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PARAMETERS OF MILLING ON ENERGETIC
EFFICIENCY WHEN PLANAR MILLING
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DUBOVEHO DREVA A TECHNOLOGICKYCH
PARAMETROV FREZOVANIA NA ENERGETICKU
UCINNOST PRI ROVINNOM FREZOVANI

Peter Koleda, Stefan Barcik, Michal Korc¢ok, Zuzana Jamberova

Department of Manufacturing and Automation Technology, Technical University in Zvolen, T. G.
Masaryka 24, 960 01 Zvolen, Slovakia, peterkoleda@tuzvo.sk

ABSTRACT: Woodworking is an interest in scientific studies from the perspective of the final
product quality and the machining process itself. Thermally modified wood is increasingly used in
interior and exterior spaces, where its properties make it more resistant to natural wood. The article
deals with the energy intensity of milling of thermally modified oak wood (Quercus petraea.) by
Thermowood® technology. The investigated technological parameters are the thermal modification
temperatures (160, 180, 200 and 220 °C) and the material of the cutting tool. As the temperature
of the thermal modification increases, the cutting power decreases due to a decrease in the density
of the wood. The lowest energy consumption is at the milling of wood modified at 220 °C, cutting
spoed of 20 m.s! and rake angle of 30 °C.

Keywords: Milling, energetic efficiency, ThermoWood®, Quercus petraea.

ABSTRAKT: Obrabanie dreva je vo vedeckom zaujme z hl'adiska kvality finalneho produktu a sa-
motného procesu obrabania. Termicky modifikované drevo ma stale vacsSie vyuzitie v interiéri aj
exteriéri, kde ma lepsie vlastnosti oproti prirodnému drevu. Clanok sa zaobera energetickou uéinno-
stou termicky modifikovaného dubového dreva (Quercus petraea.) technolégiou ThermoWood®.
Skuimané parametre su teplota termickej modifikacie (160, 180, 200 a 220 °C) a material rezného
nastroja. ZvySovanim teploty termickej modifikacie sa rezny prikon znizuje, zvySovanim reznej
rychlosti sa znizuje. Najnizsie hodnoty rezného prikonu boli namerané pri uhle reznej hrany 30°,
teplote termickej modifikacie 220 °C a reznej rychlosti 20 m.s™.

KPuacové slova: Frézovanie, energetickd u¢innost, ThermoWood®, Quercus petraea.

INTRODUCTION

A large number of wood products are produced in the industry so that one of the pro-
duction processes is also the plane milling. This process can be considered by the size
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of the cutting capacity, quality of machined surface, the wear of the cutter blade, safety
and ambient noise load. The first three criteria, which form a significant part of costs in
financial balance, are of interest to every company from the point of view of economy.
The reduction of costs is possible only based on a deeper knowledge of the process, which
justifies further research. Unfortunately, only a limited number of research papers are fo-
cused on the issue of energy consumption of thermally modified wood woodworking or
its optimisation (Moura et al. 2011; Barcik and Gasparik 2014; Tu et al. 2014; Koleda et
al. 2018).

(Mandic et al. 2010) examined the impact of feed speed on cutting power during plane
milling beech samples. Cutting power significantly increased at the feed speed v, > 8
m.min”. (Kub§ et al. 2016, 2017), based on their research of the beech and pine wood
machining, have shown, that the most important factors affecting the cutting power dur-
ing plane milling are: cutting speed, face angle of the milling cutter face and feed speed.
Larger differences in power have been demonstrated at different face angles of the milling
cutter.

(Ispas et al. 2016) examined the impact of cut depth (1, 2 and 3 mm) of beechwood
samples on cutting power during plane milling. The results of the experimental measure-
ments showed that the cutting power increased at all samples with increasing cut depths,
revolutions (3300 and 4830 min™) and feed speeds (4.5, 9, 13.5, 18 and 22.5 m.min™).

(Krauss et al. 2016) carried out a research in which they analysed the impact of cut
depth (0.5, 1.0 and 2.0 mm) of the pine samples on the cutting power during the plane mill-
ing. The results of the research have shown that cutting power at plane milling of wood
increases with the increasing depth of cut.

(Koleda and Hrckova 2018) measured dimensions of fractional particles resulting
from the milling with prediction of the tool wear.

Heat-treated wood has been extensively manufactured for more than 10 years, and
its production has been introduced to many Western European countries in response to
changing chemical wood treatment legislation (International ThermoWood Association
2003). Finland pioneered the production of thermally modified wood called ThermoW-
00d® in 1990. Later, ThermoWood® began to be produced in the Netherlands, Germany,
Austria, and France (International ThermoWood Association 2003; Gaff ez al. 2015).

Heat treatment is a method of modifying the wood structure by means of high tem-
perature, humidity or a bath of oil. The technology itself depends on the country where it
was developed. The main differences between these methods are based on the materials
(e.g. wood species, fresh or dried wood, moisture content, dimensions), process condi-
tions applied (e.g. one or two process stages, wet or dry process, heating medium, oxy-
gen or nitrogen as sheltering gas, heating and cooling down velocity) and the equipment
necessary for treatment (e.g. process vessel, kiln) (Boonstra et al. 2007; Boonstra 2008).
This has a positive effect on wood’s properties. The primary aim of thermally modifying
wood is to prepare a material that balances the following benefits: a lower hygroscopic-
ity; higher dimensional stability; higher resistance to wood-decaying and discolouring
fungi, moulds, and ligniperdous insects; maintaining or improving the aesthetics (colour,
minimal cracks, gloss, texture, etc.); and preservation or improvement of the mechanical
properties (strength hardness, stiffness, etc.) (Pozgaj ef al. 1997; Bengtsoon et al. 2003;
Niemz et al. 2010; Barcik and Gasparik 2014).
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The aim of article is to evaluate the effect of technology (temperature) of heat treat-
ment, rake angle and cutting speed on energetic efficiency when planar milling oak wood.

MATERIAL AND METHODS

Samples of Quercus petraea wood with an average age of 107 years from locality
VI¢i jarok (Budca, Slovakia) were used in the experimental tests. The samples were made
via ThermoWood® technology at the Arboretum of the Faculty of Forestry and Wood
Sciences (Czech University of Life Sciences in Prague) in Kostelec nad Cernymi lesy in
the chamber LAC S400/03 type manufactured by KATRES s.r.o.(Ltd.). The mechanical
woodworking of samples with the dimensions of 500mm % 110mm x 20mm and their
subsequent heat treatment at temperatures of 160, 180, 200, and 220 °C were performed
using the technologies described in (Hrékova et al. 2018). The samples were stored at
a temperature of 10 °C. The samples remained in the chamber until they cooled to 60°C;
then, they were taken out. The process of temperature change itself (heating, temperature
exposure, cooling) in time is illustrated in Fig. 1. The density measurements and cutting
conditions were as in (Koleda et al. 2018). The samples were milled on a lower spindle
milling machine FVS (Czechoslovakia Music Instruments, Hradec Kralové, Czech Re-
public) and feeding mechanism ZMD 252/137 (Frommia, Fellbach, Germany) at Techni-
cal University in Zvolen, Slovakia. Table 1 shows the technical parameters of the milling
machine. The device for power consumption measuremet at milling consists of a frequen-
cy converter that controls the speed of a three-phase asynchronous motor. Another part
of the device is a sinusoidal filter that smoothed the impulse voltage from the inverter in
such a way as to approximate the ideal sinusoidal phase with a phase shift of 120°. The
frequency converter evaluated the active motor input without losses and engine power
from the current, voltage and efficiency of the motor. The cutting power was calculated as
the difference between power when milling and power when idling.

250

200

150

100

Temperature (°C)

50

0,0 5,0 10,0 15,0 20,0 25,0 30,0
Time (h)

Fig. 1 Times of thermal treatment of oak wood (Quercus petraea)
Obr. 1 Casovy priebeh termickej modifikacie duba letného (Quercus petraea)
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Table 1 Technical Parameters of the Lower Spindle Milling Machine FVS and the Feeder
Tabul'ka 1 Technické parametre spodnej vretenovej frézky a podavacieho mechanizmu

Lower Spindle Milling Machine” (FVS) Feeder? (Frommia ZMD 252/137)
Voltage System? (V) 360 and 220 Feed Range® (m.min!) | 2.5, 10, 15, 20, and 30
Frequency® (Hz) 50 Voltage” (V) 380
Input? (kW) 4 Speed® (m.min) 2800

DSpodna vretenova frézka, ?Podavaé, YNapitovy systém, YFrekvencia, YVstupny vykon, “Rozsah
posuvov, "Napitie, ®Rychlost’

A double-blade wood cutter block with a rake angle (y) of 15°, 20°, and 30° and inter-
changeable blades was used for milling (Fig. 2) with cutting depth of 1 mm. The cutting
tool geometry and the cutting speed (20, 40, and 60 m.s™) and feed rate (6, 10, and 15
m.min"") were the same as those used in (Koleda et al. 2018). Three sets of knives were
used when milling:

1. knives induction hardened from material 19 573,
2. knives from steel HSS 18%W with coating AITiCrN,
3. knives from steel MAXIMUM SPECIAL 55: 1985/5.

Measured data was processed using MS Excel and statistically evaluated by STATIS-

TICA 12.

Fig. 2 Milling cutters with rake angles of 15° (a), 20° (b), and 30° (c)
Obr. 2 Frézovacie hlavy s uhlami 15° (a), 20° (b), and 30° (c)

RESULTS AND DISCUSSION

Table 1 and fig. 3 show the density values of the samples. As the temperature of heat
treatment rises, the density decreases. The natural wood sample shows the highest density
of 775.85 kg.m?>. The thermally treated sample shows the lowest density at the highest
temperature of 220 °C, which is a decrease of 21.51 % compared to a sample that has not
been heat-treated. Thermal treatment makes wood more fragile. Hydrophilic functional
groups begin to disappear in structures of the polysaccharides, lignin and accompanying
materials.
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Table 2 Density of samples
Tabul’ka 2 Hustota vzoriek

Temperature? Density? (kg.m) Drop compered with N* (%)
N 775.85 -
160 719.73 7,23
180 687.39 11.40
200 617.84 20.37
220 608.96 21.51

DTeplota, ?Hustota, ¥Pokles vo¢i prirodnému drevu (N)

800 775,85
750
700
650

p (kg.m?3)

600
550
500

N 160 180 200 220
T(°C)

Fig. 3 Dependence of density on temperature of thermal treatment
Obr. 3 Zavislost hustoty vzoriek na teplote termickej Gpravy

Table 3 shows the basic cutting power statistics depending on the thermal modifica-
tion temperature. With increasing temperature, the cutting power decreases. The highest
cutting power was measured for the native wood and the lowest for the sample that was
thermally modified at 220 °C. The decrease is caused by a change in the structure of the
wood and its chemical composition due to temperature, which is also reflected in its lower
density. Nociarova (2017) and I'a§ (2018) showed the same decreasing trend of the total
power consumption depending on the temperature of the thermal treatment of oak wood.

The structure of the examined samples influenced the power values recorded during
milling, as the experimental samples were extracted from different logs and were manipu-
lated from different parts of the trunk. Further research of the heat transfers of thermally
modified wood by a holography interferometer could find out the values of the heat trans-
fer coefficients (Cernecky et al. 2013, 2015).
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Table 3 Basic statistic of cutting power depending on temperature
Tabul'ka 3 Zéakladna $tatistika zavislosti rezného prikonu na teplote

0/ 1 0,

T(EC) | Number) p;j:::j‘%fm St. dev. (W)| Error® (W) [ 92 (/;‘/‘)“eml . (/{’N)
N 5670 146,76 7127 0,95 144,90 148,62
160 | 35670 119,16 62,68 0,33 117,53 120,79
180 | 5670 103,78 54,80 0,73 102,35 105,20
200 | 5670 99,63 53,85 0,72 98,23 101,04
20 | 5670 89,07 48,00 0,64 87,32 90,32

YPodet Gidajov, ?Priemerny prikon, ¥Smerodajna odchylka, ¥Chyba

Fig. 4 shows the influence of the cutting tool on the cutting power depending on the
temperature. Cutting tool set No. 2 (HSS 18% W with AITiCrN coating) shows the lowest
energy consumption in all samples, with the cutting power decreasing as the temperature
increases. For cutting tool No. 1 (knives induction hardened from material 19 573) and
No. 3 (knives made from steel MAXIMUM SPECIAL 55: 1985/5), the values are overlap-
ping. The highest cutting power values were recorded at tool set No. 1 (Knives Surface
Induction Hardened 19 573), whereby they overlap with the cutting power values meas-
ured at set No. 3 (knives made of steel MAXIMUM SPECIAL 55: 1985/5). The different
values are due to the wear and hardness of the material depending on the knife hardening
technology 1, the coating of the blades 2 and 3 and their grinding before coating.

From the point of view of heat treatment, the highest cutting power was recorded for
the native wood and the lowest for the heat-treated sample at 220 °C, regardless of the
type of cutting tool set. As the temperature rises (thermally modified wood), the power de-
creases when milling. The reduction in milling power consumption is reported in (Krauss
et al. 2016) when milling of thermally treated pine wood. This is related to a change in the
chemical composition and structure of the wood and a change in its density.

170

160

150

140

130

P (W)

120

110

100

92

80

70 1
N 160 180 200 220 % 2
T(C) %3

Fig. 4 Analysis of variance of cutting power dependence on temperature
of thermal treatment and tool set
Obr. 4 Analyza rozptylu zavislosti rezného prikonu na type nastroja a teplote termickej Gpravy
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Fig. 5 show the basic statistic for cutting power depending on the heat treatment and
the tool material. The highest average cutting power value of 159,65 W was at the native
wood machined with the tool set No. 1 (19 573 surface induction hardened knives). The
lowest average cutting power value of 84.24 W was captured at the thermally treated sam-
ple at 220 °C, machined with the tool set No. 2 (HSS 18% W AITiCrN knives).

Table 4 shows the basic statistics of the dependency of the cutting power on the rake
angle. Figures 5 and 6 show the analysis of variance of cutting power versus temperature
of thermal modification and rake angle. As the rake angle increased, the cutting power
dropped. For all technologies of heat treatment, the lowest cutting power was achieved at
rake angle of 30°. Its lowest value (69,1 W) was measured at the rake angle of 30° at the
sample treated at the temperature of 220 °C, the highest (183,56 W) at rake angle of 15°
at the untreated sample. This is due to a change in the force conditions for chip separation
and a reduction in the cutting force required to separate the material.

Table 4 Basic statistic of cutting power depending on rake angle.
Tabul'ka 4 Zakladna statistika zavislosti rezného prikonu na uhle ¢ela

Average -0,95% in- +0,95%
° 1) 3 ) s s
v(®) | Number power? (W) St. dev.¥ (W) | Error® (W) terval (W) | interval (W)
15 9450 130,37 64,28 0,66 129,08 131,67
25 9450 119,36 66,37 0,68 118,02 120,69
30 9450 85,30 43,46 0,44 84,42 86,17
DPocet Gidajov, ?Priemerny prikon, ¥Smerodajna odchylka, ¥Chyba
200
180
160
140
2 120
L
100
80
60
40 v ()
15
N 160 180 200 220 % e
T(°C) <% 30

Fig. 5 Analysis of variance of cutting power dependence on temperature
of thermal treatment and rake angle
Obr. 5 Analyza rozptylu zavislosti rezného prikonu na teplote a uhle cela
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Fig. 6 Two-parameter analysis of variance of cutting power dependence on temperature
and rake angle
Obr. 6 Dvojparametricka analyza rozptylu zavislosti rezného prikonu na teplote a uhle ¢ela

Table 5 shows the basic statistics of cutting power dependence on cutting speed. With
increasing cutting speed, the cutting power increased. Figure 7 and 8 show the analysis of
variance of cutting power versus temperature and cutting speed. Increasing cutting speed
also increases cutting power, which results from the relation for calculating cutting power
as a product of elementary cutting force and cutting speed (Vasilko 2007). The highest
cutting power (201,02 W) was measured at native wood and cutting speed of 60 m.s™!, the
lowest (47,71 W) at wood treated at 220 and speed 20 m.s™'. For all technologies of heat
treatment, the highest cutting power was achieved at cutting speed 60 m.s™!, the lowest at
cutting speed 20 m.s™.

Table 5 Basic statistic of cutting power depending on cutting speed
Tabul'ka 5 Zakladna $tatistika zavislosti rezného prikonu na reznej rychlosti

0, [V)
20 9450 61,15 26,93 0,27 60,61 61,69
40 9450 113,11 45,99 0,47 112,18 114,04
60 9450 160,76 61,04 0,62 159,53 162,00

DPocet udajov, ?Priemerny prikon, ¥Smerodajna odchylka, “Chyba
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220

200
180
160
140
2 120
o
100
80
60
40
v, (m.s)
20
N 160 180 200 220 % ig
T(°C) %60

Fig. 7 Analysis of variance of cutting power dependence on temperature
of thermal treatment and cutting speed
Obr. 7 Analyza rozptylu zavislosti rezného prikonu na teplote a reznej rychlosti

Wa

Fig. 8 Two-parameter analysis of variance of cutting power dependence on temperature
and cutting speed
Obr. 8 Dvojparametricka analyza rozptylu zavislosti rezného prikonu na teplote a reznej rychlosti
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CONCLUSION

The energy consumption of the machining process is an object of research to optimize
production and production costs. When milling thermally modified oak wood, it was con-
firmed that the cutting power decreases with increasing modification temperature. This is
related to a change in the chemical composition and structure of the wood and a change
in its density. Therefore, the qualitative parameter of the treated surface and the product
should also be considered.

The surface treatment of the cutting tool affects the size of the cutting power. The low-
est energy consumption for milling (84.24 W for treatment temperature of 220 °C) was
measured using knives from steel HSS 18% W with AITiCrN coating. The highest values
(159.65 W, untreated sample) were recorded for milling with knives induction hardened
from material 19 573.

The cutting speed affects the cutting power. Increasing cutting speed also increases
cutting power. The rake angle influences cutting power. Rising the rake angle the cutting
power decreases. Further research will be focused on the influence of other technological
parameters on the cutting power and the quality of the machined surface.
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ABSTRACT: In this article, we present an overview and comparison of various methods and app-
roaches for Latin alphabet characters recognition. We assume that individual characters are already
located in an image. To recognize characters and translate them to text, each character must be de-
scribed by a feature vector, which is then classified into one of 36 classes corresponding to the Latin
alphabet letters and numbers. These methods were been tested using a database of Slovak vehicle
registration plates. Recognition has been performed with two sets of training samples of different
sizes and we have compared recognition rate.

Key words: Vehicle Registration Plate, Optical Character Recognition, Feature Vector, Classifica-
tion

ABSTRAKT: V ¢lanku predkladame prehl'ad a porovnanie roznych metod a pristupov pre rozpo-
znava  nie znakov latinskej abecedy. Predpokladame, ze jednotlivé znaky st uz lokalizované
v obraze. Pre rozpoznania znakov a ich prevod na text je nutné kazdy znak popisat’ vektorom pri-
znakov, ktory nasledne klasifikujeme do jednej z 36 tried zodpovedajucim ¢islam a pismenam la-
tinskej abecedy. Tieto metody boli testované na databaze slovenskych evidencnych ¢isiel vozidiel
a dosiahnuté vysledky boli uspokojivé. Rozpoznavanie sme vykonali s dvoma sadami trénovacich
vzoriek roznych velkosti a porovnali sme uspesnost’.

