of moisture of pea
on the strain energy release during uniaxial loading-unloading

Equation form: Determina-
P y=ax’+bx+c tion
arameter .
b coefficient
a c R?
Total strain energy,
1.668 [-29.77 |150.4 0.992
E (ml)
Non-recoverable
strain encrgy E, () 1.592 [-28.38 |135.8 0.991
Elastic strain energy | 5754 1387 | 14.56 0.968
E , (m])
Share of non-recover-| g 5011 | 0.0657| 0.0902|  0.9548
able strain energy (-)
x — moisture of pea seeds in % (w.b.)
CONCLUSIONS

1. The differences in water content of seeds were clearly
reflected by changes in parameters obtained during cy-
cling loading.

2. The studied increment in moisture resulted in an increase
in elastic, permanent and total deformations. The most
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significant influence was observed for the residual defor-
mation.

The elastic energy changed only slightly with the rise
in seed moisture. On the other hand, a considerable in-
crease of the energy absorbed by irreversible processes
was observed. It had a major influence on the total strain
energy inputs during compression.

The share of non-reversible energy and deformation
changed significantly with the seed moisture. The effect
was observed mainly at lower moisture range.

The influence of moisture of pea on the parameters
obtained during axial loading-unloading were the best
described with the help of polynomial equations of the
second degree. It concerns both analyzed deformation
and strain energies.

The strain hysteresis data will be correlated to grinding
and agglomeration, and are expected to be useful for
a better understanding of the phenomena accompanying
these processes. This is necessary both for of successive
energy optimization and improving production quality.
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WPLYW WILGOTNOSCI NA HISTEREZE
ODKSZTALCEN NASION GROCHU (PISUM S.)

Streszczenie: W pracy przedstawiono wyniki badan nad wpty-
wem wilgotnosci grochu na parametry uzyskane w wyniku
osiowego cyklicznego $ciskania. Do badan zastosowano groch
odmiany Fidelia o wilgotnosci w zakresie 8-18%. Badania
wykonano na uniwersalnej maszynie wytrzymatosciowej
Zwick Z020. Na podstawie eksperymentalnych charaktery-
styk sila-przemieszczenie, uzyskanych przy wykorzystaniu
oprogramowania TestXpert firmy Zwick, okreslono wartosci
naktaddéw energii sprezystej, trwatej i catkowitej oraz odpo-
wiadajace im deformacje nasion. Wzrost wilgotnosci nasion
powodowal wyrazne zmiany w wartosciach i wzajemnych
relacjach pomigdzy analizowanymi parametrami. Najmniej-
sze zmiany obserwowano dla naktadéw energii sprezystej,
ktore w badanym zakresie wilgotnosci zmieniaty si¢ jedynie
nieznacznie. Znaczacy wzrost ze zwigkszaniem wilgotnosci
nasion odnotowano dla energii odksztatcen trwatych, ktdra tez
wywierala zasadniczy wplyw na warto$¢ energii catkowite;j.
Podobne zalezno$ci stwierdzono w analizach oddzialywania
wilgotnosci na wartosci deformacji nasion.

Stowa kluczowe: sciskanie. histereza, wilgotnosé, groch
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on the basis of axial piston hydraulic machines with discrete control
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Summary. The mathematical model of hydraulic drive of lifting
mechanism on the basis of discretely controlled bent axial piston
hydraulic machines is developed. The model allows investigating
of features of transients in hydraulic drive and control unit asso-
ciated with the change of its operation mode, including physical
and mechanical properties of power fluid.

Key words: axial piston hydraulic machines, hydraulic drive,
mathematical model, discrete control, transients.

INTRODUCTION

The use of axial piston adjustable pumps and hydraulic
motors in hydraulic drives of lifting mechanisms provides
an ability of machines operating elements’ speed control,
with virtually no loss of energy by changing of hydraulic
machines displacement. For lifting mechanisms it is enough
to ensure the functioning of their operating elements in
two modes: speed range operation (for operating element
movement without load or with a cargo at the mean phase
of lifting) and slow mode (for phases of cargo breakaway
and completion of cargo movement). To ensure these two
operation modes, one adjustable hydraulic machine with
two fixed values of displacement is enough. Application
of the second adjustable hydraulic machine in hydraulic
drive allows increasing the number of different speeds of
lifting mechanism up to four. Thus there is no need for
manual or proportional control of lifting mechanism hy-
draulic drive, that requires rather complicated scheme of
automatic control and increases the initial cost of hydraulic
equipment and its maintenance and repair. Availability of
mechanism’s several speeds provides increasing of per-
formance and workmanship of lifting machine, as well as
reliability of the hydraulic drive.

Changing time parameters of discrete control of hy-
draulic drive, one can affect the nature of transients in the
hydraulic system [1] arising from a change of APH and

reducing the negative impact of pressure fluctuations in the
hydraulic system.

Design solution and features of individual devices of
APH displacement discrete control system affect the time
value change of hydraulic machine displacement and nature
of pressure fluctuations in the discharge line and in the line
of displacement control system.

STATEMENT OF TASK

The objective of this paper was the creation of a mathe-
matical model of lifting device hydraulic drive which allows
carrying out numerical experiments for studying of progress
of the transients and stable processes in hydraulic drive
depending on its design features, physical and mechanical
properties of power fluid and forces acting on the operating
element of a lifting machine.

Results of numerical experiments can be used for optimi-
zation of discrete control procedure and technical parameters
of hydraulic drive elements.

MATHEMATICAL MODEL

Hydraulic drive of lifting device comprises two bent
axial piston hydraulic machines (P — Pump and M — hy-
draulic motor) with discrete two-level control of displace-
ment (Fig. 1.). Pressure value in the discharge line of
hydraulic drive is hydraulically controlled by overflow
valve with direct action (V), with zero overlap, comprised
of throttle (Th1).

Discrete change of displacement of the hydraulic ma-
chines P and M [2] is fulfilled by differential connection of
hydraulic cylinders Hc, located in the control line (dashed
line in Fig. 1.). Connection of hydraulic cylinders Hc is
carried out by hydraulic distributors Hd.



Fig. 1. Basic diagram of hydraulic drive of lifting device on the
basis of discrete control axial-piston hydraulic machines

When developing a mathematical model of the hydraulic
drive operation [3] it was assumed that:

— wave actions in pipelines are neglected [4] because of
the short length of pipelines and minimum pressure loss
at power fluid passing,

— no wave actions accompanying the transition of hydrau-
lic cylinders of pumping unit from zone of suction to
discharge zone and vice versa,

— little effect of friction forces in the piston supports on
dynamics of pumping unit movement.

The following systems of equations are the basis of the
mathematical model. Changes of pressure p pl in discharge
line of hydraulic drive and hydraulic motor speed W,,, are
found by simultaneous solving of equation of continuity (1),
equation of moments (2), kinematic equations for hydraulic
machines (3) and the equations that simulate the operation
of overflow valve (4, 5):

vP+y" dpp

Ea(pphmO) dt
yM .dpp/ ’

Ea(ppl’mO) dt

Qp_cpnppl_ _QV_QThl_

(M

_Qop =0, + Cmnppl +

8 (rpm\7
C o =1,23-10 (W ) /1P )

1,6
ﬂ:472'104'ﬂ(pp1)'(Wm) ’

W0mppl77m77g _Mc _ﬂwm = Jdd% :

The meanings of (1) and (2): |44 (m) _ P (M) hydraulic
machine displacement; C p(myn — leakage factor in P (M);
Vtr — pressure pipeline volume; /F — fluid friction coeffi-
cient M; J — integral inertia, reduced to the shaft. M c—
moment of resistance on the shaft M; 77,,, , — mechanical
and hydromechanical efficiency coefficient. The model took
into account that pump delivery flow (J,, and flow rate of
the motor M are time variant in accordance with the kine-
matic dependencies for axial piston hydraulic machines [6]:
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dp(m) =2-Pr (7max>Z)' 3“ Vp(m)'

In equations (3): X;—hydraulic machine i- piston stroke
[5]; z — number of pistons of internal cylinder block ; d —
diameter of the piston; and coefficient values S, ( Vmax > z)
and By (Vmax-Z) are given in reference [7, 8].

The model of overflow valve V is given by equations (4):

R:kD'R';

e
m;;=(1?pz —Pd)SV —(2+20) ¢ = Fgyr —Fg.®)

o[ 1 cos(6/2) )
Fo=p0y| —-—=5S, =7d, sin—-z>
g Sy S, p p B
(ppz - Pd ) bs ub(L+x) dx
2 ) dr

In equations (4): Pd — pressure in damping cavity of
overflow valve V; z — offset of shut-off-and-regulating el-
ement of the valve V; F, gty and F, o — liquid friction forces
and hydrodynamic force acting on shut-off-and-regulating
element ; ¢ — spring stiffness V; @ — cone angle of shut-off
element V. Power fluid flow rates QV through the valve V
and throttle Th1 are given by the equation (5):

thr =

2ppl

—2Z,

P
& _

Vrm dpga 2pg
= hl £, d Ornt = UrmSTi P

Oy = mupmd, sing ©)

Sy Or

Hydrodynamic processes of power fluid motion in the
control line of hydraulic drive between the discharge line
and cavities of hydraulic cylinders Hc, at displacement de-
creasing, are described by differential equation (6), and at
displacement increasing — by the equation (7):

2 dy
Orn = Hrn - Sth- ;(sz ~Pet) = Sipe =+

dt
Yoite +SiHe Y e ©
E, dt
Orn = Mrn - Sth ',/%(Pcl ~po)+ df];l '
Vorwre +Sie Yy _ o v 7
' E, - N

Relationship of the mathematical model of the stroker
(6, 7) with the equation of continuity of the initial model (1)
is carried out by means of equations (8 and 9 — in the cases
of displacement increasing and decreasing, respectively)
describing the flow rate of power fluid Qop to ensure the
operation of the stroker:
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dy
Qop =0 —S2He '?, (®)
t
Vi +8y 1 Vmax =) 9P pi dy
Qop: 02Hc 2[1? max . dl;’ _S2HC'E' 9)
a

The meanings of (6 —9): p.; — power fluid pressure
in the control line (Fig. 1); y — offset of hydraulic cylinder
piston Hc; Sl 2 He - area of larger and smaller sections of
hydraulic cyllnder piston Hc, respectively; VOI 2 He —ap-
propriate minimum cavity volumes of hydraullc cylinder.

Dynamics of hydraulic cylinder piston Hc¢ of hydraulic
machine stroker is described [9, 10] by equations (10):

2
d
m—y =—52Hc'ppz+51Hc'Pcz—thr

& (10)

_Slgn(dt] Er FG_F;'na
Sy dy [
s Fo =Mg-—-cosy,
gtr = A di G = Mg I 4

F, :Vtr'(Z'Sbc_k'Ss)'ppI’

1 2 k
F, = (mp+2mp ja),g,‘sz[zj(t).

J=1
-sin(wP’M-t—5j)],

deg ree

yldegree] = -4.5[———

]y+7max-

The meanings of (10): F — viscous friction force of
the hydraulic cylinder piston; FG force applied to hydrau-
lic cylinder piston He by weight of hydraulic machine pump-
ing unit on the control block; F;‘r — sliding frictional force
of the hydraulic distributor; F;n — oscillating inertial force
of the pistons of pumping unit; » — bent angle of cylinder
block. S he — sectional area of the piston of pumping unit;
S —the effective surface area of the distributor, on which
squeezing pressure of discharge line acts; O — phase shift
between the pistons of pumping unit; 7 P and m pit —Mass-
es of the piston and piston rod of pumping unit, respectively.

For lifting device, external forces of torque value M ¢
acting on the axis of hydraulic motor M, that is a member of
the moment equation (2) is found by solving [11] of equa-
tions (11). For generation of the equations (11), as a part of
the engineering approach, let us present the hoisting rope
as a bar, endowed with longitudinal stiffness & of the rope.
Tension in the rope is assumed to be uniformly distributed
over its cross-section:

2
Mzg—ih—lé‘-%-i-ai, (1)
dr? M dt
dv _ D, da)M

a; =
dr 2 dr

wo=vkIM,2.5=1, -, k=E;-S/L,

E;=+L a’, M,=k-y-n-Dy/2.

In the equations (11): /4 — shifting of cargo with weight
G = Mg ; O — damping factor; a; — inertia of accelera-
tion; Db — diameter of the lifting device unit; 7,. — time
constant of internal friction; £ 4 — dynamic modulus of
elasticity; a—wave velocity in spiral ropes. Dependences of
main parameters that characterize physical and mechanical
properties of power fluid — adiabatic bulk modulus £ as
density — 0 and dynamic viscosity — * from pressure of
power fluid p and percentage of non-dissolved air [12] are
given by equations (12):
u(p)=py-exp| L0
k#

g (20 2) o)

(12)

E,(p)= :
1/4 EP 1k
0 P — a ( 0)
k(Ea/Ea ) +m(p,' +1) Pp
5 -1
p(p)=ro AHE—;Jf"_?kPg (1=mg) |
a

0
Ef =A,p+B,. E, =A4,py+B,:

o

>

0 _
Pp=(pot)/(p+1) m=—

k=c,/cy.

In equations (12): £{;, Eg , Po —the values of dynamic
viscosity, bulk modulus and density of power fluid under
pressure p . The parameters Aa , B a1 k,, are deter-
mined from experimental data for a particular power fluid.

RESULTS AND DISCUSSION

The system of equations (1 — 12) contains the nonlinear
differential equations, which eliminates the possibility of its
analytic solving. The system was integrated numerically by
Bogacki — Shampine using the program Matlab. The results
of numerical experiments allow conducting work analysis
of both individual hydraulic drives and the whole hydraulic
system. The results of numerical modelling of complete cy-
cle of hydraulic drive operation were obtained that provide
two possible speeds of lifting mechanism. Complete cycle
of operation of lifting mechanism includes: cargo breakaway
at the lowest speed, cargo movement at the maximum speed
of movement and the completion of movement at the lowest
speed. To analyze the effect of different parameters on the
hydraulic drive operation various factors were changed: time
change 7() of hydraulic drive operation mode and physical
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and mechanical conditions of power fluid — viscosity f¢,
density p , adiabatic bulk modulus F o and percentage of
undissolved air in power fluid — m,. Also different models
describing the dependence of values t, p and £ o from
pressure were compared. The values of the parameters that
were used for graphing in Figures 2 — 4 are shown in Table 1.

Table 1. Model varied parameters values

p bl

Ne| Tor- | To2» |\ B | MPasy Eq, | mo,

S s as cm? MPa %
1 1 35 | u(p) | plp) | Edp) 0
2 1 35 [1.781-8 ff,% Eq(p) 0
3 1 35 [1.7810% f(fs 1880 0
4| 025 35 | u(p) | p(p) | Eip) 0
510025 | 35 | ulp) | plp) | Elp) 5
6 - - u(p) | pp) | Edlp) 0

The parameters’ values 14 ( p) , P ( p) and E ( p) are
considered as functions of pressure in this part of hydraulic
drive and were found by equations (12). Time 7()| defines
the beginning of hydraulic motor M displacement decrease
with values V, =1 12em’ uptoVy, = 56¢m’, and time 02
— the beginning of its increase up to the initial value.

In Fig. 1. dynamics of power fluid pressure in discharge
line of the hydraulic drive under different operation modes
are shown.

f_’pl, MPa
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Fig. 2. Pressure in discharge line of lifting device hy-
draulic drive under different operating conditions

The graph 6 (Fig. 2.) shows the change of pressure
in the discharge line of hydraulic drive during the tran-
sition process associated with actuation of hydraulic
drive. Change of motor displacement for case 6 was
not carried out. For transients, shown in Figures 1 — 3
(Fig. 2.), decrease of motor displacement (from value —
V=1 12¢em® upto Vs = 56cm3) began upon expiration
oftime 7()] =15 after hydraulic drive starting, the reverse
change V), began in time period 75, =3.5s from the
moment of process starting. For processes in graphs 4 and

ILTA NIKOLENKO, ANDREY RYZHAKOV

5 displacement decrease V), began at 7; = 0.25s . Du-
ration of stable process, between changes of displacement
Vs » was given as a minimum value in order to reduce
computation time.

A given increase of hydraulic motor displacement
causes pressure boost in the discharge line of hydraulic
drive up to value — p,; = 3/4- pgl]a where pmax
maximum pressure surge at actuation of hydrauhc drive
without changing of hydraulic motor displacement. In
graphs 2 and 3 the results of calculations for the transient
process similar to process 1 are shown, but density and
viscosity parameters were considered as depended con-
stant values (Table 1.). From these calculations it follows
that such a simplification of the model affects only the
analysis of non-stable processes and leads to a relative
error in the amplitude of pressure pulse, which does not
exceed 12%.

Vw, cm®

”"Q\\\ 4y
\\1\ | //
B NN
NN AN a
\\\/

Fig. 3. Changes of hydraulic motor displacement at varying of
cargo lifting speed

s

For processes 1 — 3, two times decrease of displacement
motor M takes up some time -about 2.25s. The reverse
process is faster — for a period of time about 1s (Fig. 3).
The difference in response time of the control system is
observed, despite the fact that the differential circuit con-
nection of hydraulic cylinder Hc2, piston sectional area
ratio is equal to Sy 7. /S)ye =2 . It can be explained
if we consider that in the control line P and M the throt-
tle Th is located which slows down pressure increase in
the control line at displacement decrease of the hydraulic
machine. Dynamics of pressure change in the control line
for processes 1 and 5 is shown in Fig. 4. Comparison of
graphs 5 in Figures 3 and 4 leads to the conclusion that
the high rate of motor displacement decrease, at the initial
phase of the process is directly connected with pressure
surge of the control line.

Dependencies for the transient process 5, in contrast
to previous relationships, were considered the influence of
undissolved air bubbles on physical and mechanical prop-
erties of power fluid.

This feature leads to increase compressibility of power
fluid, time delay in reaching of peak pressure in the transient
process (Fig. 2.) and increase the value of pressure starting
level in the control line (Fig. 4).
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0 1 2 3

Fig. 4. Pressure change in the control line at hydraulic motor
displacement change
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Fig. 5. Dynamics of hydraulic motor shaft acceleration under
different operation modes of hydraulic drive of lifting device.
Figure 5 shows the time dependence of angular speed of hydrau-
lic motor shaft under different operation conditions of hydraulic
drive. By comparison of curves 1 and 6 it can be seen that the
expected increase of hydraulic motor shaft speed, at changing its
displacement by two, will be resulted in 30%. More significant
speed increase at the beginning of cargo lifting can be achieved
by use of control 4

CONCLUSIONS

The numerical experiments show the possibility of use of
the developed model to simulate the transient and stable state
processes in hydraulic drive of lifting mechanism on the basis
of discretely controlled bent axial piston hydraulic machines.

The numerical calculations within the framework of
the developed model can be used for optimization of the
control procedure of lifting mechanism for road building
machine for the purpose of decrease of negative impact of
pressure fluctuations on the hydraulic system, increase of its
performance and workmanship of lifting machine, as well
as reliability of the hydraulic drive.
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MOJIEJIMPOBAHUE PABOYEI'O TUKJIA
I'MAPOITPUBOJA MEXAHU3MA ITOABEMA
HA OCHOBE AKCHAJIBHO-ITOPITHEBBIX
T'MAPOMAIINH C JUCKPETHBIM VIIPABJIEHMEM

AHHoTanus. Pazpaborana matemaruueckas Mozesb THIPONPU-
BOJIa MEXaHU3Ma MOAbEMa Ha OCHOBE aKCHAIbHO-TIOPIITHEBBIX
JIICKPETHO PETYIHPYEMBIX THAPOMAIINH C HAKJIOHHBIM OJIOKOM
LUINHAPOB. MoJiesb N03BOJIAET UCCIIE0BaTh 0COOCHHOCTH I1e-
PEXOIHBIX MPOLECCOB B THAPOIPUBOAE U OJIOKE yNpaBlIeHHUS,
CBSI3aHHBIX C U3MEHEHHEM peXHMa UX paboTsl, ¢ yaeToM u-
3WKO-MEXaHUYECKHUX CBOICTB paboueil )KUIKOCTH.
KuroueBble €/10Ba: akCHaJIbHO-IIOPIIHEBbIE THAPOMAIIHHEI,
THAPONPHUBOJ, MaTeMaTHIECKast MOJIEIb, JUCKPETHOE PeTyIu-
pOBaHUe, IEPEXOIHBIE MIPOLECCHI.






TEKA. COMMISSION OF MOTORIZATION AND ENERGETICS IN AGRICULTURE - 2013, Vol. 13, No. 1, 119-126

Casting alloys for agricultural tools operating
under the harsh conditions of abrasive wear

Zenon Pirowski', Marek Goscianski?

'Foundry Research Institute,
Poland, 31-418 Krakow, 73 Zakopianska Street, pirowski@iod.krakow.pl
2Industrial Institute of Agricultural Engineering,
Poland, 60-963 Poznan, 31 Starotecka Street, margos@pimr.poznan.pl

Received February 19.2013;

Summary. This paper addresses some issues related with the
process of tribological wear, focusing on the phenomena that
occur during the abrasive wear of parts. Mechanisms of this
process were discussed, most important materials resistant to
this type of wear were characterised and examples of castings
designed for the agricultural sector, developed and manufac-
tured by the Foundry Research Institute in Cracow in collabo-
ration with the Research Institute of Agricultural Engineering
in Poznan, were demonstrated. Then the leading methods used
in the assessment of abrasive wear resistance of alloys, erosive
wear included, were classified and described. The results of
own research were quoted as an example. It has been proved
that modern casting alloys can successfully compete with the
wrought stock.

Key words: tribology, studies, castings, cast alloys, agricultural
tools.

INTRODUCTION

Progress in many areas of the economy, the agricul-
tural sector included, is dependent on the development
trends in the art of designing machinery and equipment

accepted March 14.2013

for operation under the increasingly difficult conditions.
Technical progress in this area depends on the cooperation
of specialists from a variety of industries, and on the close
relations between the sphere of scientific research — on the
one hand, and the producers of equipment and users of this
equipment — on the other. Such interactions should form
a type of closed loop. Materials of better performance du-
rability enable the design of advanced structures. Advanced
structures increase the efficiency of modern machinery and
equipment, but require from materials engineering the de-
velopment of better materials. Higher efficiency of equip-
ment requires the use of materials more resistant to wear
under the increasingly harsh operating conditions. This
co-action must be supported by research work in the areas
of fundamental theory, experimental trials and field testing
of new products (Fig. 1).

Extreme operating conditions of machines and equip-
ment mainly include corrosion with all its variations, the
effect of high temperatures, often combined with the need to
carry variable stress, and tribological wear. Abrasive wear,
which is one of many types of tribological wear, is the sub-
ject of this study.

more efficient machines and equipment

™~

\ advanced design
/

high-performance materials

|

!

!

testing of wear mechanism

laboratory testing of
materials

performance testing of
product

SCience =— industry

Fig. 1. The interaction of science and practice in improving the competitiveness of machinery and equipment
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TRIBOLOGY

Tribology is the science of friction and of the processes
accompanying this phenomenon. The name derives from the
Greek words tribus — friction, logos — science. Tribology as
a science deals with the description of physical, chemical,
biological and other related phenomena occurring in the
areas of friction. As a science, this field of knowledge was
formally established in 1966. Previously, the individual is-
sues of tribology were included in other disciplines.

Tribological wear is an important cause of failure of ma-
chinery and equipment. It is caused by the process of friction
which leads to a change in weight, structure and properties
of the surface layers of contacting bodies. The intensity of
wear is a function of different types of interactions and of
the resistance of these layers.

Generally speaking, there is no one single type of tribo-

logical wear that would have an exclusive influence on the
whole process; the decisive effect has the leading mecha-
nism. The elementary tribological processes are:
loss of material (microcutting, detachment of surface
irregularities, brittle cracking, peeling),
transfer of material (ploughing, polishing, indentation),
discontinuity of material (surface scratches, dimples)
accretions (build ups, antibodies, oxide films, deposits),
changes in geometric structure of the surface (deforma-
tion, directional shifting of
structure, phase transformations),
changes in chemical composition (new components,
surface oxides).
Among the types of tribological wear, the following ones
can be identified: abrasive wear, adhesive wear, scuffing,
oxidation wear, fatigue wear by spalling (flaking wear),
fatigue wear by pitting, fretting. All these types of wear are
described in technical publications dealing specifically with
the tribological wear [1, 2, 3, 4, 5, 6, 7, 8]. Here only the
abrasive wear will be discussed.

ABRASIVE WEAR

Abrasive wear is the most common tribological process
of destruction. It arises when the loss of material in the sur-
face layer is caused by the particle detachment due to micro-
cutting, scratching or ploughing. This process occurs when
within the areas of friction between the mating parts there
are loose or fixed abrasive particles or protruding asperities
of harder material, which play the role of local micro-edges.
In a similar way oxidised products of wear operate within
the friction area [1, 2, 3,4, 5, 6, 7, 8].

—t

ploughing

cutting of asperities

Fig. 2. Dynamic model of the elementary wear process types [7]
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Figure 2 presents a dynamic model of the elementary
processes of the wear due to abrasion.

As a criterion distinguishing the type of wear, a quotient
of the surface area of the cross-sections of the scratch recess
(F,) and swelling of material around the scratch (F,) was
adopted. This is illustrated in Figure 3.

Fy

Fig. 3. Criterion distinguishing the types of wear [7]
az — depth of recess, m-m — reference level

IfF /F, =1, it means that only plastic deformation in the
contact areas, or ploughing, occurs. The material indented
by protruding asperity or abrasive grain is “pushed” out-
side the surface (swelling of material on both sides of the
scratch).

If F /F, = 0, that is, cross-sectional area of the swollen
material is equal to zero (F, = 0), it means that only micro-
cutting occurs.

If 0 <I<F /F,, it means that microcutting, plastic defor-
mation and scratching occur.

During scratching, the material within the region of abra-
sive wear is crushed, upset and cut (chips, other products
of wear).

The resistance to abrasive wear depends on many factors
such as:
chemical and fractional composition of loose or fixed
abrasive particles,
relative hardness of abrasive particles compared with
hardness of the material exposed to wear,
specific pressure,
frequency of the replacement of products in the areas of
friction (blowing out, rinsing),
slip velocity.

Abrasion can take place through:

grains fixed in mating surfaces,

single loose abrasive grains,

abrasive layer that occurs between mating surfaces,
abrasive jet,

abrasive environment.

In the case of mating machine parts, due to the impact
of mating surfaces, the rubbing grains can execute:

a translatory motion in direction parallel to the abraded
surface,

a rotary motion in respect of their own axis (rolling).

— —

cutting of irregularities with abrasive
through protruding asperity

plastic deformation
of material
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In the case of grinding, especially crushing of hard ma-
terials, the abrasion is characterised by:

— larger dynamics of the effect of forces acting between
the abraded surface and grains,

— greater irregularity in the motion of these grains,

— higher proportional share of components normal to the
surface, resulting in a dynamic crushing.

Abrasion in an abrasive jet (erosion) means the impact
of a jet of fluid or gas, in which the abrasive particles are
suspended (e.g. abrasion by sand blasting, abrasive wear by
particles suspended in water or other liquids).

Abrasion of metals in an abrasive environment (e.g.
caterpillars of vehicles) is characterised by large kinetic
energy of the abrasive grains. The grain contact with
the abraded surface occurs under the effect of forces
performing the work of abrasive wear and crushing of
the material. In many cases, the abrasive agent is soil in
which there are mineral grains (mainly silica), causing
the abrasive effect.

Experimental relationships were obtained between the
relative abrasive wear resistance and hardness of metals

(Fig. 4).
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Fig. 4. Relationship between relative abrasive wear resistance
(J,,) and Vickers hardness (HV) of metals [1]

As follows from this chart, there is a linear relationship
between the increase in the relative abrasive wear resistance
of metals and hardness (in the case when hardness of the
abrasive material is much higher than the hardness of the
abraded metal).

Obviously, the relative abrasive wear resistance of steels
of different types (steels hardened, tempered, carbon-con-
taining, alloyed, etc.) is also different, but in each case (alloy
grade) this resistance is proportional to the hardness of the
abraded material. The quotient of the relative abrasive wear
resistance of metal (J_ ) and its hardness (HV) is for a given
family of metals (alloys) constant, that is:

J,,/ HV = const.

Penetration of abrasive particles into the top layer of the
abraded metal often causes serious anomalies in the intensity
and mechanism of abrasive wear.

With significant differences in the hardness of mating
parts, eventually it is the harder metal that can suffer a more
intensive wear. This is due to penetration of a large number
of abrasive grains into a softer metal. Due to this, the friction
surfaces get coated with a specific kind of abrasive “brush”,
composed of hard abrasive particles and soft metal layers
binding them together.
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As aresult of this phenomenon, the softer metal becomes
a kind of grinding wheel, which causes intense cutting of
hard metal.

THE ABRASIVE WEAR OF IRON ALLOYS

In the examination of carbon steel, the results were ob-
tained from which the following general conclusions were
drawn:

— pearlitic structures with lamellar pearlite are slightly
more resistant to abrasion than structures with spheroidal

pearlite (Fig. 5),
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Fig. 5. Effect of pearlite structure on changes in the relationship
between hardness and abrasive wear resistance [1];

1 — steel with lamellar pearlite,
2 — steel with spheroidal pearlite

— the wear resistance of hardened steel increases with the
increasing carbon content, but starting with 0.8% this
increase is gradually becoming less intense, to disappear
almost completely at 1% C (Fig. 6).
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Fig. 6. Relationship between hardness (HV) and abrasive wear
resistance (J ) of hardened steels as a function of the carbon
content [1]

— in steels quenched and tempered, the abrasive wear re-
sistance decreases with increasing temperature of tem-
pering, but to a lesser extent than the hardness (Fig. 7),

— most abrasion-resistant are non-tempered martensitic
structures,

— the increasing content of retained austenite in the struc-
ture of martensitic tool steels makes their abrasive wear
resistance decrease,

— in hypoeutectoid, annealed, ferritic-pearlitic steels, when
the increase in hardness with the increase in carbon con-
tent is due only to the increasing content of pearlite of
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Fig. 7. Relationship between hardness (HV) and abrasive wear resistance (J_ ) of steel as a function of the tempering temperature [1]

the same structure, i.e. to the change in the phase content

ratio without any change in the essential characteristics

of the structure, the resistance to abrasion is strongly
dependent on the hardness,

— as soon as the eutectoid point is exceeded (according to
some studies even a little earlier), and the microstructure
of the steel changes quite significantly, the relationship
between these parameters, valid for the hypoeutectoid
steels, now loses its validity,

— changes in the structure of pearlite also change in both
ranges the relationship between hardness and abrasive
wear resistance (Fig. 5),

— the relationship between hardness and abrasive wear
resistance seems to be valid only for structures of the
same type,

— the increase in “natural” hardness, i.e. in hardness of
pure metals and annealed steels, is accompanied by much
more pronounced increase in the abrasive wear resistance
than the increase obtained by quenching and tempering,

— the increase in hardness as a result of cold work, which
does not cause any phase transformations in the hard-
ened layer, such as e.g. the transformation of austenite
into martensite, gives practically no improvement in the
abrasive wear resistance,

— the aforementioned relationships confirm the thesis given
previously that only structural changes caused by the
heat treatment, mechanical treatment, etc. determine
changes in the abrasive wear resistance of a material,
and not the associated increase in hardness.

The abrasive wear resistance of cast iron as an alloy of
complex multi-phase structure is characterised by the struc-
tural features, properties, and percent content of individual
phases, the width and shape of the grains and their mutual
distribution. One of the characteristics typical of the cast iron
abrasive wear is the fact that the constituent undergoing the
most intense wear is graphite.

The product of the wear is the graphite powder, which
acts as a lubricant reducing the coefficient of friction and
improving the abrasive wear resistance, especially under the
conditions of dry friction. In the mixed mode of friction, the
cavities and crevices created by the loss of graphite play the
role of “storage tanks” for the lubricant. In those cavities
are also accumulated the products of wear, thus reducing
the abrasive effect.

On the other hand, graphite inclusions in cast iron act
as lubricants of very low resistance, breaking the continuity

of the metallic matrix, which can lead to the detachment of
metal particles and the related notch effect.

The effect of microstructure on the abrasive wear resist-
ance of cast iron depends on:

— content and structure of the metallic layer,
— content, shape and dispersion of graphite inclusions,
— content and shape of the phosphorus eutectic.

The above mentioned microstructural factors are obvi-

ously dependent on:

— chemical composition of cast iron,

— the conditions of the casting solidification and cooling,
— possible heat treatment.

The latest generation of casting alloys characterised by
high abrasive wear resistance includes ADI and high-al-
loyed cast steel hardened with nitrogen added as an alloying
element. At the Foundry Research Institute in Cracow, for
many years, research and implementation works have been
conducted on the aforementioned alloys, mainly to explore
the possibility of using them for agricultural tools working in
the soil [9, 10, 11, 12, 13, 14,21, 22, 23, 24]. Some examples
of castings made for the agricultural sector are shown in the
photographs below (Figs. 8 and 9):

WEAR RESISTANCE TESTING

Among various methods to test the tribological wear
resistance, three main groups are distinguished:
— field testing,

— Dbench testing,
— laboratory testing.

High complexity of tribological damage imposes the
need to reproduce during testing, as exactly as possible,
all conditions under which the wear takes place, and so to
ensure exact mapping of the operating conditions of the
tested mechanism, machine part or material.

FIELD TESTING

Field tests are carried out on machines or equipment
under conditions of their actual operation. The purpose of
these tests is, among others, to detect weak parts suffering
frequent damage and determine the intensity of their use.
Field tests may be carried out as part of research to deter-
mine the wear rate of specific components included in a new
design and / or made of a new (tested) material.
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Ploughshare with cutting blade for the reversible and single-sided plough (ADI)

Cast coulters for the flexible cultivator teeth (two types)

Fig. 8. Examples of parts resistant to abrasive wear cast from ADI (own designs)

Y]

Fig. 9. Examples of parts resistant to abrasive wear made from high-alloyed cast steel with nitrogen

These tests reproduce most fully and faithfully actual
operating conditions of parts of the machines and equipment
to be evaluated. Since these are usually long-term studies,
often, when they are running, narrower operating parameters
than under normal operating conditions are applied. Howev-
er, application of these experimental conditions should not
cause changes in the abrasive wear mechanism.

In field testing, the main methods of the measurement
of the degree of wear include the measurement of dimen-
sional changes, the method of artificial bases, and isotopic
method. Gravimetric method, due to the large mass of the
components under inspection, is less useful. Sometimes the
weight of the products of wear is determined.

Due to the fact that the operating parameters (load value,
ambient temperature, humidity, etc.) under normal condi-
tions vary at random, it is necessary to provide a statistical
approach to the results of experiments, which considerably
increases both the time and cost of studies.

AN

BENCH TESTING

Bench tests are carried out on entire machines or individual
components. They have a control or experimental character.
The construction of a stand has to provide conditions similar to
the real ones. Compared with field testing, these studies enable
wider programming of operating conditions, their exact record-
ing, increasing the number and accuracy of measurements, and
high reproducibility of the results. This allows using smaller
number of repetitions, which reduces the cost of the experiment.

LABORATORY TESTING

Laboratory tests are carried out for the mating parts of
machinery or equipment, or for the mating materials. It is
difficult to reproduce in laboratory equipment the real op-
erating conditions such as e.g. the stiffness of structure, the
precision of assembly, vibrations, etc.
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Therefore, laboratory testing of material wear is most
often done for comparative purposes only. These tests are
designed to compare the wear resistance of the examined
materials with the wear resistance of the adopted reference
standard. The studies do not refer to the conditions under
which the tested material will be operating, but adopt a simple
mechanism of wear for which the comparison is carried out.

Within the framework of materials testing of the devel-
oped and implemented casting alloys of a new generation to
be used for agricultural tools working in the soil, numerous
tests to assess the resistance to abrasive wear have been
carried out [15, 16, 17, 18, 19]. For example, Figure 10
compares the erosive wear rate of ADI castings with other
selected casting alloys.

Owing to a high content of residual austenite in the ma-
trix, ADI hardens under pressure in a way similar to Hadfield
cast steel, offering also similar resistance to erosive wear.

4,0 -
3,5
3,0
2,5 A
2,0 -
1,5 -
1,0 -
0,5 - | I I I
0,0 . . T . .

A B C D E

Alloy type

Fig. 10. Erosive wear rate tested in silica sand — water slurry for
different ferrous alloys (own studies)
A —Hadfield alloy, B — chromium-nickel cast steel, C — chro-
mium-nickel cast steel with addition of nitrogen, D — ductile
iron, E — austempered ductile iron (ADI)

Erosive wear rate; mg/h

SSSS

Even more resistant to this type of wear is the high-al-
loyed, chromium-nickel cast steel, in particular with the
addition of nitrogen. High resistance of this alloy to tri-
bological wear was confirmed by comparative bench tests
carried out on harrow teeth, shown in Figure 11. Despite
a significant increase in the life of harrow teeth cast from
the high-alloyed, chromium-nickel steel, compared with
forged steel teeth, the rationale of their use must be decided
against the background of economic reasons (the cost of
production).
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Wear rate; mg/km

40GS steel

Cr-Ni cast steel with N

Fig. 11. Abrasive wear rate compared for harrow teeth made
from different alloys
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In cooperation with the Research Institute of Agricultural
Engineering in Poznan, the Foundry Research Institute in
Cracow has developed a series of innovative agricultural tools
made from the austempered ductile iron (ADI); the developed
castings were subjected to a series of laboratory and field tests.
Examples of the obtained results are given in Figures 12-15.
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Fig. 12. Wear behaviour of investigated alloys under the condi-
tions of dry friction [own studies]

Service life of ploughshare; ha/share
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38GSA

Fig. 13. Service life of ploughshares cast from ADI (designated
with symbols W1 — W5) and ploughshares forged from 38GSA
steel [own studies]
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Fig. 14. Weight loss in cultivator duckfoot cast (own studies)
and forged [20] calculated per 1ha of the cultivated land area
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Fig. 15. Weight loss in three-tooth subsoiler coulters cast and
welded calculated per 1ha of the cultivated land area (prelimi-
nary studies)
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CONCLUSIONS

The tests and studies carried out have shown that modern
casting materials can in many cases successfully replace the
traditional wrought alloys. Sometimes, redesigning of the
replaced components is necessary due to changes in pro-
duction technology, while their introduction to common use
requires wide-scale dissemination of innovative solutions
wherever it is economically justified.
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STOPY ODLEWNICZE PRACUJACE W TRUDNYCH
WARUNKACH ZUZYCIA SCIERNEGO
PRZEZNACZONE NA NARZEDZIA ROLNICZE

Streszczenie. W artykule omowiono wybrane zagadnienia
zwigzane z procesami zuzycia trybologicznego, koncentrujac
si¢ na zjawiskach zachodzacych w trakcie zuzywania si¢ detali
w trakcie $cierania. Omdéwiono mechanizmy takiego procesu,
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scharakteryzowano wazniejsze materiaty odporne na ten rodzaj
zuzycia i pokazano przyktadowe odlewy przeznaczone dla sek-
tora rolniczego opracowane i wykonane w Instytucie Odlewni-
ctwa w Krakowie we wspolpracy z Przemystowym Instytutem
Maszyn Rolniczych w Poznaniu. Nast¢pnie sklasyfikowano
i opisano wazniejsze metody oceny odpornosci stopdw na zuzy-

ZENON PIROWSKI, MAREK GOSCIANSKI

cie §cierne, w tym zuzycie erozyjne. Przytoczono przyktadowe
wlasne wyniki takich badan. Wykazano, ze nowoczesne stopy
odlewnicze moga z powodzeniem konkurowac z tradycyjnymi
tworzywami przerabianymi plastycznie.

Slowa kluczowe: trybologia, badania, odlewy, stopy odlewnicze,
narzedzia rolnicze
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Summary. The article discusses some results of work carried
out in the framework of material and technological conversion,
which aims to replace with cheaper and / or more durable cast-
ings, machine parts and agricultural equipment made so far in the
forging and welding technology. The focus is on the agricultural
tools working in the soil. The fallowing tools have been created
and tested in extreme wear on the field: rotational plowshares,
hoes subsoiler, cultivator tooth, cultivator spring, cultivator
spring tooth point. Conducted field tests of prototype tools have
confirmed the validity of the action taken.

Key words: castings, Austempered Ductile Iron — ADI, agricul-
tural tools, performance tests.

INTRODUCTION

The aim of this study was to increase innovation, mo-
dernity and competitiveness of Polish industry in the man-
ufacture of agricultural machinery and equipment.

Prior to the implementation of this work, a study fo-
cused on the conversion of agricultural machinery parts
previously performed by conventional methods (forging
machining, welding, etc.) on the elements made with casting
technology, of course, where it seemed to be technically and
economically viable.

Foundry is a very extensive industrial branch. It is es-
timated, according to data from the U.S., that castings are
components of up to 90% of final industrial products. In the
economies of developed countries there is observed a perma-
nent increase in the production of castings. There are more
new applications in the fields of industrial castings such
as medicine, energy (including renewable energy), which
require a sufficiently high standard, enhanced technical and
operating parameters of cast components composing the
final product.

It is the quality of the cast components that determines
the quality of the final product and, consequently, its price.

Extensive use of castings as components of final prod-
ucts creates opportunities for conversion of various com-
ponents of machinery and equipment originally performed
by other machining technologies such as forging, welding,
machining on the parts made with casting technology.

Business practice has shown possibility of replacing these
items with casting elements, which often are lighter, more
durable, resistant to abrasion, thermal fatigue, etc. [1, 2, 3, 4,
5,6,21,22,23, 24]. As aresult of the conversion work on the
material and technology, an experimental series of castings
for agriculture have been done. These agricultural tools were
made of high-quality ductile iron with alloy additives and heat
treatment and they were working in the soil. The fallowing
type of tools have been created: blades for rotational plows,
subsoiler plough, cultivator points (duckfoot share), tooth
for cultivator spring, cultivator spring tooth point [7, 7, 9,
10, 11, 12].

PLOUGH CASTINGS

On the Polish market there are available ploughs made
by using two different technologies: bending with welding
and stamping. Examples of blades made by using these
technologies are shown in Figure 1

a.

Fig. 1. Polish ploughs: a) plough done by welding, b) plough
done by stamping
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These ploughs were tested for mechanical and tribolog-
ical properties. The obtained results were used to determine
the material requirements that should be met after the change
in the casting plough’s material.

During working on the field ploughs of the plow are
subjected to a very complex process of destruction. On the
one hand there is a strong wear of the soil, on the other hand
they are vulnerable to stress cracking due to the presence of
high static and dynamic loads. Therefore, the material from
which they are made must be very durable and resistant to
erosive wear, but sufficiently plastic and able to transmit
impact loads (frequently occurring) as a result of stone im-
pact in the soil.

Among the casting materials, properties similar to steel
that is plastically processed are possessed only by ductile
iron after heat treatment (hardening of isothermal transfor-
mation ADI). That ductile iron is resistant to abrasion in
different conditions. Its mechanical properties are depend-
ent on the type and quantities of alloying additives, and
especially on the parameters of the heat treatment. Such
a ductile iron obtained after the isothermal tempering has the
tensile strength in the range 800-1500 MPa and elongation
up to 18%, depending on the process used. For obtaining
the desired properties, the quality is significant of spheroi-
dal graphite iron (particularly the form, size and number of
graphite precipitates), and heat treatment parameters. Less
significant is the chemical composition of the cast iron.
Thus, it can be varied in a very wide range. However, it
is necessary to add elements (corresponding to the wall
thickness of the casting) to facilitate the hardenability of
iron (for example, Ni, Cu).

In order to verify the suitability of the alloy elements
of agricultural machinery operating under abrasive wear
in direct contact with the cultivated soil, tests have been
performed of casting prototype ploughs (shown in Fig. 2).

Fig. 2. Share casting and blade for standard and rotational
ploughs [own construction]

Abrasion tests have been carried out both in the lab-
oratory and during performance under field conditions.
They revealed that the optimum type of ductile iron ap-
pears to be a cast (designated as W3) with the following
characteristics:

R —about 1200 MPa,

A, —more than 1.5%,

KCU - over 7 J/cm?,

Hardness — approximately 40 HRC.

As it is shown in Figures 3 and 4, that type of ductile
iron can be used successfully on the cast plough’s blades in
the place of expensive forged and welded blades.
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Fig. 3. Wear of alloys tested under dry friction [own research]

Operation durability [ha/blade]

w1 w2 w3 w4 w5

38GSA

Fig. 4. Operation durability of the castings blades made of cast
iron ADI (marked W1 - W5) and forged steel blades made of
38GSA steel [own research]

SUBSOILER PLOUGH CASTINGS

Currently used subsoiler ploughs are made as welded
steel structures (Fig. 5). In this paper the conversion of ma-
terial and technology of these tools have been presented.
An innovative design and construction of subsoiler plough
have been developed. Also, a short experimental series have
been manufactured and tested (Fig. 6).

Manufactured experimental tools were tested in oper-
ational condition in the field. During preparation of field
research, a study was made concerning the analysis of
diversification of agricultural machines used by farmers,
including subsoilers. As a result of such an analysis, a gen-
eral conclusion can be stated that at present the majority
of farmers (different acreage) uses a diverse construction
machines including cultivation Subsoilers with welded sub-
soiler ploughs.

At the same time it should be noted that the assortment
of soil machinery is constantly changing. Structural mod-
ifications of these machines also cause a new, individual
for each manufacturer, way of attachment and shape of
agricultural tools. Therefore, for the experimental tests were
selected only those farms, whose machines can be fitted
with the tested elements. The results of wear intensity of
casting subsoiler made of ADI were compared with (in
similar operating conditions) reference items purchased
from a leading Polish manufacturer. Research has been car-
ried out in accordance with the methodology developed in
PIMR. Results showed that in the case of casting subsoiler
a loss of weight on the 1 ha cultivated area was 58.75 g /ha
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Fig. 5. Subsoiler plough welded from 7 elements

|

Fig. 6. Casting of subsoiler plough [own construction]

and welded coulter — 45.92 g/ha, and it was larger by the
27%. It should be noted that subsoiler plough has difficult
working conditions, which are associated with significant
thermal effects occurring in the soil at the depth of about
35-40 cm. These effects could be the cause of structural
changes in particularly vulnerable to such changes ADI
cast iron (decrease in the ausferrite hardness). Errors that
occurred in the internal structure of the thick-walled cast-
ings could also contribute to the increased wear intensity
of these components.

In the case of casting tools, a much bigger surface
area had a contact with the cultivated soil compared to
the traditional tools. That suggests a necessity of modi-
fication of the castings construction. Rockwell Hardness

of reference subsoiler plough made of welded steel with
boron is about 40 HRC. The hardness of ductile iron
castings after isothermal hardening was also about 40
HRC (according to the technology assumption). Simulta-
neously, an area of reduced hardness lower than 30 HRC
was observed under the gating system. That suggests
a necessity of modification in that area: correction of the
gate supply system.

Images of scanned subsoiler plough (Figure 7) show
the distribution of surface wear intensity. Scanning image
of these tools and investigations of surface (tribological as-
pect), showed no presence of anomalies in the nature of wear
intensity and permanent deformation. Only small changes
in surface on edges were highlighted.

[mm]

0.00

450

-5.39

Rys. 7. Comparison of subsoiler plough wear intensity, welded construction (left) and casting (right) [own research]
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DUCKFOOT SHARE CASTINGS

As part of the material and technology conversion sub-
ject in the field of agricultural tools working in the soil,
an innovative variant of casting duckfoot share for spring
cultivator teeth has been developed. Currently produced
duckfoot share is made from steel by forging and welding.
Castings of Duckfoot shares are made of ductile iron tem-
pered with isothermal transformation (ADI). Comparison
of construction of an existing one and innovative design of
duckfoot share is shown in Figure 8.

Fig. 8. Duckfoot share for spring cultivator teeth made by forging
and welding (left) and as a casting (right (own construction)

In order to assess the operation durability of forged and
cast iron duckfoot share, comparative tribological tests were
conducted of these tools. They helped to assess their wear
intensity in the stochastically varying conditions of operation
in the soil. Studies were carried out in accordance with the
developed methodology in PIMR and showed that in the case
of cast duckfoot share, the average loss of weight per 1 ha of
cultivated area was 1.11 g/ ha (average from three farms) and

- 0.000

— -0.500°

-2.000

-2.507

. a3
Fig. 10. Cultivator point for spring teeth made from steel
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was about 31% lower compared to the forged duckfoot share
from steel with boron. It should be noted that the Rockwell
hardness of cast duckfoot share from ductile iron tempered
isothermally (according to the technology assumption) was
about 40 HRC, while the hardness of forged steel duckfoot
share was higher; approximately 45 HRC. Increased hardness
of steel duckfoot share did not translate, therefore, in this
case, on direct increase of operational durability of the tool.

Scanning images of duckfoot share after the wear in-
tensity research in the field (Figure 9) showed the distri-
bution of surface defects with a scale of values. Scannig
image of these tools and investigations of surface (tribo-
logical aspect), showed no presence of anomalies in the
nature of wear intensity and permanent deformation. Only
small changes in surface on edges were highlighted, dis-
persion of deviations (losses) in the surface was 2.50 mm
for the forged duckfoot share and 3.21 mm for duckfoot
share casting.

CULTIVATOR POINT CASTINGS

Cultivator points for spring teeth are interchangeable
tool designated for agragates for pre-sowing tillage, working
directly in the soil. Current technology of manufacturing cul-
tivator points uses fallowing methods; cutting, hammering,
drilling, grinding (Fig. 10). High level of wear intensity of
a large scale is one of the most significant premises for an
attempt to try to replace steel cultivator points with castings.
Therefore, a new design and construction were developed
and experimental series of innovative cultivator points were
manufactured from ADI ductile iron (Fig. 11).

Operational durability tests of cultivator points con-
firmed the validity of their implementation in casting vari-
ants ver. [T and ver. V. Average wear intensity measurements

[mm]

[] zo0¢
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-2.4¢
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s

Fig. 11. Cultivator point for spring teeth made from ADI ductile iron (two variants: ver. II on the left, ver. V on the right)
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Fig. 12. Graph showing the average wear intensity of cultivator points in different construction variants (operational speed of 6-8

km/h area of 100 ha)

were made of newly developed cultivator points (at the
“classical” speed of 6-8 km) in the variant IT and V compared
with classic cultivator points made from steel. The obtained
results showed that there are significant differences in wear
intensity (Fig. 12).

The average wear intensity of casting cultivator poins in
variant II was 0.51 g/ha, and in variant V 0.77 g/ha, com-
pared to the 1,21 g/ha in the case of classic cultivator point
(made by forging). It can be easily calculated that castings
are 2-3 times better than the classic equivalent.

CONCLUSIONS

Attempts of material and technological conversion of
selected agricultural tools, in most cases provided promising
results. Modern materials such as ductile cast iron tempered
with isothermal transformation (ADI) can often compete
with steel (constructional and tool type) [13, 14, 15].

Scanning images of surface defects on different tools
working in the soil showed the most vulnerable places of
wear. This will help in the future to improve the technology
to increase the operational durability of these tools in key
areas (e.g. possible application of laser welding with powder
metal alloys — LMD).

The first attempts to use this technology in this field
were carried out in the Department of Agricultural Machines
Materials Testing and Development in PIMR in Poznan.
Research on the effectiveness of laser technology application
and laser cladding of metal alloy powders are ongoing, and
their results will be subsequently published in scientific
journals.

In parallel in the Foundry Research Institute in Cracow
work is done on the development of new types of ductile
cast iron tempered in isothermal transformation (CADI) [16,
17, 18, 19, 20]. Described in this paper agricultural tools

castings working in the soil constructional solutions have
been patented or patent pending by cooperating in this area
research institutions: PIMR in Poznan and IO in Krakow.
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INNOWACYJNE KONSTRUKCIJE
NARZEDZI ROLNICZYCH Z NOWOCZESNYCH
TWORZYW ODLEWNICZYCH

Streszczenie. W artykule omowiono wybrane efekty prac prowa-
dzonych w ramach szeroko rozumianej konwersji materialowo-tech-
nologicznej, ktdrej celem jest zastapienie tanszymi i/lub trwalszymi
odlewami, elementéw maszyn i urzadzen wykonywanych dotych-
czas w technologii kucia i spawania. Skoncentrowano si¢ na narze-
dziach rolniczych pracujacych w glebie. Wykonano i przebadano
narzedzia pracujace w ekstremalnych warunkach zuzycia sciernego
jak: lemiesze plugéw obracalnych, redlice glebosza, gesiostopki
zebow sprezystych kultywatora, redliczki zgbow sprezystych kul-
tywatora. Przeprowadzone badania eksploatacyjne wykonanych
narzedzi prototypowych potwierdzity stusznosé podjetych dziatan.
Stowa kluczowe: odlewy, zeliwo ADI, narzg¢dzia rolnicze, ba-
dania eksploatacyjne.
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Summary. Geothermal energy (GE) is heat from within the
earth, accumulated inside the Earth in the form of hot water and
steam or within hot dry rocks. The total world resources of GE
exceed 35 trillion times the current, global demand for energy.
GE is renewable, common, clean, abundant and independent of
climatic conditions, thus it provides opportunity to be exploited.
Resources of GE range from the shallow ground to hot water
found a few kilometers beneath the Earth’s surface, and deeper to
the extremely high temperatures of magma. Many technologies
have been developed to take advantage of GE. The paper presents
the basic information on GE, ways to obtain and utilize it. The
methods of calculation of GE resources were also presented.
Key words: geothermal energy, renewable energy sources.

INTRODUCTION

Over the decades, conventional energy will not be able
to meet the growing world energy demands, mainly due to
the limited and rapidly dwindling sources of conventional
fuels. Renewable energy sources and especially geothermal
energy (GE) may be the panacea for the world’s energy
problems [18, 20, 21, 26].

Geothermal comes from the Greek words “geo” mean-
ing earth and “therme” meaning heat. It is the natural heat
of the earth which presents a potentially sustainable and
commercial solution to problems of pollution, green house
gas emissions, rising prices and long term supply problems
associated with fossil fuels. GE is thermal energy generated
and stored in the Earth, especially in the magma, rocks and
fluids [34]. GE sources are hydrothermal systems, and hot
dry rocks [7].

The use of thermal energy stored in hot rocks and ground-
water for recreation and therapeutics has been known since
ancient times. However, the use of such energy resources to
produce heat and electricity began with the development of
drilling techniques and modern geology. It has been proved

that GE has great potential for supplying many areas with
heat and electricity [2].

GE is independent of weather conditions, has a natural
ability to accumulate, it is pure energy, contributes to the re-
duction of harmful combustion products of fossil fuels used
for direct application, as well as with other renewable energy
sources for electricity generation. Using of GE reduces the
deterioration of our land, air, and water, which will allow
future generations to live in the clean environment [19, 31].

The aim of the work was to present the basic information
on GE. The methods of calculation of GE resources were
also showed.

GEOTHERMAL ENERGY RESOURCES

The increased interest in renewable energy sources
makes a number of geothermal installations increase rap-
idly. According to the forecast of the European Renewable
Energy Council (EREC), in October 2008, the percentage
of the total geothermal renewable energy production will
increase from 3.1% in 2005 to 18.5% in 2050 [11].

World geothermal resources are estimated at about
8-10°J. However, only a small part can be used economically,
due to the current technical capability and cost-effectiveness
[30]. Geothermal resources to the depth of 5000 m (limit
of technical feasibility of drilling) are about 1.4-10% J [21].

According to the way of energy production, there are
two basic geothermal system types
— hydro-geothermal resources, which are a two-component

mixture of water and steam, at the temperature ranging

from 200 to 3000°C, and hot water at temperature of 50

to 70°C, the water being the natural medium in which

GE is recovered,

— petro-GE resources — the energy is stored in dry, porous
hot rocks and hot salt domes [30], there is no natural
medium in these formations and the heating agent in
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this case is water which is artificially introduced into

the layer of rock and after heating up is turned back to

the surface [33].

According to the temperature of water, geothermal re-
sources can be divided into the following classes:

— class I — temperature < 100°C,

— class II — temperature from 100 to 150°C,
— class III — temperature from 150 to 250°C,
— class IV — temperature > 250°C [28].

Taking into account the prospects of geological regions,
environmental, technical and economic provisions, opera-
tion and use of the potential of geothermal resources, the
following categories can be distinguished [1]:

— available geothermal resources,

— static resources of GE,

— static-recoverable resources of GE,
— disposable resources of GE,

— exploitation of GE resources.

Available geothermal resources are defined as part of
the total available drilling of geothermal resources. This
is the amount of heat energy stored in the Earth’s crust to
the depth of 3 km or to the ceiling of crystalline substrate,
relative to the annual average temperature on the ground
surface. Available geothermal resources are calculated as
follows [34]:

EDZG = VS xrS x ¢S (Th —10)/24 [J-m?], (1)

(3000)
where:
VS — volume of rock from the Earth’s surface to the depth

0f 3000 m [m?],
rS—average density of rocks to the depth of 3000 m [kg-m™],
¢S — average specific heat of the rock matrix [J/kg’C],

Th 3y, — temperature at the depth of 3000 m ['C],
To — annual average temperature on the Earth surface [*C],
A — surface area calculation [m?].

Static energy resources of hydro-geothermal reservoirs
determine the amount of heat accumulated in the volume of
free water contained in the pore space or gaps in the rock
skeleton of the rock layer, or aquifer. Static resources of GE
is the total amount of heat stored in the free water and in the
rock matrix with the respect to the computation surface and
average Earth surface temperature [34]. Static geothermal
resources can be calculated as follows:

EZS= Axmpx[(1 — pe)xrS x ¢S +
+ pe x rw x ew]x(TS — To) [J], )

where:

mp — total volume of aquifers in the reservoir [m],

rS— mean rock density to the depth of 3000 m,

¢S — average specific heat of the rock matrix [J/kg’C],

pe — effective porosity,

rw — average density of water [kg-m™],

cw — average density of water [J/kg"C],

A — surface area calculation [m?],

TS — ceiling temperature of geothermal reservoir ["C],

To — annual average temperature on the Earth surface ['C].

The static-recoverable GE resources are part of the static
resources of a given level or hydro geothermal layers, which
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can be extracted to the surface of the Earth, taking into
account the specific operating system of using geothermal
water (spinner operating system or the operation by using
one hole). The recoverable portion of geothermal resourc-
es determines the production rate (R ), described by the
formula [4]:
Ro = As/Ac[(Ts — T2)/(Ts — To))], 3
where:
AS — cooled-off operating system [m?],
AC — the total surface area of the operating system [m?],
TS —temperature at the ceiling of hydrothermal reservoir [°C],
TZ- chilled water temperature turned up to the hydrothermal
level (usually 25 °C),
To — annual average temperature on the Earth surface [°C].
The static-recoverable resources of GE can be calculated
as follows:

EZWS = EZS *Ro [J], @)

where:
EZS — static resources [J],
Ro — factor of production.

The available resources of GE are determined for those
areas that promise hope and possibility of economic use of
geothermal heat [4].

The disposable resources of GE are calculated based on
the expression:

EZdysp = Vw x (TS —25) X rw x cw x 8760 [J/rok], (5)

where:

V'w — nominal capacity of the mining hole [m*-h],

TS — temperature at the ceiling of hydrothermal reservoir ['C],
rw — average density of water [kg-m™],

Cw — average specific heat of water [J/kg’C].

Exploitation of GE resources is the amount of free ge-
othermal water possible to obtain under the geological and
environmental circumstances with shots of an optimal tech-
nical and economic parameters [1, 4].

In order to evaluate the geothermal reservoirs of re-
sources, dimensionless ratio is calculated called the power
factor (F), which is defined as the ratio of the effective power
output (Pwy) to efficient power input (Pwe):

F = Pwy/Pwe. (6)

The power factor is an indicator which expresses how
many times the output power of geothermal shot exceeds
the thermal power, which is an equivalent representation
of capital expenditure and operating costs of this shot. It is
assumed that Pwy — the effective power output corresponds
to the average annual intake capacity of geothermal heat:

Pwy=1,14 x 103 x Yw x (TS - TZ) [W], @)
where:
V'w — the nominal capacity of potential mining hole [m?*-h™],
TS—temperature at the ceiling of hydrothermal reservoir ['C],
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TZ - chilled water temperature turned up to the hydrothermal
level ['C].

The effective power input (Pwe) relates to the capital
outlay for the construction of geothermal shot and the costs
of its operating, expressed as an equivalent of thermal power.
It can be interpreted as the amount of heat that can be ob-
tained per unit of time with an alternative way of financial
resources:

Pwe=3,17 x 10% x(I/t) + Ka xW/CP [W],  (8)
where:
I —total capital expenditures for construction of intake [z1],
1/t — annual capital expenditures [z}/r],
W — the calorific value of the alternative fossil fuel [MJ/j.p.],
Ka — annual operating costs [zl/1],
CP — alternative of fossil fuel price [zl/j.p.].

ACQUISITION OF GEOTHERMAL ENERGY

Acquisition of GE requires the use of appropriate sys-
tems for the extraction of the surface [33]. GE systems can
be divided into direct use systems and systems with forced
flow of heat-transfer medium [6]:

— the natural geyser system in which heat-transfer medium
is extracted to the surface in the form of a geyser,

— the natural hot springs in which heat-transfer medium
is extracted to the surface in the form of warm, hot or
overheated geothermal water,

— the natural system in which the heat transfer medium is
isolated from volcanic outbreaks,

— the artificial system in which the natural heat transfer
medium under the effect of artesian hydrostatic pressure
is input into the surface to the operating system,

— the artificial system in which the access to the deposit
of magma is obtained by artificially made hole ending
near the magma,

— the artificial volcanic system in which to the fire of vol-
canic or magma a smooth shaft or large-diameter hole
runs at the bottom of which explosives are placed. As
aresult of the outbreak a stream of magma comes to the
surface and creates a lava lake in a suitably prepared
container.

The basic elements of the system’s acquisition and de-
velopment of GE are:

— the geothermal deposit — usually in the form of geother-
mal aquifer,

— the access channels to the deposit, that connect the op-
erating level with the surface,

— the liquid heat transfer medium,

— the underground equipment such as submersible pumps,
heat exchangers,

— aset of devices that enable the use of geothermal water
for heating and technological purposes,

— aset of devices capable of converting GE into electricity
(for the relevant parameters of geothermal water),

— aset of assistive devices in the case of a low-temperature
of thermal energy carrier [6].
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An essential part of each mining system is access chan-
nels to the bed. There are natural and artificially created
channels. Artificial channels make it easy to design the ge-
othermal intake according to the needs of customers.

Among the GE systems using artificially made access
channels to geothermal deposits the following can be dis-
tinguished:

— the single hole operating system with automatic outflow
of geothermal water with low degree of mineralization
with artesian pressure,

— the single hole operating system with low degree of
water mineralization a low degree of mineralization from
the aquifer and by use of submersible pump,

— the single hole open operating system of geothermal with
low degree of water mineralization and by use of sub-
mersible pump with artificially increased permeability
of the deposit near the mining hole,

— the single hole mining and forcing water into the ground
system used for the extraction of geothermal water with
high degree of water mineralization. In this case it is
taken from the field in the lower part of the bed and
injected into the bed located above,

— two holes system, which a is closed system used in the
case of mineralized geothermal waters with two holes:
mining and forcing water into the ground.

— two holes energy receiving system from hot rocks artifi-
cially generated water permeability, where heat removal
takes place in a forced water circulation [27].

The effectiveness of the construction of the geother-
mal approach can be determined by cost index (k), which
expresses the ratio of expenditure of underground works
(boreholes) to the nominal heat power of geothermal water
stream [34]:

K = Ko-Nt' [zZt/MW], )
where:

Ko — cost of the drilling [z1],

Nt — the nominal heat power of geothermal shot [MW].
The value of Ko is dependent on the depth of aquifer

and can be expressed as [29]:

Ko= aexp(bH) [z1], (10)
where:

H —hole depth [m],

a and b — the cost factors, the value of which depends, among
others from the structure and hardness of the rock in
a drill place.

The nominal heat power of geothermal shot (geothermal
dublet) can be calculated as follows:

Nt =Vp cp(T— Tz2)2,78-107 [MW], (11
where:

V — the flow of extracted water [m*h],

p — geothermal water density [kg-m™],

cp—the heat of geothermal water [kJ/kgK],

T — temperature of geothermal water [K],

Tz — the temperature of forcing water into the ground [K].
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The volume flow of geothermal water possible to extract
from a geothermal deposit is calculated from the formula
described by Darcy-Dupuita [28]:

V=2nkmS/In(R/r) [m*s1], (11
where:
k — bed filtration coefficient [m-s™],
m — squashing of geothermal deposit [m],
S — depression of water in the hole [m],
r —radius of hole mining near the filter [m],
R — radius of the cone of depression [m].