KPicové slova: evidencné ¢islo vozidla, optické rozpoznavanie znakov, vektor priznakov, klasifi-
kécia

INTRODUCTION

Image recognition methods are used more and more in various fields such as manufac-
turing technology, robotics, logistics, medicine, quality control, etc. Text recognition — the
ability to read — is essential for emerging artificial intelligence applications. As Al systems
are often aimed at supporting a human, they must also be able to detect and recognize in-
formation presented in textual form that is natural to man. The basis for understanding text
is to recognize the individual characters of the alphabet that make up words, sentences,
and at the end the final meaning of the text as a whole.
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The recognition of the Vehicle Registration Plate (VRP) is one of the classical tasks
in recognition of text in real scene images. All vehicles which are in operation on public
roads in Slovakia must have the Vehicle Registration Number (VRN), which is formed by
letters and digits. The vehicle registration plate (VRP) replaced the previous plates with
State Registration Number (SRN).

Recognition of VRP characters can be applied in various traffic systems ( e.g. in speed
control, in tracing of traffic offences, monitoring of traffic density, parking systems, toll-
ing systems, tracking of stolen cars). However the algorithms and approaches which are
applicable to VRP recognition can be generalized and applied in wide variety of image
recognition tasks and applications (e.g. support for the visually impaired and blind, digiti-
zation of documents, books, check of personal documents).

Recognition of the VRP can be divided into the task of locating the VRP in an image,
which can contain many similar objects, and then to the task of detecting the individual
characters that make up the VRP and ultimately their recognition as the text which we
were looking for. In this article we deal with the second phase of VRP recognition — rec-
ognizing of the individual VRP characters — transforming image information to plain text.

MATERIAL AND METHODS

For recognition of the VRP characters, we assume that the individual characters of
the VRP are already binarized and segmented (Fig. 1). This assumption meets the algo-
rithm for localization of VRP in the images (Karrach & Pivar¢iova 2019), which identifies
the VRP as a sequence of 7 characters placed in a row. The algorithm employs adap-
tive thresholding, joining adjacent foreground pixels into continuous regions (blobs), and
searching of 7 regions which are of roughly the same size and are placed in the image
approximately in the same Y-position.

Fig. 1 Individual characters in VRP are surrounded by bounding box
Obr. 1 Jednotlivé znaky v ECV st ohrani¢ené obdiznikom

The individual characters of VRP, which are surrounded by the bounding box, must
be proportionally resized to the normalized height prior to further processing. Normalized
height corresponds to the height of the training samples.

FEATURE VECTOR

The feature vector is an n-dimensional numeric vector that represents the object (in
our case, object is a one character in the VRP identified by location phase as continuous
region). The goal of feature extracting is to reduce the complexity of an object to a com-
pact feature vector that concisely describes the object. Requirement for a feature vector
are (Sikudova et al., 2013):
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e two identical objects must have the same descriptors and vice versa, two identical
descriptors must describe the same objects,

e descriptor should be invariant, especially under translation, rotation, scaling,

e descriptor should contain the smallest set of information needed to identify the object
and distinguish it from objects of other classes.

The choice of features has a major impact on the accuracy of the classification.
Bitmap of character

The values of feature vector correspond directly to the individual pixels of an input
image. The white pixel is represented by value 0 and black pixel by value 1 (Fig. 2). The

size of feature vector is equal to the width x height of the character bitmap.

123
lo[o]1]1]o]o]o]

63
B

Fig. 2 Feature values corresponds to the pixels of an image
Obr. 2 Hodnoty priznakového vektora zodpovedaju bodom obrazku

Shape features
We used the following properties to describe the VRP characters:

e Aspect Ratio: ratio of the width to the height of a bounding box,

e Extent: ratio of pixels in the region (count of black pixels) to pixels in the total boun-
ding box,

e Roundness: ratio of the area of an object to the area of a circle with the same perimeter,
Holes: number of holes (1 - Euler number),
Horizontal Crossing: number of crossings from white to black in a row (computed in
1/3 and 2/3 of height and minimum and maximum computed in 1* third, 2" third and
3% third of height),

e Vertical Crossing: number of crossings from white to black in a column (computed in
1/3 and 2/3 of width and minimum and maximum computed in 1% third, 2™ third and
3" third of width),

e Horizontal Projection: ratio of number of black pixels in a row to the total width for
each image row,
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e Vertical Projection: ratio of number of black pixels in a column to the total height for
each image column.

Table 1 lists these properties on the example of the “A” character shown in Fig. 2 (Area
of the character is equal to the number of black pixels which is 23 and perimeter is 50).

Table 1 Shape features describing character “A” in Fig. 2
Tabul’ka 1 Priznaky tvaru popisujuce znak “A” v Obr. 2

Feature Value Feature Value | Feature Value
Aspect Ratio 7/9 H.Cross. 1/3 min, max | 1,1 |[V. Cross. 2/3 min, max |2, 3
Extent 23/63 H.Cross. 2/3 min, max | 1,2 |[V. Cross. 3/3 min, max | 1,2
Roundness 23*4%*m/50% | H.Cross. 3/3 min, max |2, 2 o 2/7.1/7
- H. Projection T
Holes 1 V. Crossing 1/3 1
H. Crossing 1/3 |1 V. Crossing 2/3 2 o 1/9. 4/9
- - V. Projection >
H. Crossing 2/3 |1 V. Cross. 1/3 min, max |1, 1

Run-length encoding

The individual rows in a bitmap of a character are expressed as the ratio of the number
of consecutive white pixels — black pixels — white pixels — black pixels to bitmap width
(Fig. 3). The feature vector size is 4 x height of character bitmap.

0.3-0.1-0.6-0
0.3-0.1-0.6-0
0.2-0.1-0.1-0.1
0.2-0.1-0.1-0.1
0.2-0.1-0.1-0.1
0.1-0.3-0.1-0.4
01-05-04-0
0.1-0.3-0.1-0.4
0-0.1-0.5-0.1
0-0.1-0.5-0.1

Fig. 3 Run-length encoding
Obr. 3 Run-length kodovanie

Hu and Chebyshev moments

e 8 Hu invariant moments (Hu, 1962). Hu moments are invariant under translation, ro-
tation and scaling and we can calculate them from normalized central geometric mo-
ments (Eq. 1):
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e 21 Chebyshev discrete orthogonal moments up to 5th order (Mukundan et al., 2000;
Mukundan, 2004). Chebyshev orthogonal moment of order (p+¢) for an image N x N
is defined as (Eq. 2):

1/ N-1

T, = ZZ()f()( »), )

x=0 y=0

2

A 3
O(X):f , t,(x):2x+I—N m
)=(opxtar)i,  (x)-asd, (x)

where /4p —1 _I-N /4[)2—1
N’ — N’ -p’
zp—] 2p+1 |N? —(p—1)2
p \2p-3\ N’-p°

Beside to Chebyshev moments there are also Legendre moments (Teague 1980) and
also Zernike complex moments (Khotanzad & Hong 1990) used for classification tasks.
The Legendre moments are defined on unit square [-1,+1]x[-1,+1] and Zernike complex
moments are defined on unit circle, where Zernike polynomials form a complete orthogo-
nal set.

>

Q
w

CHARACTER CLASSIFICATION

The goal of classification is to assign the tested sample on the input, represented by the
feature vector, into one of the 36 output classes. One output class represents one alphabet
character — one letter (A—Z) or a digit (0-9) that can be found in the VRP. For the task of
classifying VRP characters, we have created a set of training sample patterns that repre-
sented individual characters in VRP. At the beginning, the set contained just one training
sample for one class. We further incrementally expanded this set with additional training
samples for misclassified characters, and in the case of supervised classifiers we repeated
the learning process.
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Nearest Neighbour Classification

This classifier computes the Euclidean distance between the vector describing the ex-
amined object and the vector describing the class (sample from the sample set). The tested
sample is classified into a class for which the Euclidean distance is minimal (Eq. 3):

min ; Y
a\v. v )= vV (i)-V.{i 3)
)=, | [0 GF |

Where ¥, is feature vector describing tested sample and V is feature vector of j-th
sample in the sample set.

Artificial Neural Network - Multilayer Perceptron

The artificial neural networks (ANNs) are computing systems inspired by the biologi-
cal neural networks that constitute an animal brains. Although biological neurons are ex-
tremely complicated cells, their essential computational nature in terms of inputs and out-
puts is relatively straightforward. Each neuron has multiple dendrites and a single axon.
The neuron receives its inputs from its dendrites and transmits its output through its axon.

We have used a basic type of feed-forward neural network - Multilayer Perceptron.
The input layer neurons were fully-connected with the hidden layer neurons, which were
again fully-connected with the output layer neurons. The number of the input neurons cor-
responded to the number of elements in the feature vector. The number of the output neu-
rons corresponded to the number of classes, i.e. number of letters and numbers in alphabet.
In the hidden layer, we have used between 20 and 80 neurons according to the size of the
input feature vector, and as a activation function of the neurons we have used a sigmoid
function (in one case the hyperbolic tangent).

Input Hidden  Output
Layer Layer Layer

Feature Vector

_» IIZII

Fig. 4 Scheme of 2-layer fully connected neural network with forward propagation
Obr. 4 Schéma 2-vrstvovej plne prepojenej neurénove;j siete s doprednym Sirenim

Basic computational function of an artificial neuron (Fig. 5) lies in following:
* Every input (x)) received by synapses is multiplied by weights (w),
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e Then all of the weighted inputs are summarized (X),
e Finally the output of the activation function is computed (commonly used are non-li-
near activation functions: hyperbolic tangent or sigmoid)

weights

inputs .
Y I"‘Liil’}\\\ activation
functon
X3 ._..@_______\__\‘ nEt,.;,_l-l;FIUt
e — activation

B "'-'_rJ-\I-’"_ /’
. transfer

function
- i
% e W) 1
w S threshald

Fig. 5 Scheme of an artificial neuron
Obr. 5 Schéma umelého neurénu

Table 2 Common activation functions of an artificial neuron
Tabul’ka 2 Bezne pouzivané aktiva¢né funkcie umelého neuronu

Linear Step Sign Sigmoid Hyperbolic
tangent
0,ifx <0 -1,ifx <0 L 5
y=x y= y= V= 17e= Y =1e="1
1,ifx =0 +1,ifx >0
Fiahmn y y y Flah=td{1ea™ =)} Flw)m2 s { Len™ {=x) =1
1 1 1 1 1
-1 1 = -1 1w -1 1w __-3-"’"'"-—:-: -1
1 1 -1 1 1

Probabilistic Neural Network

The feed-forward neural network with 4 layers (input layer, pattern layer, summation
layer and output layer) is used for classification tasks. The number of neurons in the input
layer corresponds to the number of features in feature vector. The input layer is fully con-
nected with the hidden layer.

The neurons of first hidden layer (pattern layer) are organized into groups where one
group represents one class (the number of all neurons in pattern layer corresponds to the
number of all training samples). The first hidden layer computes the distance between the
tested input vector and the input vectors from the training set, and its output is a vector that
expresses as close is the tested input to the inputs from the training set.

The neurons of one group (class) are connected to just one neuron of the second hidden
layer (summation layer).
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The number of neurons in the second hidden layer (summation layer) corresponds to
the number of classes. One neuron of this layer represents one class. Neurons sum contri-
butions from the previous layer individually for each class.

The output of the layer is a probability vector. Finally, the highest probability class is
selected.

Class m

Output Laver

Fig. 6 Scheme of a probabilistic neural network
Obr. 6 Schéma pravdepodobnostnej neurdnovej siete

Naive Bayes Classifier

The Naive Bayes Classifier is based on Bayes’ conditional probability and assumes
the independence of all elements of the feature vector, i.e. that the impact of individual
elements on assignment into a given class is not affected by the values of other elements
(therefore “naive”).

For n-dimensional feature vector X=(x,,..., X ), m-classes C=(c, ..., ¢ ), we maximize
probability, that observed feature vector X belongs to the class C;:
P(X|C.)PIC.
P(C, | X)= (x|c)r(c) @)
P(X)

Where, P(X) is constant for all classes C, (so we can ignore it because we are looking
for the class with the highest probability, and we do not need to know exactly the prob-
ability value) and P(C") represents the probability that a randomly selected sample belongs
to the class C..

Because we assume independence of x, ... X :
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P(X|C)= Plx,.x, |C,)= Px, | C,)x P(x, | C,)x Plx, | )= [ | P(x, 1C,) (5

Px,|C)="x ©

Where, s, is thé number of samples of the i-th class, which have k-th attribute equal x, .
RESULTS

We tested these character recognition methods on 60 VRP photos that contained to-
gether 420 letters and numbers. Each number and letter of the alphabet occurred at least
3 times (except letters Q and W). We worked with two sets of training samples in one set
were samples of size 7x10 (width x height) and in second set were samples of size 12x17.
At the beginning, each set contained just one sample for one of 36 characters (0-9, A-Z).
After each test cycle, we added 10 new samples, which were not correctly recognized, into
the training set and we have repeated the tests. When we were gradually expanding the
training set, recognition rate had been increasing (Tab. 3). The table 3 shows the number
of successfully recognized characters for the training set 7x10 (with 4 VRP localization
errors, there has been 56 VRP successfully localized, that means 392 characters).

Table 3 Comparison of tested feature vectors and classifiers
Tabul'ka 3 Porovnanie testovanych priznakovych vektorov a klasifikatorov

Feature Classifier Number of training samples
vector 36 46 56 66 76
Nearest Neighbour 346 353 362 374 388
. Multilayer Perceptron 321 327 345 362 382

Bitmap —

Probabilistic NN 346 355 351 363 381
Naive Bayes 346 302 338 331 357
Nearest Neighbour 347 348 356 363 364
Shape fea- Multilayer Perceptron 338 342 345 354 354
tures Probabilistic NN 347 348 355 359 361
Naive Bayes 342 275 290 316 321
Nearest Neighbour 346 346 335 359 361
Run-Length | Multilayer Perceptron 341 341 354 357 365
Encoding Probabilistic NN 346 353 349 351 359
Naive Bayes 346 298 312 352 362
Nearest Neighbour 339 343 351 370 379
Chebyshev | Multilayer Perceptron 278 297 303 335 347
Moments (*) Probabilistic NN 339 342 351 370 377
Naive Bayes 339 237 157 190 209

(*) During the testing, we found that Hu moments are not an appropriate descriptor, so we did not
include them in the results.
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100% 100%

B80% A

FO% -
E1 45 55 51 76 E1 45 1 1] 75
M Mearest Neighbour W Multilayer Perceptron W Nearest Neighbour B Multilayer Perceptran
W Probabilistic NN W Maive Bayes W Probabilistic MR W Naive Bayes
Fig. 7 Bitmap Fig. 8 Shape features
Obr. 7 Bitmapa Obr. 8 Priznaky tvaru

In Fig. 7-10, the individual classifiers for the given feature vectors and their recognition
rate (on y—axis) for an increasing number of training samples (on x—axis) are compared.

100% 100%
0% + 90%
30% -+ 30%
FO% 4 TO% A
36 45 56 G5 76 35 45 5a 1 75
M [earest Neighbour B Wultilayer Perceptron W earest Neighbour W [ultilayer Perceptron
W Probabilistic MM M Maive Bayes W Probabilistic NN M Maive Bayes
Fig. 9 RLE Fig. 10 Chebyshev Moments
Obr. 9 RLE Obr. 10 Cebysevove momenty

In Fig. 11-12, the individual feature vectors for the given classifiers and their recogni-
tion rate for an increasing number of training samples are compared.

In the case of Multilayer Perceptron, we have used a configuration with hidden layer
with 20 neurons and also with 40 neurons (in the case of Shape features), respectively 60
neurons (in the case of Bitmap). We found that the configuration with a higher number of
neurons in the hidden layer had slightly better results, as shown in the result table (Tab. 2).
For the Moments feature vector, we have used the hyperbolic tangent as activation func-
tion (instead of the sigmoid).
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100% 100%
a0%
20%
T0% -

36 4G 56 515 76 36 4G 56 a6 76
B Eitmap MShape features @ RLE M Moments B EBitmap MShapefeatures B RLE M Moments
Fig. 11 Nearest Neighbour Fig. 12 Multilayer Perceptron
Obr. 11 Najblizsi sused Obr. 12 Viacvrstvovy perceptron

The results show that the Nearest Neighbour classifier followed by the Probabilistic
Neural Network using a bitmap, as a feature vector, has achieved best recognition rate. On
the other hand, the Naive Bayes classifier proved as not suitable.

In Table 4 we list the mostly misclassified characters for individual feature vectors.

Table 4 The most common errors in character recognition
Tabul'ka 4 Najbeznejsie chyby v rozpoznavani znakov

Size of training Feature vector Mostly misclassified characters
samples
Bitmap D-0,0-0
- Shape features 1-Y, 0-O, D-O
X
Run-Length Encoding 8B, 0-O, D-O
Chebyshev Moments 1-X, 0-O, D-O
Bitmap 8B, D-O
Shape features 8-B, D-0, K-R
12x17 -
Run-Length Encoding 8-B, 7-T, 0-O
Chebyshev Moments 8-B, 0-G, 6-8
DISCUSSION

When recognizing the VRP characters, we assumed the horizontal position of the VRP,
where all the characters are in the vertical position. Our opinion is that this is not a limit-
ing factor for most applications, like parking and security systems, where car must stop at
certain place (before the gate) and the camera has a fixed position.
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The worse results of the Multilayer Perceptron are partly due to the fact that we re-
quired for the successful classification besides the highest score an output of at least 0.2,
while for other classifiers we were satisfied with only the highest score.

The bad results of the Naive Bayes classifier were due to a small number of training
samples in each class and by their uneven distribution in classes. If some of the continuous
attributes of a feature vector in a given class have the same values for various samples,
then we cannot correctly determine the dispersion needed to calculate the conditional
probability of the continuous random variable.

For the “Shape features” feature vector, there occurred interchange of characters, with
similar characteristics (8—B, 0-O, K—R), so it will be necessary to add such attributes to
the feature vector, which will distinguish these characters.

For training set with samples of size 10 x 10 for 100 % recognition of all 392 char-
acters, were needed altogether 83 samples, while for the training set of size 12 x 17 for
100 % recognition was sufficient 62 samples. Moreover, the 0 (“zero”) and O (“ou”) char-
acters when resized to 10 x 10 can have very similar patterns (Fig. 13), which suggests that
it is preferable to use a training set of larger samples to distinguish them.

Fig. 13 Left,,0 and right ,,0* samples is difficult to distinguish
Obr. 13 VTavo vzorku ,,0° a vpravo vzorku ,,0 je tazké rozlisit’

CONCLUSION

In the article, we compared the various methods of recognizing the characters ex-
tracted from the VRP. From a classical pattern matching approach, that uses a pixel-by-
pixel comparison of training and test patterns to various methods that compare specific
extracted features — representative properties of characters. The feature vector has primary
effect on the recognition accuracy, whereas the classifier itself, when correctly trained,
has a secondary effect. Our comparative experiments showed that training samples of size
12x17 are more suitable than smaller samples of size 10x10. The methods of image pro-
cessing and text recognition could be adopted for various purposes from above mentioned
traffic security to commercial use in parking systems.