It follows from the formula that the amount of extracted
geothermal water depends on the mining hole design, filtra-
tion properties and volume of rocks forming the geothermal
water reservoir.

ECONOMIC USE OF GEOTHERMAL ENERGY

GE is used directly and indirectly. The direct, or
“non-electric” use of GE is energy used directly (swimming
pools and spas, use in agriculture, in water farms, use in
industrial, heating and cooling facilities, including district
heating and heat pumps) and indirect use of GE is converting
it into electricity [2, 13, 24].

The use of geothermal water for spas and recreation goes
back to prehistoric times. Warm bath water is one of the
oldest procedures used to improve or maintain health [22].
Iceland is well known to be the world leader in the use of
geothermal district heating. The island operates 130 pools
of the area. 27 tys.m?, filled with water at the temperature of
35 —42°C, which are generally available. The most famous
ones are Medical Clinic in Hveragerdi and Blue Lagoon
Geothermal Spa. Japan has more than 2.200 resorts with
hot springs, for example, in the town of Beppu geothermal
waters are recommended for diseases of the digestive sys-
tem, nervous system and skin problems. There are many
medical and thermal baths and spas all over Hungary. For
example, the thermal spa in Hajduszoblszlo is characterized
by a source of geothermal water at the temperature of 73°C,
rich in iodine, bromine, sodium chloride, and trace elements.
The spa is recommended for musculoskeletal disorders,
arthritis, myositis, hypothyroidism, dermatitis. Slovakia has
more than 30 resorts with swimming and therapeutics based
on geothermal waters, the most famous centers are: Lucky
and Oravice of geothermal pools with water temperatures
above 30°C.

Spa tourism and balneotherapy are popular in Turkey.
There are about 1000 known natural geothermal water sites
in Turkey and 194 geothermal spas where geothermal water
at the temperature of 36°C are used to treat heart and skin
disease and hypertension. In Poland, there are currently 7
spas using geothermal water at temperature from 19 to 45°C
form natural sources and wells. They are located in: Cie-
chocinek, Cieplice Slqskie, Duszniki Zdr6j, Iwonicz Zdrdj,
Konstancin, Ladek Zdroj i Ustron. The oldest resort in Po-
land is Ladek Zdroj, the first information comes from 1241.
There are six sources of water treatment at the temperature
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from 20 to 45°C deposited at the depth of 700 m, used in the
treatment of the musculoskeletal system, nervous system,
skin diseases and respiratory diseases [11]. The seven new
swimming and leisure facilities are created In Poland, in the
years 2006 — 2011. The most famous of them are located
in: Zakopane, Bukowina Tatrzanska, Uniejow and Biatka
Tatrzanska [15].

GE is used in agriculture for greenhouses heating, soil
heating and irrigation, as well as for the decay of biomass.
Geothermal heating of greenhouses is practiced in Tunisia,
Hungary, Russia, New Zealand, Japan, Iceland, China and
the United States. The use of GE for heating reduces the cost
of production, which can be as much as 35% of the value of
the product. Besides this, GE can be used in colder climate
where normal commercial-scale greenhouses would not be
cost-effective [25].

GE is directly used in production of mushrooms, fish
and animals. There have been successes in water cultures:
catfishes, shrimps, eels, trout, snails, alligators conducted
in Japan, China, the USA and New Zealand. The use of
geothermal heat allows to adjust the temperature of joints,
thereby optimizing the growth of breeding material. The
use of GE on the farm animals, by adjusting heating and
cooling environment stimulates domestic growth, reduces
the mortality rate of young, increases litter size, allows to
control the disease, facilitates the removal of waste. Geo-
thermal solutions are also used for cleaning, sterilizing and
drying facilities for the animals, as well as the alternative
in the production of biogas from waste [26].

The geothermal heat is used directly in the industrial
scale for drying: agricultural products, fish meal, seaweed,
wood construction and dehydration of highly concentrated
solutions. Examples of industrial applications of GE are
boric acid extraction from geothermal brine (Italy), drying
of diatomaceous earth (Iceland), processing of wood and
pulp (New Zealand), fermentation of sludge (USA) [26].
GE can also be used directly for the production of drinking
water by distillation of sea water [30].

GE is widely used in air conditioning room, which in-
cludes both heating and cooling. Heating by the central
heating network depends on the delivery hot water or steam
from a central source to individual buildings, apartment
blocks by the piping network. Supplied thermal energy is
used for heating and cooling and for domestic hot water.
The primary source of heat is geothermal deposit, but de-
pending on the temperature of the geothermal water and
the demand of consumers, district heating can be supplied
by the associated system, including fossil fuel and/or heat
pumps. Geothermal district heating systems exist in at least
12 countries, including Iceland, France, Poland, Hungary,
Turkey and the USA.

Today, in many countries, especially the United States,
Switzerland and Germany a lot of heat pump systems are
installed with the ground or ground water (groundwater,
geothermal heat pumps).

The temperature of groundwater reservoirs and ground
use in these systems ranged from 5 to 30°C. Ground source
heat pumps use ground water or receive heat through bore-
hole heat exchangers. Geothermal heat pump can be used
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for both heating and cooling. Types of heat pumps which
can be adapted for use of GE are the water-to-water pumps
and water-to-air pumps.

According to Mokrzycki [26], the use of GE in the world
is as follows: heating — 37%, spa, swimming pools, bane-
ology — 22%, heat pumps for cooling and heating — 14%,
greenhouses — 12%, fish farmers — 8%, industrial — 7%.

Generation of electricity using GE is carried out in 24
countries. The countries which generate more than 15% of
the total amount of electricity include: USA, Philippines,
Indonesia, Mexico, Italy, Japan, New Zealand, Iceland, El
Salvador, Costa Rica, Kenya [3].

There are two basic types of geothermal power plants:
steam power plants and binary plants. In steam power station
generation of electricity is by using the geothermal water
vapor. This system is not widely used, because the use of
this solution is limited to the areas of the world where during
the extraction of geothermal fluid the dry saturated steam is
obtained. In the world there are two such deposits: Larder-
ello in Italy and Geysers in the U.S. [8].

Binary circuit — (two-medium) is used when the geother-
mal water is highly mineralized, chemically aggressive and
its temperature is below 1500°C. In the binary power stations
two fluids are working: geothermal water and the working
medium with temperature is much lower than temperature
of geothermal water. The technological processes used to
produce electricity in binary systems are an organic Rankine
cycle (ORC) and the Kalina cycle. In both cases, the geo-
thermal water gives off heat in the evaporator, evaporating
it at the same time. In the case of ORC, there are organic
agents, while in the case of installation based on the Kalina
cycle, the ammonia-water mixture [8]. Globally, there are 75
geothermal power plants, where production of electricity is
based on the Kalina Cycle or ORC. Especially noteworthy
are plants operating in Kalina cycle, since they are charac-
terized by the highest values of electrical power. These are
the plants situated in Hsaviku (Iceland), in Unterhaching
and Bruchsal (Germany) [10].

THE USE OF GE IN THE WORLD
AND IN EUROPE

According to the data presented at the World Geothermal
Congress 2010, GE is used directly in 78 countries, and the
generation of electricity takes place in 24 countries around
the world. At the end of 2009 the total installed capacity for
direct use in the world was 50585 MW and heat consumption
reached 438073 TJ. The largest share in the world in terms
of installed power and consumption of heat belongs to cen-
tral heating, recreation and therapeutics. In 2009, the total
installed capacity for direct use in European countries was
23469 MW and heat consumption 233 737 TJ, representing,
respectively, 46.7% and 50.8% share in the world. In terms
of total use of geothermal heat, the top five countries are
China, the U.S., Sweden, Turkey and Japan, which account
for the total of 55% of annual consumption in the world [16].

In 2010, the total installed power of all the geothermal
power plants in the world reached the value of 10716 MW
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and electricity production was 67246 GWh. At the fore-
front of countries producing electricity in geothermal power
plants in the world are: the United States, the Philippines,
Indonesia, Mexico and Italy.

In 2010, the total installed capacity of geothermal power
plants in Europe amounted to 1553 MW of electricity and
the production of electricity had the value of 12372 GWh,
making up respectively 14.5% and 18.4% of the “geother-
mal” generation of electricity in the world [16].

CONCLUSIONS

GE is a renewable source of energy that can be used
economically in many parts of the world, both directly
and indirectly to generate electricity. It provides not just
heat and steam, but electricity itself. Geothermal power
generation is completely clean, and releases no harmful
gas emissions. GE can be used in aquaculture, horticul-
ture, industry, food processing, and for providing heat for
heating buildings.

There is a continuous increase in the development of GE,
which could have a significant contribution to mitigating cli-
mate change as well as in the implementation of sustainable
energy development. In many countries, it is a promising
source of renewable energy, which in contrast to other re-
newable energy sources is available without restrictions
throughout the year and not very sensitive to changes in the
prices of traditional energy in the world markets.

GE increases local energy security, therefore it is a re-
liable source of energy and, according to the Declaration
of the World Geothermal Congress 2010 — “GE can change
the world”
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POZYSKIWANIE I GOSPODARCZE
WYKORZYSTANIE ENERGII GEOTERMALNE]J

Streszczenie. Energia geotermalna to energia pochodzaca
z wngtrza Ziemi, zakumulowana w wodzie, parze wodnej oraz
goracych suchych skatach. Catkowite zasoby energii geotermal-
nej przekraczaja one 35 biliondw razy obecne, globalne zapo-
trzebowanie na energi¢. Energia geotermalna jest odnawialna,
wystepuje powszechnie, jest niezalezna od zmieniajacych si¢
warunkow klimatycznych co daje mozliwos¢ jej gospodarczego
wykorzystania. W artykule przedstawiono podstawowe informa-
cje dotyczace energii geotermalnej, sposobow jej pozyskiwania
i wykorzystania. Omoéwiono réwniez metody obliczania zasobow
energii geotermalne;.

Slowa kluczowe: energia geotermalna, odnawialne zrodta energii.
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The study of the rotary cutting process of chosen energy plants
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Summary. The article presents a comparison of study results
concerning the cutting process of three energy plants: Salix
Viminalis, Side Hermaphrodite and Miskanthus Giganteus.
The study also presents the influence of the surface area
of a stem’s cross-section and the speed of rotary disk with
knives speed on the unitary energy of the cutting process
of stems.

Key words: rotary mower, unitary energy of cutting, rotary cut-
ting process, Salix Viminalis, Side Hermaphrodite, Miskanthus
Giganteus, energy plants

INTRODUCTION

The biomass energy can partly replace energy used
from fossils. The use of biomass energy protects the envi-
ronment against greenhouse effect [2,3,6,7]. New technol-
ogies for energy plants production need to be effective and
cheap. That is why it is important to optimize the harvest,
processing and breaking up of these plants [5]. The fea-
tures influencing the unitary energy of cutting are: plant’s
dimensions, shear strength, friction factor and moisture
[9,11,12]. The studies of the cutting process of energy
plants should be useful while designing cutting units and
choosing parameters of working units for harvest machines
[10,13,21].

The studies of the cutting process of energy plants have
been carried out at the Institute of Mechanical Engineer-
ing — Warsaw University of Technology in Ptock for many
years. The research mainly refers to the influence of the
cutting process parameters and the plants’ constitution on
the quality and energy consumption of the cutting process.
The previous research had been carried out on a labora-
tory stand of pendulous type and referred to axe cutting.
The new laboratory stand enabled rotary cutting of energy
plants’ stems.

THE PURPOSE OF RESEARCH

The aim of the research was to determine the influence
of selected constructional and functional parameters of the
cutting unit on the rotary cutting process of energy plants:
Salix Viminalis, Side Hermaphrodite and Miskanthus Gi-
ganteus [14,15,23,24,25].

The study was carried out at the research stand for study-
ing energy plants rotary cutting process at the Department of
Mechanical Systems Engineering and Automation — Warsaw
University of Technology in Ptock [16,22].

The research of the energy plants’ cutting process in-
cluded:
— determining unitary energy of the cutting process in the

function of surface area of the section of the plant’s stem

with different diameters
— determining unitary energy of the cutting process in the
function of rotary speed of the disk with knives.

The notion of unitary energy means the total energy
needed for the realisation of the cutting process falling on
the unit area of the section of the cut plant.

THE SUBJECT OF STUDY

Energy plants — in accordance with the UE law — are
those which grow on plantations and are processed into
biofluel, biocomponents, heat energy or electric energy.

The plants are characterised by quick and high biomass
increase, high fuel value, high resistance to frost and pests
and low soil requirements — due to which wasteland can be
used. Moreover, due to the energy plants features, there is
a high vulnerability to mechanized agro-technical activities
connected with starting a plantation, running it and harvest-
ing biomass [1,4].

Salix viminalis, Sida hermaphrodita and Miscantus gi-
gantheus were selected for the study. The plants were select-
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ed according to their popularity and constitution distinctness.
Salix viminalis is an arborescent plant, Sida hermaphrodita
is a perennial plant and Miscantus gigantheus is a grass
[8,17,18,19,20].

The researched plants came from the Experimental Sta-
tion at the Faculty of Agriculture and Biology — University
of Life Sciences in Skierniewice [ The Experimental Station
of the Faculty of Agriculture at SGGW].

RESEARCH STAND

The measurement of the unitary energy of cutting was
carried out at the research stand for studying energy plants
rotary cutting process (Fig.2.). The stand consists of two
independently working units (cutting unit and transporting
unit) set in a construction frame. The cutting unit consists
of inertial knives placed on the circumference of the work-
ing plate — diameter 50cm.The working plate is set to the
working hub, which is driven by electric motor of the cutting
unit. Transporting unit is driven by another electric motor,
which pulls a truck along the slide by a line. The truck’s
construction allows to set the research material of different
dimensions and constitutions.

The inverter controls the rational speed of motors. The
value of the rational speed of motors is achieved through
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adequate frequency setting. A required frequency value is
put into a computer programme (Drive View), which is de-
signed for LG inverters.

METHODOLOGY AND RESEARCH

For the study of the rotary cutting process, 150mm long
samples were prepared. Due to the plants’ different consti-
tutions, the samples with the following diameters of stems
were prepared: Salix Viminalis (9 — 13,5) mm , Side Her-
maphrodite (7,5 — 12) mm, Miskanthus Giganteus (6,5 — 11)
mm. The measurement of the diameters was done with the
use of a slide calliper in 3 different surfaces. The samples of
the researched plants were set on a truck. Its motion imitated
the transmission of the cutting unit when used in real con-
dition on plantation farm. The truck’s speed was constant,
0,314 m/s, during all the tests. The samples of the plants
were set vertically in rows. The measurement was done 3
times for each diameter of the stems. The rotary speed of the
working plate, the moisture of the samples and the voltage
were constant during the tests. The atmospheric pressure,
where the research took place, was equal to 762 mm Hg and
the temperature was 20°C. The cutting process for 3 different
rational speeds of the disk with knives was studied: at 1424
r.p.m, 1824 r.p.m and 2108 r.p.m.

Fig. 1. View of the researched plants’ stems in a cross-section: (starting from left) Salix Viminalis, Side Hermaphrodite and Mi-

skanthus Giganteus

Fig. 2. Station for studying energy plants rotary cutting process

Electric motor of
the cutting unit

—] \Vorkmg roller

| i
Knife holder



THE STUDY OF THE ROTARY CUTTING PROCESS OF CHOSEN ENERGY PLANTS

RESEARCH RESULTS AND ANALYSIS

It can be stated, on the basis of the research results, that
the unitary energy of Salix Viminalis stems cutting increases
together with the cutting surface increase (Fig.3.) and it
decreases together with the increase of the rotary speed
of the disk with knives from the cutting unit (Fig.4). This
tendency is the same for all the tested speeds and diameters.
It is connected with the cutting resistance of the plants ep-
idermis. The resistance decreases together with the knife’s
speed increase.

The unitary energy of cutting Side Hermaphrodite stems
decreases together with the cutting surface increase (Fig.5.).
This tendency is true for the 2 speeds of the 3 studied. The
unitary energy of cutting reaches a significant minimum at
the rotary speed of the disk with knives being 1800 r.p.m.
(Fig.6.). The tendency is true for all the cut plants’ surface
areas studied.
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The unitary energy of cutting Misknthus Giganteus
stems decreases significantly together with the cutting sur-
face increase (Fig.7.). This tendency is true for the speeds
studied. The unitary energy of cutting reaches a significant
maximum at the rotary speed of the disk with knives being
about 1800 r.p.m. (Fig.8.). The tendency is true for all the
cut plants’ surface areas studied.

CONCLUSIONS

The study of the rotary cutting process of energy plants is
the continuation of studies carried out on the research station
of pendulous type. The next step is to carry out a research
for chosen energy plants that would determine the influ-
ence of some other parameters, e.g.: moisture or the truck’s
linear velocity on the unitary energy of the cutting process.
The research should involve some other energy plants, e.g.:
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Fig. 3. The course of changes of unitary energy of Salix Viminalis in the cut surface area function
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Fig. 8. . The course of changes of unitary energy of Miskanthus Giganteus in the function of rotary speed of disk with knives

a multiflower rose. The cutting process should be studied
with the use of flat disk of the cutting unit.

Determining the influence of the cutting unit type on
the cutting process energy is another issue. It is necessary
to replace the disk with knives with the disk of circular saw.

There is a need to build a new research station equipped
with a unit of two cutting disks with adjustable angle of
inclination. This should be as close with the construction
of a cutting unit of an agricultural machine as possible. An
initial design of such a station is being prepared.
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BADANIE PROCESU CIECIA ROTACYINEGO
WYBRANYCH ROSLIN ENERGETYCZNYCH

Streszczenie. W artykule poréwnano wyniki badan procesu cie-
cia trzech roslin energetycznych: wierzby konopianej, §lazow-
ca pensylwanskiego, miskantusa olbrzymiego. Przedstawiono
wplyw pola powierzchni przekroju przecinanej todygi rosliny
oraz pr¢dkosci obrotowej tarczy z nozami na energi¢ jednost-
kowa procesu ich cigcia.

Stowa kluczowe: kosiarka rotacyjna, energia jednostkowa cigcia,
cigcie rotacyjne, wierzba konopiana, §lazowiec pensylwanski,
miskantus olbrzymi, rosliny energetyczne.
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Summary. The paper presents the results of convective drying
process of cherries at the temperature of 70°C and at an air flow
velocity of 0.5 mxs-1. Fruits were subjected to a pre-osmotic
dehydration in 60% sucrose solution for durations from 4 to 24
hours, and the control raw material without dehydration. The
results showed that the losses of total weight and water, and
the increasing of dry matter during the osmotic dehydration of
cherries were the highest at the first five hours of process. The
osmotic dehydration over 15 hours had little influence on these
parameters. The osmotic dehydration significantly decreases the
total energy inputs for the drying of cherries, from 33 to 52% in
relation to non-dehydrated raw material.

Key words: osmotic dehydration, convective drying, cherry.

Abbreviations

Dm — loss of weight [%],

Dmw — loss of water form dehydrated material [kg],
Dms — increase of dry weight (after dehydration) [kg],
mo — initial weight of the raw material [kg],

mt— weight of material after dehydration period # [kg],
mso — initial dry weight of the raw material [kg],

mst — dry weight of the raw material after time of dehydra-
tion 7 [kg],

u — absolute humidity [kg,, kg '].

INTRODUCTION

Vegetables and fruits are on important aspect of the hu-
man diet because of their nutritional value. However they
are usually in short supply because they are perishable crops,
which deteriorate within a few days after harvest. Preserv-
ing these crops in their fresh form for long period has been
aproblem. A very common method of preservation for these
agricultural corps is to dry them in order to conserve the
perishable fruits, reduce storage volume and to extend their
shelf life beyond the few weeks when they are in season
[1]. Longer shelf-life, product diversity and substantial vol-
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ume reduction are the reasons for popularity of dried fruits
and vegetables, and this could be expanded further with
improvements in product quality and process applications
[14]. Drying can be done by many of methods such as sun
drying or industrially through the use hot air drying or freeze
drying. The most common drying method employed for food
materials to date was hot air drying. However there are many
disadvantages of this method. Among these are low energy
efficiency and lengthy drying time during the falling rate
period. This is mainly caused by rapid reduction of surface
moisture and consequent shrinkage, which often results in
reduced moisture transfer and, sometimes, reduced heat
transfer. Several investigators of drying have reported that
hot air drying, hence prolonged exposure to elevated drying
temperatures, resulted in substantial degradation in quality
attributes, such as colour, nutrients, flavour, texture, severe
shrinkage, reduction in bulk density and rehydration capac-
ity, damage to sensory characteristics and solutes migration
from the interior of the food to the surface. Thus many of
methods are used for pretreatment fruits and vegetables
before drying. Before drying fruits and vegetables may be
dehydrated or blanched as a pre-treatment to lessen changes
in colour and reduce the total number of microorganisms in
the food and improve the heat and mass transfer [5].

Food drying is one of the oldest methods of preserving
food. Since drying reduces the moisture in foods making
them lightweight and convenient to store, it can easily be used
in place of other food preservation techniques. Besides, this
moisture content decides about physical properties of food
and determines the course of many processes [15, 16, 20].

Osmotic dehydration is a pre-treatment method used
for food preservation before drying. This process enables
fruits and vegetables to be stored for a longer period of time.
The mechanism of the osmotic dehydration process is the
difference in the concentrations of osmotic substance in the
material and in the solution. Osmotic dehydration is a pro-
cess that entails a partial removal of water from food items
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such as vegetables and fruits [2, 4, 11]. Due to the one-side
diffusion of water from the drained material to the solution
and the osmotic active substance in the opposite direction,
the material after osmotic dehydration is characterized by
lower absolute humidity and changed chemical composition
[17, 18, 22]. Dehydration of sucrose solutions primarily
contributes to changes in the surface layer of the material,
thus reducing the adverse chemical reactions and losses of
water-soluble substances, it also improves the organoleptic
characteristics of the raw material [9, 10, 14]. The osmotic
dehydration of fruits and vegetables significantly affects the
shortening of the drying time, and thus reduces the drying
energy requirements [1, 6, 5]. Fruits dried after the initial os-
motic dehydration process are characterized by higher ratio
of sugars content to organic acids contents in comparison to
the raw material without osmotic dehydration. In most cases
they retain the natural color and flavor and are preferred by
consumers [3, 8, 13, 21].

There are few works concerning the convective dry-
ing process of osmotic dehydrated cherries. The aim of
the present work was to evaluate the influence the osmotic
dehydration time of cherries on the convective drying pro-
cess. Especially, the indices of osmotic dehydration were
determined, the kinetic of the process was presented and
the drying energy requirements were evaluated.

MATERIALS AND METHODS

The material for investigation were fruits of cherries (cv.
Kelleris) at the stage of full technological maturity. The pits
were removed from fruits and the initial moisture content and
dry matter were evaluated. Studies of osmotic dehydration of
cherries were performed at 20°C for 6 periods (4, 8, 12, 16,
20 and 24 hours). Osmotic dehydration was catried out in a
solution of sucrose at the concentration of 60%. The ratio by
weight of the raw material to the osmotic agent was 1:4. The
process of osmotic dehydration, depending on its duration,
was characterized on the basis of the following indices [23]:
— the total weight loss after dehydration:

u.loo%,
m

o

Am = )

— the loss of water from dehydrated material:

oy M (100=m,)=m,(100-m,,)

-100%, (2)

mU ' mSO
— the increase of dry matter after dehydration:

Am, =T T e o 100, 3)

mo : mso

The convection drying process of cherries was performed
at the temperature of 70°C and the air flow velocity of 0.5 ms™.
The convection was conducted using a vertical air-flow dryer.
A detailed description of the measuring stand was presented by
Krzykowski et al. [7]. The measuring stand was also equipped
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with a meter of electric power. The specific drying energy was
calculated using the numerical integration method changes of
power consumption as a function of time, related to the mass of
the processed material. The measurements were replicated 5 times.
The regression analysis was carried out on these data. All the sta-
tistical tests were carried out at the significance level of a=10.05.

RESULTS

The greatest relative humidity loss was observed at the
beginning of the process (the decrease form 85% to 76%, for
the first five hours of the process), and then the relative humidity
decreased with time (up to 68%). The relative humidity loss
during the osmotic dehydration of cherries was described using
the polynomial regression equation of the third degree (Fig. 1).
The change in relative humidity during the osmotic dehydration
results from two opposing processes: 1) passage of water and
solutes from the dehydrated material to the solution, 2) passage
of osmotic active substance to the dehydrated material.

Am=-0,0015t% +0,08982 - 1,9641t+ 84,847
R?=0,994

Relative humidity [%]
~
wv

Time [hours]

Fig. 1. The relative humidity loss as a function of osmotic de-
hydration time of cherries

Changes in the mass of water as a function of the duration
of the osmotic dehydration process were described using the
polynomial regression equation of the fourth degree (Fig. 2).

The largest loss of water by weight, reference on a kilo-
gram of dry substance, occurred during the first five hours
of osmotic dehydration. After 24 hours of the process, from
the raw material containing one kilogram of dry matter more
than 3.5 kilograms of water was discharged.

Time [hgurs]

Am,, = 7E-05t4 - 0,0041t% + 0,0862t2- 0,8316t- 0,116
R?=0,9946

Water mass loss [kgH20*kg,!]

Fig. 2. The loss of water during osmotic dehydration of cherries
in relation to time

Figure 3 presents the influence of osmotic dehydration
time on an increase of dry matter in cherries. The relation
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was described by using the polynomial regression equation
of the third degree. The highest increase of dry matter was
observed at the beginning of the process (during first five
hours of osmotic dehydration). After 24 hours of osmotic
dehydration, dry weight of the material more than doubled.
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Fig. 3. The increase of dry matter during the osmotic dehydration
of cherries

The osmotic dehydrated cherries (from 4 to 24 hours) and
the control sample were subjected to convection drying. The
drying kinetics of cherries was presented in Fig. 4. The drying
curves of dehydrated and non-dehydrated cherries have the
characteristic shape for the capillary-porous bodies. Depending
on the duration of osmotic dehydration, the material subjected
to the drying process was characterized by different initial
moisture content. Drying curves of dehydrated material were
similar in shape, regardless of the duration of the dehydration
process. Drying curves obtained from the material dehydrated
for 20 and 24 hours had almost the same characteristics. The
regression equations describing the changes of absolute humid-
ity in relation to drying time were of quadratic form (Table 1).

Table 1. The regression equations describing the changes of
absolute humidity of dried material in relation to drying time

Di?glgr?gl]on Regression equation R?

0 u=2E-05¢ — 0,0206t + 5,6131 0,9972
4 u = 2E-05t> - 0,0164t + 3,4007 0,9991
8 u=2E-05¢ — 0,0155t + 2,8867 0,9995
12 u =2E-05t*— 0,0149t + 2,5756 0,9996
16 u=3E-05t> - 0,0147t + 2,296 0,9983
20 u =3E-05t*—0,0162t + 2,2168 0,998

24 u=3E-05¢—0,0161t + 2,192 0,9983
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Fig. 4. Convection drying kinetics of osmotic dehydrated cherries

and a control sample
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Fig. 5. The convection drying time in relation to osmotic dehy-
dration time of cherries

The relation between the osmotic dehydration time
and drying time was presented in Figure 5. The osmotic
dehydration significantly decreased the duration of con-
vection drying process. The longest drying time was found
for non-dehydrated cherries (540 min). The shortest drying
time (240 min) was obtained for fruits dehydrated for 20
and 24 hours.
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Fig. 6. The total energy inputs for drying of cherries

The total energy inputs required to dry one kilo-
gram of osmotic dehydrated cherries and control sam-
ple were presented in Figure 6. The results showed that
as the osmotic dehydration time increased, a decrease
of total drying energy was observed (average from
24 MJ-kg! to 12 MJ-kg™).

CONCLUSIONS

On the basis of the obtained results, the following con-
clusions can be formulated:

1. The losses of total weight and water, and the increasing
of dry matter during the osmotic dehydration of cherries
were the highest at the first five hours of process. The
osmotic dehydration over 15 hours had little influence
on these parameters.

2. The osmotic dehydration caused a decrease of drying
time of cherries in comparison to non-dehydrated fruits
(from 150 min to 300 min for 4 hours and 24 hours of
osmotic dehydration, respectively).

3. The osmotic dehydration caused a decrease of total en-
ergy inputs for drying of cherries from 33 to 52% in
relation to non-dehydrated raw material.
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4. Taking into account the time of drying and the total energy
inputs, it is recommended to dry cherries at 70°C after
osmotic dehydration in 60% sucrose solution for 20 hours.
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WPLYW CZASU OSMOTYCNZEGO ODWADNIANIA
NA PROCES KONWEKCYJNEGO SUSZENIA WISNI

Streszczenie. W pracy przeprowadzono badania konwekcyjne-
g0 suszenia owocow wisni w temperaturze 70°C i przy predkosci
przeptywu 0,5 mxs™. Owoce zostaly poddane procesowi wstgpnego
odwadniania osmotycznego w 60% roztworze sacharozy dla sze$ciu
czasOw trwania tego procesu — od 4 do 24 godzin oraz dla surowca
nie poddanego zabiegom wstepnym. Na podstawie uzyskanych
wynikow badan stwierdzono, Ze catkowite straty masy oraz wody,
jak rowniez wzrost suchej substancji byty najwicksze przez pierwsze
pi¢¢ godzin odwadniania osmotycznego wisni. Po 15 godzinach
trwania tego procesu zmiany tych parametréw byly juz niewielkie.
Odwadnianie osmotyczne powodowalo skrocenie czasu suszenia
oraz zmniejszenie catkowitych naktadéw energii na ten proces (od
33 do 52%) w poréwnaniu do surowca nie poddanego odwadnianiu.
Stowa kluczowe: odwadnianie osmotyczne, suszenie konwek-
cyjne, wisnia pospolita.



TEKA. COMMISSION OF MOTORIZATION AND ENERGETICS IN AGRICULTURE - 2013, Vol. 13, No. I, 149-154

Research into the energy balance
of a standalone photovoltaic tracking system

Mariusz Sarniak

Warsaw University of Technology
Faculty of Civil Engineering, Mechanics and Petrochemistry
Department of Mechanical Systems Engineering and Automation
Address: Al. Jachowicza 2/4, 09-402 Ptock, e-mail: sarniak@pw.plock.pl

Received January 10.2013; accepted March 14.2013

Summary. The paper presents research into the energy balance of
a standalone photovoltaic tracking system. The investigations were
conducted on selected days in the months from September until
December 2012. A prototype research stand allowed a control of
the fixing plane of the photovoltaic modules. The central elements
of the PV tracking system was an inverter (TN-1500 212B) and
its software. Energy balance was measured for the PV tracking
system in both the stationary and tracking modes. Additionally, the
authors also measured the energy balance for the configuration of
the inverter in the energy saving and in UPS modes.

Key words: photovoltaics, photovoltaic module, PV tracking
system, standalone PV system, energy balance.

INTRODUCTION

There are a variety of reasons to begin utilizing renewa-

ble sources of energy (RSE). In relevant literature [1, 4, 12,

14, 19] we can find the following observations substantiating

the use of RSE:

— depletion of non-renewable energy sources (fossil fuels),

— elimination of destructive impacts on the natural envi-
ronment related to the excavation and use of fossil fuels,

— aglobal increase in the human population and a gradu-
ally growing level of human quality of life results in an
increase in the consumption of energy,

— sometimes statements are made that the XXI century is
the age of RSE as compared to previous centuries when
the XIX century was named the age of coal and steam and
the XX century — the age of crude oil and natural gas).
The phenomenon of photovoltaic conversion is based

on a direct conversion of the energy of solar radiation into

electrical energy [9, 13, 15, 18]. The amount of energy
reaching the photovoltaic module depends on the density
of the stream of the solar radiation. In order to use the en-
ergy potential of the sun to the maximum, tracker systems
are used increasingly. Their task is to set the surface of the

photovoltaic modules (referred to as PV) perpendicularly
to direct solar radiation.
The most popular PV tracking systems are [10, 11]:
— those controlled by the signals from the radiation sensors,
— those controlled by the theoretically preset sun positions
depending on the location of the PV system, date and time,
— hybrid systems being the combinations of the previous two.
The economic aspect of the application of PV tracking systems
is also important. On one hand we can analyze the energy-related
benefit resulting from the application of PV systems and on the
other hand we should mind the consumption of energy needed to
control the process. We should also take into account the increased
capital expenditure on the construction of a PV tracking system.

THE TEST STAND

For the purpose of the investigations a prototype test
stand was constructed whose layout has been shown in
Figure 1. The layout presents the possible flows of energy
(arrows) among the elements of the PV system.

wia
3%
e kWh METER
AC INPUT
PV MODULE , . BATTERY PACK
2xAEMF130 | )
a | INWERTER 5 =
TN-15002128 "~ P~ i)
2x74 Ah

] [ 1

AC QUTPUT

kWh METER

SOLAR TRACKER
CONTROLLER
Strl-2

Fig. 1. Layout of the test stand for the investigations of a stan-
dalone PV tracking system
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The main elements of the experimental standalone PV
tracking system are:
two monocrystalline PV modules — marked AEMF130 —in
a parallel connection using special MC4 solar connectors,
a TN-1500 212B inverter with software supervising the
operation of the whole PV system [3],
tracking system composed of an StxL-2 sensor controller
[2], cooperating with two electric Super Power Jack 24"
actuators,
a set of two acid-lead batteries in a parallel connection
of the total nominal capacity of 148 Ah,
two wattmeters (GREENBLUE GB202) used for the
measurement of the energy at the input and output of
the PV system.
Figure 2 presents an image of a prototype PV tracking
system showing the mechanism realizing the direct sunlight
tracking algorithm by the plane fixed to the load bearing sec-
tion with an asymmetric knuckle joint having four roll encased
bearings (UCP204). The control of the tracking system is re-
alized by an StxL-2 controller fitted with a photocell and two
Super Power Jack 24” electric actuators independently bat-
tery-powered (12V DC — maximum power consumption 1.5A
i.e. the maximum power consumption of approximately 18W).

Fig. 2. Image of the prototype PV tracking systems

The working principle of the PV system is that with
a frequency of every 5 minutes the direction of the direct
sunlight is checked by a controller and actuators are ac-
tivated to set the PV modules perpendicularly to the sun
radiation as needed. The stand can be switched to manual
control with electric actuators.

METHODOLOGY AND SCOPE OF RESEARCH

The research was conducted on a prototype research
stand being an entirely standalone PV tracking system of
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the rated power of 260 W, (Wp — watt of peak power). The
prototype PV system is a stationary one and was located in
the area of the following geographical coordinates: 52.48 N
and 19.67 E (as shown by a GPS device). The tests were
carried out from September until December.

The central element of the PV system, as shown in the
layout in Figure 1, is the TN-1500 212B inverter. This is
a device that replaces several other devices in a conven-
tional standalone PV system. It comprises: charging voltage
regulator, sinusoidal DC/AC converter, solar charger and
power supply bypass switch. The inverter can be configured
with special software and it is connected with the computer
through a COM or a USB port.

Figure 3 shows an example screenshot of a system
monitoring the functioning of the PV system. The super-
vising system shows instantaneous basic PV parameters.
The inverter can supervise the system in two modes: in the
UPS mode and in the energy saving mode. Figure 4 shows
a screenshot of a configuration window of INVERTER
V.1.38 showing the prototype PV system parameters.

% INVERTER V.1.38

= | > [©] =)
sting Gtatistics motcon-ott | paus:
Solar Charge  we <&
AC Charg F = 100
— =
Battery
Bauey Vultage 13.5 v
ACI
%ZT Utility Voltage 236 V T 1500 212

@ Poweron @ BHartery low ® Stand-by saving mode
@ Remote off @ Battery used up @ Abnorma | Shutdown

Start Date 2012/08/22 09:44:35 PM
Reset Dare 2012/09/11 12:44:37 PM

Fig. 3. Example screenshot of the TN-1500 212B inverter soft-
ware

The above-mentioned two basic operating modes of
the inverter (UPS and energy saving) can be supplement-
ed with an additional option of ‘inverter off” if no load is
detected (below SW) [2]. The parameters of functioning
of the battery chargers (solar chargers and regular — AC
chargers) were chosen as per the battery manufacturer rec-
ommendations.

B INVERTER V.1.38 - Inverter Setting

File Name |
Model name |Ti-1500-212
Manufacture |MEANVWELL
Revision |REV:1.19
IO Type|212 ~| Equalization Volt.| 145 V 13.6V ~15.0V
Voltage [z30 ~| V Floating Volt.| 135 V 13.0V ~13.5V
Frequency [s0 =] Hz Alarm Volt.| 113 V 111V~ 115V

Stand-by saving mode|® on c off| Shutdown Volt.[ 102 v 10.0V ~ 11.0v
Energy saving mode| on Transfer Volt.| 112 V 111V ~12.0v
UPS mode|c on
Bauds Rate [B500 -]
Exit

Fig. 4. Configuration window of the INVERTER V.1.38 software
with the set parameters of the tested PV system shown

Comm Ports 1

Load |
Read OKI!

Read | Write |
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In the UPS mode the inverter controls the PV system
similarly to a computer backup power supply (UPS) but for
battery charging it uses the solar charger. Figure 5 shows
a detailed layout of the functioning of the inverter in the
UPS mode. The main objective of this mode is to ensure
the longest possible supply of power at the system output.
An interruption of the continuity of the power supply takes
place only when there is no power in the external AC power
supply and the voltage on the battery terminals drops below
10.2 V. Any further operation of the PV system would lead
to a critical discharge of the battery and thus its damage. An
additional parameter of the inverter operation in this mode
is the activation of the AC battery charger only when the
charging current drops below 3 A.
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Fig. 5. Characteristics of the TN-1500 212B inverter operation
in the UPS mode

In the energy saving mode the inverter controls the PV
system so that for the battery charging it chiefly uses the
solar charger. Figure 6 presents the details of the inverter
operation in this mode.
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Fig. 6. Characteristics of the TN-1500 212B inverter operation
in the energy saving mode

t

Contrary to the UPS operating mode, in the energy sav-
ing mode the inverter uses the solar charger to the maximum,
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thus reducing the use of the AC charger. Activation of the AC
charger in this mode will take place only when the voltage
on the battery terminals drops below 11.2 V. The continuity
of power supply in this case is a priority in terms of the
system operation.

The calculation of the energy balance consisted in the
reading the kilowatt-hour meters once per day at 22:00 when
the solar charger of the inverter was off. The PV system was
under a constant load of 160W automatically activated in the
window 22:00+6:00 in order to unify the obtained results
during the performance of the energy balance. This was
the method for obtaining of a stable load of the PV system
during the tests. The daily energy balance was calculated as
an arithmetic average of the value from the kilowatt-hour
meters at the input and output of the PV system for the
selected three days of a given month. An important issue
is that the voltage of the AEMF130 module at the point of
maximum power is, according to the manufacturer specifi-
cations [6] 17.2 V and the battery charging voltage values
shown in figures 5 and 6 are much lower, which leads to
losses of the generated power.

RESULTS

Figure 7 shows the energy balance measured at the AC
input and output of the TN-1500 212B inverter constituting
the central elements of the PV system. The measurements
were carried out for a tracking system, and a manually set
position of the stationary system, as per the methodology de-
scribed by the author in [16]. The energy balances for the two
basic operating modes of the inverter were also calculated.

0,6

| T 02 \/§%
2 BE\
%%70,6 o s §%§% §%§é

-1

B3
x
x

X
Month of measurements in 2012

NUPS mode - stationary % UPS mode - tracking

N Energy saving mode - stationary % Energy saving mode - tracking

Fig. 7. Energy balance for the prototype PV tracking system

The results obtained in the energy balance for the PV
tracking system to some extent confirm the hypothesis that
in the winter months the use of tracking solutions in PV
systems is unsubstantiated. The PV tracking system can only
be construed as a guaranteed power source, assuming that
an additional power generator will be the public electricity
provider (rather than a combustion engine power generator).
The TN-1500 212B inverter is a device that cooperates with
the PV modules of the rated voltage of 12 V that is lower
than the voltage of the work point of the maximum power.
Another reason for the lower system efficiency is the ne-
cessity to adapt the PV generator operation to the maximum
admissible range of the battery charging voltage [7].
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The drawbacks of the standalone system are partly

eliminated by the application of an inverter that is capable
of tracking the point of the maximum power (MPPT) in
a wide voltage range. A modification of the test stand by
this element required an increase in the power output of

the

PV generator (to a minimum of 600 W)). Inverters are

usually fitted with functionalities that monitor the operation
of the PV system and, most importantly, do not require the
application of batteries.

CONCLUSIONS

Due to the necessity of adapting the operating parameters
to the characteristics of a system of batteries, standalone
PV systems do not usually use the point of maximum
power of the generator built from the PV modules.
When the batteries reach the maximum admissible
voltage (14.5 V — as shown in Fig. 4) the battery solar
charger of the inverter is disconnected and the energy
potential of the PV modules is not used.

In order to make the energy balance of the PV system
more precise it would be necessary to develop an addi-
tional measuring point of the energy generated in the PV
modules on the DC side. This would enable a determina-
tion of the indexes of solar fraction (F ), performance
ratio (P, ) and the final yield (Y,) that are characteristic
of the PV systems [9].

The results of the energy balance of the PV track-
ing system somewhat confirm the theory that in the
winter months the use of tracking in PV systems is
unsubstantiated. The PV tracking system can only
be construed as a guaranteed power source, assum-
ing that additional power generator will be a public
electricity provider (rather than a combustion engine
generator).

Under Polish climatic conditions, designing standalone
PV systems operating throughout the year is uneco-
nomical because of the need to select special system
subassemblies for winter months characteristic for low
sunlight level. If, in the winter months, we change the PV
system to function in the UPS mode then the designed
system is much smaller. This pertains to both the PV
generator and the batteries.
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BADANIA BILANSU ENERGETYCZNEGO
NADAZNEGO AUTONOMICZNEGO SYSTEMU
FOTOWOLTAICZNEGO

Streszczenie. W pracy przedstawiono badania bilansu ener-
getycznego nadgznego autonomicznego systemu fotowol-
taicznego. Badania prowadzono w wybranych dniach dla
miesigcy od wrzesnia do grudnia 2012 roku. Prototypowe
stanowisko badawcze umozliwiato sterowanie ptaszczyzna
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zamontowania modutéw fotowoltaicznych. Centralnym ele-
mentem nadaznego systemu PV byl inwerter TN-1500 212B
z oprogramowaniem. Dla nadgznego systemu PV zmierzono
bilans energetyczny w uktadzie nadaznym i stacjonarnym.
Dodatkowo pomierzono rowniez bilans dla konfiguracji in-
wertera w trybie oszczgdzania energii oraz w trybie UPS.
Stowa kluczowe: fotowoltaika, modut fotowoltaiczny, na-
dazny system PV, autonomiczny system PV, bilans energe-
tyczny.
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Summary. The results of the survey allow to assess the atti-
tudes of students towards the role of the natural environment
in the functioning of the company by the concept of social and
environmental responsibility which only 1/5 of the respondents
are familiar with. Respondents take into account first of all the
level of salary and the prospects of their personal development
opportunities within the company while choosing the employer.
Unfortunately, criteria like the high level of corporate environ-
mental culture and high eco-innovativeness are not important
during choosing the employer.

Key words: attitudes, the environment, corporate social respon-
sibility.

INTRODUCTION

Given the growing importance of the environmental
aspect, which is global and affects the diversity of enter-
prises’ strategic choices, it becomes ever more substantial
to recognize natural environment issues in business!. Man-
ufacturers and energy users introduce pro-environmental
innovations or seek for such opportunities [6, 7, 8, 10, 12, 17,
19, 27, 33, 34, 36, 38]. Pro-environmental, eco-innovative,
or emission-reducing activities, as well as the creation of
related databases, are referred to in various publications [11,
15, 16, 21]. The realization of an enterprise’s environmental
objectives is facilitated by the concept of CSR (Corporate
Social Responsibility) in the framework of the so called cor-
porate environmental responsibility (environmental CSR).
Successful and effective implementation of this framework
is possible only with the change of attitudes towards the
environment of all parties of social and economic activity.
The environmental knowledge alone is not enough if it is not

! The natural environment concept is recognized by the Au-

thor as an equivalent of the environment concept in the management
sciences.

followed by attitudes changes, that can also be shaped during
the didactic process in universities [20, 35]. The economy
and the society need employees and citizens who create new
knowledge and new pro-environmental and eco-innovative
solutions [28]. The development of pro-environmental at-
titudes requires the increase in the level of environmental
awareness, which is a concept combined from psychologi-
cal, social, and economic elements [13, 22, 24, 37].

The purpose of this study was to learn the attitudes and
opinions of young respondents on the subject of the imple-
mentation and realization of the concept of Corporate Social
Responsibility in relation to the environment. The study
purposes also included the recognition of the criteria hierar-
chy, which is used by future employees when choosing the
employer, and the interdependencies among those criteria.

STUDY MATERIALS AND METHODS

A survey questionnaire was used in the course of the
study, and it was distributed directly to the respondents (ran-
dom survey). The study was conducted in 2011 on a sample
of 382 University of Technology?® students, representing
following faculties: Management — 73%, Civil Engineering
— 9%, Electrical Engineering — 9%, and Materials Process-
ing Technology and Applied Physics — 9%. The purposive
sampling was used, and the sample was diverse in terms of
age and gender (women — 71%, men — 29%). Average age of
respondents was 25 years. The vast majority of the sample
were employed individuals (89% of the sample).

Obtained statistics were processed with STATISTICA
9.0 application both in terms of quantity and quality. The

2 The sample is not representative thus the limitations in
terms of quantity and sample choice make it impossible to gener-
alize results for all students in Poland. Further studies are planned
among students of other Polish universities.
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qualitative approach used Mann—Whitney U test and Spear-
man’s rank correlation coefficient.

In the first area of the study respondents answered to the
following questions: 1. Are you familiar with the concept
of Corporate Social Responsibility (response categories:
“yes” or “no”)? 2. Where did you encounter the concept of
Corporate Social Responsibility for the first time (response
options: university classes, the media, Internet, conferences,
trainings, workshops, friends, work)? 3. Do you think there
is a place for ethics in business? 4. Is it possible to combine
pro-environmental activities of enterprises with their finan-
cial interests? 5. Pro-environmental activity of an enterprise
results in higher or lower profit? (Answers were coded as fol-
lows: 1 — “much higher profit”, 2 — “higher profit”, 3 — “the
same profit”, 4 — “lower profit”, 5 — “much lower profit”)?
6. In the future, would you like to run your business, driven
by the principle of environmental responsibility? 7. Do you
expect enterprises to become more involved in environmen-
tal issues. In this part of the study a scale of 1 to 5 was used.
In the second part of the first area of the study respondents
were asked about the reasons for enterprises undertaking or
not undertaking environmental activities (questions 8 and
9) and the activities that an enterprise responsible for the
environment should undertake. Those questions 8 to 9 were
multiple choice questions. In the second area of the study
respondents were asked to rank factors which they took into
account when choosing the employer on a scale of 1 to 10°.

RESULTS AND DISCUSSION

The study conducted among the students indicates that
only 21% of the respondents are familiar with the concept of
Corporate Social Responsibility, and the sources of knowl-
edge on this subject are primarily university classes (49%),
and media (39%). Only 6% of the respondents chose work-
place and Internet as sources for developing knowledge on
CSR. 81% of the respondents believe that there is a place
for ethics in business. 27% of the respondents strongly agree
with the statement that it is possible to combine the pro-envi-
ronmental activities with financial interest of the enterprise.
Over 57% of the respondents answered “probably yes”,
about 13% had no opinion, and only 7% declared that it is
impossible to combine pro-environmental activities with the
stable financial development of the company. According to
less than 27% of the respondents pro-environmental activ-
ities result in the higher profit for companies. Over 87% of
the respondents declared the will to apply the principles of
environmental responsibility in business, and only less than
6% had no opinion. More than half of young consumers
(52%) expect greater involvement of enterprises in envi-
ronmental activities in case of their negative impact on the
environment, 26% believe that such activities should be
undertaken by all entities, regardless of the type of their
business. Pro-environmental management is irrelevant for
10% of the respondents. 7.5% of the respondents have no

3 Where: 1 —is the most important criterion, 10 —is the least
important criterion.
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opinion, and 4.5% do not expect companies to engage in
environmental activities at all.

Clearly the most respondents (35% of answers) believe
that the main incentive to undertake pro-environmental ac-
tivities in enterprises is the creation of a positive image and
reputation, and is part of the marketing activities (24.6%
of answers). The respondents identified the basic factors
that determines the lack of pro-environmental activities as:
the shortage of financial resources (26% of answers), the
desire to make quick and easy profit by companies (22%
of answers), the absence of positive role models of shared
responsibility for the environment in the society (19% of
answers), low environmental culture of companies (16% of
answers). The respondents believe that enterprises, which
include the principles of sustainable development in their
activities (33% of answers) and reduce the acquisition of
natural resources (24% of answers) are perceived as entities
guided by concern for the natural environment.

In the second area of the study, related to the analysis
of the variables affecting the selection of the employer by
the respondents, it was found on the basis of the ranking
(according to the average rank) that the projected level of
proposed salary was the most important criterion (2.47).
In second place, the respondents chose the prospects and
opportunities for their own development in the company
(3.25), and in third — opportunities for promotion (3.83). As
another factor the respondents classified the good image of
the company in the society (4.94), and following in order:
opinions of the company employees about the atmosphere
in the company (5.44), prestige (5.51), company size (6.68),
and company’s involvement in environmental activities
(7.34). The last positions of the ranking included high en-
vironmental culture (7.57) and high eco-innovativeness of
the enterprise (7.98). As far as the hierarchy of the employer
selection criteria went it was observed that for women a
good image in the society is somewhat more important than
for men (Mann-Whitney U test showed a difference on the
border of statistical significance (p = 0.054; a = 0.05).

In the second part of this study area correlations be-
tween variables were examined (between employer selection
factors). Spearman’s rank correlation analysis showed the
highest statistically significant positive correlation between
the variables 9 and 10 (high eco-innovativeness and environ-
mental culture of the company; R = 0.38), which meant that
the greater the importance of environmental culture of the
company for the respondents, the greater the importance of
its high eco-innovativeness. On the other hand the highest
statistically significant negative correlation was found for
the variables 8 and 5 (R =-0.40), 8 and 6 (R =-0.34), and
9 and 5 (R = -0.33), respectively. The above ratios lead to
the following conclusions: the larger the company and its
prestige, the less important is the opinion of the company for
the respondents; the higher the environmental culture in the
company, the less important is its size in terms of the number
of employees*. Correlation matrix was presented in Table 1.

4 The structure of enterprises’ size in Poland: small enterpris-

es — 10-49 employees, medium enterprises — 50-249 employees,
large enterprises — over 250 employees.
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Table 1. Criteria of selecting the employer — matrix of correlations
1 2 3 4 5 6 7 8 9 10
1. level of proposed salary 1.00
2. development opportunities (trainings, 0.17*| 1.00
workshops)
3. promotion opportunities 0.20*| 0.23*| 1.00
4. company’s good image in the society | -0.18%| -0.24*| -0.18*| 1.00
5. company’s size -0.14 | -0.17*| -0.11*| -0.07 | 1.00
6. company’s prestige -0.02 | -0.14 | -0.11 | -0.15 | 0.26*| 1.00
7. company’s involvement in environmen-| _ 30+ 004 | .021%| 004 | 0.01 |-0.24%| 1.00
tal activities
8. opinions of employees about the atmos-|_ 15| 13 | 020+ | -0.07 | -0.40%| -0.34* | -0.06 | 1.00
phere in the company
9. company’s high environmental culture | -0.22*| -0.21*| -0.20*| -0.05 | -0.33*| -0.17*| 0.25*| 0.10 | 1.00
10. company’s high eco-innovativeness -0.22*| -0.26*| -0.19*| -0.15 | -0.26*| -0.17*| 0.04 | 0.16 | 0.38*| 1.00

An asterisk was used to indicate only statistically significant correlation results with the significance level 0.05; *p < 0.05.

Source: own elaboration.

Most decisions on the implementation and priority of
environmental objectives belongs to the competency of
managers whose environmental values system influences
the development of environmental awareness and attitudes
of all employees. Environmental awareness of employees
is a strong incentive of organizational nature. It determines
the number of environmental instruments used by organi-
zations that promote the reduction of their negative impact
on the environment [39]. Pro-environmental attitudes and
behaviors contribute to making sustainable and responsible
business decisions by employees [5, 25,39]. Employees’
attitudes stimulate enterprises to improve the level of en-
vironmental culture and environmental responsibility, as
the readiness of people for actions and behaviour, showing
respect for the environment, [1, 9]. Social responsibility is
poorly recognized among the Polish society and university
students [29]. The main reasons identified by the students,
which drive the enterprises implementing CSR are pri-
marily the positive image and reputation of the company,
while the cause of limiting the implementation of that idea
is the shortage of financial resources in the company. These
opinions are consistent with the opinions of entrepreneurs,
mainly from the sector of small and medium-sized enter-
prises [30, 32].

Enterprises employing people who present pro-envi-
ronmental attitudes and behaviour can expect the reduction
of their negative environmental impact and the increase in
the employees’ involvement in environmental issues in the
long term [2]. Reduction of the negative impact on the nat-
ural environment results from the tendency in most entities
in the developed economies of the world to replace fossil
energy resources with renewable energy sources, that grew
into importance after the energy crisis [31]. First generation
transport biofuels (produced from edible plants) emit large
amounts of CO2. Based on the estimates, it occurs that only
bio-ethanol produced from sugarcane complies with the
Directive 2009/28/EC on the reduction of CO2 emissions
[4]. These requirements are also met by the biofuels of the
second and third generation, produced from inedible plants
or waste materials.

Production of energy plants is thus a part of the com-
plex system, namely the national economy. It should be
considered in multiple aspects, taking into account the
assumptions and stages of realization of the strategy of
energy production from renewable sources [14]. In West-
ern Europe, more and more of those who look for work
take into account Corporate Social Responsibility and the
care for the environment as an important criteria in the
search for employer [23]. The review of the literature on
the subject indicates that the most important factors in se-
lecting an employer include: salary level, reputation of
the company, personal development opportunities, positive
relationships with colleagues and their expertise, stability
of employment, size of the company and the personality
and demographic factors [3, 18, 26]. Above conclusions are
consistent with the results of the study, as the level of the
proposed salary and growth opportunities in the company
are the most important determinants for those looking for
work. Unfortunately, companies’ concern about the natural
environment expressed by a high environmental culture that
facilitate high eco-innovativeness in enterprises is hardly
taken into account by surveyed young future employees, as
these two criteria were classified in the last two places in
the ranking. Positive image of the enterprise in the society,
as part of the social responsibility idea realization was clas-
sified by the respondents only in fourth place. Qualitative
analysis of the employer selection criteria by gender showed
that women pay more attention to the positive image of
the company in the society. This finds confirmation in the
literature on the subject, which indicates that men are pri-
marily driven by own development opportunities in the
company, and woman by good reputation of the company
or its convenient location [3].

Analysis of the correlation coefficients for employers
selection attributes demonstrated that respondents perceive
the relationship between high eco-innovativeness of com-
panies and their environmental culture. It is interesting
that the larger the company in terms of the number of em-
ployees, the less important for the respondents is its high
eco-innovativeness.
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CONCLUSIONS

The foundation to build the corporate responsibility for
the natural environment consists of the employees of enter-
prises and their attitudes towards respect for the environ-
ment. This study proved that the surveyed young potential
employees poorly recognize the idea of Corporate Social
Responsibility, even though the vast majority of them be-
lieve that there is place for ethics in business nowadays. The
optimistic accent of the study was the fact that the majority
of respondents was determined to implement the CSR ideas
in their future businesses, and believed that it is possible to
combine pro-environmental activities of enterprises with
their financial interests. Opinions of respondents also indi-
cate the growing environmental requirements of the young
generation in the area of the environmental responsibility of
business decisions, as the vast majority expect enterprises to
care more about the natural environment. Recruiting and re-
taining the best employees can determine the success of the
business through the ability to receive and interpret signals
from the surroundings in times of growing social needs in
terms of environmental care. Based on the ranking criteria
for employer selection it was found that respondents were
primarily driven by the level of the proposed salary. Unfor-
tunately, environmental elements related to the responsibility
for the natural environment such as high environmental
culture and eco-innovativeness were not chosen as criteria
of employer selection. After the correlation analysis for the
employer selection criteria due to the role of environmental
factors, it should be emphasized that the higher the environ-
mental culture of the company, the greater the importance
of'its eco-innovativeness among respondents. The larger the
enterprise in terms of the number of its employees, the less
importance is attached by the respondents to the opinion
about that enterprise in the society. An important conclusion
can be paying greater attention to eco-innovativeness and
ethical aspects of the implementation of pro-environmental
solutions to business in the study programs at universities.
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POSTAWY SUDENTOW WOBEC SPOLECZNE]
I EKOLOGICZNEJ ODPOWIEDZIALNOSCI
PRZEDSIEBIORSTW

Streszczenie. Badanie stanowi prob¢ oceny postaw studentow
wobec roli jakg petni sSrodowisko przyrodnicze w funkcjonowa-
niu przedsigbiorstwa poprzez koncepcje spotecznej i ekologicz-
nej odpowiedzialnosci przedsigbiorstw, ktora znana jest zaledwie
1/5 respondentéw. Badani stanowiacy przyszty potencjat pracow-
niczy kierujg si¢ przy wyborze pracodawcy przede wszystkim
wysokoscia proponowanego wynagrodzenia oraz perspektywami
i mozliwo$ciami wlasnego rozwoju w firmie. Wysoka kultura
ekologiczna przedsigbiorstwa oraz jej ekoinnowacyjnos¢ nie
stanowig zadnego kryterium w poszukiwaniu pracodawcy.
Stowa kluczowe: postawy, srodowisko, spoleczna odpowie-
dzialno$¢ przedsigbiorstw.
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Summary. The relaxation spectrum is a characteristic quantity
describing the viscoelastic properties of many materials. Given
the spectrum, it is very easy to convert one material function into
another one. The paper deals with the problems of recovery of the
spectrum of relaxation frequencies of linear viscoelastic materials
from discrete-time noise corrupted measurements of relaxation
modulus obtained in stress relaxation test. A new concept of the
approximation of continuous relaxation spectrum by the finite series
of nonnegative power basis functions is presented. It is proved that
the respective model of the relaxation modulus is given by finite
series of functions based on complementary error function. The
optimal scheme of the least-squares identification of nonnegative
definite model of relaxation spectrum is proposed. The validity of the
method is demonstrated using simulated data of Gaussian spectrum.
Applying the proposed scheme, the relaxation spectrum of a con-
fined cylindrical specimen of the sugar beet root is also determined.
Key words: viscoelasticity, relaxation spectrum, identification,
error functions.

INTRODUCTION

The last three decades have witnessed an increasing
amount of interest paid to the study on mechanical proper-
ties of viscoelastic materials treating it as a separated sub-
ject area [11,13]. Viscoelastic models are used before all
to modeling of different polymeric liquids and solids
[3,11,13], concrete [13], soils and rocks [9], different
composite materials [13], metals and their alloys [13,21],
foods [13,16] and many biological materials [13,14], in
particular fruits and vegetables [7,10,13,14,18]. The need
for detailed knowledge of mechanical material functions
has been growing with the increased use of accurate engi-
neering methods for rigorous predictions of the materials
behavior, such as the finite element method, the boundary
element method and the finite difference method [1].

The mechanical properties of linear viscoelastic mate-
rials are characterized by relaxation or retardation spectra

[3,13]. The spectra are vital not only for constitutive mod-
els but also for the insight into the properties of a viscoe-
lastic material, since from the relaxation or retardation
spectrum any other linear material functions can be calcu-
lated without difficulty. Hence the identification of relaxa-
tion spectrum is one of the actual directions of the mathe-
matical modelling of many viscoelastic materials. Since
the problem of relaxation spectrum identification is one of
the classical ill-posed inverse problems [13,18], an appro-
priate special identification methods must be find to over-
come the mathematical difficulties.

A number of different methods have been proposed
during the last two decades for the relaxation spectrum
computation using the data from a small-amplitude oscil-
latory shear experiment. For references and an overview,
see Dealy and Larson [3]. However, a classical manner of
studying viscoelasticity for many materials is by two-
phase stress relaxation test [13,17]. There are a few pa-
pers: [5,23] and [18-20] as well as the previous papers by
the present author cited therein, that deal with the spec-
trum determination from stress relaxation data. However,
in all the known methods of the relaxation spectrum iden-
tification from time-measured data the restriction that the
spectrum is nonnegative, which must be given to satisfy
the physical meaning is, unfortunately, neglected. The
identification scheme presented in this paper overcomes
this limitation.

In this paper the spectrum is recovered from discrete-
time noise corrupted measurements of relaxation modulus
obtained in stress relaxation test. The approach proposed
is based on approximation of the spectrum by finite linear
combination of the basis exponential functions. A quadrat-
ic identification index, which refers to the measured relax-
ation modulus, is adopted and the nonnegativity con-
straints on the model parameters are introduced. The stat-
ed linear least-squares approximation task with inequality
constraints is solved by using the dual approach. The result-
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ing identification scheme is presented and verified for nu-
merical data as well as for selected biological material.

RELAXATION SPECTRUM

In the rheological literature it is commonly assumed
that the relaxation modulus G(¢) of linear viscoelastic

material has the following integral representation [13,20]:

G(t)zo(jo(v)e_”’dv ,

(M

where: the nonnegative relaxation spectrum H(v) charac-

terizes the distribution of relaxation frequencies v=>0.
Throughout we shall be concerned with the case when
H(v) is completely unknown. The relaxation modulus

G(t) can be, however, measured for any time 7>0.

MODELS

Assume that H(v)eL,(0,0), where L,(0,00) is the
space of square-integrating functions in the interval (0,00).
The set of the linearly independent functions:

2 2 2
{e’“‘/ ve @ yre . } a>0 )
forms a basis of the space L,(0,00) [2]. Thus the relaxa-
be
H()=>%0g: (v,a), where: g, are constant model

tion spectrum can expressed as

: . _ ok —a?
parameters and the basis functions &, (v,a)=v" e ™™ ,
k=0,,.... . Since for real materials the relaxation spec-
trum tends to zero as the relaxation frequency approaches

zero from above, i.e., the right-sided limit
lim_ . H (v)=0, the first basis function can be neglect-

ed. For practical reasons, it is convenient to replace the
infinite summation in the above formula with a finite one

of K terms of the form: Y&, g, / (v,). The norms of

the basic functions /4 (v,«) are given by:

A 2i-1) |
= é2k+lak %' ©)

Here || - |, denotes the square norm in the space L, (0,0).

o0
g = e av

It is easy to check that for any fixed « the sequence of
norms (3) increases or decreases very quickly depending
on the parameter «. Thus, in order to guarantee the nu-
merical stability of the resulting identification algorithm
the basis functions (2) are replaced by following normal-
ized functions:

h(v,a)=y(apre™  for k=12,...,

“)
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where, by virtue of (3), the weights y, are defined by:

2"r\/5/n Qj-1) for k=12,....(5

Thus the finite sum:

K ~
H ()= % g1 Fi(ve) ©

will be used to approximate the relaxation spectrum
H(v). The lower index of Hy(v) is the number of model
summands. According to equation (1) the respective mod-
el of the relaxation modulus G(¢) is described by:

Gl)=[H W) av=3 g ala).
where:
&, (1 a):T h,(v,a)e™ dv (8)

The form of the basis functions ¢ (¢,) (8) is given by the

following theorem; the proof is omitted due to space limi-
tations.
Theorem 1. Let k>0, a>0 and t=0 . Then the basis

functions ¢, (t,&) are given by recursive formula:

2 k k-1
ralte)=— e g0 L g 0|
k>1, 9)
starting with:
do(t.a)= 4= e““ erfc(zjgj, (10)
¢ (t0)= 24\lﬁ —7¢0(f a), (11

where: erfe(t)=—2

2
function [4].

Thus, the problem of the continuous relaxation spec-
trum H(v) approximation by finite series Hy (v) of the

is complementary error

form (6) is reduced to problem of the relaxation modulus
G(¢) approximation by finite linear combination (7) of the

functions ¢ (£, ) (9)-(11) based on complementary error
function erfc[t/ (2\/5 )] Error functions are used in signal
processing and mathematical modelling of many process-
es, e.g., [4, 22]. A few first basis functions % (v.a) (4) are

shown in Figure 1 for two different values of the parame-
ter «; the corresponding functions ¢ (¢,a) (9)-(11) are

plotted in Figure 2. From the Figure 2, it is evident that the
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basis functions ¢ (z,a) are congruent to the real relaxa-

tion modulus obtained in experiment. The positive param-
eter o is a time-scaling factor.