Automated text recognition and object identification in the image could be also used
for recognition of traffic signs, recognition of objects in robotics systems, identification
of components and their identification numbers in production or in equipment for visually
impaired persons.
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ABSTRACT: This paper deals with a colour analysis method using image analysis in Matlab.
Colour belongs to the basic characteristics of all entities and objects. Its determination allows as
detailed characterization of the objects, as their changes or responses to some stimuli. The paper
describes the application design, which determines the colour in the determined area in the digital
image. Using proposed application is to compare the colour of natural birch timber and its three
thermal modifications.

Key words: image analysis, colour, Matlab, programming.

ABSTRAKT: Clanok sa zaobera metddou uréovania farby pomocou obrazovej analyzy v Matlabe.
Farba patri k zakladnym charakteristikdm vsetkych telies a objektov. Jej urCenie umoznuje Speci-
fikaciu uréitych vlastnosti objektov, ako st ich zmeny alebo reakcie na niektoré podnety. Clanok
popisuje navrh aplikacie, ktorda umoziiuje zistenie farby v urcenej oblasti digitalneho obrazu. Navrh-
nutou aplikaciou je porovnana farba dreva brezy po jej tepelnej Giprave pri troch rdznych teplotach.

Klacové slova: analyza obrazu, farba, Matlab, programovanie.
INTRODUCTION

Wood is an important natural renewable material, which colour is one of the most
important macroscopic features differentiating the appearance of individual wood spe-
cies. Wood colouring is caused, besides basic chemical components: cellulose, hemicel-
luloses, and lignin, by accessory substances such as dye, tanning agent, resins located
in cell walls and lumens. Wood, as a natural material, is a compound predominantly of
organic substances (Dzurenda, 2019). Mainly is it composed of organic macromolecular
substances: cellulose (35 % to 50 %), hemicelluloses (20 % to 35 %), and lignin (15% to
35%) (Geftert 2013). These basic structures of wood differently absorbs and reflects light,
and pigments absorb certain wavelengths of light. Part of the light that is not absorbed into
the cell walls disperses and rejects, and partially passes through the wood substance. Un-
absorbed light is recognized as the wood colour, and by nature of wavelength changes, we
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sense specific wood colour of some wood species. The natural wood colour is specific for
each species, and the total number of more than 30000 wood species is the largest source
of variability of the wood colours. Growth conditions can also affect the colour variation
within the same wood species; growth rate, soil nutrition and the brightness affects the
wood colour (Chen, 2012; Sinkovi¢, 2014).

At present, colour and shade are measured by colorimetry, which is based on the stan-
dards and technical requirements stated and issued by the International Commission on
Illumination (Commision Internationale de 1'Eclairage) (Hréka, 2008). The colour space
CIE L*a*b* (fig. 1) is the closest to the human perception. Its construction is based on the
theory of opposite colours. The colour space CIE L*a*b* is characterized by three param-
eters: L*, a*, and b* (Babiak, 2004; Brischke, 2007; Suriansky, 2010; Dzurenda 2019).

L=0
(White)

+b = 200 +a =500
(Yellow)

-a= 500 -b=-200
(Green) (Blue)

L =100
(Black)

Fig. 1 Colour space CIE L* a* b* (Singh, 2009)
Obr. 1 Farebny priestor CIE L* a* b* (Singh, 2009)

MATERIAL AND METHODS

For experiment were Birch (Betula pendula) samples scanned (Fig. 2). The samples
of the Birch wood in the form of lumber of thickness h = 40 mm and moisture content
Wp = 56.8 + 5.3 %. For the measurement were natural timber and three thermally modi-
fied timber used. Modified samples was thermally treated with saturated water steam in
the pressure autoclave: APDZ 240 (Himmasch AD, Haskovo, Bulgaria) in the company
Sundermann Ltd. Banska Stiavnica, Slovakia. The first modified sample was heated to
temperature 105 + 2.5 °C, second to temperature 125 & 2.5 °C and third to temperature
135+ 2.5 °C (Dzurenda 2019).
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a) b)

Fig. 2 Birch samples: a) natural, b) c¢) d) thermally modified

<)

Obr. 2 Vzorky brezy: a) prirodna, b) c) d) tepelne modifikované

The process of thermal treatment of birch timber with saturated water vapor is shown
in the Fig. 3 (Dzurenda, 2019) and the technical parameters of each mode are given in
Table 1 (Dzurenda, 2019).

P -

N
E

=

Temperature of steam in autoclave [°C]

S

T

=]

]

Duration of steaming [hours]

Fig. 3 Procedure of thermal treatment of birch timber with saturated water vapour steam
Obr. 3 Postup termickej upravy brezového reziva pomocou sytenej vodnej pary

Table 1 Procedures of thermal treatment of birch timber with saturated water vapour steam
Tabul'ka 1 Postupy termickej upravy brezového reziva pomocou sytenej vodnej pary

Temperature of the saturated Duration technological process
Modes water steam, °C of thermal treatment of wood t, h
[ t. t, T,—stage | T, stage II Total 1, + 1,
Mode L. 102.5 107.5 100
Mode TI. 122.5 127.5 100 6.0 1.5 7.5
Mode III. 1325 137.5 100
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These wood samples were scanned using camera Nikon D3200. It is a single-lens re-
flex that is equipped with a 4.2 mega pixel sensor complementary metal-oxide-semicon-
ductor (CMOS) and an effective image processor EXPEED 3. The images were produced
in full high definition quality; the overall number of pixels was 24.7 million. For wood
colour, analysis was created application in software Matlab. It allows you to find out the
colour of the selected part in the digital image. The reference standard with the precise
colour value of the sample in CIE XYZ (Y = 83.7) was aligned with the assessed sample to
eliminate the mistakes caused by the change in colour conditions during the production of
the photographs. The photographs were processed using Matlab 2010b (Fig. 4) (Kucerka
and Ockajova 2014; Hrckova et al. 2018; Ockajova 2019).

4 Colours _ %
Open picture RGE b Y7
Red L ¥
White colour calibration Green a ¥
Blue b 7
Black colour calibration

Colours
sheet birch
Save

o B2 Lo

Fig. 4 Proposed application
Obr. 4 Navrhnuta aplikacia

For measurement, the image, in which is the image of the sample to be measured, is
read using the application button “Open image” in the application. In order to capture
measured objects under different lighting conditions, the image must contain an object
with a reference colour. In the application, it is possible to use white or black as a refer-
ence. In the experiment, it was used a white reference sample. The reference colour area in
the image is selected using “White colour calibration” button. The difference between the
detected value of this colour and the actual value is converted into coefficients that adjust
the colour of the whole image.

After this adjustment, the colour can be detected in the selected area. The selection of
the measuring area is entered using the button “Colours” followed by two clicks into the
image that enter the rectangular measurement area. Subsequently, the colour coordinates
of all points in the marked area were processed. The results express the colour coordinates
in the colour model of RGB. These values can then be recalculated into the colour space
of CIE L*a*b* and CIE XYZ. Calculated values can be saved to software MS Excel 2016
using button “Save”.
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RESULTS

The results of the measured wood colour values are shown in Fig. 5.

100
90 -
80
70
60

50
401
30t

20| - ==
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0,

-10

color value? (-)

mode?

Fig. 5 Measured birch colour values
Obr. 5 Namerané hodnoty farby brezy
YHodnota farby, ?Mod

From the previous figure it can be seen, when wood is modified, its lightness decreases
(parameter L*). At higher temperatures during modification, the lightness of the wood
decreases. Changes as in each coordinate as the overall colour change AE are shown in
Fig. 6.

40

- 30 27,38
&
L
R 18,25
£
‘8‘ 10,06
8 10 7,95 3,89 7,34 B mode 1
>
o 0,84 2,29 1,88 m mode 2%
2 5 . -
kS #mode 37
2 N Aa* Ab* mode
@ .10 6,1
©
<
(&}

-20 -16,27

-25,40

coordinates of CIE L*a*b* colour space?

Fig. 6 Changes in colour of thermally modified birch wood
Obr. 6 Zmeny farby termicky modifikovaného brezového dreva

Dzmeny v suradniciach farby, ?stiradnice farebného priestoru CIE L*a*b*, ¥mdd 1, Ymod 2, ¥madd 3
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As shown the figure 5, if the temperature of the saturated water vapor rises, the de-
crease in the luminosity coefficient AL* increases. Statistical evaluation of measured data
is shown in Table 2.

Table 2 Statistical evaluation of colour values
Tabul’ka 2 Statistické vyhodnotenie hodnét farby

mode? 0 1 2 3

average? 86,69 80,52 70,42 61,29

standard deviation® 2,34 4,40 3,32 3,06

L standard error® 0,47 0,88 0,66 0,61
confidence interval -95 %> 85,73 78,71 69,05 60,03
confidence interval +95 %° 87,66 82,34 71,79 62,55
average? -0,07 0,77 7,88 9,99

standard deviation® 1,32 1,43 1,38 1,21

a standard error® 0,26 0,29 0,28 0,24
confidence interval -95 %> -0,62 0,18 7,31 9,49
confidence interval +95 %° 0,47 1,36 8,45 10,49
average? 20,46 24,35 22,75 22,34

standard deviation® 1,99 2,14 1,40 1,47

b standard error® 0,40 0,43 0,28 0,29
confidence interval -95 %> 19,63 23,47 22,17 21,73
confidence interval +95 % 21,28 25,23 23,33 22,95

Ymod, Ppriemer, Ysmerodatnd odchylka, ¥chyba smerodatnej odchylky, “interval spolahlivosti
-95 %, “interval spolahlivosti +95 %

DISCUSSION

The measurement revealed that as the temperature of the thermal treatment of the
wood increases, its lightness decreases. Similarly writes Dzurenda, 2018, by increasing
the temperature of the saturated water vapour in the thermal treatment process and by
prolonging the heat treatment time, the birch wood loses its brightness (darkening) and by
decreasing values on the red colour coordinate a* and on the yellow colour coordinate b*
in the colour space CIE-L* a* b* new brown shades are achieved.

The darkening of birch wood might be due to degradation of lignin and other non-
cellulosic polysaccharides (Hon and Chang, 1985, Grelier et al., 2000, Petric et al., 2004).
As wood is heated, acetic acid is formed from acetylated hemicelluloses by hydrolysis
(Forsman 2008). The released acid serves as catalyst in the hydrolysis of hemicelluloses
to the soluble sugars. The heat caramelizes the sugar to a brown colour, which affects the
colour of wood. As the degradation of hemicelluloses accelerates with temperature, the
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colour will become darker with increased treatment temperature (Forsman 2008; Tuong,
2010; Chen, 2012).

CONCLUSION

The proposed software allows you to determine the colour of any object in digital
image. It is interpreted in the three most commonly used colour spaces, RGB, CIE XYZ
and CIE L* a* b*. Using this application, for example, it is possible to detect the colour
change of the wood during its thermal modifications or temperature fields in holographic
interferometry analysed. The software allows saving the measured data in an .xls file for
further processing.
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ABSTRACT: The contribution is intended as an educational material for a pneumatic manipulator
design within the KEGA project. When designing the pneumatic manipulator, it is very important
to properly design a framework. A manipulator handling part and its solution is a part of the frame-
work. The contribution focuses on the methodical procedure of a bending moment course determi-
nation, on the basis of which the pneumatic manipulator framework is designed. An essential part of
the construction design is to calculate the additional parts of the pneumatic manipulator, which are
an important part of the input conditions for a static load determination. A result of the constructional
design of the handling part of the pneumatic manipulator was the aim of the methodology on the
basis of the initial conditions and computational methods.

Key words: pneumatic; construction; manipulation; transport

ABSTRAKT: Predkladany prispevok je urceny ako edukacny material pre navrhy konstrukcie
pneumatickych manipulatorov v ramei projektu KEGA. Pri navrhu pneumatického manipulatora, je
vel'mi dolezité spravne navrhnut’ jeho nosnu konstrukciu. Sucastou takejto nosnej konstrukcie je aj
manipulacna ¢ast manipulatora a jej rieSenie Prispevok sa zameriava na metodicky postup rieSenia
urcenia priebehu ohybovych momentov na zaklade ktorého je navrhnuta nosna konstrukcia pneuma-
tického manipulatora. Nevyhnutnou sucast'ou navrhu konstrukcie je vypocet pridavnych casti pne-
umatického manipulatora, ktoré su délezitou sticast'ou vstupnych podmienok pre urCovanie static-
kého zatazenia. Vysledok konstrukéného navrhu manipulacnej Casti pneumatického manipulatora
bolo hlavnym ciel'om tvorby metodiky v zavislosti od vstupnych podmienok a vypoctovych metod.

KPacové slova: pneumatika; konstrukcia; manipulacia; doprava
INTRODUCTION

Manipulation is an important part of current production. Nowadays, a manipulation
improvement together with a robot use affects the velocity and quality of manipulating
part in the production. This fact is reflected on the company economics. When manipulat-
ing with a large-scaled material, the pneumatic manipulators are irreplaceable in modern
service. This issue, presented in this contribution, is being solved within the KEGA project
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“Progress and Application of Educational Methods in the Mechanics of Solids. All tasks
and solutions are adapted to the project character. Because the robot and manipulator use
affects a material flow velocity, quality and economy, it is necessary to develop individual
parts and control, analyze and simplify all aspects.

From the design point of view, the static loading of a handling part of the pneumatic
manipulator is an important factor. When using the mechanics for various kinds of prob-
lems, the finite element method which is based on the numerical solutions using math-
ematic algorithms is very useful (KotSmid et al. 2015). The only used criteria it is the
demand of the minimum quantity of the consumed energy (Bodnar and Minarik 2015).
The aim of this contribution is to make the approach of a construction design closer to the
students with a manipulation and transport major. The first and also main assumption of
a correct solution is knowledge of the initial conditions (Oswald 1982). Both mathemati-
cal and graphic methods are used in the educational process as a support of the solution.

MATERIAL AND METHODS

Design of the handling part of pneumatic manipulator is performed on the basis of
working conditions, initial parameters and computed values. (Beno 2001).The gripping
force depends on:

o safety factors,

e kind of manipulation,

o friction coefficient between a suction cup and object,

e accelerations obtained during a manipulation (mainly in automation).

Fig. 1 The model of the handling part of pneumatic manipulator
Obr. 1 Model manipulacnej asti pneumatického manipularotra

Table 1 The friction coefficients between the suction cup and object
Tabul’ka 1 Koeficienty trenia medzi prisavkou a objektom

Surface Friction coefficient p
Fet 0,1
Humid-wet 0,2-0,3
Wood, glass, metal 0,5
Thickness surfaces 0,6
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The scheme of the forces acting in a process of a material manipulation is shown in
Fig. 2.

Fote
L L A Froe

4 iy

L2 L\

Fig. 2 The forces acting in the handling process
Obr. 2 Sily posobiace pri manipuléacii

If the movement in lateral direction appears during the lifting an object (perpendicu-

larly to the suction cup), the theoretical gripping force |, can be computed as follows:

Futeor=(FG + Fa ). n=m. (g + ﬁ). s [N] (1)

where: p — the friction coefficient between the suction cup and object surface [-],
a — distance [mm)],
m — weight [kg],
g — gravitational acceleration [9,81m. s 7],

Because the maximum acceleration cannot be determined, an additional load can be
substituted by a safety factor increase (s = 2.5).

F, =m.gs=150.9,81.25=3679N ©)

U teor

In the next step, a suction cup number in longitudinal and lateral direction is required
to specify.

In longitudinal direction, the stability and dimension of a moved object is the base.
Therefore, it is necessary to take into account the maximum allowed overhang p regarding
the minimum thickness /, maximum length /, and width 5. For the material thickness # >
12 mm, it is necessary to take into account the maximum allowed overhang p = 1500 mm.
According to practice, at least four suction cups (depends on a plate dimension) are needed
for a manipulation with the large-scaled plates. The suction cups are distributed in the H
shape.

Required suction cup number in longitudinal direction n,:

1 2800
nl —_ e——
2.p 2.1500

=09 pc 3)

In longitudinal direction, one suction cup was chosen on the basis of the computation.
Required suction cup number in lateral direction n,:
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1 2070 4)
= 2p 21500 =07 pc

In lateral direction, one suction cup was chosen on the basis of the computation.
Total suction cup number n:

n=n,.n,=09.0,7=0,63pc (5)

On the basis of information from practice and depending on the total load for one suc-
tion cup, four suction cups in the H shape were chosen.

The total force for one suction cup is determined from the maximum theoretical grip-
ping force and suction cup number as follows:

_ FUteor

Fp - [1] (6)

Fp= > =920N

Required force in an active suction cup F, depends on a suction pressure and active
surface. The value is the same as the computed force for one suction cup, therefore:

__ ApS
Fp=—o 11 (7
where: S — the active surface of a suction cup [mm],
A p — the suction pressure between a suction cup and material surface [kPa]
(60% of the vacuum level is recommended by a producer = — 60 kPa).

At oval and rectangle suction cups, the active surface is determined by the length [,
and width b.

__10%Fp

S m

=lp.b [mm?] ®)

The suction cup diameter for a circular shape is determined by a simplified formula
from noticed parameters as follows:

_ m.s
d=113. /A—p.n [mm] 9
d=113. /% =1547mm — 155 mm
60.4

On the basis of the computed values and gotten knowledge of catalogues, the suction
cup diameter was changed on d = 150 mm. The suction cup F 150 was selected from the
PIAB company catalogue. The specification is shown in Tab. 2.
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Table 2 The characteristics of the suction cup F150

Tabul'ka 2 Charakteristika prisavky F150

Type The Normal Force in [N] Min. radius of | Max. active Weight
the handling | pull-up of the
,-‘I“ 9 object suction cup
-20 KPa -60 kPa -90kPa [mm)] [mm)] [g]
F150 300 850 1100 500 6 198
. oM 13T
| o5 1058°)
I Y pd | |
5
® 5 /
- L o152 15567] _!
——

www.pipb.com

S5)

@)

| @152 [5.987]

Fig. 3 The suction cup F150
Obr. 3 Prisavka F150

The suction cup framework design (traverse):

The framework loading in a place of the lateral plate join is substituted by a point load
on the plate edge. A construction balance is performed by the plate set in a traverse center.
Considering this design, the force for a manipulation, a mass of the suction cups and their
mounts are taken into account. The force acting on the traverse is computed as follows:

Gtmv = (mobject + mcup + mholder ) g [N] (10)

where: G, - traverse gravity [N],
m,,.. — Object mass per one suction cup [kg],
m_ . =375kg,

object
m,,, - suction cup mass [kg],

Cu]

m,,, = 0,2kg (provided by a producer),

M, 4.~ Mount mass [kg],

mholder= 2 kg’

g - gravitational acceleration [m. s 2],
g =9,81.
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After substitution, we get:

Gtrav = (37'5 + 012 + 2)9,81 [N]
G, =390N

trav

Reaction forces are computed as follows:

Gtrav + Gtrav

Ri,R2= 2 [N]
390 + 390
Ri,R2= + [N]
R1,R2=390N
a b c d e
Gtrav. Rl RZ Gtra\.
\ 4 v
Fig. 4 Diagram of the forces acting on the traverse
Obr. 4 Schéma podsobiacich sil na traverze
a=e¢=02m;
b=d=0,5m;
c=0,4m
X3 g
7
X2 S
7
X1
GTI‘Z\\. th"‘l\ .
a b c d e

Ri /1N Ro

+ T

Fig. 5 Diagram of the forces acting on the traverse (sectional view)

Obr. 5 Schéma sil posobiach na traverze (¢iasto¢ny pohl'ad)

(1D
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O<x <a (12)

1
T=0NM=0Nm
asx,<a+b

T,=-G, =-390N

2 trav

M=-G, . (x,-a)—M,z=-390.0=0Nm,M,=-390.0,5=-195 Nm

2 trav

a+bs<x3<a+b+c

T=-G,,+R=-390+390=0N

3 trav

M=G

3 trav* (

X, - a) = M,=-390.0,5 =-195 Nm

M=G

3 trav* (

x,-a)+R.(x;,-a-b)—>M,=-390.(0,5+0,4)+390.0,4 =-195 Nm

a ] b c d e
=195 Hm ﬁ
a b [ d a
=300 M=

Fig. 6 The course of the forces and bending moments
Obr. 6 Priebeh sil a ohybovych momentov

The traverse span of the pneumatic manipulator is shown in Fig. 6. The forces have
distances a, b, c among each other.

On the basis of previous computations, a traverse profile design is required to be per-
formed. Thin-walled profile TR 40 x 20 x 2 — STN 42 6936 -11 320 is the most suitable
one from the constructional point of view. Based on the elastic section modulus W , the
profile dimensions were determined.

W o= [m? (13)
Woz=1,310°m3=1,3.10° mm?
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where: M, - maximum bending moment [N.m™],
M __=M2=195Nm",
o, - allowable stress [MPa],
for 11 320 material o

dov

10, =150-10°MPa.

Because the static state was a base for the traverse design, it is necessary to take into
account the dynamic load (appeared during acceleration and deceleration of the manipu-
lator moving parts). Thin-walled profile TR 40 x 35 x 3 —STN 42 6936 -11 320 with the
length of 1 = 1 800 mm was chosen as a beam for the suction cup mount.

RS

i

\
\
=

=3

40

h

I
AU SRR
|
|

SIS

§
\

b= 35

Fig. 7 The Cross section of the selected beam
Obr. 7 Prierez vybraného nosnika

Both traverses are joined by the lateral plate. It has a robust construction owing to the
framework for a manipulator hook; it has a shrinking hose and control handle. When de-
signing the plate, the total mass of the lifting object and a mass of the suction cups, mounts
and traverses are taken into account.

Gplate = Z'Gtrav +( mprof' g) [N] (14)
Gyae = 2-390 + (5,85.9,81) [N]
G ,.=838N
plate
R=2.6,,,=1676N (15)
where: G, - traverse gravity [N]
m,, .- traverse mass [kg] (2 pieces),

m,, = 5,85 kg- 1 pc,
g - gravitational acceleration [m.s?],
g=9,81m.s>
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Gplate Gplate

R

Fig. 8 Diagram of the forces acting on the plate
Obr. 8 Schéma sil posobiacich na dosku

X3 ~

X2

X1

>/’J
Gplate Gplate

a b c d

+

w¢ L J] Dwm

Fig. 9 Diagram of the forces acting on the plate (sectional view)
Obr. 9 Schéma sil posobiach na dosku (¢iastoény pohl'ad)

0< x <a (16)

1

T=0NM=0Nm
as<x,<a+b
T=—Gp =-838N

2 late —

M,=-G,.(x,-a) - M,=-838.0=0Nm, M, = - 838.0,48 = - 402,25Nm

2 plate® (
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atbsx,<a+b+c
T,=-G,,.*tR=-838+1676=838N

plate

M=-G,..(x,-a) > M,= - 838.0,48 = - 402,25 Nm
M,=-G..(x,-a) + R.(x,~a-b)> M,= - 838 .(0,48 +0,48)+1 676.0,48 =0 Nm

3

a b [ d
0
402,25 Nm WW
Ay b . c pod
1 | Il
BIBN —
T
0
-B3BN —

Fig. 10 The course of the forces and moments acting on the plate
Obr. 10 Priebeh sil a momentov pdsobiacich na dosku

RESULTS

A constructional design of the handling part of the pneumatic manipulator was the aim
of the methodology on the basis of the initial conditions and computational methods. The
engineers decide on the basis of computations as well as experience and economical pa-
rameters that affect the final solution (Dogheri 2000). Price, safety and device lifetime are
the key factors choosing the constructional and technical solution. These factors affect the
final design. The computation methodology and verification of the solution possibilities
by several methods such as mathematical, graphical, and simulations are an essential part
of a complex design (Toogood 2015).

Fig. 11 The stress distribution acting on the manipulator arm carrying the handling part
Obr. 11 Rozlozenie napiti pdsobiacich na rameno manipulatora nesuceho manipulac¢nu ¢ast’
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DISCUSSION

The contribution, describing the constructional design of the handling part of pneu-
matic manipulator, brings the most effective approach. The design and methodology can
be used for both educational and practice use. At the example solution of the handling
part of pneumatic manipulator and mainly at the framework, the solution approach is
explained in case of the initial parameters knowledge (Shigley et al. 2004) Experience, ap-
proaches, knowledge and initial parameters are the key factors choosing and dimensioning
the framework of pneumatic manipulator.

CONCLUSION

Drafting this contribution, one of partial goals of the KEGA project (for educational
purposes) has been taken into account. Its results meet all requirements. A comparison of
the solutions by several methods has proved the correctness of chosen approach as well
as the solution results. The main aim was to provide the methodology for solving the
static load of the handling part of pneumatic manipulator construction. Nowadays, when
the finite element method is world-wide used, classic analytic methods retreated. For the
educational purposes, several classic methods were used and verified with the progressive
approaches on the basis of the results.
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ABSTRACT: The material machining with using of routers is very frequent for modern CNC
routers. If the values of forces, moments respectively that stress machined piece or cutting tool, than
the suitable strategy of routing permits machining of thin-walled pieces without losing of accuracy
(dimensions and shapes). In this contribution are mentioned values of final force like functionality
of various feed speed (3.2 m/min., 3.6 m/min.), depth of cut (Imm, 2 mm, 3 mm, 4 mm), for up and

down cutting. Tool revolutions were constant — 16000/min. Tool rotational frequency was 16000

min’'.

Key words: routing, router bit, cutting forces, medium density fibreboard (MDF).

ABSTRAKT: Obrabanie materialov stopkovymi frézami je rozsirené predovsetkym na modernych
frézovacich ¢islicovo riadenych strojoch. Vhodna stratégia frézovania umoznuje obrabat’ aj tenkos-
tenné prvky bez straty rozmerovej a tvarovej presnosti, ak su zname hodnoty sil, resp. momentov,
ktoré obrobok, resp. nastroj namahaji. Prispevok uvadza hodnoty vysledne;j sily pri obrabani kons-
tantnymi otakami, pri dvoch roznych posuvoch a hibkach rezu od 1 mm do 4 mm.

KPucové slova: frézovanie, stopkova fréza, rezné sily, drevovlaknita doska (MDF).
INTRODUCTION

The routing is one from the most frequent technology wood machining. The impor-
tance of this technology accrete together with more and more extensive using router ma-
chines. The routers are used in furniture production let us say in production its parts, or for
technologies like moulding, profiling, trimming, grooving etc. Machining of medium den-
sity fibreboards like very perspective nowadays was in the centre of (Davim, P.J., Clem-
ente, V.C., Silva, S. 2009) research. In this research was used cemented carbide end router
with two cutting enges, revolutions were in range from 3000/min. till 18000/ min. and feed
speed was changed from 0.5 m/min. to 5 m/min. The authors measured surface roughness
and received the influence for example feed speed to dimensional precision (IT), or feed
speed to arithmetic surface roughness (Ra), or mean/maximum peak to valley heights for
various spindle speeds. In contribution (Huang, Y.S. et all. 2003.) are present results from
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measure of horizontal force that increase with increasing of depth of cut and decreased
with rake angle increase. The vertical cutting force increased with an increase of cutting
depth. The critical value of cutting force (Ispas et al. 2006) or some its component (Ja-
vorek et al. 2001), (Javorek and Hric 2005), torque moment (Marthy and Cismaru 2009)
or some other parameter (amplitude, temperature, noise etc.) are used in CNC machines
(Ohuchi and Murase 2005) for automatic scanning of correct working cycle. The influence
of rake angle, chip thickness and upward/downward milling were independent factors for
analyse of two components of total force. The force sensor ATI Gamma with sampling
frequency 7000 Hz was used for sawing of data from cutting process (Palmquist 2003).
They received value of depends variable, that depends very strictly from input parameters.

By (Palmquist et all 2005), which examined the cutting forces when up-milling in
beech wood feed force varieted from 40 N/cm to 86 N/cm and passive force in range from
14 N/ecm to 51 N/em.

MATERIAL AND METHODS
Samples

The MDF (Medium Density Fibreboard) samples with dimensions 190 mm x 125 mm
and thickness 18 mm and 50 mm were used for routing. MDF is material with very high
homogeneity in whole cross cut.

Tool

Samples of wood were machined by router bit (producer Karned Decin, Czech rep.)
with exchange inserts. Parameters of router are follows:
- Diameter of cutting circle (mm): 19;
- Number of inserts (—): 2;
- Geometry — back, wedge, rake angles (°): o, =35°, B =36°, y,=19°.

Fig. 1. Router with inserts and collet
Obr. 1. Fréza s platnickami a upinaCom

Technological conditions and methodology of machining

The experimental measurements were realized on CNC machine, type Homag Venture
13M.
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Fig. 2. General view to CNC machine
Obr. 2. Celkovy pohl'ad na CNC frézovacku

- Tool rotational frequency (1/min.): 16 000;

- Depth of cut (mm): 1; 2; 3; 4;

- Feed speed (m/min.): 3,2; 3,6;

- Type of milling (-): up milling, down milling.

The total path of routing was divided to two stages; up and down cutting and every
stage was divided to two substages — with interrupting in half of length and join with
changing of feed speed.

+F

x

Fig. 3. Machining methodology
Obr. 3. Metodika obrabania
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Measuring system

The experimental measuring system consists from Quartz 3-Component Dynamometer
Type 9257B, multichannel Charge Amplifier for Multi-Component Force Measurement
Type 5070A, A/D convertor Kistler 5657A and software DynoWare 2825A.

Fig. 4. Experimental measuring system
Obr. 4. Experimentalny meraci systém

Procedure

Due to the methodology of experiment, one full cycle consists from four particular
records interrupted by three idling runs for change of feed speed and tools position, i.e.
changing of up milling to down milling, except idling run before and after cutting. The
whole cycle, with comments is displayed in Fig. 5

Idling run Indling rurFa2m
' Fx34[N]
Fy14[N]
Up cutting Fy23[N)
Fz1[N]
Fz2[N]

Fz3[N]
Fz4N]
FxIN]
Fy[N]
Fz[N]
Mx [Nm]
My [Nm]

-100
Time [s] Cycle No.: 1

Fig. 5. The original records of signals and phases of process
Obr. 5. Zdrojovy zaznam signalov a Casti procesu
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‘Smoothing on

Fx [N]

Drift Compensation on
204

Fy[N]

204 ; ,
Time [s] Cycle No.: 1

Fig. 6. The signals after filtering
Obr. 6. Filtrované signaly

RESULTS

The values displayed in table 1 are average values received from original records us-
ing of available filter. Original record of every part contended cca 2500 values, idling runs
were eliminated before computing, including of drift compensation. Moving mean with
windows size 200 was used like smoothing method and from values which were received
after this manner the average value was estimated.

Table 1. The total force F
Tabul’ka 1. Celkova sila F

Depth of cut [mm]
Type of milling | Feed speed [m/min.] |1 [2 [3 [4
Total force [N]

Up milling 32 5.5 8.8 11.4 15.6

3.6 4.4 7.7 14.1 16.5
Down milling 3.2 4.6 8.4 11.4 13.9

3.6 5.4 9.1 11.3 15.8

F= R+ + (1

where F_is force perpendicular to feed direction [N],
F is force in feed direction [N],
F_is thrust force (axial) [N] (F.=0)
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Fig. 7. Influence of depth of cut and feed speed to total force (v, =

3.2 m/min)

Obr. 7. Vplyv hibky rezu a rychlosti posuvu na celkovi silu (v;= 3.2 m/min)
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Fig. 8. Influence of depth of cut and feed speed to total force (v

= 3.6 m/min)

Obr. 8. Vplyv hibky rezu a rychlosti posuvu na celkovi silu (v;= 3.6 m/min)
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On the graphs (Fig. 7 and Fig. 8) is clearly visible that the change of depth of cut from
1 mm to 4mm, i.e. cca 3 times for feed speed 3.2 m/min and 4 times for feed speed 3.6 m/
min has significant influence to total force. The influence of depth of cut for up cutting,
respectively down cut is so so linear, with slope of a straight line 3.29 resp. 3.09 for feed
speed 3.2 mm/s, 4.27 resp. 3.34, for feed speed 3.6 mm/s with R-square 0.971, resp. 0.984
for feed speed 3.6 mm/s. So that, for this model of cutting, the influence of that of cut to
final force is as near as proportioned (Notice: all results valid in the range of this experi-
ment and it is impossible to apply its for another conditions).

CONCLUSION

The paper describes experiment of routing and process of the final force computing.
The mathematical model for final force calculation is known from the Cartesian system
of tool and workpiece positioning. Values for computing were obtain from experimental
measuring.

Generally may by conclude that:

1. The depth of cut has proportionable influence to final force; slope of a straight line
(angular coefficient) depends from type of machining.

2. The type of machining had very small influence to final force in this case, i.e. during
machining of MDF. Hardness of MDF is a several times smaller than hardness of
some another samples for example from hard wood.

ACKNOWLEDGMENT

Acknowledgement: This work was supported by the Slovak Research and Development
Agency under the contract No. APVV-16-0177 and by the Scientific Grant Agency of the
Ministry of Education SR and the Slovak Academy of Sciences Grant No. 1/0822/17.

LITERATURE

HUANG, Y.S. et all. 2003. Peripheral milling properties of compressed wood manufactured from
planted China-fir. Holz als Roh- und Werkstoff 61 201-205. DOI 10.1007/s00107-003-0376-7

DAVIM, P.J., CLEMENTE, V.C., SILVA, S. 2009. Surface roughness aspects in milling MDF. Int J
Adv Manuf Technol 40 pp.49-55. DOI:10.1007/s00170-007-1318-z

ISPAS, M. et al. 2006. Experimental researches on the workability of some wood-based composites
by routing with diamonded tools. PRO LIGNO Journal 2 (4). (2006).ISSN 1841-4737. pp. 27-
34.

JAVOREK, L., OSWALD, J., SCHELCHER, CH. 2001. Feed force during milling. Wood Research
46 (2). (2001). ISSN 0012-6136. pp. 29-36

JAVOREK, L., HRIC, J. 2005. Konstrukcia nastroja a vykon potrebny na rezanie. Acta Facultatis
Technicae. Technicka univerzita vo Zvolene. VIII (1). (2005). ISBN 80-228-1517-9. pp. 107-
116.

MARTHY, M., CISMARU, 1. 2009. Experimental study concerning the power consumption at the
milling of pear. PRO LIGNO Journal 5 (3). (2009). ISSN 1841-4737. pp. 47-53.

OHUCHI, T., MURASE, Y. 2005. Milling of wood and wood-based materials with a computerized
numerically controlled router IV: development of automatic measurement system for cutting

ACTA FACULTATIS TECHNICAE, XXV, 2020 (1): 55-62 61



edge profile of throw-away type straight bit. The Japan Wood Research Society 51. (2005). pp.
278-281

PALMQVIST, J. 2003. Parallel and normal cutting forces in peripheral milling of wood. Holz als
Roh- und Werkstoff 61 409-415. DOI 10.1007/s00107-003-0427-0

PALMQVIST, J. et all. 2005. Cutting-forces when up milling in beech. Wood Sci Technol 39: 674-
684. DOI 10.1007/500226-005-0010-4

PATWARI, U., FARIS,W. 2008. Response surface methodological approach for the prediction of
tangential cutting forces in milling of steel. Journal of engineering. ISSN-1584-2673 pp.171-
178.

Y. LI, S. Y. LIANG. 1999. Cutting force analysis in transient state milling processes. The Interna-
tional Journal of Advanced Manufacturing Technology 15, pp.785-790.

Corresponding author:
doc. Ing. Cubomir Javorek, CSc., e-mail: lubomir.javorek@tuzvo.sk

62 ACTA FACULTATIS TECHNICAE, XXV, 2020 (1): 55-62



ACTA FACULTATIS TECHNICAE XXV
ZVOLEN — SLOVAKIA 2020

APPLICATION OF SELECTED REVERSE
ENGINEERING TECHNIQUES IN THE
CREATION OF CAD MODEL OF A PART
WITH A COMPLEX SHAPE

APLIKACIA VYBRANYCH POSTUPOV
REVERZNEHO INZINIERSTVA PRI TVORBE
CAD MODELU TVAROVO ZLOZITEJ SUCIASTKY

Mairia Hrcékoval, Pavol Koleda!, Marek Kassai’

"KVAT FT, T UZvVolen, Studentskd 26, 960 01 Zvolen, Slovakia, hrckova@tuzvo.sk
2 FT, TU Zvolen, Studentska 26, 960 01 Zvolen, Slovakia

ABSTRACT: In the paper we described the process of reverse engineering in the reconstruction of
a part with a complex shape. We focused on a 3D scanning of the part and its reconstruction in a 3D
model. When scanning, we used a combination of scanning by measurement and a laser scanning to
compensate for the imperfections of either of the methods. The result was a 3D scan of the part. Fur-
thermore, we made a 3D scan correction to minimize the scanning errors. After the necessary modi-
fications, we continued with the reconstruction of the 3D scan into a 3D model. The reconstruction
was done using two methods: the Auto Surface method and a method of re-modelling the 3D scan.
We compared the created models with the 3D scan and evaluated the size of the created deviations.

Key words: reverse engineering, scanning, reconstruction, 3D model

ABSTRAKT: V ¢lanku sme popisali realizovany proces reverzného inzinierstva pri rekonstrukeii
tvarovo zlozitej suCiastky. Zamerali sme sa na 3D skenovanie danej sti¢iastky a jej rekonstrukciu. Pri
skenovani sme vyuzili kombinaciu dotykového a laserového skenovania, aby sme kompenzovali ne-
dokonalosti jednej metédy skenovanim pomocou druhej metody. Vysledkom bol 3D sken stciastky.
Dalej sme realizovali korekciu 3D skenu tak, aby sme zminimalizovali chyby skenovania. Po nevy-
hnutnych upravach sme pristapili k rekonstrukcii 3D skenu na 3D model. Rekonstrukciu sme urobili
dvomi metdédami: metédou s vyuzitim funkcie Auto Surface a metddou premodelovania 3D skenu.
Vytvorené modely sme porovnali s 3D skenom a vyhodnotili velkost’ vzniknutych odchylok.

Krucové slova: reverzné inZinierstvo, skenovanie, rekonstrukcia, 3D model
INTRODUCTION

In order to avoid industry stagnation, it is essential to introduce more and more cutting
edge solutions that will enable businesses to be more flexible, faster and more efficient.
One of them is reverse engineering. Reverse engineering technology is a powerful tool
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in integrated engineering that enables optimization of product design and performance,
flexible production with minimal cost, accelerated design of new products and high qual-
ity (Tut et al. 2010).