It is well-known [13,18,19] that for many materials
lim,_,., G(t)=G,, >0, where G, is the long-term modu-

lus (see example 2 below). Thus, instead of the classical
model (1), it is convenient to consider the following aug-
mented model:

G (t):THK (Ve Vdv+G, =Gk (t)+G,. (12)
0

Then, the relaxation spectrum model takes the form:

Hyg(v)=Hg (v)+G5(v), (13)
where: 5(v) denotes the Dirac delta function. Unbounded
component G, 5(v) of the relaxation spectrum H g (v)
(13) corresponds with the infinite relaxation time.

RELAXATION SPECTRUM APPROXIMATION

Suppose, a finite discrete experiment (stress relaxation
test [13,17]) performed on the specimen of the material
under investigation resulted in a set of measurements of
the modulus G(¢;)=G(¢;)+z(¢;) at the sampling instants
t;,20,i=1,..,N, where z(z;) is measurement noise. Op-
timal identification of the relaxation spectrum H(v) in the

class of models (13) consists of selecting within the given
class of models defined by (13), (6) such a model, which
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ensures the best fit to the measurement results {G(7;)}. As

a measure of the model accuracy the square approximation
error is taken:

[é(ti )- Gk (¢ )]2 )

M=

Oy(gk)= (14)

Il
—_

where: gx=[g, ... gx G, is the parameter vector
of model H, K(v) (13), (6) or equivalently of the model
G (t) given by (12), (7). Superscript “7” indicates trans-

pose. Using the vector-matrix notation
Gy=[G(1) ... G(ty)] and:
H(ta) ... dx(ta) 1
i = : : iR (15)

hty.a) ... ¢ty a) 1

the model quality index can be rewritten in the compact

form as Oy (gx)=|Gy—¥rx gKH2 . Here and further | - |
denotes the Euclidean norm in the spaces R N and R
For physically realistic materials the relaxation spectrum

H(v) is nonnegative definite for any v>0. Thus, the
requirement that the respective model Hy (v) (6) is also
nonnegative for any v >0 is natural. The basic functions
Zk (va) (4) are nonnegative. Therefore, if the model pa-
rameters are such that g, >0 for any k=1,...,K, then the
model Hg (v) is also nonnegative definite function. Ob-

viously, the restriction that the model parameters are
nonnegative is sufficient, but not necessary condition for

~ ~ \
hk (V, a) 0,9 1 55
k=1
k=2
k=3
k=4 .o =
—_ 0 0
0 2 4 6 0 0,5 1 1,5 2
@ Relaxation frequency v [s™'] (b)  Relaxation frequency v [s™']

Fig. 1. The basis functions Zk(y,a) (4) for parameters: (a) ¢ =02 [52] and (b) ¢ =2 [s2], k=12734

$e(ta)

(@) Time ¢ [s]

(b) Time ¢ [s]

Fig. 2. The basis functions ¢, (+,«), the parameters: (a) o =0,2 [52] and (b) ¢ =2 [sz], k=123,4
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the non-negation of the spectrum model. Now, the prob-
lem of the relaxation spectrum identification reduces to
determining the vector of model parameters gz minimiz-

ing the index QO /(gx) under the non-negation constraints
g, 20 for k=1,...,K . Thus, the linear least-squares opti-
mization problem with inequality constraints of the form:

(16)

8x20k

is stated for the optimal identification of the nonnegative
relaxation spectrum. 04 is (K +1)-dimensional zero vec-
tor. The existence and properties of the solution of the
above task depends on the properties of the matrix ¥y x
(15). Unfortunately, ¥y ¢ is usually rank- deficient. The
linear-quadratic task (16) is still ill-conditioned and when
the data are noisy, even small changes of the data G

would lead to arbitrarily large artefact in the optimal mod-
el parameters. Therefore, the numerical solution of finite

Lp(Ay)=Gy' Gy—1p’ - [‘FN,KT 6N+%}"]] B[Y'MKT 6N+%ﬂ],

H(Ay)=

dimensional problem (16) is fraught with the same diffi-
culties that the original continuous ill-posed problem of
numerical solution of the Fredholm equation (1). The
standard minimization methods may fail. To stabilize the
solution an additional “smoothing” constraint will be in-
troduced in the next section.

OPTIMAL IDENTIFICATION PROBLEM

The fluctuations of the solution of optimization task
(7) may be reduced by introducing an additional direct
constraint on vector gg : HgKHSﬂ, where a constant

0<p< Hg,’}’ H estimates the ,,level of smoothness” assumed

for the model parameters. Here g2 is the normal (mini-
mum Euclidean norm) solution of the original least-
squares problem without constraints. In result the modified
problem of optimal relaxation spectrum identification is
obtained:

min H?;N_TN,K gKHZ under constraint HgKH2 <pr. a7
820k

By introducing a vector of prices (Lagrangian multi-
pliers) A>04 and a price y >0 we can define the La-

grangian for the optimization task (17):

—%B
[Y’NKT 6N+%A]T BB
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L(gk . Ay)=|Gy Pk gKH2 -7 gK+7(g1<Tg1<—ﬂ2)- (18)

The prices A aim at providing a fulfillment of the inequal-
ity in original optimization task (16). The multiplier y >0
is the price imposed to satisfy the “smoothness” constraint
in modified task (17). In order to use the dual approach to
solve the optimization task (17) note, that for an arbitrary
A>0 , >0 and B>0 the Lagrangian L(gg ,4y) has

unique minimum with respect to g given by:

8x (&y):[TNKTTMK +yigk Tl [TN,KT 6N+%ﬂ], (19)

where: Iy is (K+1)x(K+1) identity matrix. Thus, the
dual function defined by:

Lp(Ay)= min Ligg.Ay)=U&x(Ay)Ay)  (Q0)
8k €
can be expressed by convenient analytical formula:

@)

1
where: symmetric matrix B= [TN, KTY’N xk Tk r is
positive definite for any y >0. It is easy to check that the
Hessian matrix of the dual function takes the form:

BB[Y’MKT 6N+;/1]
_2[5UNKT 6N+%,1]T BBB[‘PNKT 6N+%,1] '

Since matrix B is positive definite, on the basis of the
known result concerning the definiteness of block matrices
[12; Theorem Iy the Hessian H(A,y) is negative definite
for an arbitrary 4>0y . Thus the dual function L, (4 y)
is strictly concave function of the arguments (4,7). Tak-
ing advantage of the above, it may be proved that the solu-
tion to the dual problem:

max  Lp(A7)=Lp(A7),

A20 720

(22)

there exists and the optimal multiplier 7>0. It is well

known that if the saddle point of the Lagrangian
L(gg .Ay) (18) there exists, then the dual approach can

be successfully applied to solve (17). In the case consid-
ered the existence of a saddle point to the Lagrangian fol-
lows immediately from [8; Theorem 1, (ii) and (iii)] due to

the uniqueness of (19). Thus the vector gx|\A4,7) is opti-
mal solution of the optimal identification task (17).

IDENTIFICATION SCHEME

The calculation of the relaxation spectrum model in-
volves the following steps.
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1. Perform the experiment - stress relaxation test [17] -
and record the measurements G (¢;) of the relaxation

modulus at time instants #; >0, i=1,...,N.
2. Compute Hg,]}’ H (for simple analytical formula see, e.g.,

[18, eq. (2.24) and the following]) and choose the con-
stant 0<,6'<H§1]¥H .

3. Solve the dual problem (22) according to the chosen
numerical procedure, and determine the multipliers
(ﬂA. }7) maximizing Lp, (/?:, }?)

4. Compute the vector gx =gg (/{}7) of optimal model
parameters using formula (19).

5. Determine the model of the spectrum of relaxation
Hy (v) according to (cf. (6)):

~ ~

HK(V):]E] S (v.a). (23)

Obviously, Hy(v)=H(v)+G,8(v) is the relaxation
spectrum of the form (13).

Taking advantage of the basic functions Zk(v,a) defi-
nitions (4), (5) and the properties of the optimal identifica-
tion problem (17) solution, it may be simply proved that
for Hy(v) (23) the following sequence of estimations
hold:

n K
max
v=0 k=1

v=0

Thus the smoothness of the vector g, guarantees that the
fluctuations of the respective spectrum of relaxation
Hy (v) are also bounded.

SOME REMARKS
1. For numerical algebraic computations of the scheme

the singular value decomposition SVD [15] of the matrices
Py (15)or Y’N’KT‘FN,K may be used - for details see the

0,05 v

Relaxation spectrum [Pa-s]

Relaxation frequency v [s™']

Fig. 3. Relaxation spectrum H(v) (24) (dash line) and the
nonnegative model H(v) (solid line)
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previous papers [18, 19]. Efficient algorithms for SVD are
available nowadays in the form of optimized numerical
procedures in most commonly used contemporary compu-
tational packets.

2. The matrix ¥y (15) depends on the choice of the

basis functions as well as the sampling instants {¢; }, how-

ever, does not depend in the experiment results. Thus,
when the identification scheme is applied for successive
samples of the same material, the SVD computations have
not to be multiple repeated while the same measurement
points {z; } are kept.

3. The relaxation modulus basis functions ¢ (t,a) (9)-

(11) are expressed using complementary error function.
The function erfe(t) is accessible practically in every

computational packets either directly or by error function
2
erf (t)=1—erfc(t), where erf(t)=-%[1e™™ dx.

Va
4. In the scheme proposed the parameter >0 is the
time-scaling factor. The following rule holds: the lower
the parameter ¢ is, the greater are the relaxation frequen-
cies (see Figures 1 and 2). By the optimal choice of the
scaling factor, the best fit of the model to the experimental
data can be achieved. However, in practice a simple rough
rule for choosing o, based on the comparison of a few
first functions ¢ (z,a) for different values of o with the

experimentally obtained function G (¢) is quite enough. In
the same manner the number K of the models (6) and (7)

~ K
Ap(v)< X & max iy (v.a) <1084 ‘\‘/E\/Kﬂkagk <1,084 YK +18.

summands can be initially evaluated. Thus, the choice
both of the number K as well as the parameter & must be
done a posteriori, after the preliminary experiment data
analysis.

NUMERICAL EXAMPLE

To illustrate our approach we consider viscoelastic ma-
terial whose relaxation spectrum is described by the Gauss
distribution:

0,05 [

Relaxation spectrum [Pa-s]

Relaxation frequency v [s”']

Fig. 4. Relaxation spectrum FH(v) (24) (dash line) and the least-

squares optimal model A (v) (solid line)
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2
H(v)=—f=e "2 m, (24)

The relaxation modulus corrupted by additive noises z(z)
of the uniform distribution in the interval [-0,02;0,02] Pa
has been sampled at N =200 sampling instants at the con-
stant period Ar=0,003[s]. The parameters K=8 and

a=0,003 [sz] are chosen according to the suggestions of

Remark 4. Since ngll(v H:8,692, the constant f=0,2 is

assumed. Then the vector of the optimal model parameters
gy is determined. The “real” relaxation spectrum H(v)

(24) and the resulting nonnegative definite model H (V)
(23) are plotted in Figure 3. For comparison, the model
H x(v) of the form (6) determined using the regularized

least-squares method without constraints (for detailed de-
scription see, e.g., [18,19]) is given in Figure 4.

RELAXATION SPECTRUM
OF THE REAL BIOLOGICAL MATERIAL

A cylindrical sample of 20 mm diameter and height
was obtained from the root of sugar beet Janus variety [6].
The stress relaxation experiment performed by Gotacki
and co-workers is described in details in [6]. The experi-
ment was performed in the state of uniaxial deformation;
i.e. the specimen examined underwent deformation in steel
cylinder. The modeling of mechanical properties of this
material in linear-viscoelastic regime is justified by the
research results presented in a lot of works, for references
see [6,18]. In the initial phase of the stress relaxation test
the strain was imposed instantaneously, the sample was
preconditioned at the 0,5 [m~s'1] strain rate to the assumed
strain. Next, during the second phase at constant strain, the
corresponding time-varying force induced in the speci-
men, which decreases with time, was recorded during the
time period [0,5;96,2] seconds in 958 measurement points

with the constant sampling period Ar =0,1 [s] The way

how the experiment data has been preliminary proceeded
is described in [18]. Next the proposed identification

scheme was applied. Since ng,l(v H =1,804E +5, the constant

Relaxation spectrum [MPa-s]

0,0001

0,001

0,01 0,1 1 10

Relaxation frequency v [s”']

Fig. 5. The models Ay (v) (solid line) and A (v) (dash line) of
the relaxation spectrum of the sample of beet sugar root
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=50 is assumed. The parameters K=8 and a = 98[s2]
were chosen. The resulting optimal nonnegative relaxation
spectrum H (v) is plotted in Figure 5, where the relaxa-

tion spectrum model A (v) of the class (6) optimal in the
sense of regularized least-squares without constrains is
also shown. The respective optimal long-term modulus are
following: G,, =9,957 MPa and G,, =9,782 MPa..

CONCLUSIONS

The problem of the optimal least-squares approxima-
tion of the relaxation spectrum by finite series of nonneg-
ative power basis functions is stated. The primary infinite
dimensional problem of the relaxation spectrum identifica-
tion is reduced to the static linear-quadratic programming
task with inequality constraints. The dual approach is suc-
cessfully applied to solved this task and resulting identifi-
cation scheme is presented. The validity and effectiveness
of the method is demonstrated both by numerical example
as well as by through the computation of the relaxation
spectrum of the specimen of selected biological material.
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O WYZNACZANIU NIEUJEMNEGO
SPEKTRUM RELAKSACII
MATERIALOW LEPKOSPREZYSTYCH
Z WYKORZYSTANIEM FUNKCIJI
RESZTKOWYCH BLEDU

Streszczenie. Spektrum relaksacji naprezen charakteryzuje lep-
kosprezyste whasnosci materiatdw. Przedmiotem pracy jest prob-
lem wyznaczania spektrum czgstotliwosci relaksacji liniowych
materiatlow lepkosprezystych na podstawie dyskretnych, zakto-
conych pomiaréw modutu relaksacji zgromadzonych w tescie
relaksacji naprezen. Przedstawiono nowa metodg aproksymacji
ciggtego spektrum relaksacji skonczonym szeregiem nieujem-
nie okreslonych wyktadniczych funkcji bazowych optymalne;j
w sensie najmniejszej sumy kwadratow. Pokazano, ze funkcje
bazowe odpowiedniego modelu modutu relaksacji dane sa prosta
regulg rekurencyjna i bazujg na funkcji resztkowej btedu. Prob-
lem optymalnej identyfikacji nieujemnego spektrum relaksacji
rozwigzano stosujac podejscie dualne. Przedstawiono schemat
obliczeniowy algorytmu identyfikacji. Metode zilustrowano
przyktadem numerycznym. Wyznaczono takze spektrum relak-
sacji probki buraka cukrowego badanego w stanie jednoosiowego
odksztatcenia przy zakldconych pomiarach sily reakcji probki.
Stowa Kkluczowe: lepkosprezystosé, spektrum relaksacji napre-
zen, identyfikacja, funkcje resztkowe blgdu.
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Summary. A new fast scheme for approximate identification
of linear relaxation modulus of viscoelastic materials on the
basis of the discrete stress data from non-ideal ramp-tests, where
a time-variable strain rate is followed by a constant strain, is
proposed. The approximations of the relaxation modulus in suc-
cessive time instants are determined on the basis of the stress
measurements in only three appropriately chosen sampling
points. The numerical simulations are conducted for KWW re-
laxation modulus, which indicate that the presented approach is
suitable for estimating the relaxation modulus. The approxima-
tion of relaxation modulus is more accurate than in Sorvari-Ma-
linen method. However, the model errors are greater that in the
case of Zapas-Phillips approach and the quality deterioration is
acceptable. The noise robustness of the scheme must be noted,
especially if compared with Sorvari-Malinen scheme.

Key words: relaxation test, non-ideal ramp-test, relaxation mod-
ulus, KWW model, identification method.

INTRODUCTION

Relaxation modulus is probably the most important
mechanical characteristic in the framework of linear
viscoelastic behavior [1,7,10,11]. The time-variable re-
laxation modulus G(t), t = 0, is theoretically the stress
that occurs in the material response to a unit step strain
£(t). However, it is impossible to apply a step strain in
experiments. Loading is never done infinitely fast
[3,10,16]. In non-ideal stress relaxation tests the strain
increases during the loading interval [O,tz] until
a predetermined strain & is reached at ramp-time tg, after
which that strain &, is maintained constant at that value.
In ideal ramp-test [10] the strain increases along
a constant strain rate path. However, usually the constant
strain rate in the loading phase cannot be achieved exper-
imentally [10,14,22]. Following Flory and McKenna [3],
see also [16] and [22], we assume that the strain in non-
ideal ramp-test is described by the function:

0 for t<O0
3
e(t) = g(t—%R) +bt+c for 0<t<tg (1)
& fOT tZtR

3
. 3 2

where: the strain parameters are: a = — %0 (—t ) ,

R

b= %f—o and ¢ = —ieo. The strain £(t) (1) is shown in
R

Figure 1, where the ideal step-strain £,(t) and the ideal
ramp-test strain & (t) corresponding to linear loading
phase strain, are also plotted.

0,0012 -
= 0,0006 1 /4 non-linear strain (1)
K= —— — constant strain rate
;JQ — = — step-strain

0.5 1 25

Time 7 [s]
Fig. 1. An ideal and non-ideal ramp strain and step-strain;
tg = 1[s], &g = 0.001 [—]

Different methods [7,10,14-16,18,19,22,23] have
been proposed during the last few decades for the relax-
ation modulus determination using the stress data histo-
ries from non-ideal relaxation tests. Most of them are
addressed for the case of the linear loading phase strain.
Only the classical Zapas-Phillips [23] method and the
optimal relaxation modulus identification schemes pre-
sented in [15,22] have been designed for non-ideal
stress relaxation test with a time variable loading phase
strain rate. For detailed references and an overview, see
[3] and the recent publication [22].
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In the previous paper [20], based on the mathemati-
cal properties of the problem of relaxation modulus
recovery from time-measurements of the stress o (t) in
the non-ideal ramp-test (1), the analytical formulas to
approximate the relaxation modulus for an arbitrary
time instant have been derived. Under standard and mild
assumption concerning the relaxation modulus of the
viscoelastic material and the rheological experiment it
has been proved, that for noise-free stress measurements
the resulting relaxation modulus model is monotonically
decreasing continuous function of time with at most one
discontinuity point.

To develop a fast algorithm for the relaxation modu-
lus identification using discrete-time stress measure-
ments obtained in the ramp-test £(¢t) (1), in which the
relaxation modulus approximations in the successive
time instants are calculated on the basis of at most three
points of the stress data, is a basic concern. The numeri-
cal analysis is performed using the KWW material ex-
ample both for noise free as well as noise corrupted
stress measurements. Comparing the results obtained for
the new and two other known algorithms with the true
values of the relaxation modulus we will draw conclu-
sions regarding the accuracy and applicability of the
method proposed.

MODEL OF THE RELAXATION MODULUS

In the previous paper [20] under standard assump-
tions concerning the relaxation modulus G(t) of the
linear viscoelastic material [20; Assumption (4)] the
following formula is derived for 0 < t < tz/4:

M) (p) =  R®
G (t) 12&9(tg—t)t2

o(2t), 2
and the next rule is developed for t > tg/4:

8 3t 7
G () = Ea(t +TR) — ot +tR) +

+;Toa(t+%), 3)

which approximate the modulus G(t). In subsequent
sections a complete algorithm for computing the relaxa-
tion modulus using discrete-time stress measurements
from non-ideal ramp test (1) is presented and examined
for simulated KWW model data.

IDENTIFICATION ALGORITHM

The computation of the relaxation modulus accord-
ing to the above formulas involves the following steps.
1. Design the experiment — ramp-test (1) — with the

predetermined constant strain level gy and the ramp-

time tg, i.e., select the sampling instants t;, i =

1,..,N, such that t; =h, tj;;—t;=h and

tg = 4iyh for some integer iy = 1.
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2. Perform the stress relaxation test (1), record and
store the stress measurements &(t;) = a(t;) + z(t;),
corresponding to the chosen points t;,i =1,...,N,
where z(t;) is additive measurement noise.

3. For i =1,..,i, calculate the relaxation modulus
GNM(t,) according to formula:

tr? _
GO = fppmepe 0 (2L0)-

4. Fori=1iy+1,..,N—5i, determine the relaxation
modulus G M) (t,) using the rule:

8 3t 7
GMM(t) = g&(ti +TR) — 3 0t +te) +
0 0

+25(t +25).
3gg 4

Remark. Note, that in view of (3), when the equidistant
time sampling t;,; — t; = h is applied, the existence of
an integer iy = 1 such that tz = 4iyh is obvious ap-
plicability condition of the scheme.

OTHER APPROXIMATE METHODS

Zapas and Phillips [23] developed a method, where
the correction t — ‘7'3 of the time is used as follows:

@P) (4 _tRY _ L =4
G (tl 2) an(tl)a

for an arbitrary t; > tz. Thus, the relaxation modulus
approximation can be computed for t; = tgz/2. For
constant loading strain rate Sorvari and Malinen [14]
proposed differential formula:

1 _ t .
GEM(t) = ga(ti +tg) — ﬁ o (t; + tg),

according to which the approximate value of the relaxa-
tion modulus for an arbitrary t; = 0 is computed using
the stress measurements and their derivatives for t; +
tg. The above methods are used in numerical studies
due to their approximate “nature”.

NUMERICAL ANALYSIS

Example 1 — noise-free measurements. Consider vis-
coelastic material whose relaxation modulus is de-
scribed by KWW (Kohlrausch- Williams-Watts) model
of the form [3, 16]:

G(t) = Goe™ /D, )

where: G, = 10° [Pa], the parameter § = 0.5 [-], and
the relaxation times are T = 3 [s] (material A) and
T = 100 [s] (material B). The strain &, = 0.001 [-] and
the time-horizon T = 20 [s] are assumed for experi-
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ment. The test data was equally spaced in the time in-
terval [0, T]. The ramp times: tg = 1 [s], tg = 2 [s] and
tg = 5 [s] have been taken in experiment studies. Thus,
the condition t; < 187 [20, Remark 1] which is suffi-
cient for the monotonicity of the relaxation modulus
model determined according to the proposed method is
satisfied for material (4) in every case examined. The
Zapas-Phillips and Sorvari-Malinen rules and the new
method are studied. For any method the number N of
sampling points t; are chosen according to the applica-
bility conditions of the respective scheme. Noise free
measurements 6(t;) = a(t;), i =1, ..., N, are assumed.
To estimate the approximation error of the relaxation
modulus (4) for the new method the following mean
square relative index is taken:
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M) (t))—G(t

_ 312
ERRG™ = L5 | o 2] 100%,

N ~i=1

where: N = N — 5i, is the corrected number of sam-
pling instants t; for which the approximate value of the
relaxation modulus G ™) (t;) can be determined using
the scheme proposed. The indices ERRG®") and
ERRG®M™ for Zapas-Phillips and Sorvari-Malinen
methods are defined by analogy. The indices
ERRG™™), ERRG®P) and ERRGG™ for noise-free
stress measurements are given in Table 1 for material A.
For material B the courses of this indices as a function
of N are shifted in Figure 2 using the logarithmic axis to
obtain the best clearness if this graph.

Table 1. Mean relative errors of the relaxation modulus approximation for the new method and Zapas-Phillips and Sorvari-Ma-

linen rules; material A, noise-free case

Mean relative Noise-free case, tg = 1 [s]
error N=80| N=160 =240| N=320| N =400| N =480
ERRG™M) [%] |4,32E-3 |2,46E-3 |8,202E-4 |4,158E-4 |3,038E-4 |2,843E-4
ERRGUZP) [%] |6,39E-4 |5,02E-4 |4,61E-4 |4,415E-4 |4,302E-4 |4,228E-4
ERRG®M [%] (0,273 0,101 0,061 0,044 0,035 0,03
Noise-free case, tg = 2 [s]
N=40| N=80 =120| N=160| N =200| N =240
ERRG™M) [%] |2,77E-3 |0,011 3,997E-3 |2,204E-3 |1,637E-3 |1,467E-3
ERRG@P) [%] |345E-3 |2,74E-3 |2,533E-3 |2,432E-3 [2,373E-3 |2,335E-3
ERRGS™ [9] | 1,02 0,399 0,247 0,182 0,148 0,127
Noise-free case, tg = 5 [s]
N=32| N=80| N=112| N=160| N =208| N = 240
ERRGWNM) [%] |0,103 0,017 0,013 0,014 0,014 0,015
ERRG®P) [%] 10,031 0,027 0,026 0,026 0,026 0,025
ERRGGM [%] |2,562 1,057 0,831 0,675 0,597 0,563

Number of sampling points N [-]

60 260 460
S . .
2 1,3E-01 -
=}
E s

- - L 4
o 2SE0 S oe e .
= .
'S 5,0E-05 - e,
g A A A A A A
S 1,0E-06 -

A Zapas-Phillips method
# Sorvari-Malinen method

Material B, 7=1 [s] ® New method

Number of sampling points N [-]

20 120 220
g T T
= 0,25 -
‘g Y

TS
3 d . . .
= 0,005 | "
<
E .
™ a

§ A A m A A
S 0,000 -

A Zapas-Phillips method
& Sorvari-Malinen method

Material B, #,=5 [s] = New method

Fig. 2. Mean relative errors of the relaxation modulus approximation for the new method and Zapas-Phillips and Sorvari-Malinen

rules; material B, tgx = 1 [s] and tg = 5 [s], noise-free case
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It can be seen from the above simulation results that
for noise-free stress measurements the new algorithm
ensures very good accuracy of the relaxation modulus
approximation, which is comparable with the Zapas-
Phillips rule and better than for the Sorvari-Malinen
method, whenever the number of the measurements is
appropriately chosen in accordance with the ramp-time
tr and the relaxation time of the material. The relaxa-
tion modulus GV (t), G@P)(t) and GSM™ (¢) calculat-
ed according to the considered methods for time interval
[0;3,75] seconds are plotted for tz =2[s] and
N = 160 in Figure 3 (material A) and in Figure 4 (ma-
terial B). The relaxation modulus G(t) (4) is also
marked in both figures.

Example 2 — noise robustness. We consider again the
materials A and B described by the KWW relaxation
modulus (4). In order to model the noise produced by a

= == Zapas-Phillips method
----- Sorvari-Malinen method
New method

Relaxation modulus G(t)

9,0E+08 -

.........

6,0E+08 -

Relaxation modulus [Pa]

3,0E+08 )
0 1 2 3 4
Material A )
noise-free Time ¢ [s]

Fig. 3. Approximations GV (t), G@P)(t), GEM(t) of the
relaxation modulus G (t); material A, noise-free case, tg = 2 [s]
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test machine the noises z(t;) have been generated inde-
pendently by random choice with normal distribution
with zero mean value and variance equal to 100% and
200% of the mean integral value %fOT o(A)dA of the
signal ¢(t) in the time interval [0,T]. Such measure-
ment noises are even strongest than the true disturb-
ances recorded for the plant materials (see [17; Chapter
5.5.4]). The experiment and next the computations of
the approximate relaxation modulus model have been
repeated =100 times. The mean values MERRG %P,
MERRGSM and MERRG WM of the indices ERRG%P),
ERRG®M™) and ERRG™M), respectively, obtained for
material A are given in Table 2 for the case of weak
100% noises and in Table 3 for 200% strong noises. The
Zapas-Phillips relaxation modulus model G #P)(t) does
not depend essentially on the measurement noises, while

1,0OE+09 - = — Zapas-Phillips method

----- Sorvari-Malinen method
New method

Relaxation modulus G(t)

.........

9,0E+08 -

Relaxation modulus [Pa]

8,0E+08 T T T )
0 1 2 3 4
Material B
noise free Time ¢ [s]

Fig. 4. Approximations G ™) (t), G@P)(t), GEM(t) of the
relaxation modulus G (t); material B, noise-free case, tg = 2 [s]

Table 2. Mean relative errors of the relaxation modulus approximation for the new method and Zapas-Phillips and Sorvari-Ma-

linen rules; material A, weak noises 100%

Mean relative Weak noises 100%, tp = 1 [s]
errors N =80 N =160 N = 240 N =320
MERRG®™M) [%] | 0,0474 0,04749 0,04618 0,04602
MERRG@P) [%] |0,004516 0,004493 0,004324 0,004399
MERRGSM) [%] |0,3195 0,2425 0,3595 0,5662
Weak noises 100%, tz = 2 [s]
N=40 | N=80 | N=120 | N=160| N =200| N =240
MERRG(M) [05]0,04374  0,04892  [0,04264 [0,04122 |0,04084 |0,04357
MERRG@P) [%] |0,007173 |0,006491 [0,006279 [0,006276 |0,006211 |0,006055
MERRG®S™ [%] | 1,057 0,526 0,5102 0,6218 0,83 1,103
Weak noises 100%, tg = 5 [s]
N=32| N=80 | N=112| N=160| N =208| N =240
MERRGMM) [04] 10,1263 0,04797  [0,04636 |0,0611 0,07399 |0,1013
MERRG@P) [%] 0,03425  ]0,03039 {0,02964 |0,0292 0,02892  |0,0289
MERRGSM) [%] | 2,647 1,526 1,75 2,499 3,65 4,625
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the mean value of the noise is zero. Both for the new
and Sorvari-Malinen methods the accuracy of the relax-
ation modulus approximation are dependent on the
noises, however, for Sorvari-Malinen method the mean
approximation errors are multiple greater than in the
case of the new method. Similar simulation results are
obtained for material B. An example of the models
GM) (), GEPI(t), GEM(t) and the “true” relaxation
modulus of material A are illustrated in Figure 5 for
weak 100% noises and in Figure 6 for strong 200%
noises; the ramp-time tp = 2 [s] and the number of
measurements N = 160 are applied here. The respec-
tive characteristics for material B are given in Figures 7
(weak noises) and 8 (strong noises). The models
G#P)(t) are generally fairly smooth, however the mod-
els GVM)(¢t) and especially G ™) (t) are not.
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In turn, the relaxation modulus G(t) (4) of material
B and the corresponding models for ramp-times
tg = 1[s] and tg = 5 [s] are recorded in Figures 9 and
10, respectively, for the case of weak noises; as previ-
ously, the number of measurements N = 160 is taken.
Through a comparison of the Figures 7,9 and 10 we can
realize how the accuracy of the relaxation modulus
approximation strongly depend on the respective choice
of such experiment parameters as the ramp-time t and
the sampling period h.
Example 3 — Young modulus identification. The iden-
tifiability of the constant uniaxial Young modulus G (0)
has been also examined. The accuracy of the initial
value G (0) identification in the case of the new method
has been measured by relative means error ERROM)
defined as a mean value of the square relative errors

Table 3. Mean relative errors of the relaxation modulus approximation for the for the new method and Zapas-Phillips and

Sorvari-Malinen rules; material A, strong noises 200%

Mean relative Strong noises 200%, tg = 1 [s]
error N =80 N =160 N =240 N =320
MERRG™M) [%] 10,097 0,092 0,092 0,09
MERRG®P) [%] |8,527E-3 8,283E-3 8,186E-3 8,362E-3
MERRGGM) [%] |0,363 0,388 0,659 1,053
Strong noises 200%, tg = 2 [s]
N =40 N=80 | N=120| N=160| N =200 | N =240
MERRG™M) [9] |0,082 0,086 0,081 0,078 0,08 0,083
MERRG#P) [%] 0,011 0,01 9,96E-3 9,96E-3 9,841E-3 |9,797E-3
MERRGGM) [9%] |1,098 0,649 0,794 1,103 1,553 2,077
Strong noises 200%, tg = 5 [s]
N =32 N=80 | N=112| N=160| N=208| N =240
MERRG M) [%] |0,15 0,07 0,074 0,108 0,147 0,181
MERRG#P) [%] |0,038 0,034 0,033 0,033 0,033 0,032
MERRGGM) [%] |2,733 2,002 2,717 4,293 6,713 8,776
'E‘ 1 -_— Zapas-?hilliPs method ’E‘ 3 = = Zapas-Phillips method
— 90E+08 11 eeeee Sorvari-Malinen method = 9,0B+08 11 —eeee Sorvari-Malinen method
_;5 - New méth(’d -—§ \ New method
g 7,0EH08 +~\\=  ceceeeee Relaxation modulus G(t) "é 7,0E+08 +\*.  eeeernnnn Relaxation modulus G(t)
5 =
2 5,0E+08 - S 50E+08 -
& 3,0E+08 T T T ) o 3,0E+08 : : )

0 1 2 3 4 0 1 2
Material A, #;=2 [s] k Material A, #;=2 [s] .
weak noises 100 % Time 1 [s] strong noises 200% Time ¢ [s]

Fig. 5. Approximations GV (t), GZP)(t), GEM(t) of the
relaxation modulus G(t); material A, weak noises 100%,
tgp = 2 [S]

Fig. 6. Approximations GV (t), GZP)(t), GEM(t) of the
relaxation modulus G(t); material A, strong noises 200%,
tg = 2 [s]
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tests is proposed and analyzed. The approximations of

[G<NM>(t1)—c(o)
the relaxation modulus in successive time instants are de-

2
] for 100 repetitions of the numerically

G(0)

simulated stress relaxation test (1) in time interval termined on the basis on the stress measurements in only
[0, T]. The respective indices for the two other methods three appropriately chosen sampling points. Numerical
are defined by analogy. In the case of Zapas-Phillips results are provided to compare the presented method with
method the value of G%P)(tz/2) is chosen as a G(0) two other alternative procedures known in the literature.
approximation. The numerical studies results obtained 2. The model obtained by using Zapas-Phillips method ex-
for material A are summarized in Table 4 for weak and actly describes the true KWW relaxation modulus, both
in Table 5 for strong noises. Clearly, the Young modu- for noise-free, see Figure 3 and 4, as well as for noise
lus approximation errors in the case of Zapas-Phillips corrupted stress measurements, see Figures 5-10. How-
method is nearly independent of the number of sampling ever, the Zapas-Phillips method fails at the estimating of
points and the noises intensity, however the errors in- the initial value of G(0). The approximation accuracy
creases with the ramp-time ty. For Sorvari-Malinen obtained by the new method is worse than that guaranteed
method the errors decreases with the increasing number by Zapas-Phillips rule, but the applicability for short time
of sampling points, but still are unacceptable big. The interval is an excellent advantage of the new scheme.

smallest errors of G(0) approximation are guaranteed 3. In Sorvari-Malinen method the relaxation modulus is
by the new method. By respective choice of the experi- poorly estimated. The new method provides better ap-
ment parameters tp and N, the errors can be reduced proximation accuracy than Sorvari-Malinen method, the
below 1,5%. more so that the simulation computations indicate that

the approximation errors for Sorvari-Malinen method
are extremely sensitive to the noises (see Figures 5-10).
CONCLUSIONS It seems also reasonable to use the new method to pro-

duce a good fit of the constant Young modulus.
1. Anew fast scheme for approximate identification of linear 4. Both theoretical analysis of the scheme conducted in [20]
relaxation modulus of viscoelastic materials using discrete as well as the results of the numerical studies presented
time-measurements of the stress from non-ideal ramp- above, especially acceptable noise robustness, suggest

< LOE+09 -1 — = Zapas-Phillips method < LOE+09 - —— — Zapas-Phillips method
= : Sorvari-Mali hod & K i-Mali
2 N T orvari-Malinen metho — S m=e==- Sorvari-Malinen method
72}
g New method .% " New method
I K B "SRRI Relaxation modulus G(t) T VN eeeeennns i
€ 9,0E+08 - ; 9.0E+08 - Relaxation modulus G(t)
g 5
: £
5]
* §,0E+08 : : . . 2 80E+08 : : : .
0 1 2 3 4 0 1 2 3 4
Maten'al.B, =2 [s] . Material B, #,=1 [s] .
weak noises 100% Time ¢ [s] weak noises 100% Time ¢ [s]

Fig. 7. Approximations GV (t), G#P)(t), GEM(t) of the Fig. 9. Approximations GV (¢), GEP)(t), GEM(t) of the
relaxation modulus G(t); material B, weak noises 100%, relaxation modulus G(t); material B, weak noises 100%,

tg =2 [s] tg = 1[s]
¥ LOE+09 3 — — Zapas-Phillips method < 1,0E+09 - — — Zapas-Phillips method
. N @ ----- Sorvari-Malinen method &, L m==-- Sorvari-Malinen method
2 New method E New method
.= Norgreeeeeees Relaxation modulus G(t) e L s Relaxation modulus G(t)
S 9.0E+08 | g 90E+08 1\
[
=]
5 kS i}
p= = 1
» » (¥
= % v ‘l ;N
&~ 8,0E+08 . . —— & 80E+08 . . VAol
0 1 2 3 4 0 1 2 3 4
Material B, #=2 [s] . Material B, t,= 5 [s] .
strong noises 200% Time ¢ [S] weak noises 100% Time ¢ [s]

Fig. 8. Approximations G (¢t), GEP)(t), GEM(t) of the Fig. 10. Approximations G V™) (t), G@P)(t), GEM(t) of the
relaxation modulus G(t); material B, strong noises 200%, relaxation modulus G(t); material B, weak noises 100%,
tp =2[s] tp =5 [s]
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Table 4. Mean relative errors of G (0) approximation for the for the new method and Zapas-Phillips and Sorvari-Malinen rules;
material A, weak noises 100%

Mean relative Weak noises 100%, tp = 1 [s]
crrors N =80 N =160 N = 240 N =320
ERROMM) [o4] | 8,568 2,858 1,689 1,238
ERROZP) [%] 10,458 10,474 10,444 10,467
ERROGM [%] {8,568 5,85 4,938 4,362
Weak noises 100%, tz = 2 [s]
N=40 | N=80 | N=120| N=160| N =200 | N =240
ERROWM) [05] |12,65 4,906 2,989 2,114 1,742 1,731
ERROZP) [%] |17.892 17.888 17,9 17,88 17,86 17,87
ERROGM [9%] |15,36 10,81 9,027 8,239 7,715 7,452
Weak noises 100%, tg = 5 [s]
N=32| N=80 | N=112| N=160 | N =208 | N =240
ERROMM) [0] | 9,625 3,909 3,101 4,112 10,79 12,42
ERRO@P) [%] |33.263 33,26 33,25 33,24 33,26 33,24
ERROGM) [%] |22,64 16,73 15,49 14,9 14,41 13,91

Mean relative Strong noises 200%, tp = 1 [s]
error N =80 N =160 N =240 N =320
ERROWM) [05] |8,594 3,17 1,926 1,42
ERROZP) [9%] |10,46 10,46 10,46 10,46
ERROGM) [%] |8,674 5,907 4,804 4,405
Strong noises 200%, tg = 2 [s]
N =40 N=80 | N=120| N=160| N=200| N =240
ERRO(M) [o5] |12,6 5,138 3,301 2,36 1,74 2,183
ERROEP) [o] |17,87 17,88 17,88 17,89 17,89 17,88
ERROGM) [%] |15,33 10,85 9,128 8,399 7,632 7,403
Strong noises 200%, tp = 5 [s]
N =32 N=80 | N=112| N=160| N=208| N =240
ERRO(NM) [%] |10,19 4,413 3,544 4,391 9,023 15,64
ERROGP) [%] |33.23 33,26 33,25 33,26 33,24 33,23
ERROGM) [%] 22,54 16,78 15,35 14,64 14,42 13,97

Table 5. Mean relative errors of G (0) approximation for the for the new method and Zapas-Phillips and Sorvari-Malinen rules;
material A, strong noises 200%

that the proposed scheme can be used successfully within
a satisfactory range of viscoelastic materials. Moreover,
the practical point of view has been specially emphasized
while the scheme derivation and because it does not
require any other experimental technique more sophis-
ticated than the equidistant sampling of time instants
during rheological experiment, the presented algorithm

is easy to implement and fast to use since only three
measured stress data points are used to evaluate the re-
laxation modulus at any time instant. Thus the scheme
can be easily implemented in an arbitrary computational
environment supporting the rheological experiment.

The problems of viscoelastic model determination, in which
the relaxation test stress history may provide experimental
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data for identification, such as that considered in [1,6,9,13]
for polymeric liquids and solids, in [ 12] for metals and their
alloys orin [2, 5,8,17,21] for foods and biological materials,
constitute the area of applicability of the scheme.
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ALGORYTM IDENTYFIKACJI MODULU
RELAKSACJI MATERIALOW LEPKOSPREZYSTYCH
NA PODSTAWIE NIEIDEALNEGO TESTU
RELAKSACJI NAPREZEN O NIELINIOWYM
ODKSZTALCENIU WSTEPNYM

Streszczenie. Celem pracy byto opracowanie szybkiego algoryt-
mu identyfikacji modutu relaksacji materiatéw o wiasnosciach
liniowo lepkosprezystych na podstawie dyskretnych pomiaréw
naprezenia zgromadzonych w rzeczywistym tescie relaksacji
naprezen o zmiennej w czasie predkosci odksztalcania wstep-
nego. Zaproponowano prosty schemat identyfikacji, w ktérym
przyblizenie modulu w wybranej chwili czasu wyznaczane jest
na podstawie co najwyzej trzech pomiaréw naprezenia. Przepro-
wadzone badania numeryczne wskazujg, ze opracowana meto-
da zapewnia lepsze przyblizenie modutu relaksacji niz metoda
Sorvari-Malinena oraz akceptowalne pogorszenie jakosci jego
przyblizenia w poréwnaniu z reguta Zapasa-Phillipsa. Przewage
nowej metody nad regula Sorvari-Malinena stanowi takze wigk-
sza odporno$¢ na zaktocenia pomiarowe, jej zaleta w poréwnaniu
z regulg Zapasa-Phillipsa jest rozszerzenie zakresu stosowalnosci
o poczatkowy odcinek czasu. Metoda zapewnia bardzo dobre
przyblizenie warto$ci poczatkowej modutu relaksacji, a jej pro-
sty algorytm umozliwia zastosowanie w trybie on-line w czasie
eksperymentu reologicznego.

Stowa kluczowe: test relaksacji naprezen, modut relaksacji,
model KWW, algorytm identyfikacji.
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Summary. The identification of the linear relaxation modulus
of viscoelastic materials on the basis of the stress data from
non-ideal ramp tests where a time-variable strain rate is followed
by a constant strain is considered. The loading phase strain is
described by the third order polynomial of time. The aim of the
paper is to develop a method to approximate identification of
relaxation modulus using such ramp strain histories. Middle
point rule and generalized Simpson rule are used to derive a new
method. The approximations of the relaxation modulus at suc-
cessive time instants are determined on the basis on the stress
measurements in at most three appropriately chosen sampling
points. The properties of the relaxation modulus model deter-
mined according to the proposed method are examined under
standard assumptions concerning the relaxation modulus of the
material and the experiment. The method developed is a basis
for synthesis of fast identification scheme.

Key words: relaxation test, finite ramp-time, relaxation modulus,
identification method.

INTRODUCTION

In current engineering practice it is common to deal
with either the uniaxial or shear time-dependent relaxa-
tion modulus of viscoelastic materials [1-5,7,9,11,12,15-
18,27]. For linear viscoelastic materials the relaxation
modulus is the stress, which is induced in the material
when the unit step strain is imposed. Unfortunately, that
deformation mode cannot be achieved experimentally
without invoking stress waves [13]. Thus, the relaxation
modulus is not directly accessible by means of straight-
forward measurement method. It is usually recovered
from the experimental data of the stress relaxation pro-
cess history. A common practice to identify the relaxa-
tion modulus is still to compute the modulus from the
ideal step-strain case rule. Unfortunately, according to
the ,ten-times-rule”, or equivalently, “factor-of-
10°rule”, this step-strain assumption is acceptable only

if the time is at least ten times larger than the initial
loading time, see Example given below. Thus, in prac-
tice quite often the first seconds of the relaxation data
are ignored to account for the finite loading time of
deformation [6].

To take into account the finite initial loading time in
the real non-ideal relaxation tests a few methods have
been proposed during the last several years [10,13,19-
21,24-26,28]. Zapas and Phillips [28] developed a gen-
eral method, which in the case of linear viscoelasticity
takes the form of very simple rule, where the ‘true’
relaxation time is delayed of half loading time. For the
case of constant loading rate a few methods for relaxa-
tion modulus identification has been proposed: the
backward recursive method developed by Lee and
Knauss [13], the differential rule proposed by Sorvari
and Malinen [19] and the latest method based on the
general trapezoidal rule presented in the papers [23, 24].

In practice, however, to inertia effects the assump-
tion that the ramp loading is approximated to be linear
may fail [6, 10, 26]. Following Flory and McKenna [6],
see also [21, 26], it is assumed in this paper that the
initial loading phase strain of the relaxation test is de-
scribed by the third order polynomial of the time. To
develop a fast method to approximate identification of
relaxation modulus on the basis of such non-ideal ramp
strain history data, in which the relaxation modulus at
arbitrary time instant is determined using only few
stress measurements, is the goal of the paper. Based on
the mathematical properties of the problem and using
two known numerical quadrature rules: midpoint rule
and generalized Simpson’s rule a new identification
method is proposed, in which the approximation of the
relaxation modulus at arbitrary time is determined on
the basis of the stress measurements in at most three
appropriately chosen sampling points. It is proved, un-
der mild assumptions concerning the relaxation modulus
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of the material and the experiment that the resulted
model is monotonically decreasing function with at
most one discontinuity point.

PROBLEM STATEMENT
1. MATERIAL

We consider a linear viscoelastic material subjected
to small deformations for which the uniaxial, nonaging
and izotropic stress-strain equation can be represented
by a Boltzmann superposition integral [11, 14]:

a(t) = [*_G(t — DéA)da, )
where: a(t) and e(t) denotes the stress and stain, respec-
tively, and G (t) is the time-dependent linear (Boltzmann)
relaxation modulus. By assumption, the exact mathemati-
cal description of the relaxation modulus G(t) is com-
pletely unknown, but the value of o(t) can be measured
with a certain accuracy for any given value of the time
teT,whereT =[0,T]and 0 < T < oo.

2. EXPERIMENT

A classical manner of studying viscoelasticity for
such materials is by two-phase stress relaxation test,
where the strain increases during the loading time inter-
val [0, tg] until a predetermined strain €, is reached at
ramp-time tp, after which that strain &, is maintained
constant at that value [13]. In ideal ramp-test [13] the
strain increases along a constant strain rate path. How-
ever, the constant strain rate in the loading phase is
usually unrealizable due to experimental limitations [19,
26]. Following Flory and McKenna [6], see also [21;
Ramp III] and [26], we assume that the strain in non-
ideal ramp-test is described by the function:

0 for t<O0
3
t
e(t) = g(t—f) +bt+c for 0<t<tg, (2)
& fOT t=> tR
where: the non-ideal ramp-strain parameters are:
0,0012 -
o non-linear strain (2)
< 0,0006 - .
At - = constant strain rate
~§ — — = step-strain
&
w2
-0,5 1 2,5

Time 7 [s]

Fig. 1. Step-strain, ideal and non-ideal ramp strain; tz = 1 [s],
g = 0,001 [-]
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&(t) (2) is shown in Figure 1, where the ideal step-strain
£o(t) and the ideal ramp-test strain &;(t) corresponding
to linear loading phase strain, are also depicted.

1 .
and ¢ = — ;%o The strain

3. IDENTIFICATION

Suppose that the non-ideal ramp test (2) performed
on the real material resulted in a set of the stress meas-
urements. Identification consists in estimating of the
relaxation modulus of viscoelastic material described by
the equation (1) using the stress measurements. A com-
mon practice is to calculate the relaxation modulus by
the rule G(t) = a(t)/&y, which in view of (1) is valid
only for infinitely short initial loading time (for ideal
step-strain). According to the ,,ten-times-rule” that step-
strain assumption is acceptable only for ¢ = 10tg. Thus,
for the times lower than the ten loading time tg, the
classical rule G(t) = o(t)/e, may fail. To illustrate the
errors of such approach the following example is con-
sidered.

+ -
1,OE+06 \ non-linear strain (2)
AR — — constant strain rate
§ R 4N~ step strain
= 5,0E+05 - /2
T o=
]
8 /
n
0,0E+00 T T )
0 1 2 3
Time ¢ [s]

Fig. 2. Stress in ideal and non-ideal ramp-tests and in step-
strain relaxation test

Example. Let us consider viscoelastic material whose
relaxation modulus is described by the KWW model
(Kohlrausch, Williams and Watts) of the form [6, 19]:

G(t) = Gye~t/DF, 3)
where: following [6] G, = 10° [Pa], the dimensionless
parameter 8 = 0,5[—] and the relaxation time T =
3 [s]. The strain & = 0,001 [-] and the ramp-time
tg = 1 [s]. The stress o(t) resulting for KWW material
for non-ideal ramp test (2) is plotted in Figure 2, where
the related stress g, (t) for ideal step-strain relaxation
test and the material response o;(t) after the application
of a constant loading strain rate are also given. The
differences between the three signals o(t), o;(t) and
0, (t) are characterized by the relative absolute percent
errors summarized in Table 1 for some selected points
of time.

The errors are big at short time, and decrease with
the time t > tg. The differences for the two signals o (t)
and g, (t) at the time point t; exceed 20% of the ideal
relaxation test stress o,(t), compare Figure 2, at the
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Table 1. Stress differences between the ideal and non-ideal ramp-test and step strain relaxation test
Time t tr/6 | tr/4 | tr/3 | tg/2 |2tg/3|3tg/4 0,95tz | tg 3ty S5tp | 10tz | 100t,
Errors Ramp time tz = 1 [s]
m("f)’(t)'[%] 91,738 (82,162 (69,844 (40,191 (9,831 (3,165 {20,566 (20,502 (9,296 (6,939 (4,767 (1,458
oot
“’(t)‘—(";(t)'[%] 54,25 |35,355|19,313 13,901 |14,851|15,602 4,251 (1,543 |0,118 |0,056 |0,023 |1,64E-3
ot
Ramp time tp = 2 [s]
Mg’;’(t)'[%] 91,349 (81,133 67,844 (35,428 1,871 (12,511 (31,121 (30,575 (13,45 (9,983 6,822 (2,07
oot
M(”)I(t)'[%] 53,704 |34,449 |18,085 |5,518 |16,361 (16,813 (3,937 (2,442 |0,199 |0,098 |0,041 |3,13E-3
ot
Ramp time tz = 5 [s]
M(‘")’(t)'[%] 90,508 (78,871 (63,377 (24,519 [16,69 (34,432 (55,845 (53,957 (22,271 |16,335 |11,043 |2,07
oot
M;’;(t)'[%] 52,604 132,66 (15,667 (8,705 19,263 (19,063 {2,965 [4,654 (0,417 |0,211 {0,091 |3,13E-3
oyt

time t = 10t the differences are of 5% degree and they
are lesser than 1,5% only at t > 100t;. However, as the
two curves approach each other at sufficiently long
times greater than 100ty, the difference is not negligi-
ble as t < 100tg. Thus, the ,.ten-times-rule”, according
to which the relaxation modulus is calculated as
G(t) =o(t)/ey for t = 10tg, may fail. The errors for
the signal o;(t) are not as big as for g, (t), but the accu-
racy in o(t) approximation is also insufficient, especial-
ly in short time region t < t.

Thus, both using the ramp-test data as ideal step-
strain data and calculating the relaxation modulus using
the formula G(t) = a(t)/&,, as well as even applying
the known rules derived for ideal ramp test of &;/tg
loading rate, leads to unacceptable errors. What is espe-
cially important, these errors are unacceptably big in the
time intervals of the greatest dynamics of the stress
relaxation process. The presented results convincingly
prove, that using the ramp test data o(t) as an ideal
step-strain data o,(t) and even as the ideal ramp test
data o,(t), in many cases fails to give satisfactory ap-
proximation of the relaxation modulus of the material.

NEW METHOD

In this paper the following assumption will be taken.
Assumption. The relaxation modulus G(t) is double
differentiable function such that:

dG(t) >0 d2G(t) -

G(t)=0,- o o 2

0 for t>0. “)
The above assumption seems to be quite natural. In
particular, it takes account of the course of the experi-
mentally recorded relaxation modulus. This assumption,
taken for example in [8, 20, 22], is satisfied by commonly
used rheological models, such that Maxwell, Zener,
KWW and Peleg models. Note also that from (4) it fol-
lows immediately that G(t) strictly monotonically non-
increasing (decreasing) continuous convex function.

On the basis of (1) and (2), taking into account that
(1) =0 forany A < 0, the stress during the initial load-
ing phase of the stress relaxation test in the interval of time
0 < t < tg is described by the following equation:

_rt tr 2
o(6) = [{ G(t - 2) [a( —7) + b] da,
which, taking into account the definitions of the pa-
rameters a and b, can be rewritten as:

a(t) = [, ®(At, tp)dA, (5)
where the integrand:
P4, ¢, tg) = aG(t — DAA — tg), (6)

is introduced for brevity. We approximate the integral
(6) by respective quadrature. Unfortunately, no general
methods can be recommended for numerical integration.
The choice of the suitable method must be done on a
case-by case basis, depending on the integrand function
properties. Let us notice, that @(0, t,tz) = 0, and since
a <0, then for an arbitrary 0 < A<tz we have
®(A,t,tg) > 0; here tg >0, 0 <t < tg. The partial
derivative is given by the expression:

PO = —aG(t — DAA — tg) + aG(t — D)(2A — tg).
Thus, in view of the Assumption, it is clear that if
A<tgr/2, then DA, t, tg)/01 >0 and
dD(A,t,tg)/0A = 0 at 1 = tz/2 for any time variable
0 <t < tg. Hence, if t < tg/2, that is 1 < tz/2, then
the integrand @(A,t,tgz) is monotonically increasing
function of 1. The course of an exemplary integrand
®(A, t, tg) as a function of the variable 0 < A <t for
KWW material (3), ramp-time tgz = 1[s] and time
instant t = 2t is show in Figure 3(a). Thus the simplest
method of numerical integration, the midpoint rule, is
appropriate for numerical approximation of the integral
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(5) for t < tg/2. Moreover, it is known that for Volter-
ra’s equation of the first kind (1), the midpoint rule is
numerically stable. By applying the middle-point rule to
integral of the right-hand side of (5) we obtain:

o0~ a6 ()10

whence, for 0 <t <tz/2, the following expression
follows immediately:

oMy (£ =t
G(NM (2) g a(t).

It is easy to verify that the above implies for 0 < t < tg/4
the rule:

M) (p) = — R
G (t) 12g9(tp—t)t2

o(2t). (7

1,5E+06

. cesenes(a)

o — —(
1,0E+06 o ®)

R N
s/ \
e \
0,0E+00 . A
1

5,0E+05

Function @[Pa=s!]

Material A
te=1 [s] Variable A4 [s]

Fig. 3. The function ®(4,t,tz) defined by equation (6) for
material (3), tg = 1[s]: (@) t = 2tg, (b) t = 2t5, 0 <A<t

We now wish to find the formula for relaxation
modulus identification for the time interval t > tg/4.
To do this, note that on the basis of equations (1) and
(2) in the second constant strain phase of the relaxation
test, i.e. for t > t the stress is given by the expression:

o(t) = a [;RG(t — DAL — tp)dA, ®)
or in equivalent form:
a(t) = [[F o, t,t)dA, ©9)

where the integrand @ (A, t, tg) is given by (6). Now, for
an arbitrary t > tp also for the upper limit of integration
in (9) we have @ (tg, t, tg) = 0. The function ® (A, t, tg)
is continuous and non-negative definite for any 4 < t,
and, as it may be easily verified on the basis of the sta-
tionary  point  condition  G(t — )AL —tg) =
G(t —A)(2A1 — tg) achieves the maximum for A4,
such that tp/2 < Aper < tg. An example of the inte-
grand function @(A,t,tz) for material (3), the time
instant t = 2tz as a function of variable 0 < A <t is
illustrated in Figure 3(b). The paraboidal nature of this
function makes reasonable the choice of Simpson’s rule
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to evaluate the integral (8). We use both the simple
three-point and the generalized five-point rule. Apply-
ing simple Simpson’s rule we obtain the formula:

o(6) = taG (¢ - 2) = (2 _ g, )

2/ 2\2 2’

and whence:

o(t) ~ £,G (t —f—R), (10)

2
which is the classical Zapas-Phillips formula. By divid-
ing the finite time interval [0, tg] into four equal subin-
tervals and applying the generalized Simpson’s rule,
after simple algebraic manipulations we have:

~_9%43 _tr _ 3t
o(t) ~ — <ty [3G(t 4) +36 (t : ) +
tr
+26 (t - 2)].
whence, in view of the definition of the parameter a, we
finally obtain:

o() ~ 3o [36 (= %) +36 (e~ 38) +

+2G (t—%‘)] (11)
Similar to (11), we have:
o(t+%E) ~26[36(6) +36 (¢t —E) +
+26 (¢~ 7). (12)

Combining the expressions (10), (11) and (12) treated as
the equalities and applying the next equations, which
follows from (10):

a(t + %R) = g,G(t),

o(e+2) = wo(e-1),

after simple algebraic manipulations we obtain:

3t 8 7 t
G (t ——R) =—a(t) —Ta(t +—R) +

which is the desired result. Thus we have achieved the
formula for relaxation modulus approximate identifica-
tion for t > tg/4.

MONOTONICITY OF THE MODEL

It is assumed here that relaxation modulus is mono-
tonically decreasing function. The monotonicity of the
relaxation modulus model obtained by the proposed
method is resolved by the two consecutive properties.
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Property 1. If the Assumption is satisfied, the stress
measurements are noise-free and for any 0 < t < tz/2
the following inequality holds:

26(t) + Gt <0, (14)
then the relaxation modulus model G ™™ (t) is mono-
tonically decreasing function in the time interval
0<t<itp.

Proof. On the basis of (7) we have:

. _tr® 20(2t)(tgp—t)t—o(2t)(2tgr—3t)
G(NM)(t) = o T '

(15)

In order to examine the monotonicity of the model
GM(t) (7) it is enough to check the sign of the nu-
merator of right-hand side of (15), i.e. of the expression:

Y(t) =202t)(tg — )t — a(2t)(2tg — 3t). (16)

Taking into account (5) and (6), after suitable change of
variables, we obtain:

ot)=a fot GW)(t—w)t—w—tg)dw. (17)
Whence, on the basis of known Leibnitz theorem con-

cerning the differentiation of the integral with the limits
depending on the variable we have:

6() = af, GW)(2t — 2w — tx)dw.  (18)

Using (17) and (18) we can rewrite the function ¥(t)
(16) as follows:

Y(t) = a(4t3 + 2tt3 — 42t (1) + a(7ttg —
=8t — 2t3),(t) + a(3t — 2tg) 5 (0), (19)

where: 1, (t) = fOZtG(W)dW, P, (t) = fOZtG(W)de
and Y3(t) = fOZtG(W)WZdW.

By convexity of the function G(t) we have for an arbi-
trary t and w:

Gw) = G(t) +G(t)(w —t).
Hence, the next inequality follows:
Pi() 2 2t6 () + G(X) [, (W — )dw = 2tG(t). (20)
In order to estimate the integral i, (t) it is enough to
note that under the Assumption the function G(W)w is
concave. Thus, for an arbitrary ¢ and w such that
w < 2t < tg/2 the following inequality holds:

GWw < GOt + [G(E) + GOEt](w—1), (21)

on the basis of which, we obtain the upper bound:
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P, (1) < 262G(t) + [G (1) + G(Dt] fﬂ(w —t)dw =
= 2t%G(t) ’

and therefore, taking into account the inequality (20),
we have:
P, (t) < th(8). (22)
In a similar fashion, using once more the inequality
(21), it may be proved that the next inequality holds:
4
P3(0) < St%Py (D). (23)
Since the polynomial (7ttg — 8t — 2t3) of variable t
is negative definite for any 0 < t < tz/4 and the ex-
pression 4t3 + 2tt2 — 4t%ty = 2t[t? + (t — tg)?] is
positive definite for any t > 0, taking into account that
the parameter a < 0, by combining (19), (22) and (23)
we obtain for an arbitrary 0 < t < tz/4 the following
estimation:

() < %atztRl,bl(t) <0.

Which finally concludes the proof.

Remark 1. It is easy to check that for KWW model (3)
the condition (14) takes the form (t/7)f —1<1/p,
therefore is satisfied for every 0 < t < tz/2, whenever
(tr/27)# <1/B + 1. In particular, if f =0,5 (see
Example), then the condition (14) means that t; < 187,
and is not difficult to satisfy.

Remark 2. For Maxwell model G(t) = Gyoe /™ we
have f = 1. Thus, the condition (14) is satisfied, when-
ever tp < 4r1.

Having known even rough estimation of the relaxa-
tion time of the material we can choose without difficul-
ties the ramp-time ty so as to satisfy the condition (14).
Property 2. If the Assumption is satisfied and the stress
measurements are noise-free, then the relaxation modu-
lus model GN™)(t) is monotonically decreasing func-
tion in the time interval tp <t < T — 3tp.

Proof. Let us first examine the stress derivative ¢(t) for
t > tp. On differentiating formula (8) we arrive at the
following expression:

6(t) = a [;RG(t — DA — tg)dA

and then, on differentiating equation (8) with respect to
t twice, we obtain:

§(®) = a [;RG(t — VAR — tg)dA.

Since the parameter a < 0 and the ramp-time t > 0, in
view of the Assumption, the above implies the follow-
ing inequalities: ¢(t) < 0 and &(t) > 0. Thus, for any
t > tg the stress derivative 6(t) is negative definite
monotonically increasing function. Since on the basis of

(13):
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G (e —28) = L) - Lo (£ +2) +
4 3¢&p 3&p 4

+=6(t+2),
3¢&p 2

the above implies:

G M) (t—?) <id(t+%‘)

3&p

—Zo(t+%)+
3go 4

+id(t+t—R) <0,
3¢, 2

and completes the proof.

FINAL REMARKS

. Based on the mathematical properties of the considered
problem of the relaxation modulus determination using
the stress measurements from non-ideal ramp test, new
method for approximate identification of relaxation mod-
ulus is derived for the case when the time-variable strain
in the loading phase of the relaxation test is described
by the time polynomial of the third order.

. Itis proved, under quite typical assumptions concerning
both the viscoelastic material and the experiment, that
for noise-free stress measurements determined model
of the relaxation modulus is monotonically decreasing
time-function with at most one discontinuity point.

. For discrete-time experiment the proposed method can
be used to develop a new fast identification scheme, in
which the approximations of the relaxation modulus in
successive time instants are computed using at most
three measurements of the stress in appropriately chosen
sampling points. Numerical studies of the algorithm, in
particular the model error analysis for ideal and noise
corrupted stress measurements, is the subject of the
forthcoming paper [25].
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IDENTYFIKACJA MODULU RELAKSACII
MATERIALOW LEPKOSPREZYSTYCH
NA PODSTAWIE RZECZYWISTEGO TESTU
RELAKSACIJI NAPREZEN O NIELINIOWYM
ODKSZTALCENIU WSTEPNYM.
PROBLEM I METODA

Streszczenie. W pracy rozwaza sie problem wyznaczania modu-
tu relaksacji materialéw liniowo lepkospre¢zystych na podstawie
pomiaréw naprezenia zgromadzonych w rzeczywistym tescie
relaksacji naprezen o nieliniowym odksztatcaniu probki w fazie
wstepnej testu opisanym wielomianem czasu trzeciego stopnia.
Celem pracy jest opracowanie metody przyblizonej identyfi-
kacji modutu relaksacji na podstawie danych z takiego testu.
Bazujac na regule punktu $srodkowego oraz uogolnionej formule
Simpsona opracowano metodg identyfikacji, w ktorej przybli-
zenie modutu relaksacji w dowolnej chwili czasu wyznaczane
jest na podstawie pomiaréw naprezenia w co najwyzej trzech
wybranych punktach jego probkowania. Zbadano, przy bardzo
ogo6lnych zatozeniach dotyczacych modutu relaksacji badanego
materiatu oraz eksperymentu, wtasnosci wyznaczonego modelu.
Opracowana metoda jest punktem wyjscia dla syntezy szybkie-
go algorytmu identyfikacji modutu relaksacji podczas trwania
eksperymentu.

Stowa kluczowe: test relaksacji naprezen, skonczony czas od-
ksztatcania, modut relaksacji, algorytm identyfikacji.
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Summary. The article presents an innovative method for testing
of the technical condition of an alternator by means of IR camera.
Infrared radiation method has been compared with conventional
methods, their advantages and disadvantages have been presented
herein. ThermaCAM E45 camera manufactured by FLIR has
been used for thermovision tests. The tests have been processed
by means of FLIR QuickReport software. Furthermore, the article
describes the methods of thermovision tests accuracy improve-
ment in order to enable a quick and reliable diagnosis.