Reverse engineering is a rapidly evolving methodology that can be applied in various
industries. The primary use of reverse engineering is to manufacture again any object or
reconstruct it (Kumar et al. 2013). Reverse engineering uses an existing object (Paulic et
al. 2014). The aim is to create a digitized CAD model that is identical to original object
(Lietal. 2002) and thus to obtain information about it. Reverse engineering can be defined
as an object analysis process in order to: determine its operation, shape and dimensions,
convert it into a digital form without access to the original technical documentation or
CAD model, to produce the same object to replace the original, or improve its required
features (Anwer & Mathieu 2016). Reverse engineering can be used in a variety of cases.
If no original drawings or documentation are available, if we want to try different modifi-
cations or analyses on existing objects, which would lead to improvement or comparison
with another object, in design modification, in making individual adjustments and so on.
(Varades et al. 1997).

Equipment for digitizing components is used for the reverse engineering process. They
are used to transfer physical shapes and dimensions to a digital version in the form of
a CAD model. This conversion of a real component into a digital version is called 3D digi-
tization (Slota et al. 2010). The scanning devices work on different principles. The most
common are contact scanning devices that work on the principle of direct contact with
the part. Their disadvantage is that they are more time consuming and thus have lower
productivity and limited scanning of hard-to-reach places of small parts with complicated
shapes. There are also contactless sensing devices that do not require physical contact with
the object surface. They are fast and capable of capturing surface details. However, their
accuracy is lower.

Reverse engineering has many advantages. With this method, companies can create
aproduct in a significantly shorter time than would be possible using conventional produc-
tion methods. From a physical model already created in this way, it is possible to quickly
and efficiently create a digital CAD model and then start production according to it or
adapt the digital model to requirements without the need for costly and time consuming
production of the physical model. In some situations, this is the only possible alternative
for manufacturing the desired component or system. (Raja & Fernandes 2008). The dis-
advantages include, in particular, the economic requirement of the technical means neces-
sary to carry out reverse engineering procedures. Nevertheless, reverse engineering has
a significant place in contemporary technology (Wang 2010).

The aim of our experiment was to get acquainted with the issues of reverse engineer-
ing of complicated parts, to test the suitability of various object scanning techniques and
to compare the processing of scanned data in different ways.

MATERIAL AND METHODS

1. Object selection

Applying reverse engineering to simple objects does not require a combination of dif-
ferent approaches. The aim of our experiment was to use various techniques of scanning
and reconstruction of objects into 3D models. Therefore, when we were selecting an ob-
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ject suitable for the analysis of individual stages of reverse engineering, we focused on
objects that have a complex shape. For these reasons, we used a part — carburettor, for
which no drawing documentation was available.

Figure 1 Scanned part — carburettor
Obrazok 1 Skenovana suciastka — karburator

When scanning with a light beam, it is important to adjust the surface of the scanned
object. If the surface is shiny or dirty, the scanning process may be inaccurate or the
scanned surface may not be detected (Hrckova et al. 2017). Our component has been
contaminated, which could have reduced the quality of the scan. For accurate and relevant
results, we cleaned and degreased the carburettor prior to 3D scanning.
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2. Scanning equipment

3D scanning was performed in CEIT, a.s. Zilina. The company is engaged in research,
development and application of progressive technologies and their implementation into
practice. The scanning process itself took place in a special laboratory, which is adapted
to perform measurements by scanning. The laboratory is air conditioned and maintains
constant temperature and constant humidity.

We used the Faro Edge ScanArm® HD for the scanning process (Figure 2). It is
a 7-axis articulated measuring device that combines contact measurement using a touch
sensor and contactless measurement using a laser scanning head. The device has an arm
length of 1.8 m.

Figure 2 Scanning device Faro Edge ScanArm® HD
Obrazok 2 Skenovacie zariadenie Faro Edge ScanArm® HD

Tablel. Scanning equipment technical specifications
Tabul’ka 1. Technické Specifikacie skenovacicho zariadenia

Touch sensor

Volumetric accuracy +0.034 mm
One point repeatability 0.024 mm
Weight 10.7kg
Laser head

Accuracy +25 um
Repeatability 25 um, 20
Stand-off 115mm
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Focal length 115mm

Effective scanning width for a short distance 80 mm, over a greater distance 150 mm
The nljlmber of points on the 2 000 points/line
laser line
Minimum distance between
. 40 um
points
Scan speed 280 frames/s, 280 fps x 2,000 points/line = 560,000 points/s
Laser Class 2M

For touch measurement, the device uses a touch measuring sensor that uses a replace-
able small ball of different diameters. The choice of small ball diameter depends on the
character of the measured area and the dimensions of the measured element. The coordi-
nate of the measured point in the given coordinate system is generated based on signals
from individual joints. When scanning with a laser beam, the position of the laser beam
source is recorded. Based on the known position of the laser beam source and triangulation
relative to the scanned object, a 3D model of the scanned object is created.

3. Scan

The first step was to calibrate the 3D scanner. An essential prerequisite for the calibra-
tion and the entire scanning process is the fixation of the scanning device on the desk. The
device cannot change its position during measurement. The calibration itself is carried out
using special equipment supplied by the manufacturer. We first calibrated the touch sensor
(small ball) and then synchronized the touch sensor with the laser head.

We fixed the scanned part to the table into a clamping device. Because of the way it
was secured, the part had to be scanned twice to capture all of its sides. Before the meas-
urement we defined the coordinate system by the method of determination of plane, point
and vector. By determining the coordinate system, we determined the position of the 3D
scan relative to the central coordinate system of the polyWorks software, and at the same
time we have secured a starting point for aligning the model scans obtained. Scanning took
place in two phases. In the first phase we measured the basic planar surfaces and circular
parts with the touch sensor, in the second phase we used laser beam scanning. The entire
scanning process and scanned parts could be viewed directly on the computer. When scan-
ning a complicated shape, it was necessary to scan rugged surfaces from multiple angles.
In this way, we achieved higher accuracy of details on the part.

RESULTS AND DISCUSSION
1. Modify 3D scan

By scanning the part at two different fixations, we obtained two 3D scans of the part.
We unified these scans on the basis of three selected points in three different axes. The
result was a unified 3D model. Scanning was performed in software InnovMetric Poly-
Works. The 3D scan obtained can be seen in Figure 3.

The yellow areas in Figure 3 represent the model, the tables contain basic data (XYZ
coordinates, circle diameters, etc.) and the blue areas represent problematic areas (dark
corners, deep holes, etc.). In the case of a more complex shape of the part, it is necessary
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to remove imperfections in the form of holes and open areas before reconstruction. This
results in a closed component that does not contain any openings and holes, even those
that actually exist. Their dimensions and position are unambiguously defined and will be
recreated when the scan is reconstructed. With closure we will eliminate most imperfec-
tions and greatly simplify the process of editing the 3D scan and reduce editing time. We
modified the 3D scan in program Geomagic Wrap from company 3D Systems.

Figure 3 Scan result — 3D model
Obrazok 3 Vysledok skenovania — 3D model

4. Reconstruction of the 3D scan

The extent and method of reconstruction depends on the purpose for which 3D scan-
ning is performed. If we want high-quality and complete technical documentation, a com-
plex reconstruction is a must. The reconstruction process can be performed in CARE
(Computer Aided Reverse Engineering) type programs. These are CAD systems that
support reverse engineering. E.g. CATIA, CREO, SolidWorks. The second alternative is
programs that are primarily aimed at reverse engineering, such as: Geomagic Design X
from 3D Systems. This program provides us with a wider range of options when choosing
a reconstruction process. We made two of them to compare them.

Auto surface

Based on the surface of the scan, the tool creates a mesh of points - surface patches that
are evenly distributed over the surface. The points are interconnected and create a closed
mesh that copies the contours and shapes of the starting surface. This creates a 3D free-
form surface body (surface model) of the scanned part. Subsequently, we can modify the
model, add or remove material according to the template or according to our own require-
ments. In some cases, the model created in this way is insufficient and it is necessary to
reconstruct the 3D scan using conventional modelling methods.
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Figure 4 Model created with Auto Surface
Obrazok 4 Model vytvoreny pomocou funkcie Auto Surface
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Figure 5 Modified model created with Auto Surface
Obrazok 5 Upraveny model vytvoreny pomocou funkcie Auto Surface

Re-modelling

The aim of this method of reconstruction is to create a CAD model of the scanned part
using conventional modelling techniques based on an existing 3D scan. Once again, we
used Geomagic Design X. software When importing a scan in STL format, we checked
the mesh errors (non cohesive polygon elements, overhanging polygon elements, etc.) and
corrected them. Subsequently, we divided the mesh into segments - a grouping of poly-
gons. Based on these groupings, we have identified the geometric shapes (planar surface,
rotation surface, freeform surface, etc.) that constitute the individual areas of the model.
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Figure 6 Created segments on model
Obrazok 6 Vytvorené segmenty na modeli

The resulting reference geometric shapes were used in direct modelling. Their use
depends on the shape complexity of the reconstructed part. We can also use creating
of the section of 3D scan for direct modelling. By combining these features and common
3D modelling methods, we create a CAD model of the scanned part.

©.0.

¥ Mesh Sketch Setup 8| v x

Figure 7 Utilization of model cut during reconstruction
Obrazok 7 Vyuzitie rezu modelom pri rekonstrukeii
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Figure 8 CAD model created by re-modelling
Obrazok 8 CAD model vytvoreny premodelovanim

5. Comparison

It is possible to compare the deviations between the 3D scan of the part and its recon-
structed solid model at each step of reverse engineering realization. Deviations are shown
in the form of a colour map where the values with the difference of +1 mm are red, with
the difference of -1 mm are blue and the values with zero difference are green. One com-
parison was made for each reconstruction method.

1 X 30 Sketches
¥ Ret. Vectors

Figure 9 Model comparison — AutoSurface procedure
Obrazok 9 Porovnanie modelu — postup AutoSurface
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The Auto Surface function procedure uses the contours of the original 3D scan, so
there are minimal differences. Significant differences arise in regions additionally modi-
fied, such as e.g. holes that have been created based on the data obtained by the touch sen-
sor measurement. These are mainly the edges of the holes. This condition is due to the fact
that the scanned part has already been used and is therefore partially worn out.

The comparison of the original scan and the model created by the re-modelling method
is shown in Figure 10. The deviations are bigger than in the previous comparison, on aver-
age 0.2mm. There are also areas where deviations are greater. These are the edges of the
component. This is because it is difficult to capture sharp edges when scanning. Other
places where deviations are more pronounced are shown in Figure 11. In area 1, this is
a deviation of 1 mm. This deviation is due to the scanned component showing marked
wear in area 1. In area 2 and area 3, this difference is smaller, gaining a value of 0.4 mm,
and, as in area 1, it is assumed that it is due to wear of the component. The significant
deviation in area 4, represented by the blue colour, is due to the fact that the 3D scan has
no part data in area 4 because the laser beam could not scan the hole to the required depth.
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Figure 10 Model comparison — re-modelling
Obrazok 10 Porovnanie modelu — postup premodelovanie
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Oblast 1

Oblast 4

Oblast 2

Oblast 3

Figure 11 Areas of big deviations
Obrazok 11 Oblasti velkych odchylok

CONCLUSION

By performing reverse engineering procedures on a shape-complicated part, we can
conclude that the entire process is significantly more complex than for simple parts. Al-
ready when selecting a scanning device, it is necessary to take into account the complexity
of the part and combine several scanning methods. As we have seen, the deep holes on our
part could not be scanned by conventional methods. It would be necessary to physically
divide the part into more parts, or add another method - X-ray scanning. When choosing
a method for 3D scan reconstruction it is necessary to consider further use of the finished
model. If the model is designed for 3D printing or rapid prototyping, the demands are
slightly lower than when using the finished model to produce detailed drawings for pro-
duction. An important factor is the requirements for the time of reconstruction and the
quality of the resulting model.
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ABSTRACT: The main task of the article is to diagnose a failure of the cooling system of a motor
vehicle and thus prevent the failure of the whole engine due to a damaged cooling system. The
article is focused on diagnostics of motor vehicle cooling system failure by thermal imager. The
diagnostic was carried out on a Audi A4 model B6 vehicle with a 2.5-liter diesel six-cylinder engine
with a power of 132 kW year of manufacture of the vehicle is 2002 (model 2003). The problem was
that the dashboard coolant temperature indicator could not exceed 70° C, and either the temperature
sensor or the thermostat was suspected to be unable to close the large cooling circuit through the
engine cooler and the vehicle could not warm up to working temperature . The vehicle includes two
cooling circuits and one resistance temperature sensor that sends coolant temperature information
to the engine control unit as well as to the dashboard coolant temperature gauge. The result of the
thermovision measurement was the detection of the failure of the coolant temperature sensor, its
subsequent replacement with a new one of the same type, and at the same time the elimination of the
failure as evidenced by the measured results in the cell.

Key words: Thermodiagnostics, engine cooling system, engine temperature, temperature sensor.

ABSTRAKT: Hlavnou ulohou tohto clanku je diagnostikovat” poruchu chladiaceho systému
motorového vozidla a tak zabranit’ poruche celého motora v dosledku poskodeného chladiaceho
systému. Clanok je zamerany na diagnostiku poruchy chladiaceho systému motorového vozidla
pomocou termokamery. Diagnostika prebichala na vozidle znacky Audi A4 model B6 so vznetovym
vidlicovym $est'valcom 2,5 tdi s vykonom 132kw rok vyroby vozidla je 2002 (model 2003). Problém
spocival v tom, ze ukazovatel teploty chladiacej kvapaliny na palubnej doske nedokazal presiahnut’
teplotu 70°C, a teda bolo podozrenie bud’ na poskodeny snimac teploty alebo poskodeny termostat,
ktory nedokazal uzatvorit’ vel’ky chladiaci okruh cez chladi¢ motora a vozidlo sa nedokéazalo zahriat’
na pracovnu teplotu. Vozidlo obsahuje dva chladiace okruhy a jeden odporovy snimac teploty ktory
posiela informacie o teplote chladiacej kvapaliny do riadiacej jednotky motora a zaroven aj do uka-
zovatela teploty chladiacej kvapaliny na palubnej doske. Vysledkom termovizneho merania bolo
zistenie poruchy snimaca teploty chladiacej kvapaliny jeho nasledna vymena za novy rovnakého
typu a zaroven aj odstranenie poruchy ¢o dokazujii namerané vysledky v ¢lanku.

KPucové slova: Termodiagnostika, chladiaci systém motora, teplota motora, snimac teploty.
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INTRODUCTION

In order to prevent thermal overload, i.e. burning of the lubricating oil (on the piston
sliding paths), components that are around the hot combustion chamber (cylinder wall,
cylinder head, valves, piston) need to be intensively cooled (Krilek et al. 2014). Heat must
be dissipated in such a way that the optimum engine temperature is reached quickly and
maintained at all operating conditions (Posta et al. 2010). The basic diagram of the cool-
ing system is shown in Figure 1. Piston rings and cylinders are worn excessively at low
temperatures. The wear of the piston rings at a coolant temperature of 30 ° C is eight times
faster than at a temperature of 80° C (Posta et al. 2008, Sterba et al. 2011). In our case, the
working temperature of the engine according to the temperature indicator was max. 70° C
despite trying to warm the engine by aggressive driving or long driving at high speed on
the highway. However, measurements using a thermal imager showed that the temperature
of the engine around the temperature sensor is in the range of 85-95° C, even though the
dashboard temperature indicator showed a maximum temperature of 70° C, resulting in
increased vehicle consumption. Since the only way to check the cooling system while
driving is checking the observing the value of the temperature indicator it was necessarily
to find and repair the error as soon as possible.

Fig. 1 Diagram of the vehicle cooling system. 1 — internal combustion engine, 2 — resistance tem-
perature sensor, 3 — coolant temperature indicator, 4 — heater radiator, 5 — coolant expansion vessel,
6 — thermostat, 7, pump, 8 — cooler, 9 — large cooling circuit, 10 — small cooling circuit.
(www.aaautoskola.sk)

Obr. 1 Schéma chladiacej sustavy vozidla. 1 — spalovaci motor, 2 — odporovy snimac teploty,

3 —ukazovatel teploty chladiacej kvapaliny, 4 — radiator kurenia, 5 — vyrovnavacia nadobka
chladiacej kvapaliny, 6 — termostat, 7, ¢erpadlo, 8 — chladi¢, 9 — vel'ky okruh chladenia,

10 — maly okruh chladenia. (www.aaautoskola.sk)

Temperature sensors are according to physical principle divided into resistive, thermo-
electric, semiconductor, optical, radiation, chemical, noise, etc. According to the contact
with the measured environment we know contact and contactless. According to the signal

76 ACTA FACULTATIS TECHNICAE, XXV, 2020 (1): 75-84



transformation, the sensors are divided into active and passive. (Kucera et al. 2017, Jan et
al. 2009). In our case, it is a sensor resistive, touch and passive, because it needs to oper-
ate from an external source. The design of the resistance coolant temperature sensor in
the Audi A4 consists of two independent thermistors that measure the temperature at one
point. Both thermistors are supplied with 5V input voltage. The output voltage from the
first thermistor is used to power the coolant temperature indicator on the dashboard of the
vehicle, the second thermistor is used to inform the engine control unit about the engine
temperature value. Based on this value, the fuel injection dose to the engine is adjusted.
The wiring diagram is shown in Fig 2.

-+ Urj

— s + Ub

——a + lJcc

Temperature

7] [ | senser
1

Fig. 2 Wiring diagram of resistive temperature sensor. Ucc — supply voltage + 5V, Ub — supply
voltage of the dashboard temperature indicator, Utj — voltage supplied to the engine control unit
for information and value of the engine temperature. (Author)

Obr. 2 Schéma zapojenia odporového snimaca teploty. Ucc — napajacie napitie +5V, Ub — napdja-
cie napétie ukazovatel'a teploty na palubnej doske, Urj — napétie privadzane do riadiacej jednotky
motora kvoli informacii a hodnote teploty motora. (Autor)

Fig. 3 Resistance coolant temperature sensor. (www.skoda-diely.sk)
Obr. 3 Odporovy snimac teploty chladiacej kvapaliny. (www.skoda-diely.sk)
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The principle of resistance contact thermometers is derived from the temperature resis-
tance of the thermometer element. (Kucera et al. 2017, Kucera et al. 2018). Thermistors,
semiconductor or metal resistance sensors are most commonly used for temperature con-
trol. Thermistors are electronic elements whose resistance varies with temperature (Posta
etal. 2010). Basically, it is a change in the resistance value of the sensor based on a change
in the temperature of the coolant, the higher the temperature, the lower the resistance and
the output voltage from the sensor is higher.

MATERIAL AND METHODS

Thermodiagnostic measurement and diagnostics is a non-destructive method based on
displaying and evaluating the temperature field (thermograph) of the test object surface.
The physical basis of non-contact thermodiagnostics is the measurement of the surface
temperature of the bodies by a tomographic camera (thermovision) based on the infrared
spectrum of the electromagnetic spectrum radiated by the body surface (Kreidl et al.,
2006). Passive thermodiagnostics is the imaging of thermal fields of surfaces of electrical
or mechanical objects. The evaluation variables are temperature differences in selected
places of the object surface (Kreidl et al. 2006).