Key words: alternative current generator, alternator, diagnostics,
thermovision camera, electric power supply circuit.

INTRODUCTION

Alternator is defined as an alternative current generator
with electromagnetic or magneto-electric excitation (with
permanent magnets) [4]. Its purpose is to supply electrical
energy to the battery of motor vehicle and its electric system
in the course of combustion engine operation. The power
generated by alternator is sufficiently high already at low
speeds. It is particularly important in case of motor vehicle
operations in idling mode corresponding to about 40% of
total operation time in urban traffic [2]. Moreover, the di-
mensions of alternative current generator are small, its speed
range is wide and power-to-mass ratio is high. Currently,
the research projects in the scope of design and operational
parameters of contemporary alternators are focused on: the
reduction of their dimensions and mass, optimization of

excitation and cooling circuit and noise reduction [14]. There
are many detailed descriptions of design solutions of alterna-
tors contained in literature [1, 2, 3]. However, the research
methods are significantly facilitated because their operating
principle is similar. The modern diagnostic methods most
often make it necessary to remove the device from the motor
vehicle extending the time required to localize a damage
and constituting potential reason of mechanical damages.

ALTERNATOR DAMAGES

The maintenance free operation of alternators applica-
tion is an argument supporting their application. The scope
of periodical maintenance encompasses only the following
checks: fastening, cleanness and quality of the conductors
and V-belt tension. The alternators damages are divided into
mechanical and electrical damages. The first group encom-
passes the following types of damages: excessively worn
brushes, bearings clearances, abrasion of slip rings etc. and
are found on the basis of organoleptic tests or as a result of
partial disassembly of generator elements. However, fur-
ther operation of alternator is impossible in case of electric
damages. A preliminary evaluation is possible without the
necessity to dismantle the unit from the car, but its disman-
tling is required in order to find a defective element.

In case of an inefficiency, its symptoms can be detect-
ed on the basis of indications of dashboard control light
(Tab. 1). It is the first diagnostic information indicating the

Table 1. Most frequently occurring symptoms of alternator damages and their reasons

[tem Symptoms

Possible reasons

engine not operating

Control light does not light after the ignition is turned on, with

— damaged light

— damaged ignition switch

— blown fuse

— discharged battery

— short — circuit of positive diodes
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Item Symptoms Possible reasons
5 Low control light after the ignition is turned on, with engine not — discontinuity in rotor winding

operating

— worn brushes

3. |Control light does not go off even when ignition switch is turned off |-

short — circuit of positive diodes

4. |Control light flashing

— weak tension of V-belt
— dirty brushes

5. |Control light does not go off while the engine speed is increased

— damaged regulator
discontinuity or short — circuit in rotor winding
of excitation diodes

— short — circuit of negative diodes

6. |Low control light with engine operating

— damaged regulator

— short — circuit in stator winding
— discontinuity in bridge diode

— high resistance on contacts

— loose conductors

alternator inefficiency. However, no inefficiency is indi-
cated in case of some types of damages, despite the lack
of battery charging, e.g. a discontinuity or short — circuit
in the regulator circuit of inter-phase short — circuit in
stator windings.

CONVENTIONAL TESTS

A quick and reliable diagnosis for damaged machinery
is the assumption of primary importance for the creation of
new diagnostic procedures for individual equipment ele-
ments. As a result of developing technical possibilities, the
new methods associated with diagnostic tests quality are
created by research centres [9, 10, 11, 17,20, 21], which di-
rectly contributes to repair costs of the operated equipment.

The following checks should be completed in order to
enable precise diagnosis for an alternator [19]:

— current efficiency,

— excitation current intensity,
— rectifying diodes,

— regulated voltage,

— alternator leakage current.

Universal meters or oscilloscopes are frequently used in
such type of tests. Particular care should be taken in order
to prevent any damage of regulator and rectifying diodes
as a result of unintended short — circuit or reversal of po-
larity terminals of the conductors in course of test or when
dismantling the device from motor vehicle. The algorithm
to be followed in the course of such checks is illustrated in
Figure Nol.

The rectifying system [15, 16] is the most sensitive part
of alternators. The rectifying diodes can be subject to dam-
ages occurring mainly when exceeding the rated current
values (in conducting direction) and reverse voltage (in re-
versed direction). A discontinuity or short — circuit, even in
one diode, contributes to faster wearing of efficient diodes
of the bridge and consequently leads to inefficiency of the
whole rectifying system.

The possible reasons of damages in the rectifying sys-
tem as well as in the electrical systems of the generator
(windings) are: reversal of battery polarity or battery discon-

START OF TEST

Checking if the
devices and conductors
are connected and
fixed nronerlv

Correct the fastening
of devices and
connection of wires

Charging current with
receivers turned on

Checking if the current
increases at increasing
speed

Alternator
damaged

Voltage on alternator
terminals

Checking if the
voltage in case of
speed changes is equal
to about 14 V

Excitation circuit

Checking the
excitation circuit for
its continuity

A 4

A 4

Voltage regulator
damaged

Fig. 1. Alternator checking status algorithm

nection in course of alternator operation, disconnection of
B+ (positive) terminal of alternator from the motor vehicle
electric system in course of its operation, high environment
temperature in course of alternator operation under high
load. Furthermore, the mechanical damages are possible in
course of repair.

Oscilloscope is most frequently used for testing of alter-
nator technical condition in workshop practice. The testing
consists in comparison of obtained curves with standard
oscillograms [15, 16]. Figure 2 illustrates a correct curve
occurring between B+ (positive) terminal of alternator and
the frame and the curves for typical alternator damages are
illustrated in Figure 3a, 3b, 3c, 3d.
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The damage illustrated in Figure 3a is caused by the
excitation winding discontinuity. However, the identifica-
tion of this type of inefficiencies is problematic because
similar curves occur in case of damages of all negative or
positive diodes.

Figure 3c illustrates the curve caused by a damage (dis-
continuity) in one negative or positive diode and Figure
3d illustrates a curve caused by a damage in two diodes.
However, in such cases it is possible to indicate a specific
diode causing the inefficiency after the removal of alternator
and additional tests.

The thermovision method proposed in the present arti-
cle makes it possible to eliminate the aforesaid problems.

S 5.00V Mi4.00ms Al Chi 13.9V

Fig. 2. Voltage oscillogram for an efficient alternator
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Thanks to their advantages i.e. versatility and possibility of
contactless temperature measurement, thermovision tests
are perfectly suitable for the analysis of elements gener-
ating certain amounts of thermal energy. Therefore, it is
possible to indicate the location of damage or an element
causing the device inefficiency, i.e. an alternating current
generator.

THERMOVISION TESTS

The tests were carried out for the alternator parts which
can be damaged in course of their routine operation as
a result of ageing of elements or mechanical and electri-
cal processes described above. The tests were carried out
by means of ThermaCAM E45 camera manufactured by
FLIR. The following electrical parameters of the alternator
were applied in course of tests: U,,=14,8 V, n=3000+3500
RPM, I, =10 A. The following criteria were followed in
order to eliminate “the method errors” of thermovision
measurements [5, 6, 7, 8, 12, 13, 18, 22, 23] significantly
affecting the obtained results: emission factor was deter-
mined individually for each alternator (material) element
under test, the impact of external IR radiation (lighting)
sources was eliminated, the tests have been performed
along alternator axis from the side of rectifying bridge
(normal direction).

W 500V 1 “UM4.00ms A Chl 120V
X
[Ch 1 IERTRY MiZ.00ms A Ch1 £ 14.7V

Fig. 3. Voltage oscillograms for a damaged alternator: a) excitation winding discontinuity, b) short — circuit in one bridge diode,
¢) discontinuity in one negative diode of the bridge, d) discontinuity in two negative diodes of the bridge
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Figure 4 illustrates the thermograms obtained in the
course of tests. As a result of discontinuity in magnetizing
circuit located on the alternator rotor, no electromotive
force is generated in the stator (armature). There is no
current flow through diodes, therefore they are not heated
(Fig. 4b). The temperature of brush holder (No 7, Fig.
4b) should be determined in order to eliminate the diodes
damage causing similar diagnostic symptoms. This tem-
perature should be similar to the temperature of the whole
alternator. Thermovivion method makes it also possible to
evaluate the brushes condition without necessity of their
dismantling. When the alternator brushes are worn, their
working temperature is reduced due to lack of “brushes
— slip ring” contact and reduced value of current flowing
through them.

In case of discontinuity in diode (No 6, Fig. 4c), ther-
movision measurements explicitly indicate the location
of inefficiency. Moreover, by means of an appropriate
computer assisted analysis, it is possible to determine if
a specified diode will be not damaged soon. Table 2 rep-
resents the temperature differences for three (3) negative
diodes, where: -4- stands for an efficient — brand new
diode, -5- an efficient diode with wearing symptoms, -6-
damaged diode.

SEBASTIAN STYLA, KATARZYNA WROBEL, ARTUR BOGUTA

Tab. 2. Temperature distribution in course of operation for
individual negative diodes in rectifying bridge

Diode tem- | Diode tem- | Diode tem-
Item Time perature perature perature
-4- -5- -6-

- ) (C) (°C) ()

1 60 28,5 28,3 28

2 120 35,4 33,2 29,5

3 180 38,7 36,3 32,8

4 240 40,8 38 34,7

5 300 43 40,2 36,9

6 360 44,7 42,1 38,8

7 420 45,4 42,7 39,6

8 480 46,4 43,8 40,5

9 540 47,5 44.8 41,8
10 600 48,1 45,6 42,3
11 660 48,6 45,8 42,6
12 720 48,9 46,2 43
13 780 49,5 46,9 43,7
14 840 49 45,9 42,9
15 900 49,1 45,9 43

Spl 43.8
Sp2 45.6
Sp3 46.0

Spb 36.9
Spé 39.2

Fig.4. Alternator: a) object of tests, b) thermogram with excitation winding discontinuity, c¢) thermogram with discontinuity in
one negative diode, d) thermogram of an efficient alternator; 1, 2, 3 — positive diodes, 4, 5, 6 — negative diodes, 7 — brush holder,
8 — positive terminal B+, 9 — frame terminal, Sp1-Sp6 — temperatures of main diodes
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The difference of temperature achieved in course of
operation of an efficient and inefficient diode is used as the
criterion in order to qualify the diode as damaged (in course
of thermovision measurements). From experimental test it
appears that there is no difference in temperatures of efficient
diodes exceeding 5%. In case of a damaged diode, regardless
of its incorrect operation, the achieved temperature is higher
than its value resulting from theoretical considerations as
a result of heat exchange in the form of heat conduction
and convection between damaged diode and other struc-
tural elements of alternator. Nevertheless, the difference of
temperature between an efficient and inefficient diode (with
discontinuity) is equal to 10% up to 20%. Therefore, it is
possible to qualify an alternator diode as damaged.

CONCLUSIONS

Thermovision technique method presented therein can
be used as the method supplementing the diagnostics in
the scope of alternator technical condition and substituting
conventional methods in certain cases. Its advantage con-
sists in the possibility of an objective, non — invasive and
contactless measurement. It is decisive criterion for the use
of considered diagnostic method owing to difficult access
to the generator or to its electric terminals (in some vehicles
models). The conducted tests demonstrated that thermovi-
sion technique makes it possible to precisely indicate the lo-
cation of an alternator element and to determine its technical
parameters in an easy and quick way. Furthermore, using
thorough computer aided analysis of the obtained results, it
is possible to create database which could be useful in case
of building the new design solutions for alternative current
generators, selection of new materials, and consequently
contributing to the increase of reliability and efficiency of
alternators installed in motor vehicles.
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DIAGNOSTYKA ALTERNATORA
7Z WYKORZYSTANIEM OSCYLOSKOPU
I PROMIENIOWANIA PODCZERWONEGO —
POROWNANIE METOD

Streszczenie. Artykut przedstawia nowatorska metode¢ badania sta-
nu technicznego alternatora z wykorzystaniem kamery na podczer-
wien. Porownano w nim przedstawiong metode¢ z wykorzystaniem
promieniowania podczerwonego z metodami konwencjonalnymi

SEBASTIAN STYLA, KATARZYNA WROBEL, ARTUR BOGUTA

przedstawiajac ich zalety i wady. Do badan termowizyjnych wy-
korzystano kamer¢ termowizyjna ThermaCAM E45 firmy FLIR.
Badania zostaly opracowane z wykorzystaniem oprogramowania
komputerowego FLIR QuickReport. W artykule przedstawiono
ponadto sposoby poprawy doktadnosci badan termowizyjnych
w celu wykonania szybkiej i pewnej diagnozy.

Stowa kluczowe: pradnica pradu przemiennego, alternator,
diagnostyka alternatora, kamera termowizyjna, obwod zasilania
w energi¢ elektryczng.
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Summary. The paper presents some issues related to the se-
lection criteria of a heat pump based on the published research
results. The experimental research conducted on a single family
house with a floor heating allows an assessment of the influence
of individual functional parameters on the heat pump energy
performance coefficient.

Key words: ground source heat pump, vertical collector, scroll
compressor, evaporator, condenser, lower heat source, coefficient
of performance.

1. BACKGROUND INFORMATION

Heat pumps have practically been used in Europe for 25
years now but recently we have been observing a rapid growth
in their sales. This partly results from the requirements set by
the EU directives whose main aim is to increase the use of
RSE in the final energy consumption to 15% in 2020.

According to the data obtained from the Polish Organi-
zation for the Development of Heat Pumps (PORT PC) we
can state that in 2011 in Poland approximately 10 000 heat
pump units were sold [18, 23].

Sale of heat pumps in 2011

M heat pump
glycol/water

mheat pump
water/water

m heatpump
air/water

mheat pump
air/fwater
forhotwater

Fig. 1. Statistical data related to the heat pumps installed in 2011

The technology of geothermics, known and developed in
the world for over 50 years has gained an increased interest
in Poland, too. Unfortunately, it still is a consequence of the
efforts of the manufacturers and fans of this type of technol-
ogy who try to show the invaluable advantages this technol-
ogy has despite relatively high investment costs. A group of
satisfied users also contributes to the growing popularity.

Out of all the installed heat pumps the main share con-
stitute the ground source heat pumps that, due to the cold
climate, are preferred by Polish users. In Poland in the sector
of ground source heat pumps (41-43% in the years 2008-
2009) the most frequently installed are the ones of the power
output of up to 10 kW. They are fitted in new single-family
houses of the usable area of 150 + 200 m?. Such houses
constitute 80% of all newly built houses. In recent years
a growth in the demand for high power heat pumps has also
been observed for the purposes of heating of multifamily
houses, office buildings, hotels and buildings undergoing
modernizations [7,16].

A dynamically evolving market is the market of air heat
pumps used exclusively for the production of hot water. It
is mainly caused by their low price and simplicity of fitting.
Because of their function they most often compete with solar
thermal collectors. Compared to solar thermal systems heat
pumps are more cost efficient, capable of producing hot
water throughout the year and provide additional ventilation,
dehumidification and air conditioning of rooms.

2. CHARACTERISTICS
OF THE RESEARCH STAND
INTRODUCTION
At the Institute of Mechanical Engineering of Warsaw

University of Technology in Ptock for some years now works
have been continued in the area of renewable sources of
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energy (RSE). Due to a constant decrease of the costs of the
installation of renewable sources of energy (RSE) in recent
years the interest in these systems has grown significantly. In
the current energy-related situation the development of RSE
as complementary sources of energy to traditional solutions
is a must. To this end, the university team has undertaken to
optimize the operating processes of mechanical systems in
terms of selected RSE installations. An idea was created to
explore fundamental relations between the heat pump param-
eters in the aspect of minimization of energy consumption.
To this end the authors designed and developed a research
stand of a ground source heat pump and vertical collectors.

CHARACTERISTICS OF THE RESEARCH STAND

The heating system utilizing a ground source heat pump
(brine/water) was installed in a two story single-family
house of the total area of 156 m?. Minding the application
of the heat pump a low temperature floor heating system was
installed on both stories. The heating circuits on the ground
and first floors were supplied independently with circuit
pumps, which allowed an easy control of the supply of the
heating power to the rooms on the ground and fist floors.

In the blueprint documentation of the building an an-
nual demand for energy of E=16400 kWh/year is given.
Assuming an average operating time of the heat pump on
the level of 1800 h we can obtain an estimate thermal load
of the building on the level of 9.1 kW [14. 24].

CONSTRUCTION OF THE RESEARCH STAND

The realization of the adopted scope of experimental
research and the fulfillment of the basic guidelines as to
the construction of the research stand practically excluded
serially manufactured heat pumps. The authors decided to
build a heat pump basing on generally available construction
subassemblies of renowned manufacturers in the refriger-
ation industry.

It was assumed that the refrigerant would be the widely
applied CFC free R407C. In the condenser and evaporator

Tab. 1. An excerpt from the catalogue data for the C-SB-
N263H8A compressor

Wydajnos¢ | Capacity / Tipomssogcre, [W] [B1] 8081 9846 | 12005
) Moc / Power cansumption / Morpamoup. [W] (B1] | 1889 | 1830 1885 | 1873
=0 Pobér pradu / Rated current / Motp. Tox, [A) 37 38 38 38

Wapstczynnik sfektywnodel / COP / KT 351 | 428 | 522 | 64l

Wydajnos | Capacity / Tipowseogcrs, IWI (Bl 6127 7473 9123 11146 13614
Moc / Powier consumption / Morpwouys. [WI [Br] | 2079 | 2080 | 2076 | 2064 | 2044
Pobér pradu / Rated current / Motp. Tox; [A] a0 41 4.2 52 a2

Wapslezynnik efektywnodci / COP / KL 295 | 389 | 439 | 540 | 666
Wydajnosé / Capacity / Tipoussogcrs, W] (Br] 5645 6901 8442 10338 12660
Moc / Power consumption / Morpaouys. [W] [Br] | 2310 | 2313 | 2309 | 2208 | 2279
Pobor pradu / Rated current / Motp, 1o [A] 45 45 16 45 45

Wepslezynnik efektywnodei / COP / KL 244 | 298 366 | 450 556
Wydajnosé / Capacity / Mpowseopcts, [W] (Bl 5192 6366 7805  O580 11762
Moc / Power consumption / Morpaouys, IW1 [BY] | 2583 | 2587 | 2584 | 2574 | 2556
Pobér pradu / Rated current / Motp. Tox, [A1 5,0 5,0 5.0 5,0 5,0

Wspalezynnik efeltywnodci / COP / KIIL 201 | 246 | 302 | 372 | 460

38

40

45
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plate heat exchangers by WTK were applied and the supplier
of the control systems was Danfoss.

Due to an even load of the individual phases of the elec-
trical installation and the experimental research performed
using an inverter, the authors decided to use a three-phase
power supply for the compressor. From the catalogue the
authors selected the smallest of the available three phase
compressors of the heating power of 9 kW. For the assumed
working parameters (B0/W35) it has the coefficient of per-
formance of COP=4,4. The catalogue compressor number
is C-SBN263HSA.

From the presented catalogue data it results that in the
range of evaporation temperatures (-10°C ++10°C) the pow-
er consumption is on the same level but the compressor effi-
ciency grows, hence the coefficient of performance (COP) is
also proportionally higher for higher temperatures. Thus, we
need to maintain the highest possible refrigerant evaporation
temperature values. The increase in the temperature of the
condensation causes significant drops in the coefficient of
performance (COP).

Due to limited possibilities related to the organiza-
tion of the plot and disadvantageous ground conditions
(on the depth of 1+2 m sand deposition was discovered)
a lower heat source was performed using a vertical col-
lector.

For the selection of the vertical collector the authors
used dedicated Energeo software recommended by Aspol
—the supplier of the probes of the vertical exchanger. Upon
entering of the parameters of the pump to the Energeo soft-
ware for the assumed coefficient of ground thermal power
on the level of 38 W/m a total required length of the vertical
exchanger of 186 m was calculated (dual pipe probes were
applied, filled with a 20% solution of ethylene glycol. Three
probes 62 m each were connected to the wall distributor
located in the heater room [8, 12].

Upon installing of the research stand the circuit of the
lower heat source was filled with a solution of ethylene
glycol of the concentration of 20% (fluid known as Henock
20E15). The circuit of the upper heat source was filled with
water. Upon breathing individual circuits, lower heat source
circuit pumps were activated for two hours to obtain an even
fluid concentration in the whole circuit.

Next, a calibration was performed of the individ-
ual measurement chains and a verification of the cor-
rectness of the installation of the control circuits was
carried out.

3. RESULTS OF THE PRELIMINARY TESTS

The preliminary tests were carried out in November and
December in the heating season 2012/2013. For economic
reasons the experimental research was carried out in the G12
off peak time of day (night rates applied) [6, 20].

During the tests the basic operating parameters necessary
for the determination of the heat balance were recorded.

Symbols adopted in the graphs:

— Tgin — glycol temperature at the inlet from the lower
heat source,
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Tgout — glycol temperature at the outlet from the evap-
orator,

Thin — return water temperature from the heating circuit,
Thout — heating circuit water temperature,

Tco —condensation temperature of the refrigerant,

Tev — evaporation temperature of the refrigerant,
Tewu — water temperature in the hot utility water tank,
Tcoin — refrigerant temperature at the inlet to the con-

denser,
— Tevout — refrigerant temperature at the outlet from the
evaporator.

Fig. 2 clearly shows that at constant chilling power of
the heat pump the increase in the temperature in the hot
utility water tank forces an increase in the temperatures of
the upper heat source.

60,0
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From the presented graphs (Fig. 3 and Fig. 4) it results
that for a constant temperature difference in the glycol circuit
of the lower heat source for the higher preset evaporation
temperature, the capability of the takeoff of the refrigerating
power by the heat pump decreases.

Additionally, maintaining a higher inlet temperature to
the upper heat source causes a much lower value of the
coefficient of performance.

Fig. 4 shows that within the first 15 minutes from the
pump activation a significant increase in the temperature
of the return water was observed in the upper heat source
for the floor circuit pump on the ground floor set to speed
I. Switching the pumps to speed II causes an abrupt drop
in the temperature of the inlet water to the upper heat
source. Fig. 5 shows the changes in the temperatures for

50,0

Results of measurements 10.10.2012

40,0

T [°C]

20,0

0,0

—Tgin ——Tgout

Thout —Tcwu

Fig. 2. Changes in the temperatures in the hot utility water tank circuit
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Fig. 3. Changes in the temperatures in the floor circuit for the evaporation temperature of 2°C
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Fig. 4. Changes in the temperatures in the floor circuit for the evaporation temperature of -1°C
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circuit set to speed 11

the case when in the upper heat source circuit only the
floor circuit was on and the circuit pumps of the lower
heat source were set to speed II. At a constant heat trans-
fer rate in the ground for given conditions, changing the
glycol flow rate results in a decrease in the difference
in the glycol temperature at the inlet and return of the
evaporator.

When only the floor circuit on the ground floor is on,
setting the pump to speed II does not result in such a large
decrease in the temperature of the inlet water in the up-
per heat source anymore, as was the case in the example
shown in Fig. 4.

In the graph (Fig. 6) we can additionally see the course
of the temperature changes in the condenser and evaporator
for the CFC circuit.

—Thin —Tco —Tev

the floor circuit for the evaporation temperature of 0°C and circuit pumps in the glycol

The temperature of the refrigerant at the outlet from the
compressor remains on the level of 60°C irrespective of
the operating parameter changes of the upper heat source
in the floor heating.

4. CONCLUSIONS

The research was carried out in a single-family house
that is not yet in regular use. For purely economic rea-
sons the room temperature was maintained on the level
of 16°C, as generated by a heat pump operating in the off
peak time of day when night rates for electricity applied.
Hence, the pump during the research did not operate un-
der optimal conditions. Nevertheless, from the prelimi-
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Fig. 6. Changes in the temperatures in the floor circuit for the evaporation temperature of -3°C

nary investigations we were able derive which operating
parameters have a significant impact on the heat pump
energy performance.

Determining of the fundamental relations of the influ-
ence of the operating parameters of the heat pump on the
heat pump coefficient of performance will become possi-
ble upon a completion of research on the entire range of
changes of the operating parameters. A detailed analysis
of the obtained results will allow a determination of which
of the subassemblies significantly block the possibility of
obtaining a better coefficient of performance. The effect
of this analysis will be a validation of the correctness of
the methodology of selection of the individual heat pump
subassemblies.
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BADANIE WPLYWU PARAMETROW
FUNKCJONALNYCH POMPY CIEPLA
NA WYDAJINOSC CIEPLNA

Streszczenie. W pracy zostaly zaprezentowane wybrane zagad-
nienia dotyczace doboru gruntowej pompy ciepta na podstawie
publikowanych wynikow badan. Przeprowadzone badania eks-
perymentalne na stanowisku badawczym (domek jednorodzin-
ny z ogrzewaniem podtogowym) pozwola oszacowaé wpltyw
poszczegdlnych parametréw funkcjonalnych na wspdtczynnik
efektywnosci energetycznej pompy ciepta.

Stowa kluczowe: gruntowa pompa ciepta, kolektor pionowy,
sprezarka spiralna, parownik, skraplacz, zrédto dolne, wspot-
czynnik efektywnosci energetyczne;.
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Summary: The study presents the influence of nitrogen fertili-
zation of sweet corn cobs on yield of kernels and the content of
sugar (sucrose) in them. The dose of nitrogen ranged from 60
to 120 kg/ha. There was observed an increase of yield of sweet
corn kernels and decrease of content of sucrose in the kernels.
Key words: sweet corn, nitrogen, fertilization.

INTRODUCTION

Sweet corn for processing is harvested at a relatively
immature stage as compared to field corn. Processing of
corn is used to increase its shelf life but as a consequence,
a significant loss of nutrients may occur via heat degradation
or leaching [19].

The high yield of suitable quality of sweet corn kernel
requires the provision of a lot of nutrient elements to the
plant, with nitrogen being the most important element for
their growth. It exerts a great influence on the chemical com-
position, which determines the technological quality [2, 23].
Nitrogen in sweet corn growing is an important component
influencing both the yield and aminoacids, which decide on
the taste and nutrient value of kernels [4]. Sweet corn cobs
constituting raw material for processing must be charac-
terized by the highest quality of kernels. Kernel quality is
defined not just by the chemical and sensory properties, but
also by the mechanical parameters of kernels. This appears
to fully justify joint consideration of all those properties.
Sweet corn is probably a mutant of fodder corn [14]. The
chemical composition of the kernels is related to the weather
conditions, ripeness, and method of storage. According to
data from the United States Department of Agriculture [8],
the nutritional value of sweet corn kernels is related to the
content of water (72,7%) and to the total content of sol-
id parts (27,3%). Solid parts include hydrocarbons (81%),
proteins (13%), lipids (3,5%), and others (2,5%). Starch is
the dominant hydrocarbon component. Sweet corn has the

highest nutritional value in the phase of milk ripeness. With
progressing phase of ripeness, in the transition to the phase
of wax ripeness the content of sugars decreases, accompa-
nied by an increase in the content of starch [22]. In 100 g of
kernels there is about 3,03 g of saccharine, 0,34 g of glucose
and 0,31 g 1 of fructose. The content of saccharine increases,
and that of reducing sugars decreases as the kernels reach
the optimum ripeness . The content of proteins in the kernels
decreases from the surface towards the centre of the kernel.
The content of proteins, free aminoacids, water-soluble and
insoluble hydrocarbons, increases up to the phase of wax
ripeness, and then gradually decreases [1]. The amounts of
the particular components in various cultivars and in various
phases of ripeness variable.

The consumable quality of sweet corn depends on dif-
ferent factors such as: degree of maturity, genotype, varie-
ty, isolation of space, length and condition of post harvest
storage, weather conditions, fertilization, irrigation and
agrotechnics treatment [5, 6, 12, 21, 24].

The new cultivation trend is to balance mineral nutrition,
which results in a high yield and reduces to the minimum the
negative influence of nitrogen fertilization on the quality of
yield and natural environment [9, 13, 15, 16]. In the praxis,
nitrogen fertilization should be exactly determined on the
basis of chemical sample of soil. It causes many problems
because the nitrogen influence on the increase of kernels
yield is two-sided and can have a negative influence on the
final product [17, 18]. A high dose of nitrogen results in
a decrease of the level of sugars in kernels and can cause
danger to the natural environment because it is easily rinsed
to soil [7, 10].

A high level of nitrogen fertilization creates a series of
dangers related with negative influence on plant quality. This
problem is especially meaningful in the growing of vege-
table plants. Fertilization of nitrogen should be considered
in view of a possibility of obtainment of high yield with
low content of nitrates [11, 12, 20]. The rational proportion
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of nitrogen depends on soil condition, content of available
nutrient, humidity and crop rotation [23]. The average pro-
visional portion of nitrogen ranges from 60 to 300 kg/ha.
Warzecha [25] stated that the supply of nitrogen should
not exceed 90kg/ha. The Miao’s study [11] showed that the
increase of nitrogen fertilization influenced the increase of
cob yield and protein content in kernels and decrease of oil
and starch in kernels.

Sweet corn attains consumable maturity when the ker-
nels are at milk stage of maturity and their moisture amount
to 70-76%. In this stage, the kernels have the highest level of
sugar, especially sucrose which influences the consumable
quality of sweet corn kernels [3, 7, 12].

The aim of this study was to determine the influence of
nitrogen fertilization of sweet corn on the yield of cut off
kernels and their content of sucrose.

MATERIALS AND METHODS

The material was made up by sweet corn cobs of the fol-
lowing three super sweet varieties (s42): Golda, Candle and
Helena. Table 1 gives the physical and geometric properties
of the sweet corn cobs.

Table 1. Means and standard deviations of physical and ge-
ometrical properties of sweet corn cobs.

Specification Variety
Golda Candle Helena

Cob mass, g X, 350,8 327,5 342,1
’ SD 18,2 16,9 20,5
X, 21,7 20,1 20,3
Cob lenght, mm D 47 38 22
Cob diameter”, X, 50,2 48,7 49,8
mm SD 0,8 1,2 1,0
Kernel length, X, 9,5 8,1 8,7
mm SD 1,5 1,2 1,7
Number of kernel | X, 36,4 32,3 36,2
per row, pcs. SD 5,8 4,3 53

Number of kernel | X, 18 14 16
TOWS, pcs. SD 2,8 3,3 32
Moisture of X, 76,8 73,2 74,4
kernel, % SD 2,6 2,1 2,4

X, — mean value
SD — standard deviation
* measured in central part of cob

The varieties studied were characterized by a relatively
low variation of the mean measurement values, which posi-
tively assisted the comparison. It was found that an increase
in the mean physical and geometrical values of corncobs
was related to an increase in their yield.

The fertilizer applied in the experimental was carbamide
in the amount of: 0 (control), 60, 90,120 kgN/ha and organic
fertilization — 30t/ha. The level of P,O, and K, 0 fertilization
was constant and amounted to 80 kg P/ha in the form of
triple superphosphate and 160 kg K/ha in form of kalium
sulphate. The application was realized in two variants:
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a) I-— all dose of nitrogen fertilization was applied before
sowing in amount: 0, 60, 90 and 120 N kg/ha,

b) II -the half of dose of nitrogen fertilization was applied
before sowing in amount: 0, 30, 40 and 60 N kg/ha.
The experimental was realized on the plot of 50 m* area

in split-block system for three factors: O — variety, N — dose

of nitrogen, W — variant.
The yield of cut off kernels (Q, ) was determined ac-
cording to the following formula:

0. ="""r0, [t/ha]
my
where:
m, —weight of dehusking cob, t
m, —weight of cob core, t
0, —potential field of dehusking sweet corncob, t/ha.

Kernels were cut from sweet corncob core in the ma-
chine Corn Cutter SC-120 FMC FoodTech. The measure-
ments were taken for the angular velocity of the cutter head
from 167,5 rad/s and linear velocity of cob feeder 0,31 m/s.

The measurements of sucrose content were realized us-
ing hand refractometr with automatic compensation ATC —
1E at measurement range from 0,0 to 32% Brix and accuracy
0,2% according to norm PN-En 12143: 2000.

The yield of cut off kernels was determined on the sample
of 100 sweet corncobs, the content of sucrose in 30 sweet corn
cobs for each combination of doses of nitrogen and variant.

The measurements results were analyzed statistically at
the significance level of a = 0,05.