Each mechanical and electrical device in its function inevitably generates a certain
amount of heat. The operating temperature may vary within an acceptable range. The
advantage of thermodiagnostics is the unambiguous location of the fault source. Ther-
modiagnostics do not require an analytical apparatus for the detection and localization of
disorders (Valencik et al. 2015).

Temperature diagnostic using FLIR E40 was used to diagnostic the problem. As the
faculty had this type of thermal imaging camera, the diagnostic was described as the most
advantageous and cheapest by this method. Exx series FLIR thermal imagers models FLIR
E40, FLIR E50 and FLIR E60 are designed for industry, ie. for diagnostics of electrical
switchboards, production machines, motors, photovoltaic cables etc. (www.termokamery-
flir.sk)

Fig. 4 Thermal imager FLIR E40 (www.meraciepristroje.sk)
Obr. 4 Termokamera FLIR E40 (www.meraciepristroje.sk)
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Table 1 Technical parameters of FLIR E40 thermal imager (www.termokamery-flir.sk)
Tabul'ka 1 Technické parametre termokamery FLIR E40 (www.termokamery-flir.sk)

IR resolution Ten;[:r:lrgaeture olf:iveile(i’v Display ];if(i)t;l Camera foiinlea ¢

160 x 120 px | -20°C...+650°C | 25° x 19° | 3.5" LCD 2x 3.1Mpx IPG
Focus Bluetooth WiFi Software Opteill‘::zing Weight Dimensions
Manual Yes Yes Flir Tool 4 hours 880g 246 x 97 x 184 mm

For correct function and correct measurement result it was necessary to adjust the
emissivity of the surface of the material to be measured. When measuring temperature
with an infrared thermometer or thermocamera, we measure the amount of energy that
emits (or reflects!) The measured object to the measuring instrument. In this measurement,
the emissivity of the material we are measuring is important. Emissivity is a dimension-
less quantity that determines how much heat a given material emits (emits) to our sur-
roundings (www.elso.sk). The temperature was monitored on a rubber hose just behind the

temperature sensor and on the aluminum water cooler in the front of the vehicle.

Table 2 Emissivity value for a different material (www.elso.sk).
Tabul'ka 2 Hodnota emisivity pre dany material (www.elso.sk).

Material Emissivity
Aluminium 0,25
Rubber hose 0,94

The measurement took place on the Audi A4 B6 2.5 tdi 132kw quattro, manufactured
in 2002. The basic vehicle data are shown in the Tab. 3.

Table 3 The basic vehicle data
Tabul’ka 3 Zékladné technické tidaje o vozidle

Engine type Engine code Fuel type Fuel system | Engine alignment | Nr. Of valves
Vé AKE Diesel Common Rail Longitudinal 24
Aspiration Comprfsssnon Maximum Maximum Drive Gearbox
ratio power torque wheels
6 speed
Turbo+ Intercooler 18.5 180 PS 370 Nm Quattro 4WD
Manual

The design of the measuring consists of the measuring vehicle, the thermal imager and
the PC to evaluate the results. The measurement string diagram is shown graphically in

Fig. 5.
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Fig 5 Engine temperature measurement. 1-engine 2.5 tdi, 2-thermal imager FLIR E40, 3-PC
Obr. 5 Meraci retazec merania teploty motora. 1- motor 2,5 tdi, 2- termokamera FLIR E40, 3-PC

RESULTS AND DISCUSSION

In order to identify the origin of the problem, it was necessary to trace by thermodiag-
nostics whether there is a faulty thermostat at a low temperature value or only a resistance
sensor of the coolant temperature. The method of trouble-shooting by thermodiagnostics
is also discussed by the authors (Wang et al., 2017, Wu et al., 2016). First, it was neces-
sary to find out whether the thermostat was faulty and whether a large cooling circuit was
opened by accident even though the engine temperature did not reach operating tempera-
ture. Using the thermal imager (Fig. 6) it was found that the water cooler in the front of the
vehicle is cold and thus the cooling circuit through the water cooler is closed.

Fig. 6 Cooler outlet temperature Fig. 7 Water cooler
Obr. 6 Teplota chladi¢a na vystupe Obr. 7 Chladi¢ vody

As a second step it was necessary to determine whether the temperature of the water
around the temperature sensor does not really reach 90° C or the temperature sensor is
defective and despite the working temperature has been reached, the sensor shows a bad
value (Fig. 8.).
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Fig. 8 Temperature of the hose just behind the temperature sensor
Obr. 8 Teplota hadice tesne za snimacom teploty

Fig. 9 Temperature according to dashboard temperature indicator
Obr. 9 Teplota podla ukazovatela teploty na palubnej doske

The measurements clearly show that the faulty coolant temperature sensor is causing
the error and has been replaced. Fig. 10 and Fig. 11. there is apparently damage to the sen-
sor due to leakage resulting in oxidation of the contacts inside the sensor and consequent
sensor failure.
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Fig. 10 Removal of damaged temperature sensor
Obr. 10 Demontovanie poskodeného snimaca teploty

Fig. 11 Damaged contacts inside the sensor
Obr. 11 Poskodené kontakty vo vnutri snimaca

After replacing the coolant temperature sensor with a new one (Fig. 12.), the tempera-
ture stabilized at 90 ° C according to the dashboard temperature indicator (Fig. 13).
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Fig. 12 New Temperature Sensor Fig. 13 Temperature after sensor replacement
Obr. 12 Novy snimac teploty Obr. 13 Teplota po vymene snimaca

CONCLUSION

Since a malfunctioning engine cooling system can lead to permanent engine damage,
it was necessary to diagnose and remedy the fault as soon as possible. Thanks to thermo-
diagnostics, it was possible to quickly solve the problem that consisted only of a dam-
aged coolant temperature sensor. The diagnostic technique using thermography was also
used by the authors (Huda et al., 2013, Glowacz et al., 2017) who used thermography for
preventive maintenance of thermal failure in electrical equipment or for diagnosis of the
three-phase induction motor. After the coolant sensor has been replaced, the instrument
coolant temperature gauge has stabilized at 90° C. By correcting the fault, the coolant
temperature can also be monitored while driving and, in the event of a fault, stop the ve-
hicle at the right time to avoid overheating and possible engine damage.
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ABSTRACT: Orientation in the field of technical diagnostics is decisive for the correct selection
of the appropriate diagnostic method, as incorrect selection or assessment of the condition can lead
to serious machine failures and this means significant routes for the enterprise. The paper provides
a brief overview of some diagnostic methods in the field of vibrodiagnostics and acoustic emission.
It compares various diagnostic methods and their applicability in practice. Case studies show, that
the most effective way to measure and detect bearing errors from the vibration diagnostic point of
view is to use multiparametric diagnostics associated with temperature measurement and evaluation
through the PCA analysis statistical method. Furthermore, the paper also describes a new view of
bearing diagnostics, namely acoustic measurement, which according to previous research is more
accurate for detecting early stages of failure.

Key words: maintenance, acoustic emissions, principal component analysis, temperature, machines

ABSTRAKT: Orientécia v oblasti technickej diagnostiky je kl'ucova pre spravny vyber vhodne;j
diagnostickej metddy, pretoze nespravny vyber alebo posudenie stavu moze viest’ k vaznym poru-
cham strojov a to znamena vyznamné traty pre podnik. Prispevok prinasa kratky prehl’ad niektorych
diagnostickych metdd v oblasti vibrodiagnostiky a akustickej emisie. Porovnava rdzne diagnostic-
ké metody a ich vyuzitelnost’ v praxi. Pripadové Stadie dokazuju, Zze najucinnejsi spésob merania
a detekovania chyb lozisk z pozhl'adu vibrodiagnostiky je pouzitie viacparametrickej diagnostiky
spojenej s meranim teploty a vyhodnocovanim prostrednictvom Statistickej metédy PCA analyzy.
Dalej viak prispevok popisuje aj novy pohl'ad na diagnostiku loZisk a to meranie akustiky, ktoré
podla doterajsich vyskumov je presnejSie na detekovanie uz rannych §tadii portch.

KrPacové slova: udrzba, akustické emisie, analyza hlavnych komponentov, teplota, stroj
INTRODUCTION

Prediction monitoring of machines have an irreplaceable role in production plants,
so it is important to monitor their technical condition. Any decommissioning will cause
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companies to incur time and financial losses. Therefore, prediction in the area of diagnos-
tics is important. In this way, we can completely prevent standstill failure and minimize
maintenance time. The notion of multiparametric diagnostics is currently coming to the
forefront. Several authors discuss this method by examining the interaction of two or more
interrelated parameters. Each machine has three basic parameters: vibration, temperature
and acoustics. In order to correctly evaluate the condition of the machine, it is also nec-
essary to know the problem of lubrication - tribology (Befio et al. 2016, Mariencik et al.
2016). All these parameters are interrelated, but it is necessary to determine to what extent
their interaction and changes have a verifiable value for more thorough and faster machine
diagnostics.

Technical diagnostics is a process that is carried out by non-destructive and indelible
methods and leads to the determination of the technical condition of the machine or its
components. There are two ways to diagnose: Earliest maintenance and Later mainte-
nance. The prediction is a very important element in the entire production process, as it
prevents more damage during regular maintenance. It is important to collect information
and process it properly throughout the production process. This procedure uses the Condi-
tion Based Maintenance (CBM) method of maintenance (Jardine et al., 2006). During the
machine tracking process, it is important to create a basic diagnostic chain that senses and
evaluates signals from sensors located on the monitored device (Fig. 1) (Hudak, Hol'vova,
2013).

Amplifier
Xl—| s | [
1
Machine X2|—>| S2 |— > O I
.7p ED
Ll S > X1-X: - inputs signals

51-82 - sensors
AD - an analogue digital
converter
PC- computer

ED - evaluation device

Fig. 1 Scheme of Multiparametric Diagnostics
Obr. 1 Schéma multiparametrickej diagnostiky (Hudak, Hol'vova, 2013)

There are currently studies on the interaction of vibration and temperature, vibration
and noise, and the relationship between vibration and machine lubrication (Turis et al.,
2012). The following section provides an overview of vibro-thermal diagnostics.

MULTIPARAMETRIC DIAGNOSTICS METHODS

Structural damage causes changes in machine parameters and performance (Xu, Chen,
2010). Damage is also defined as a change in the original material and structural properties
that cause undesirable vibrations and stresses. These unwanted changes can be caused by
cracks, loose screws, broken welds, corrosion or fatigue of the material (Das et al., 2016).
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The fault diagnosis process has the following steps:

1. collecting data on the technical condition of the equipment

2. analysis of data or signals

3. decision on steps to improve maintenance (Doebling et al., 1998 ).

Rytter (1993) damage classification system (defined by four levels of damage identi-
fication, as follows:
Level 1: Determine structural damage
Level 2: level 1 and determination of the geometric position of the damage
Level 3: level 2 plus quantification of the severity of the damage
Level 4: Level 3 and structural life prediction (Rytter, 1993).

Condition monitoring of machines

Many studies (Doebling et al., 1998; Lipus, 2016; Fugate et al., 2001; Sohn et. Al.,
2000; Alvadi, et al., 2006) seek to bring a new approach to machine monitoring and di-
agnostic techniques and their components. The maintenance technique - multiparametric
diagnostics — is used for greater efficiency. This way of diagnosing diagnostics brings the
benefits of faster and more accurate localization and troubleshooting.

The most common parameter for standstill monitoring is vibration. In many cases,
fast Fourier transform (FFT) is used for vibration signal analysis. The FFT converts the
signal from the time domain to the frequency domain. The disadvantage of this method is
that one type of signal may indicate multiple errors. Figure 2 shows that it is not always
possible to estimate where the failure is in terms of misalignment or crack, as the spec-
tral analysis of misalignment and crack is similar (El-Thalji, Jantunen, 2015). Therefore,
proper diagnostic approaches should be developed. In many published works (Nembhard
et al., 2014; Delvecchio el al., 2018; Tandom el al., 1999; Opocenska el al., 2017) it is
a combination of vibration with methods of measuring heat, acoustics or lubrication.
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Fig. 2 Spectral analysis of crack and misalignment (Nembhard (2014)
Obr. 2 Spektralna analyza hriadel’a trhliny a vychylenia
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Principal Component Analysis (PCA) for fault diagnosis

PCA is a method that selects only the most important data from a wide range of data.
Figure 3 shows the procedure for the PCA method. In this way, the distribution of the ma-
jor components that appear to be related is achieved (Lebold el al., 2018; Cuchran, 2012;
Ringner, 2008). Using this method, the main components can be represented graphically,
which is clearer than a complex data set (Trendafilova et al., 2008; Jolliffe, 2002).
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Fig. 3 PCA analasis
Obr. 3 PCA analyza

Case study of vibration and thermal analysis

In recent years, many studies have been published on the combination of vibration and
thermal analysis of rotary machines. The researcher Nembhard (2014) presented a multi-
parameter method in combination of vibration and temperature in rotary machines with
multiple bearing systems. According to the data obtained, which is shown in Fig. 4, found
that the combination of these two parameters is more useful than the vibration alone, since
in Fig. 4b it is easier to distinguish the deviation from the cracks, whereas in Fig. 4a it is
ambiguous.
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(Nembhard 2014)

Obr. 4 Porovnanie PCA analyzy bez a s teplotou

However, a similar theory is compared by Gabrhel et al. (2013) in her research, where
she observed the effect of temperature on vibration in Gabrhel’s research. Its results are
presented in Fig. 5, where it has been shown that as the temperature rises, the vibration
increases directly proportionally, but at a certain temperature and overheating of the ma-
chine, the vibration decreases as a result of bearing clearance determination.
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Fig. 5 Vibration and Temperature Changes over Time (Gabrhel et al. (2013)
Obr. 5 Zmeny vibracii a teploty na Case

Case study of vibration and acoustic measurement methods for bearing diagnostics

This study investigates vibration and acoustic measurement methods for bearing di-
agnostics.

Bearings are a very important component for all forms of rotary machines and are
among their most common elements. Due to their importance and widespread use, bearing
failure is one of the most common causes of decay in rotary machines. Increased tem-
perature, vibration, noise, or oil leakage through seals may result from incorrect bearing
operation.

Measurement of vibration, temperature, acoustics determines the actual condition of
bearings at the time of their operation. These methods of diagnostics are non-destructive
and non-removable, so they are the most frequently used and most effectively used in
technical practice.
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Research on vibration and acoustic measurement techniques to detect rolling element
bearing errors shows that the focus is on vibration measurement methods.

Time-domain vibration can be measured using parameters such as RMS, oscillation
factor, probability density and curtose. Of all these variables, curtose is the most effective,
but the pulse shock method has also gained wide industrial acceptance.

Measuring vibration in the frequency domain has the advantage of being able to lo-
cate the fault. High-frequency resonance technology is the most popular vibration meas-
urement technique and has been successfully researched by several researchers. For this
technique, the signal processing procedure is well described as well as the explanation of
the resulting demodulated spectrum. The method has the disadvantage that it is difficult
to detect advanced damage. In recent years a method of wavelet transformation (Wavelet
transformation) has been proposed for the extraction of very weak signals for which the
Fourier transform becomes ineffective (Tandon, N., Choudhury, A. 1992).

However, very few studies have been conducted to detect bearing failures through
noise measurement. Pressure and sound intensity measurements were used for this pur-
pose. Research results came out better for sound intensity measurement technology than
for sound pressure measurement in bearing diagnostics.

Some studies suggest that these measurements are better than vibration measurements
and may detect an error before they appear on the surface. (Cabada et al., 2017). To il-
lustrate the operation of acoustic diagnostics, Fig. 6 illustrates a sensor source position
calculation based on the detected time difference between the wave influx into the sensors
and the known velocity of these waves. Observing figures 7 and 8 can clearly identify the
harmonics of the fault frequency for both vibration and acoustic sensors, that the vibration
signal provides a cleaner spectrum (Freitas, C., Cuencal, J., Morais P. 2016).

In recent years, attention has also focused on automated interpretation of bearing diag-
nostics data. The pattern recognition technique and neural networks were applied to data
obtained from time and frequency domain vibration measurements to detect defects in
rolling element bearings.

AE Sensor b AE Sensor

s g d ,

=%(1)—AT~V)

d

d = distance from first hit sensor
D = distance between sensors

/= wave velocity

Fig. 6 Calculation of Sensors source location based on the detected time difference between wave
arrivals to sensors and known wave velocity (Zhou, Jing Zhou, Z. et al., 2017)
Obr. 6 Vypocet umiestnenia zdroja snimacov na zaklade zisteného ¢asového rozdielu medzi pri-
chodmi vin do snimacov a znamou rychlostou vin
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Obr. 7 Spektrum autokorelacie obalky pre vibracny signal
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Obr. 8 Spektrum autokorelacie obalky pre akusticky signal

DISCUSSION AND CONCLUSION

Although there are many ways to monitor standing conditions, it is important to choose
a method that is more efficient and easier to apply in practice. This simplification is pro-
vided by multiparametric diagnostics.

The paper was divided into several parts, where the individual diagnostic procedures
were described.

The defect detection section described the requirement to develop a better method for
vibrodiagnostics, as there is a lack of accuracy in estimating the origin of the error, thereby
extending the overall diagnostic time.
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The next part describes the approach of multiparametric diagnostics in combination
of vibration diagnostics and thermal analysis. According to the results of Nembhard et
al. (2014) the combination of vibration and temperature significantly improves condition
monitoring in the diagnosis of disorders. This method provides a more accurate determi-
nation of the occurrence of a bearing error because some errors are manifested by a similar
frequency spectrum. PCA analysis seems to be a good statistical tool for accurate error
identification. To compare this theory, Gabrhel et al. (2013) research where the interaction
between vibration and temperature was evaluated. Therefore, follow-up research in this
area is needed.

The last part of the paper describes the combination of failure diagnostics with vibra-
tion and acoustic measurements. Pressure and sound intensity measurements were used in
case studies. Sound intensity measurement seems to be a more effective method for meas-
uring bearing failures. This measurement show, that vibration analysis is more effectives,
but akustic measurement is more sensitive to a defect at an earlier stage of development.

At present, the industry is focusing on the correct and efficient diagnosis of machines,
because an incorrect approach to this issue can cause significant financial losses for the
company, such as shutting down the machine for a long time or shutting it down com-
pletely. If you want to perform effective diagnostics, you must choose the right diagnostic
approach. This is offered by multiparametric diagnostics, in which several parameters are
combined. Further research is needed to achieve better approaches to these issues in order
to find the most appropriate diagnostic method applicable in practice.
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ANALYSIS OF TECHNICAL PARAMETERS
OF HARVESTER HEADS IN FORESTRY

ANALYZA TECHNIKCYCH PARAMETROV
HARVESTEROVYCH HLAVIC V LESNICTVE

Jan Melichercik, Jozef Krilek, Pavol Harvanek

ABSTRACT: This article focuses on the analysis of the technical parameters of harvester heads in
forestry. The aim of this paper is to select the different types of harvester heads, to describe their
principle of activity, to present the main parameters of the device. For each harvester head there
are basic parameters in the database file, such as the weight without the rotor, the maximum stroke,
the maximum cutting capacity, the maximum deflection diameter. From these parameters, 3D his-
tograms are created, from which it is clear to see the individual dependencies that are important in
selecting a suitable head. The aim of this article is to create a database of the individual harvester
heads, most commonly used in the Czech Republic and abroad, from the data provided by the ma-
nufacturer, thereby speeding up and facilitating the customer selection process.

Key words: Harvester head, wood procesing, delimbing knives, forestry

ABSTRAKT: Tento ¢lanok sa zameriava na analyzu technickych parametrov harvesterovych hlavic
v lesnictve. Ciel'om tohto ¢lanku je vybrat rozne typy hlavic harvesterov, opisat’ ich princip ¢innosti,
prezentovat’ hlavné parametre zariadenia. Pre kazdd hlavu harvestera st v databazovom subore za-
kladné parametre, ako je hmotnost bez rotatora, maximalny zdvih, maximalna kapacita rezania, ma-
ximalny priemer vychylenia. Z tychto parametrov sa vytvaraju 3D histogramy, z ktorych je zrejmé,
ze su vidiet’ jednotlivé zavislosti, ktoré st dolezité pri vybere vhodnej hlavice. Ciel'om tohto ¢lanku
je vytvorit’ databazu jednotlivych zberacich (harvesterovych) hlavic, ktoré sa najéastejsie pouzivaju
v Ceskej republike a v zahrani¢i, z tdajov poskytnutych vyrobcom, &im sa urychli a ulahéi proces
vyberu pre zakaznika.

Kruacové slova: Harvesterova hlavica, spracovanie dreva, odvetvovacie noze, lesné hospodarstvo
INTRODUCTION:

The harvester head has an important role in the efficiency and quality of wood proces-
ing. The task of the harvester head is to spin the tree, branch, cut the tree to the specified
length and store it at the assembly point (Kovac et. al 2017). Today there is a large num-
ber of competing harvester heads on the market. The main differences are mainly in the
maximum diameter of the treated wood, which depends on the robustness of the head, the
number of knives, the type of feed and the assortment of wood.
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On the harvester heads are these working mechanisms:
* Spinning mechanism,

* Delimbing mechanism,

» Feeding mechanism,

* Measuring mechanism,

* Loading and unloading mechanism.

Delimbing mechanism serves to delimbing the tree trunk. In wood procesing and trans-
portation machines, the knife is the most common (Kovac et al. 2017). They are essential-
ly hyperbolic shaped knives, mounted in the head or on a telescopic boom. Most harvester
heads have one solid and two movable knives. Between these knives, the branched trunk
stretches and its branches are cut off. Delimbing knives should be able to best replicate the
shape of the stem (Hatton et al., 2015).

Fig. 1 Delimbing head AFM FOREST 45
Obr.1 Odvetvovacia hlavica ASM FOREST 45
1. Rotator, 2. Fixed head frame, 3. Lower movable knife, 4. Upper movable knife,
5. Length measuring wheel, 6. Fixed blades, 7. Cutting unit (chain), 8. Feed roller rotators
(http://www.afm-forest.com)

Harvesting — transport equipment must be in the woods to work in very difficult condi-
tions, terrain and climate. There are high demands on reliability, operational capability,
productivity, durability and economic efficiency. In operation LH working today Harvest-
ing — Transport Machines various complex and developmental shift from simple machines
to machine complex, using a greater range of automation components of computer tech-
nology. Harvesting — transport machines can be classified according to different points of
view, where one of the main criteria is the number of transactions, whichever are (Mikles
et.al 2004):

926 ACTA FACULTATIS TECHNICAE, XXV, 2020 (1): 95-102



a.) single-operation machines — perform one main operation

b.) multi-operation machines — perform at least two major operations

Multi-operation machines include work machines that are equipped with a multi-oper-
ation head. Modern multi-operation machines are now harvesters. (Kovac 2004).

In terms of implementation of at least 2 major operations of these machines is their
distribution as follows:

Splitting by way of delibming branch from tree:

a.) By twisting or blending branches (especially in bulk separators),
b.) Milling — currently unused

c.) Cutting off using blades or link chains.

Splitting according to log drive type:

a.) Spin out a special forest wheeled tractor equipped with a grab or other gripping device
(eg winch, rope)

b.) Linear motion derived from the feeder jaws or the feeder carriage

c.) Drive link chain — when one chain is used, the chain pressure on the chain is ensured by
the pressure of its own blades, which are complemented by a pair of pressing surfaces
pressed by linear hydraulic motors.

d.) Drive rollers — the most used method, drive rollers are part of the head

e.) Combination of the drive rollers and the drive chain — wherein the drive chain is fixed
and the driving tire rollers are movable.

Splitting by operations performed :

a.) Delimbing machines — perform the separation of branches from the trunk, grip the tree
and place the trunk on the landfill

b.) Processors — are multi-operative machines that process a slashed tree (industry, debar-
king) and for short distances they transport (carry, approach, load, fold).

c.) Harvesters — are multi-operative machines that shade the tree and partially (branch,
dehumidify) it, or also transport it at a shorter distance (approach, load, fold)
(Kovac J., 2004, Dvoiak, J., 2008).

The task of the harvester head (Fig.1) is to spin a tree, branch, cut a tree to a specified
length and store it in a dump. There are a number of structural variants of the heads (Table
1). The heads are different in particular by the thickness of the treated wood, the shape and
number of the blades, the type of the feeding device, the method of measuring the lengths
and thicknesses, the arrangement of the cutting part. A typical harvester head (Fig. 1) con-
sists of a chain or knife undercut mechanism. Nowadays, however, the chain is used be-
cause it is lighter and does not tear off wood fibers on the cutting surface, it does not cause
cracks and pulping in the cutting area. The saw is driven hydraulically. It has a more robust
chain and higher performance than any other human-serviceable chain. Furthermore, there
are two or more bent venting blades that remove branches around the perimeter of the tree.
Since their curvature, the quality of the branching, as well as the two rotating feeders (roll-
ers) that work with the trunk, depends on the trunk in a horizontal position. The feeders
may be either belt or wheel type with different types of steel tips. Wheel pins on the sides
allow the tree to be clamped with a harvester head. The wheels rotate to force the cut tree
through the delimbing knives.
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MATERIAL AND METHODS

Currently on the market offered by a large number of harvester heads with different
technical parameters due to various kinds of base machines which are applied to the head.
Therefore, the basic warhead parameters such as; the weight of the head without the rota-
tor, the maximum stroke force, the maximum cutting capacity and the maximum strain re-
lief. From these parameters, a regression analysis will be performed to examine the linear
dependence between the two quantitative variables, making it a specific case of multiple
regression. The essence of regression analysis is to find a functional relationship, estimate
the parameters of regression function using the least squares method.

Vi = Bo+ Bixi + € (1

where:

y, — value of dependent variable Y (criterion) in i-th observation,

x, — the value of the independent variable X (predictor) in the i-th observation,
B, — regresna konstanta (priesecnik regresnej priamky s osou x),

B, — regression coefficient (regression line directive),

g, — random error of i-th observation.

The regression coefficient is interpreted according to the type of research. In the case
of the experiment (in which the variable X is manipulated), it expresses how much the
expected value of the variable Y increases if the value of the variable X increases by 1 unit.
In the case of an observation study, the coefficient is interpreted as the expected difference
of the values of the variable Y of two observations, whose value of variable X differs by
one unit. Assuming that the data represent a random sample from the population, the cal-
culated regression coefficients and the correlation coefficient are the best point estimates
of the unknown parameters. In addition, hypotheses can be tested (the null hypothesis
that a coefficient is equal to zero that there is no relationship between the variables in the
base set) and construct their interval estimates. Hypothesis tests and interval estimates of
regression coefficients assume that i errors are independent of each other (which implies
that y, is independent), normally divided by a 0 average and the same variance for all X
values. the least squares method estimates unknown parameters 3, and , so that the sum of
the squares of the residues is minimal. The residue ei is the difference between the actual
value of the dependent variable y, and the value calculated from the regression function by
substituting the value x, (Schmidtova et.al 2013):

e =Yi— X (2)

where:
y, — value of dependent variable Y (criterion) in i-th observation,
x, — the value of the independent variable X (predictor) in the i-th observation,

To create regression analysis it was necessary to create a database file, which is located
37 types of harvester heads used in our country and in the world (Table 1).
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Table 1. Database set of harvester heads (source: www.merimex.cz, www.forsttechnik.at, www.

forestmeri.cz www.ponsse.com, www.nisulaforest.com, www.kesla.fi)

Tabul'ka 1 Databaza harvesterovych hlavic (zdroje: www.merimex.cz, www.forsttechnik.at, www.

forestmeri.cz www.ponsse.com, www.nisulaforest.com, www.kesla.fi)

Wei%g:g;;hout Max.stroke M::I')Zgiiyng Max. relief @
Number | Manufacturer/Harvester head (kg) force (MPa) i) (mm)
1 Waratah H270 series 1350 28 650 740
2 Waratah H290 series 1970 28 750 800
3 Waratah H215E series 1690 28 550 580
4 Nisula 425C 425 21 425 435
5 Nisula 500 C 650 23 500 500
6 Nisula 555C 840 24 550 500
7 Nisula 325 H 285 19 340 240
8 Nisula 425 H 425 21 425 430
9 Nisula 500 H 640 22 500 500
10 Nisula 555 H 840 24 550 500
11 Kesla 16 RH 430 23 450 420
12 Kesla 18 RH 450 21 450 400
13 Kesla 20 RH 570 24 450 450
14 Kesla 25 RH 790 24 670 580
15 Kesla 28 RH 1280 27 670 700
16 Kesla 30 RH 1400 27 750 700
17 Kesla 20 SH 520 17 450 -
18 Kesla 25 SH 880 19 670 -
19 Ponsse H 10 2600 31 950 900
20 Ponsse HS8HD 1450 28 700 740
21 Ponsse H8 1250 28 740 780
22 Ponsse H7HD 1200 28 640 750
23 Ponsse H7 1150 28 640 750
24 Ponsse H7 EUCA 1200 28 630 620
25 Ponsse H77 EUCA 1300 28 600 600
26 Ponsse H6 1050 28 640 650
27 Ponsse H5 900 28 550 600
28 Woody Harvester 50 1090 30 550 500
29 Woody Harvester 60 1350 33 650 600
30 Woody Harvester H61 1220 25 750 650
31 Woody Harvester 70 1720 30 750 700
32 John Deere H412 735 28 470 530
33 John Deere H754 890 28 620 560
34 John Deere H413 940 28 580 560
35 John Deere H414 1100 28 620 640
36 John Deere H480C 1350 28 710 680
37 John Deere H415 1330 28 750 680
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RESULTS AND DISCUSSION

Using regression analysis, we statistically evaluated and created 3D histogram graphs
where we set the maximum stroke force dependency from the maximum cutting capacity
in the first case.

Number of measurements

Fig. 2 Histogram of max. lifting force and max. cutting capacity
Obr. 2 Histogram maximalnej zdvihacej sily a maximalnej reznej capacity

The picture two can clearly see that the manufacturers have mainly focused on the

production of the two groups, and especially with a maximum lifting power of 20-28 bar,
with a maximum cutting capacity of harvester heads 350-800 mm.

Number of mesaurments

Fig. 3 Histogram of Max Stroke Strength and Max. delimbing branch (mm)
Obr. 3 Histogram maximalnej priemer odvetvovania a maximalne;j silly zdvihu
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From the picture 3 can see that manufacturers provide optimal maximum lifting force
is necessary even with relief wood. Thus, the maximum diameter of the wood relief where
it is most common is from 350 to 750 mm at a stroke force of from 20 to 28 MPa.

CONCLUSION

Currently on the market a large amount of equipment offered to facilitate the work in
forestry. The effectiveness of individual devices depends on their operating parameters,
which each customer should know. Therefore, the goal of this post was to make it easier
for customers to select harvester heads from the most famous manufacturers with a de-
scription of the basic parameters. There are 37 types of harvester heads in the paper. From
the above parameters, the dependencies were created by means of regression analysis,
which form groups of the most offered head types, where the maximum stroke force is
from 20 to 28 MPa and cutting capacity, that is, the maximum diameter of the fired tree is
from 350 to 800mm and the maximum strain diameter is from 350 to 700 mm.
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ABSTRACT: Heat transfer in a plate heat exchanger is important issue in many engineering pro-
cesses.

The objective of this paper is to determine the heat transfer and the behaviour of temperature across
the heat exchanger, comparing the heat exchanger effectiveness with number of transfer units NTU
method, the NTU effectiveness method application is calculated with output temperatures in a plate
heat exchanger. Firstly, focuses to calculate the heat transfer in counter current and parallel flow, to
measure the temperature profile and to determine the (NTU) effectiveness of a plate heat exchanger.
The calculated data from the obtained result of the heat flow from the hot fluid gh= 1247.8 [W],
from the cold fluid qc = 1116.06 [W], the countercurrent and parallel hot streams configuration of
the overall heat transfer coefficient Uh = 890.68 [W m2 K*!], Uh = 706.58 [W m K*!] are calculated,
Furthermore NTU for hot fluid are calculated NTUh = 1.09, NTUh = 0,83 respectively, the capacity
coefficient of hot fluid for both countercurrent CR = 0.64, and for parallel CR = 0.62, and the effecti-
veness e-NTU of PHE &-NTU = 0.54 are calculated. This plate heat exchanger allows to investigate
the heat transfer between hot water flowing through an internal sheets and cold water flowing in the
ring area lying between the internal and external sheets, the plate heat exchanger allows measuring
hot and cold water temperatures in different points of the heat exchanger and comparing the counter
current and parallel flow arrangements,. An addition to calculate the overall heat transfer coefficient
using criteria equations, also focused to draw the temperature profile of the heat exchanger for both
configurations counter current and parallel flow with temperature on the horizontal axis.

Key words: heat transfer, temperature profile, energy balance, NTU

ABSTRAKT: Prenos tepla v doskovom vymenniku tepla je délezitou otdzkou v mnohych inZinier-
skych procesoch.

Ciel'om ¢lanku je urcit’ prenos tepla a spravanie sa teploty v tepelnom vymenniku, porovnanim G¢in-
nosti vymennika tepla s réznymi prenosovymi jednotkami NTU metédou, NTU tcinnost sa pocita
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s vystupnymi teplotami v doskovom vymenniku tepla. Najskor sa zameriava na vypocet prenosu
tepla v protipradovom a paralelnom vymenniku, na meranie teplotného profilu a na stanovenie NTU
uéinnosti doskového vymennika tepla. Vypocitané udaje zo ziskaného vysledku tepelného toku
z horucej kvapaliny gh = 1247,8 [W], zo studenej tekutiny qc = 1116,06 [W], st vypocitané konfi-
guracie protiprudového a paralelného toku horticich pradov celkového koeficientu prenosu tepla Uh
=890,68 [ W m2 K], Uh= 706,58 [W m?2 K-']. Dalej je vypoéitané NTU pre horticu tekutinu NTUh
= 1,09, NTUh = 0,83, kapacitny koeficient hortcej tekutiny pre protiprad CR = 0,64 a pre paralel-
ny CR = 0,62 a vypocita sa uc¢innost’ e-NTU PHE e-NTU = 0,54. Tento doskovy vymennik tepla
umoziuje skamat’ prenos tepla medzi horicou vodou tecticou cez vnitorné platy a studenou vodou
tecucou v prstencovej oblasti leziacej medzi vnitornymi a vonkajsimi doskami, doskovy vymennik
tepla umoziuje merat’ teplotu teplej a studenej vody v réznych bodoch vymennika tepla a porov-
navat’ usporiadanie protipradového a paralelného pradenia. Okrem vypoctu celkového koeficientu
prenosu tepla pomocou kriterialnych rovnic sa tiez venuje zobrazeniu teplotného profilu vymennika
tepla pre obidve konfiguracie protipradového aj paralelného toku s teplotou na horizontalnej osi.

Kracové slova: prenos tepla, teplotny profil, energeticka bilancia, NTU
INTRODUCTION

Heat exchangers are commonly used in energy conversion and transport processes in
which heat transfers from hot fluid to cold fluid.

Nowadays, the use of compact heat exchangers, for example, the plate heat exchang-
ers, has been increasing owing to their advantages of compactness and high heat transfer
efficiency (Zhang et al. 2018). The behavior of the fluid inside the internal circulation
system of a plate heat exchanger is complex due to the influence of many factors. The flow
distribution has a significant influence on the performance of fluidic apparatus such as
PHE. In this paper, a multi-objective is carried out such as heat transfer in countercurrent
and parallel flow, overall heat transfer coefficient and minimization of the total pressure
drop of PHE, NTU effectiveness of PHE, The PHE running under a steady state, with
negligible heat loss, achieving the temperature profile for both countercurrent and parallel
flow configurations. A plate heat exchanger consists of a set of corrugated metal plates
confined in a shell. Each metal plate has 4 ports or holes. The plates and the ports are sealed
by joints at their edge to allow hot and cold fluids flowing through narrow alternate pas-
sages formed between the plates. Heat transfers through the thin plates offering relatively
low thermal resistance (Haydary 2013). Plate heat exchangers are typically categorized in
three types: shell and plate, frame and plate, and brazed plate heat exchanger. The plate
heat exchanger is the forerunner in heat exchanger technology; compact and manufactured
to a high standard of quality and offers a durable solution that can stand high pressures and
temperatures. Frame-and plate heat exchanger is commonly used for their ease of clean-
ing, simple adjustment of heat transfer area, compactness and excellent thermal-hydraulic
performance (Holger, 2010). The brazed plate heat exchanger, such plates could withstand
higher pressure and later on found its increasing application as condenser and evaporator
in air-conditioning and refrigeration systems (Jin 2017). Plate heat exchangers are known
to be highly efficient with negligible heat loss, achieving the temperature profile for both
countercurrent and parallel flow configurations (Solotych 2015). Subsequent researchers
have used numerical simulations to investigate plate heat exchangers:
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Dvorak and Vit used CFD to illustrate effects of plate pitch, material thickness and
material thermal conductivity on flow and heat transfer in a heat exchanger, when non-
zero material thickness was considered (Dvorak and Vit 2015). Giurgiu et al. in work
used CFD to study the influence of geometric characteristics of the two plates on the
intensification process of heat transfer (Giurgiu et al., 2016), (Dvotak and Vit 2017). Jack-
son and Troupe and Kandlikar used numerical method to analyze the e-NTU relationship
in various numbers of plates (Jackson 1966), (Kandlikar 1984), (Jin 2017). Zhen-Xing
Li and Li-Zhi Zhang investigated the flow unfavorable distribution and the consequent
performance deteriorations in a cross flow and in a counter flow hollow fiber membrane
module, they found that the packing fraction affects the flow unfavorable distribution sub-
stantially (Li et al., 2014). Najafi and Najafi performed a multi-objective optimization
of PHE with pressure drop and heat transfer coefficient of a heat exchanger as objective
functions (Najafi 2010), (Bansi 2018). The temperature profiles were determined from the
experimentally calculated data of temperature scopes, and local parameters of heat trans-
fer were calculated (Cernecky et al. 2017). This experimental study is thus intended to
investigate the effect of the countercurrent and parallel flow conditions on the heat transfer
of the Plate heat exchanger.

METHODOLOGY AND DEVICE DESCRIPTION

This Extended Plate Heat Exchanger allows the study of heat transfer between hot and
cold water through alternate channels formed between parallel plates. The PEH consists
of a set of stainless-steel plates arranged in parallel. The space between the plates forms
a channel through which water flows. Hot and cold-water channels alternate along the
plate heat exchanger so that heat is transmitted by the thin plates. The PHE has 10 ther-
mocouples: 5 (ST-1 to ST-5) for measuring hot water temperature (inlet, outlet and interim
positions) and 5 (ST-6 to ST-10) for measuring cold water temperature (inlet, outlet and
interim positions). These exchangers usually feature baffles to increase the heat transfer
as shown in Figure 1.