THE ANALYSIS AND RESULTS

The tree-way analysis of variance to analyze the effect
of three qualitative factors: variety (O), dose of nitrogen (N)
and variant (W) on the dependent variable of the yield of
kernels ( Q. ) showed that O, N, W and interaction N-W were
statistically significant while interaction O-N, O-W and
O-N-W were not statistically significant (Table 1).

Table 1. The analysis of variance to analyze the effect of
qualitative factors (O, N, W) on dependent variable (Q, )

Specifi- | Sum of |Degree of|Mean square Signifi-
cation | square | freedom erroe TestF cance level
(¢} 1,20 2 0,60 14,5 0,00
N 19,29 3 6,43 155,7 0,00
W 22,32 2 11,16 270,2 0,00

O-N 0,41 6 0,07 1,7 0,14
O-W 0,06 4 0,01 0,3 0,84
N-W 1,47 6 0,24 59 0,00
O-N-W | 0,80 12 0,07 1,6 0,10

The mean value of yield of kernels at first variant at
nitrogen fertilization from 0 to 120 N kg/ha ranged from 9,6
to 11,1 t/ha for Golda variety and adequately from 10,3 to
11,3 t/ha for Candle and from 10,2 to 11,4 Helena (Fig. 1).
The highest mean value of kernels yield in range of nitrogen
fertilization from 0 to 120 kg/N ha were recorded at Golda
(14,9%) and the lowest at Candle (9,2%).
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At the second variant, the mean value of kernels yield
ranged from 10,7 to 11,9 t/ha (Golda), from 11,0 to 12,1 t/ha
(Candle) and from 11,5 to 12,5 t/ha (Helena) (Fig. 2). The
highest mean value of kernels yield ranged from 11,5%
(Golda) to 6,5% (Helena).

181 —o-0od Golda
14}t -0- od Candle
=0 od Helena o
_ 11,0 1
'©
£ 106 %% i T S
g 102}
9,8
94
9,0 : : : :
0 60 90 120
N, kg-ha™!

Fig. 1. The mean value of kernels yield (Q,) with 0,95 confi-
dence interval in relation to dose of nitrogen fertilization (N)
at variant [
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o od .
_ 11,8
'©
<
< 114
c
11,0
10,6
10,2 - : L -
0 60 90 120
N, kg-ha

Rys. 2. The mean value of kernels yield (Q,) with 0,95 con-
fidence interval in relation to dose of nitrogen fertilization (N)
at variant II

The analysis of variance to analyze the effect of three
qualitative factors: variety (O), dose of nitrogen (N) and
variant (W) on one dependent variable: the content of su-
crose in kernels (C,) showed that O, N, N and interaction
of O-W were statistically significant while O-N, N-W and
O-N-W were not statistically significant (Tab.2).

Table 2. The analysis of variance to analyze the effect of
qualitative factors (O, N, W) on dependent variable (C,)

Specifi-| Sum of |Degree of| Mean Signifi-
cation | square | freedom |[square erroe TestF cance level
O 7,18 2 3,59 5,45 0,00
N 114,68 3 38,23 58,00 0,00
W 58,54 2 29,27 44,41 0,00
O-N 6,65 6 1,11 1,68 0,13
o-W 11,86 4 2,97 4,50 0,00
N-W 3,36 6 0,56 0,85 0,53
O-N-W| 6,18 12 0,52 0,78 0,66
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The increase of dose of nitrogen fertilization in the range
from 0 to 120 kg N/ha effected the decrease of sucrose in
kernels from 19,1 to 16,2% (Golda), from 20,8 to 15,8%
(Candle) and from 18,5 to 16,5% (Helena) at the first var-
iant (Fig. 3) and from 19,0 to 16,9%( Golda), from 19,1 to
16,4% (Candle) and from 19,2 to 17,1% (Helena) at the
second variant (Fig. 4).

The highest decrease of sucrose content was recorded
at Candle variety (24,0%) at first and 14,0% at second var-
iant and the lowest at Helena (10,8%) at first variant and at
(Golda and Helena) 11,0%.

22

ok % -O-Golda -O- Candle - ¢+ Helena

Cs, % Brix
)

0 60 90 120
N, kg-ha™!

Rys. 3. The mean value of sucrose content (C,) with 0,95 con-
fidence interval in relation to dose of nitrogen fertilization (N)
at variant

22

—0—-Golda -O- Candle *<' Helena

C, % Brix

0 60 90 120
N, kg-ha”*
Rys. 4. The mean value of sucrose content (C,) with 0,95 con-

fidence interval in relation to dose of nitrogen fertilization (N)
at variant II

CONCLUSIONS

1. The yield and content of sucrose in kernels are sta-
tistically significantly differentiated with regard to
the dose of nitrogen fertilization and its variant of
application.

2. The change of nitrogen dose from 0 to 120 kg/ha effected
the increase of yield kernels in the range from 4,0 (Helena)
to 15% (Golda) and decrease of sucrose content in kernels
from 24 (Candle) to 11,0% (Helena) at the first variant and,
correspondingly, from 10,0 to 12% and from 15,0 to 4%.
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WPLYW INTENSYWNOSCI NAWOZENIA
AZOTOWEGO KUKURYDZY CUKROWEJ NA PLON
ZIARNA ORAZ ZAWARTOSC W NIM SACHAROZY

Streszczenie. Przedstawiono wptyw nawozenia azotowego kuku-
rydzy cukrowej na plon ziarna oraz zawarto$¢ w nim sacharozy.
Badania realizowano dla dwéch wariantéw nawozenia w zakresie
od 0 (kontrola) do 120 kg/ha. W wariancie | aplikowano catg
dawke przed siewem, a w wariancie II potowe dawki przed sie-
wem i potowg¢ pogltéwnie. W badanym przedziale zmiana dawki
nawozenia wptywata na wzrost plonu ziarna od 15% (odmiana
Golda) do okoto 11% (odmiana Helena) oraz spadek zawartosci
sacharozy od okoto 31% (Candle) do okoto 12% (Golda) w pierw-
szym wariancie i odpowiednio dla I wariantu od 11% (Golda) do
7% (Helena), i od 20% (Candle) do 11%(Helena).

Stowa kluczowe: Stodka kukurydza, azot, nawozenie.
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Summary. In this paper the problems of beer-can in production
of beer, the stage of taking and filling as well as problems of the
“disappear” in process technology are considered. The estimation
of process quality has been performed on the basis of statistical
significance tests.

Key words: food company, technology process, pouring of beer,
statistical tests

INTRODUCTION

In logistic systems of production company of technical
materials [8, 13, 14, 15] of food [1, 2, 3, 4, 7, 10] or mecha-
nization of agricultural production [10, 11, 12] the procedure
of evaluation of the technological and working costs has
become more and more useful [16].

Traditional methods of the evaluation of the materials
requirement have used the analyses of statistical meth-
ods (rule Just-in-time, ABC methods, system of materi-
als planning — PPK) and control of technologically and
working process [6, 18].

The objective of this work was to show the possibility of
using the statistical significance tests in production of beer
as the component of material logistics estimation (magazine

Table 1. The total statistic for p.p.variable

and technology). It is an attempt at quantity estimation of
their significance at the specific level of a company.

MATERIAL AND METHODS

The object was the estimation of beer-can “disappear” in
time of process technology process at their taking and filling
in aspect of the time of the highest demand of consumption.
The methods took into account:

Tests of zero hypotheses for variables: taking of beer-can
(p.p.), filling of beer-can (n.p.) and beer-can “disappear”,
Total statistical calculation of variables,

Analysis of variance,

Multiple tests of Tukey, with confidence interwal of 95%
In the test calculations there were used: the t-student test,
sign test and test of ranked sign [20].

Results of calculations:

1. The testing of zero hypothesis and total statistic of var-
iables.

The calculations for p.p. variable in the range of level
for factor “group” (month) is shown in Table 1.

The calculations for n.p. variable in the range of level
for factor “group” (month) is shown in Table 2.

Variable— p.p.
Contents Number Mean Star}dgrd Min Max Coefﬁm.et.lt
deviation of variability
1 20 98614.0 7871.70 75410.0 106660.0 7.98
2 16 99501.3 11270.60 60980.0 113600.0 11.32
3 21 101910.0 7448.90 83787.0 112320.0 7.30
4 22 96302.3 14022.50 54470.0 114280.0 14.56
5 22 104400.0 14009.70 64860.0 125680.0 13.41
6 19 106323.0 30158.70 13140.0 173180.0 28.36
Total 120 101167.0 15945.60 13140.0 173180.0 15.76
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Table 2. The total statistic for n.p. variable

Variable — n.p.
TS Number | Mean | GRS | Min | wax | EORRRER
1 20 9872.0 7848.00 | 75144.0 106296.0 7.98
2 16 99162.0 11237.30 60768.0 113280.0 11.33
3 21 101404.0 7480.18 83208.0 111860.0 7.37
4 22 95946.5 13997.40 | 54264.0 113928.0 14.58
5 22 404113.0 13970.30 | 64680.0 125328.0 13.41
6 19 112118.0 20472.60 | 84696.0 172656.0 18.25
Total 120 101776.0 13962.30 | 54264.0 172656.0 13.71
In the Table 3 the results for variable ,,disappear” is presented.
Table 3. The total statistic for ,,disappear” variable
Variable — ,,disappear”
TS| Number | vean | GRS win | max | ERREE
1 20 342.20 57.07 264.0 504.0 16.67
2 16 339.25 50.58 212.0 434.0 14.91
3 21 509.90 178.27 240.0 950.0 34.96
4 22 351.60 85.34 160.0 478.0 24.27
5 22 322.00 102.67 180.0 708.0 30.92
6 19 410.31 87.24 272.0 576.0 21.26
Total 120 381.80 120.99 160.0 950.0 31.69

2. The analysis of variance and Tukey HSD test.
The calculations for p.p. and n.p. variables in the range of level for factor “group” (month) is shown in Table 4.

Table 4. The analysis of variance for n.p. and p.p. variable

Content Sum of square Degree of freedom Mean of square Test F Significance level

p.p. n.p. p.p. n.p. p-p- n.p. p-p- n.p. p-p- n.p.
Between group |1.4E9 3.2E9 5 5 2.9E8 6.5E8 1.14 3.72 0.32 0.037
Inside group 2.8E10 1.9E9 114 114 2.5E8 1.7E8 - - - -

Results of Tukey test for p.p. and n.p. variables was presented in Table 5a and 5b
Table Sa. Results of Tukey test for p.p. and n.p. variables
Method: 95% interwal confidence of HSD Tukey’a
Contents Number mean Homogenity group
p-p. n.p. p.p. n.p. p-p. n.p.

4 22 22 96302.3 95946.5 X X

1 20 20 98614.0 98272.0 X X

2 16 16 99501.3 99162.0 X XX

3 21 21 101910.0 [101404.0 X XX

5 22 22 104400.0 104113.0 X XX

6 19 19 106323.0 | 112118.0 X X
Table 5b. Results of Tukey test for p.p. and n.p. variables according to factors level ,,group” and LSD

Contrast Difference +/- Limit of LSD
group p.p. n.p. p-p- n.p.

1-2 887.25 890.00 15487.0 12858.4

1-3 3295.52 3132.38 14398.4 11977.8

1-4 2311.75 2325.45 14237.9 11844.3

1-5 5785.55 5841.00 14237.9 11844.3

1-6 7709.16 13846.10 14763.5 12281.5
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2-3 2408.27 2242.38 15292.5 12721.6
2-4 3198.98 3215.45 15141.5 12595.9
2-5 4898.30 4951.00 15141.5 12595.9
2-6 6821.91 12956.10 15636.7 13007.9
3-4 5607.25 5457.84 14059.2 11695.6
3-5 2490.02 2708.62 14059.2 11695.6
3-6 4413.63 10713.70 14591.2 12138.2
4-5 8097.27 8166.45 13894.8 11558.8
4-6 10020.90 16171.60 14432.8 12006.4
5-6 1923.61 8005.11 14432.8 12006.4

The results for “disappear” variable is shown in Table
7a and 7b.

The analysis of equipment, material and production of
beer on the basis of significance test was performed.

The statistic results that the nominal capacity uses of pour-
ing line(160 00 pcs per day) e.g. in first day — June (group 1)
was exploited in minimum value 0f47.13% of their possibility.
The maximum day uses in June amount 66.66%. In the next
month (group 2) the results were 38.13%, 71.00%, respective-
ly. In the whole period of studies (group 1 — group 2) the lowest
(8.2%) and the highest (108.2%) day uses were recorded, the
highest use option achieved in December. The coefficient of
variability amounts to 28.36%. This value is lower than the
highest values (28.36%) achieved in November.

The calculations of next production phase for n.p.
showed that e.g. in June the minimum value amounted to
94.7% and the maximum to 99.6% in relation to the number
of beer-can taking (p.p.).

In the whole month — June the coefficient amounted to
98.8% at 13.77% of variability coefficient.

The information presented in Table 3, concerning the
variable “disppear” of beer-can after filling (n.p.) shows
large diversifications in the number of carried out studies.

The nominal value of month “disappear” amounted
t0160 pcs (October) and the maximum value amounted to
950 pecs (August). As to losses in the final product, they
resulted from objective reasons (leakiness, deformation,
little pour 1) and others. As practice shows, 475 liters of
beer goes to sewage.

The analysis of variance for p.p. and factor “group” and
Tukey test showed that there are the homogeneity group
without significance statistical difference (Tab. 5a). How-
ever, for n.p. there are homogeneity group (Tab. 5b). Tables
6 and 7a show that the values of variable “disappear” are
differential monthly. The difference between June — August
and July — August showed two homogeneity groups.

Table 6. The analysis of variance for variable “disappear” and level factor “group”

Content Sum of square | Degree of freedom | Mean of square Test F Significance level
Between group 494986.0 5 98997.2 9.05 0.000
Inside group 1.24E6 114 10940.9 - -
Total 1.74E6 119 - - -
Table 7a. Tukey test for the variable “disappear” and level factor “group”
Contents Number Mean Homogenity group
5 22 332.00 X
2 16 339.25 X
1 20 342.20 X
4 22 351.63 X
6 19 410.31 X
3 21 509.90 X
Table 7b. Tukey test for the variable “disappear” and level factor “group” for LSD
No. Contras”t Difference +/- Limits LSD | No. Contras”t Difference +/- Limits LSD
,,group ,,group
1 1-2 2.95 101.69 9 2-6 71.06 10.87
2 1-3 167.70 94.72 10 3-4 158.26 82.49
3 1-4 9.43 93.67 11 3-5 177.90 92.49
4 1-5 10.20 93.67 12 3-6 99.59 95.99
5 1-6 68.11 97.13 13 4-5 19.63 91.41
6 2-3 170.65 100.61 14 4-6 58.67 94.95
7 2-4 12.38 99.61 15 5-6 78.31 94.95
8 2-5 7.25 99.61 - - - -
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CONCLUSIONS

Results of researches, which were limited in this paper,
showed the significant possibility of uses in the company
of the technical standards of beer-can production at no re-
mittent popularity on the market of wrapping.

The difference between the number of beer-can in day
production and after filling, so called “disappear” amounted
to 950 pcs. It showed the necessity of production of the
highest quality beer-cans from the producer as well as strict
formality of standards in pasteurization process as well as
proper control of their filling. The coefficient of variability
for variable “disappear” amounted to 34.96% (August). The
average values amounted to 31.69%.

The research will be continued in the next period of
production. The information has been particularly subject
to analysis, especially that so far there have been no nu-
merous published papers in this range, and the existing ar-
ticles have presented the information only on the process
of technology in range of biological and chemical changes
or the description of a particular machine and its technical
and technological aspects [9, 17].
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ZASTOSOWANIE TESTOW ISTOTNOSCI
W LOGISTYCE MATERIALOWE]
PRZEDSIEBIORSTWA SPOZYWCZEGO W ASPEKCIE
PROCESU TECHNOLOGICZNEGO PRODUKCJI

Streszczenie: W artykule przedstawiono problemy zwigzane
z puszkami do piwa w produkcji piwa na etapie podnoszenia
i napelniania, a takze problemy zwiazane ze ,,znikaniem” w pro-
cesie technologicznym. Ocena jakoSci procesu zostata przepro-
wadzona w oparciu o testy statystyczne.

Stowa kluczowe: firma spozywcza, proces technologiczny, na-
lewanie piwa, testy statystyczne
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Summary. In the article switched modern methods of analysis
system flooding determination type and place of defects in non
experimental. Using computer support system Magma Soft de-
fined flow over metal in the form of decomposition temperature,
successive phases freezing and cooling metal foundry defects
and the location in together corps DN 150. The results have been
used to develop simulation technology performed by casting
corps DN 150.

Key words: cast, defects, computational simulation, technology.

INTRODUCTION

The simulation processes, using computer programs,
is to develop optimal technology implementation casting,
with simultaneous eliminating defects foundry. Simulate
how flooding test cast has been carried out at an angle
saturation forms by verifying the accuracy metal, of knots
thermal, effectiveness of their power in areas with will
together in which may occur defects type: bladders gas,
porosity. For the analysis was used computer support pro-
grammes Magma Soft. In order to avoid errors in the design
technologies comply with the castings, shortening the time,
cost savings investigation for optimal technological solu-
tions, computer simulation process has been carried out
flooding, freezing and cooling simulating the technological
process has been carried out for founded i.e.: Manner of
implementation:

— system flooding,

— plastic casting,

— temperature flooding,

— parameters thermo-physical material form.

The computer simulation de corps casts valve DN 80
and DN 150 (Figure 1) made of bronze working in the
environment active chemically, from which is required
to pressure tightness 1, 6MPa, at the temperatures from
-20°Cto 20 °C.

a)

b)

Fig. 1. Corps Valle, a — 3D, b — casting



206

Via simulation foundry processes occurring in window
form has been defined:

— system including the determination flooding movement
by metal channels and closing the generation cavity
forms, speed over metal in the initial phase,

— freezing, cooling, power supply castings, cooling casting
specifying the alterations phase, phenomena contract and
the related problems internal defects (porosity),

— stresses and strains and possible cracks both hot and
cold,

— shaping bronze structure and its impact on property in
the casting of stress in the construction corps, lids and
their impact on their integrity.

In the article discussed the impact of flooding in the
presence defects in together body DN 150. For the analysis
was programme computer simulation MAGMA SOFT.

METHODS RESEARCH

In foundry operations, in the area there is a number of
phenomena physico-chemical which affect the process of
casting, on its quality [4, 5, 6, 7, 8,10, 13, 14, 17, 19, 20,
21,22, 24].

An undertaking which carries out repetitive shapes
casting, with the same plastic and of the same weight may
overcome technological process of implementing them, and
to limit the quantity defects.

Once the range of the enlargement cast is growing threat
presence carried out in a series non defects the mastery of
which is an, sometimes time consuming. Foundry defects
may be disclosed in subsequent stages of production:

— after casting,
— carrying mechanical treatment,
— assembly valves.

Therefore the technological process analysis was carried
out using:

— classic methods to evaluate quality casting, depicting
type defects, place of its occurrence,
— programme computer simulation.

Jafar S.A. unveiled research establishment in the valve
body castings DN 80 and DN 150 made of bronze, is in-
tended to work in an environment of increased aggressive-
ness (chemical sea water). For casts of bodies program was
carried out with regard to computer simulation process
flow, freezing and metal cools down and broken down by
risk areas by the existence of casting defects and voids
porosity. Simulations were performed with the help of
MAGMASOFT. He wide-ranging analysis and thermal
hydraulic processes occurring in space molding. It has en-
abled a complete study phenomena transiting during the
process of casting by:

— predicting quality castings (identify the occurrence of
defects and position: i am molding porosity,

— predicting effects of introducing different technologies,

— optimization of filler caps,

— verification of, Shape and layout tabs and related to the
increase in yield metal,

— document production process.

Z.ZOLKIEWICZ, A. GWIZDZ, S. PYSZ, M. NOWAK

Analysis included the process of flow in the metal filler
and mold in the bay. By examining metal flow rate verified
the flooding and filling geometry as well as its location and
layout. The freezing metal after the flooding was fully de-
scribed by temperature distribution. The primary criterion
used in assessing body casting is porosity.

An analysis defects casting has led to the determination
of the impact the technological process parameters of their
presence. This allows the defects specify the type and lo-
cation of its place.

This makes it easier to take a decision aimed at imple-
menting casting technological changes parameters or laying
down a repair casting so as to achieve implied tightness
casting. Freezing analysis (temperature drop in metal on the
temperature solidusu) and cooling (lowering the tempera-
ture below casting temperature solidusu) has been carried
out primarily for directional freezing and speed these solid
phase in wall casting.

These direction the solid phase takes place in the first
period freezing mainly from the forms which is the external
wall casting. As a consequence uneven distribution tempera-
ture in the entire together (Fig. 2, 3), in the various elements

Fig. 2. Areas at risk bringing castingporosity

Ji Project:DN100  Version:v07  Directory: HMAGMA-archiwum1DN100NO7

Feeder
| Cul0Fe

Pory w odlewie,  Porosity casting

Fig. 3. The expected porosity casting
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related to the nierownomierng casting wall thickness, pres-
ence knots thermal, there are significant discontinuities or
even porosity.

They will be located mainly in the internal walls cast-
ing on an overall distribution temperature during flooding,
freezing and cooling significant impact on the distribution
of this temperature fisheries metal in the form and the way
thermal power knots casting (Figure 4).
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Fig. 4. Computer simulation casting corps power

Distribution of this temperature the liquid phase in to-
gether shows that after a specified time temperature metal
falls, metal in together is, in together there are places where
metal is still liquid, there is this phenomenon loss of power
certain elements casting (Fig. 4).

Made simulation flooding, power supply, freezing and
cooling casting corps DN 150 showed places at which there
is discontinuity material (Figure 5, 6, 7).
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Fig. 5. The location porosity together in body material in the
density of 0,1%
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Studies have found full fitness used methods of research.
In the tests have been used option library data thermo-phys-
ical parameters. Test system flooding, freezing and cooling
casting corps has shown together in place in which there is
a threat of defects iron porosity.

Their elimination can be achieved by changing tech-
nology or their repair [1, 2, 3, 12, 15, 16, 18, 23, 25, 27].

Computer simulation has been carried out for various
options for casting flooding and freezing. On the basis of
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Fig. 7. The porosity in the casting body when technology changes

defects in the test simulations have been applied for position
of casting. After examination of the results of simulation
decision was taken that the proposed technology provides
casting castings without defects

CONCLUSIONS

A simulation casting comply with the technological pro-
cess has shown that there are in place together with porosity
material. Carried out the analysis has led to the risks which
creates adopted technology casting.

Enabled t for the development of technology modified
castings corps DN 150 while developing methods repair
porosity castings corps.
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WYKORZYSTANIE NOWOCZESNYCH TECHNIK DO
OKRESLENIA POROWATOSCI ODLEWU KORPUSU

WYKONANEGO Z STOPU MIEDZI

Streszczenie. W artykule przestawiona nowoczesne sposoby
analizy systemu zalewania z okreslaniem rodzaju i miejsca wy-
stgpowania wad w odlewach doswiadczalnych . Wykorzystujac
system wspomagania komputerowego Magma Soft okreslono
przeplyw strugi metalu w formie, z rozktadem temperatury, ko-
lejne fazy krzepnigcia i stygnigcia metalu oraz umiejscowienie
wad odlewniczych w odlewie korpusu DN 150. Wyniki symulacji
wykorzystano przy opracowaniu technologii wykonaniu odlewu
korpusu DN 150.

Stowa kluczowe: odlew, wady, symulacja komputerowa, tech-
nologia.
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Summary. Currently an increase is observed in quality requirements
from manufactured products and installations. This also applies to
castings. One of methods of improving cast quality is using modern
porosity sealing methods during the technological process. This method
has found wide use in the world in order to not only improve the work-
ing parameters of foundry operations, but also the quality of welding,
sintering, electronics, artificial materials. There are industries where
100% of the produced cast is sealed. The article shows the method
of leak-tightness improvement in valve castings working in extreme
conditions e.g. extreme temperatures or adverse chemical environment.
Key words: leak-tightness, defects, castings repair, sealant.

INTRODUCTION

In iron, which is not made of non-ferrous metals and alloys,
there are often defects such as foundry losses, gas bubbles, poro-
sity, and others which in extreme cases lead to castings rejection.

This problem is especially significant during working
in extreme conditions where, e.g., resistance is required to:
— increased pressure, e.g. 1, 6 MPa,

— temperature (increased or reduced),
— chemical reagents, sea water.

Since these defects often are detected after additional
treatment operations such as removal, heat treatment, the
costs incurred adversely affect the company budget, by in-
creasing costs of its activities.

Therefore, technical staff of the companies are seeking
to find methods of repairing of those equipment items. The
application of repair casting is required to obtain proper tech-
nical economic and aesthetic properties [1, 2, 3, 6, 7, 8, 9].

REPAIR METHODS

Currently an increase is observed in quality requirements
from manufactured products and installations, which also

applies to castings. One way of improving cast quality is
application of modern methods, such as sealing porosity
repair, in the implemented technological process.

The above-mentioned method has found wide use in
the world, not only to improve the working parameters of
foundry operations, but also the quality of welding, sinter-
ing, electronics, artificial materials. There are industries
where during the technological process 100% of the product
is being sealed. Currently an increase is observed in quality
requirements posed in practice, not only for iron. There are
various methods of sealing repair in castings concerning
faults caused by gas porosity, cracks in the cold and other
defects affecting the cast’s seal-tightness [10, 11, 12, 13, 14].

Health hazardous industrial elements of casts are under
control, using several tests, in order to ensure the required
foundry quality. Part of quality requirements are determined by
the national standards and part of them by the European norms.

To meet all the requirements, the standards should be
observed not only in quality of castings, quality of the hazar-
dous connective elements, leak-tightness and productivity,
but also in a number of other aspects [4, 5, 15, 16, 17, 18, 19].

The research was factory-based (S.A. is a leading pro-
ducer in the industrial fittings export).

In the experiments (for a certain group produced castings
were made of copper alloys with the technical conditions
reception), the required technical leak-tightness was sought.

Tests were carried out on sample castings to show
leak-tightness of a certain percentage of castings, due to
lack of porosity defects occurrence.

The world’s leading solutions that have been adopted in
the casts production involve the method which is required
for tightness of castings, where the process of production
is solved so that the technological process in the cycle of
castings is amended in order to apply sealing-repair process
in 100% castings.

Tightness test is carried out after the carried out repair on
the randomly selected casts. The sealing method involves the
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introduction deep into the casting wall of synthetic sealants
which have been effective so far in the sealing of all the leeks
in a casting and providing its seal-tightness required by the
technical conditions of acceptance.

For the repair different sealants are used, prepared on
the basis f epoxy resins, polyurethane, polyester, anaerobic
[20, 21, 22, 23, 24].

The sealant may be forced deep into the casting wall in a me-
chanical, manual or enforced (increased pressure, vacuum) way.

There are many producers of sealants and devices for
sealing.

Their parameters are different from the sustainability of
the sealing, within the scope resistance to chemical agents,
increased or reduced temperature, the type of chemical com-
position preparation way, parameters of application, the
range of temperatures.

Some manufacturers shall ensure the system of automat-
ic control of the sealing process.

The sealing process as well as the applied substances
should be safe for the worker and the environment.

In foundries which have not undergone the above-de-
scribed process (Figurel) there are leak defects caused by
the presence of transverse porosity sections in wall casting.
Repair of a cast working in increased pressure conditions is
effective when gas pores sizes are small.

Together with an increase in pore size, bubbles and gas
pressure are spoiling the effectiveness of castings repair by
impregnation method.

o o

Fig. 1. Cast of corps DN 150 during preparation for an X-ray

In practice, not only for iron, there are various methods
of sealing repair, in case of porosity presence caused by gas,
cracks in the cold and under high pressure or other defects
of castings affecting their seal-tightness.

The basic methods of repair can be:

— mechanical; (e.g. welding, reaming, high etc.). These
methods do not ensure seal-tightness of casting affected
by the presence porosity. They are applicable in articles
where seal- tightness of casting is not required .

— chemical; (impregnation, diffusion, adsorption, applica-
tion, immersion, necessitated by the sealants leaks in the
area). These are methods recommended for the repair
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of leak defects in castings. These methods of casting
repair are the so-called surface (wearing, immersion)
ones, which do not fully ensure the required tightness
of casting, the sealant does not fully get to the internal
parts, on the surface of casting there is an additional
layer cover which may not be accepted by the casting
manufacturer.

— replenishment of losses, (for large losses). Used for the
repair of large losses, especially occurring on surfaces
of casting. Used for the commercial and aesthetic rea-
sons. This method is not recommended for sealing of
porosity castings requiring the determined parameters
of seal-tightness [25, 26].

Choice of the repair method is dependent on technical
requirements and economic considerations.

LEAK TEST OF CASTINGS

Factory “JAFAR” is a constructor, the producer of
castings and valves which work in extreme conditions.
Elements of valves are made of iron, bronze, brass. These
are the water valves, gas, air, or valves on chemical agents.
They work in the conditions of increased pressure, tem-
perature or chemically active environment. The condi-
tions of their technical reception statement indicate that
they may not have defects involving external or internal
leakage which eliminate devices part of which is formed
by a cast. When developing new construction of valves,
research activities were carried out related to development
of assumptions of the technical and technological research
using the methods of computer simulation. Acknowledge-
ment of the adopted assumptions is their technical check
in the current conditions. In drawing up of the technical
assumptions, technological experiments on DN 80 valves
and DN 150 computer simulations process were carried out
on liquid metal movement in the form of seats which were
at risk at porosity defects (Figure 2, 3) [27].

Feeder

i

mASmA

[View Geometry

Obszary narazone na wystepowanie mikroporowatosci
Areas exposed to the presence in porosity

Fig. 2. Areas of porosity in the cast of valve corps
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Areas in which the withdrawal is planned of foundry
defects, gaseous bubbles, leaks, are characterized with areas
of a variable thickness.

We have developed a number of solutions for technical
and technological methods of castings repair. The chemical
composition of sealants and construction of equipment used
to process the sealing is the restricted information on the
part of manufacturer.

After computer simulation and analysis, the carried
out valve corps casts were tested in the candling posi-
tion x (Figure 4) and the position to test leak of casting
(Figure 5).

The obtained results were used to make a decision for
the repair of defective cast by the method of sealing. (Fig-
ure 6). One of the principal technical solutions which are
currently used in many countries for sealing castings was
applied to the equipment, usually consisting of several tanks
in which there are:

— process of preparing,

— forcing the sealants deep into the casting wall (high
pressure, vacuum),

— chemical, thermal hardening

— washing
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— cooling and removing cast from tank,
— technical inspection.

CONCLUSIONS

Sealing devices and technologies have many advantages
but they also have defects.

The scope of these devices for the repair of casts is lim-
ited by their dimensions, quantity of produced castings (size
series), diverse shapes and dimensions and the nature and
characteristics plastic castings sealants, including:

— mechanical and thermal strength,

— resistance to chemical reagents’ impact,

— ability to penetrate deep into the casting wall,

— resistance to the leaking of casting,

— bonding (reinforce) sealants,

— the ability and the way of the removal of external surface
sealants from castings.

In the last period the knowledge has increased of the pros
of the sealing process, its quality (pros and cons) and the op-
portunities for the application of sealants. The sealing process is
now a tool to improve the quality of the manufactured products.
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Fig. 6. Introduction of sealants deep into the wall of valve
corps cast
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METODY ELIMINACJI POROWATOSCI ODLEWU
KORPUSU ZAWORU WYKONANEGO Z BRAZU

Streszczenie. Aktualnie obserwuje si¢ tak w kraju i za grani-
ca wzrost wymagan jakosciowych stawianym wytwarzanym
produktom, urzadzeniom. Dotyczy to rdwniez odlewow. Jedna
z metod poprawy jakosci odlewow jest wprowadzanie do pro-
cesu technologicznego ich wykonywania, nowoczesnych metod
uszczelniania mikroporowatosci. Metoda ta znalazta w §wiecie
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szerokie zastosowanie do poprawy wlasnosci, parametrow pracy
nie tylko w odlewnictwie ale w miejscach spawanych, w elemen-
tach spiekanych, elektronice , mechanice, tworzywach sztucz-
nych. Sa galezie przemyshu gdzie 100% wyrobdow, odlewow
jest uszczelniane. W artykule przedstawiono metod¢ poprawy
szczelno$ci odlewow zawordw pracujacych w ekstremalnych
warunkach; temperatura, srodowisko chemiczne.

Stowa Kkluczowe: szczelnosé, wady, naprawa odlewow,
szczeliwo
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