Fig. 1 Unit of plate heat exchanger [TICC, 2014]
Obr. 1 Jednotka doskového vymennika tepla [TICC, 2014]
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Water exits the exchanger and flows to the drainage system. Cold water can enter the
exchanger at either end. Depending on the configuration of the valves (AV-2, AV-3, AV-4
and AV-5), parallel or countercurrent flow can be set. This set-up can be experiential in
the following scheme of the base unit. The schematics of the experimental apparatus is
shown in Figure. 2.
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TANK

b #><]
ST4 A
AR
—— A

Ap-1

|
S
[_H o
ANA

DAAK WALYE
Fig. 2. Scheme of experimental apparatus (TICC, 2014)
Obr. 2. Schéma experimentalnej aparatiry (TICC, 2014)

This model is feasible only for small flows and it is rarely used. Or the model of global
flow in a PHE may be connected flow which flow divides into sub flows that mix before
leaving the exchanger. It is used for great volumes of liquid.

The marking in the scheme of this experiment research apparatus are listed as follows:
ST-16 Temperature sensor of the water in the tank

ST-1 Hot water temperature sensor at the inlet of the exchanger

ST-2 Hot water temperature sensor at the intermediate point of the exchanger
ST-3Hot water temperature sensor at the intermediate point of the exchanger
ST-4 Hot water temperature sensor at the intermediate point of the exchanger
ST-5 Hot water temperature sensor at the outlet of the exchanger

ST-6 Cold water temperature sensor at the inlet/outlet of the exchanger

ST-7 Cold water temperature sensor at the intermediate point of the exchanger
ST-8 Cold water temperature sensor at the intermediate point of the exchanger
ST-9 Cold water temperature sensor at the intermediate point of the exchanger
ST-10 Cold water temperature sensor at the inlet/outlet of the exchanger

SC-1 Hot water flow sensor

SC-2 Cold water flow sensor

AVR-1 Hot water flow regulation valve
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AVR-2 Cold water flow regulation valve

AN-1 Water tank level switch

AR-1 Electric resistance

AB-1 Hot water flow centrifugal pump

AV-2, AV-3, AV-4, AV-5 Cold water circuit ball valves to set the parallel / countercur-
rent flow

AV-1, AV-6 Ball valves for pipe draining

ENERGY BALANCE IN A PLATE HEAT EXCHANGER

For energy balance of a PHE, if there are no changes of phases in the heat exchanger,
the heat flow from the hot fluid can be calculated by the equation:

q, =mc,, (th,in _th,out) (D
The heat flow to the cold fluid is:
qc :mccpc (tc,uut _tc,[n) (2)

where m, and m_ are the mass flows (kg s™), and cph and cpc (J kg'K")are the specific heat
capacities of the hot and cold fluids.

Theoretically, g, should equal g, but due to environmental energy losses and also due
to instrumental and observational measurement errors, they are not always equal. To rep-
resent the global phenomenon of heat transfer between fluids in a plate exchanger, thermal
resistances occurring in each medium can be referred to. Heat flow on its way from the hot
to the cold fluid has to overcome the resistances of the hot fluid limit layer, the separation
wall and the cold fluid limit layer. These three resistances arranged in series constitute the
total resistance, R :

Q — (th _tc) — 1
R L, 5 1 3)

a4, k4 oA,

where & is the thickness of the separation wall. Heat transfer surface area in a plate heat
exchanger is A =a N =L W N where N is the number of thermal plates, a is the plate
surface area, L is the plate length (m) and # the plate width in (m).

In the differential form, the transferred heat, d , is proportional to the isothermal sur-
face area perpendicular to the heat transfer direction, d,, the temperature difference in the
heat transfer direction, (7, ¢,) and a proportionality factor, U, called the overall local heat
transfer coefficient (Haydary, 2013).

dq = U(th - tc )dA (4)

When constant values of the overall heat transfer coefficient and of the heat capacities
of liquids in the equipment are assumed, integral form of the heat transfer rate equation is:
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q=UAA, )

where 41, is the logarithm mean of the driving force considering its value at the beginning
of the heat exchanger, A, and at the end of heat exchanger, At,:

At — At
(At)lm = thlz (6)

Ary

While At;= thin-ten and Aty= thou-te.ou fOr parallel flow and =t ; -t | and At,= thout-te,in for
countercurrent flow. The e-,,, effectiveness method analysis of a plate heat exchanger is
defined as the coefficient between the actual heat exchanged and the maximum that can be
transferred in an infinite area exchanger in countercurrent flow:
Q
enry = 4 (7

Qmax

Where Qmax = mhcph(th,in _tc,in) If mhcph <mccpc and Qmax = mccpc(th,in —1 )If mccpc < mhcph

c,in

Therefore, effectiveness equals to:

— (nin~ thour)

g = if mec  <mc
NTU (th,in_ tc,in) = ph ¢ pe (8)

Or to parallel flow connection:

— (fc,out— Lein )

£ = ifme <m,c
NTU (th,in_ tc,in) o W= ph (9)

The number of transfer units (NTU) is a dimensionless parameter defined as:

U A
NITU=—"— (10)

(mcp )min

Also, the capacity coefficient (C,) can be defined as:

C. - (mcp)min (11)

©mE, ) e
PROCEDURE OF EXPERIMENT

To evaluate the energy balance, heat losses study and overall heat transfer coefficient
the following procedures completed: using the software, the tank temperature is sited to
a value between 40-60 [°C], the resistor and the hot water circuit pump are turn on. The
hot water flow fixed at about 3 [l min™']. Via the valves of AV-2, AV-3, AV-4 and AV-5, and
choosing of the counter current flow, the cold-water flow set 1.8 [1 min']. The air should
be removed from the shell side of the heat exchanger using. The unit of Q [l min'] in
Table 1 is mention base on the experimental data that obtained, the unit of Q [m? s'] in
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Table 2 and Table 3 were calculated according to equations which are applied. Whenever
the system reaching to stationary operating conditions, we write down the temperatures
indicated by all sensors and the flow of hot and cold water, the procedure will repeat until
five measurements as shown in Table 1.

Table 1 Recording of measured data during experiment
Tabul'ka 1 Namerané udaje pocas experimentu

Connections Countercurrent Flow Parallel Flow
Numbers 1 2 3 4 5 1 2 3 4 5
Olmin'] | 2.8 | 24 | 2 [ 15| 1.1 |29 25| 2 | 16| 12
O, [Imin] 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8
ST16 [°C] 45 40 40 40 40 40 40 40 40 40
ST 1 [°C] 363 | 36.4 | 36.3 | 36.2 | 36.1 | 36.3 | 37.1 | 37.2 | 373 | 373

] 35.1 | 35 | 346|342 331 (31.2|314| 31 |306]|295

[°C] 345|342 | 334 | 325|338 |31.1|31.3]309]304]|293

[°C] 322 [ 31.7 | 30.5| 29 | 27.1 |30.6 |30.8|304|29.7 2838

[°C] 29.9 | 28.1 | 27 | 252235302 |30.5|302]297]289

ST6 [°C] 355 (356353349 (342 | 21 |20.1|202]203]|205
[°C]
[°C]
[°C]

342 | 34 332322305 29 | 291|287 | 28 |27.1
32.7 |1 322 | 31.1 | 29.7 | 27.7 | 30.2 | 30.4 | 30 | 29.2 | 28.2
287 | 28 | 269|256 | 24 | 303|306 302|295 287
ST10 [°C] 19.8 | 19.6 | 19.5 | 193 | 193 | 30 | 30.5 | 30.1 | 29.5 | 27.5

RESULTS

In a countercurrent flow the outlet temperature of the cold fluid can exceed then the
outlet temperature of the hot fluid but this cannot happen in a parallel flow system as
shown Figure 4 and Figure 6. In fact, the hot and cold-water temperatures change con-
tinuously along the length of the heat exchanger too, as shown Figure 4 and Figure 6.
Measuring hot and cold-water temperatures in countercurrent and parallel flow at different
points in five steps along the length of heat exchanger are shown in Table 1. The calcu-
lated results for a total energy balance, the overall heat transfer coefficient heat transfer in
countercurrent and parallel flow, overall heat transfer coefficient, (NTU) effectiveness of
PHE, the effective of average temperature difference between the two heat transfer fluids
over the length of the heat exchanger and though derived for countercurrent and paral-
lel flow, are presented in Table 2 and Table 3. The calculation of mentioned objectives
are as follows: from the work documentation, we write all necessary information on the
dimensions of the heat exchanger in top part of Table 2, and Table 3, such as the average
temperature, density, dynamic viscosity, specific heat capacity and thermal conductivity of
hot and cold water. For each column of countercurrent flow from Table 1, calculated the
heat flow from the hot fluid g, = 1247.8 [W], from the cold fluid g, = 1116.06 [W] and for
parallel connection configuration the heat flow from the hot and cold fluid ¢, = 1231.81
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[W], g, = 815.1 [W] using Equation (1) and Equation (2), individually. The estimation
of the heat losses for both countercurrent and parallel connection streams are calculated
in Table 2 and Table 3 individually. As well for countercurrent and parallel connection
streams calculated the hot logarithmic mean of the driving force At = 5.83 [°C], At, .
= 7.26 [°C] using Equation (6) one-by-one. The value of the heat transfer surface aria,
A=0.32 [m?], is available in the laboratory work documentation. To countercurrent and
parallel hot streams configuration calculated the theoretical values of the overall heat
transfer coefficient U, = 890.68 [W m? K™'], U, = 706.58 [W m™ K"'], using criteria equa-
tions equation (5). Furthermore the number of transfer units NTU for hot fluid in coun-
tercurrent and parallel flow are calculated NTU, = 1.09, NTU, = 0,83 respectively, the
number of transfer units for cold fluid NTU_= 1.01, NTU_= 0,72 available in Table 2 and
Table 3 using Equation (10). The capacity coefficient of hot fluid for both countercurrent
C, = 0.64, and for parallel C, = 0.62 calculated using Equation (11). The effectiveness
&-\yp of PHE in an infinite area exchanger in countercurrent flow &- ., = 0.54 and in paral-
lel e- ., = 0.42 accessible in Table 2 and Table 3 using Equations (8, 9). For countercurrent
flow the calculation processing experiment data are shown in Table 2.

Table 2 Measured data processing for counter current connection configuration
Tabul'ka 2 Namerané udaje pre konfiguraciu protipradového pripojenia

ly 1 =41.15 [°C] lho=23.95[C] A4=0.32[m’]
Cp, = 4179 [Jkg'K"] Cp =4180 [Jkg'K']  p, =992 [kg m”] p.=997.2 [kg m™]
4, =0.65210° [Pas] u =0.93210° [Pass] k =0.631 [Wm'K'] kc=0.616 [Wm'K"']
Number 1 2 3 4 5
0, [m’s'] 4.67E-05 4.0E-05 3.3E-05 0.25E-05 1.8E-05
0, [m’s'] 3.0E-05 3.0E-05 3.0E-05 3.0E-05 3.0E-05
m, [kg’s'] 0.046 0.04 0.033 0.025 0.018
m, [kg®s'] 0.03 0.03 0.03 0.03 0.03
q, [W] 1247.829 1069.568 891.306 668.48 490.218
q. [W] 1116.06 1116.06 1116.06 1116.06 1116.06
[°C] 5.83 5.83 5.83 5.83 5.83
[°C] 8.79 8.79 8.79 8.79 8.79
Uh [W m? K] 890.6 763.4 636.2 477.15 349.9
Uc [W m? K] 528.9 528.98 528.98 528.98 528.988
mh Cp,, [J K] 194.9 167.12 139.26 104.45 76.59
me Cp,, [J K] 125.4 125.4 125.4 125.4 125.4
NTU, 1.096 1.096 1.096 1.096 1.096
NTU, 1.01 1.01 1.01 1.012 1.012
Cy, 0.64 0.75 0.90 1.20 1.63
B 0.53 0.53 0.54 0.54 0.54
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The scope of temperature is defined as a distribution of temperatures in individual
points of the heat exchanger in a certain time (Pivarciova 2011). By plotting the graphs of
temperature according to the length or flow in/of devices with different flows configura-
tion (countercurrent or parallel), it is possible to give a basic idea of heat transfer between
hot and cold streams. The Figure 3 represents the temperature change in cross length of
PHE.

Countercurrent connection configuration

45

40 —

35 / / Hot Stream
Cold Stream

0630/ 7
::25 A,—”’/'
20 —

0 0,05 0,1 0,15 0,2 0,25
L [m]

Fig. 3. Countercurrent flow connection in a PHE
Obr. 3. Pripojenie protipradu v PHE

To demonstrate the temperature change as function of flow a plate heat exchanger,
which have done during experimental research in the laboratory of Kabul polytechnic
University, the Figure 4, shows the countercurrent flow connection in PHE that the heat
transfer processing is sufficient if there are a huge different between hot and cold flow of
water in a PHE.

Countercurrent connection configuration

33 —
? 31 ~\\\\* Hot Stream
= Cold Stream

16 19 22 25 28 31
Qls?]

Fig. 4. Changing of temperature in a countercurrent flow of hot and cold streams
Obr. 4. Zmena teploty v protiprude hortceho a studeného pradu

ACTA FACULTATIS TECHNICAE, XXV, 2020 (1): 103-115 111



As well for parallel flow by calculation of the average temperature of hot and cold
water in the system we find the density, dynamic viscosity, specific heat capacity and
thermal conductivity of water in properties table of water. For parallel flow the measured
data processing according to measured data during experiment in Table 1, the calculation
result are shown in Table 3.

Table 3 Measured data processing for parallel connection configuration
Tabul'ka 3 Spracované tidaje pre konfiguraciu paralelného pripojenia

tyn=41.15 [°C] fyo= 23.95 [°C] A=0.32[m?]
Cp,=4179 [Jkg'K']  Cp,=4180 [Jkg'K']  p, =992 [kg m”] p,=997.2 [kg m?]
u,=0.65210° [Pas] u =0.93210°[Pas] k =0.631 [Wm'K'] kc=0.616 [Wm'K"]
Number 1 2 3 4 5
0, [m’s'] 4.8E-05 4.17E-05 3.3E-05 2.67E-05 2.0E-05
0, [m’s'] 3.0E-05 3.0E-05 3.0E-05 3.0E-05 3.0E-05
m, [kg’s'] 0.048 0.041 0.033 0.026 0.02
m, [kg®s'] 0.03 0.03 0.03 0.03 0.03
q, [W] 1231.81 1061.91 849.52 679.62 509.71
q, [W] 815.1 815.1 815.1 815.1 815.1
[°C] 7.26 7.263 7.263 7.263 7.264
[°C] 8.998 8.998 8.998 8.998 8.998
Uh [W m? K] 706.58 609.12 487.29 389.83 292.37
Uc [W m? K] 377.4 377.42 377.42 377.42 377.42
mh Cp,, [J K] 201.93 174.08 139.26 111.41 83.56
me Cp,, [J K] 125.4 125.4 1254 125.4 125.4
NTU, 0.83 0.83 0.83 0.83 0.839
NTU, 0.72 0.72 0.722 0.722 0.722
Cy 0.62 0.72 0.90 1.12 1.50
Exru 0.42 0.424 0.42 0.424 0.42

According to the separation process, the flow rate should be variable in one side and
fixed in the other side (to keep constant thermal resistance) in a single test (Qian et al.,
2017). The Figure 5, represents the temperature change for parallel flows connection sys-
tem in a PHE, which shows a huge difference between the cold and hot flow streams.

Anyway, the difference between the amount of hot and cold flow streams in a parallel
flow connection system in a PHE shows the change of temperature in various amount of
hot and cold flow which is indicated in Figure 6.
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Parallel connection configuration

45

40 //

35 Hot S
O ——Hot Stream
) —
- / Cold Stream
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15

0 0,05 0,1 0,15 0,2 0,25
L [m]

Fig. 5 Temperature changing in a parallel flow connection in a PHE
Obr. 5 Zmena teploty v paralelnom prietokovom pripojeni v PHE

Parallel connection configuration
39 ——

) \
// —— Hot Stream
29 / Cold Stream

1,6 1,9 2,2 2,5 2,8 3,1

Qlls?]

t[°C]

24

Fig. 6 Temperature change of hot and cold streams in a parallel flow connection
Obr. 6 Zmena teploty horuceho a studeného pradu pri paralelnom pripojeni prietoku

DISCUSSION

The mentioned graphs and tables which are summarized above indicated the main con-
clusions from this study. Current work includes inspecting the real system in order to the
effects of countercurrent and parallel flow on the heat exchanger plates for a better thermo-
hydraulic performance. Results shows in a countercurrent flow the outlet temperature of
the cold water can exceed then the outlet temperature of the hot fluid but this temperature
increasing cannot happen in a parallel flow configuration. A heat exchanger according to
the present invention is characterized by the special geometry and the particular way of as-
sembling of pressed plates, which together make a compact, rigid heat exchanger, having
only primary heat exchanging surfaces and in which counter-current operation is achieved
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by means of special fluid collectors. In a heat exchanger comprising a number of plates
arranged adjacent to each other and defining between them passageways for heat exchang-
ing fluids, the plates are provided at their corner portions with openings, the fluids being
transported to and from the passages via said openings.

CONCLUSION

The examined plate heat exchanger type is designed supervisory control and data ac-
quisition software. The validate and correct results of different researches, and the perfor-
mance of PHE in industrial processes has always a major goal for engineers and design-
ers. As well the PHE allows to study global energy balance, the study of losses, the flow
influence in the heat transfer, Study of the heat transfer in crosscurrent and parallel flow
conditions and determination of the NTU effectiveness. The aim of the present study is to
investigate application of heat transfer between hot and cold water to evaluate the influ-
ence of the flow in the heat transfer The PHE allows the heat transfer study between hot
water that circulates through an internal area and cold water that flows through the an-
nular zone between the internal and the external area. This exchanger permits to measure
cold water and hot water temperatures in different points of the exchanger. This research
has compared against experimental data in terms of accuracy and simulation time. The
comparison of the results of this research is evaluated with the investigation other author
(Nawaf H. Saeid et al. 2006), which they investigated thermal performance of both and
counter-current and parallel flow heat exchangers. They used the effectiveness — number
of transfer units method that regarded as powerful tool and easy to implement in both
design and performance calculations of the heat exchangers. Their results are presented in
terms of effectiveness and number of transfer units for different values of the parameters.
The parameters are the NUT, the heat capacity ratios, the overall heat transfer coefficient
ratio, and the inlet temperatures parameter. The experiment which we have done were
classical with two-fluid flow heat exchanger but their have been done with three-fluid
flow heat exchangers. Therfore the results show that the effectiveness of the three-fluid
heat exchanger is always higher than that of classical two-fluid flow heat exchanger for
fixed values of the parameters. The comparison of both experiment results provide con-
fidence to the accuracy of the present numerical method to study the performance of two
fluid flow and three-fluid flow heat exchangers. The rule of parameters in this case are
the heat transfer coefficient parameters between the hot fluid and the cold fluids, the heat
capacity ratio parameters, the inlet temperature ratio parameter in addition to the NTU.
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