
TECHNICAL UNIVERSITY IN ZVOLEN

ISSUE: XXV
ZVOLEN 20202

    
    

    
ACTA

    
    

    
FACULTATIS

TECHNIC
AE

           T
      F
A



Medzinárodný zbor recenzentov / International Reviewers Board

Witold Biały (PL)
Silesian University of Technology, Faculty of Organization and Management
Igor Ďukič (HR)
University of Zagreb, Faculty of Forestry
Jiří Dvořák (CZ)
Czech University of Life Sciences Prague, Faculty of Forestry and Wood Sciences
Ladislav Dzurenda (SK)
Technical University in Zvolen, Faculty of Wood Sciences and Technology
Roman Gálik (SK)
Slovak University of Agriculture in Nitra, Faculty of Engineering
Zhivko Gochev (BG)
University of Forestry, Faculty of Forest Industry
Radek Knoflíček (CZ)
Brno University of Technology, Faculty of Mechanical Engineering)
Zdeněk Kopecký (CZ)
Mendel University in Brno, Faculty of Forestry and Wood Technology
Ján Kosiba (SK)
Slovak University of Agriculture in Nitra, Faculty of Engineering
Dražan Kozak (HR)
Josip Juraj Strossmayer University of Osijek, Mechanical Engineering Faculty
Antonín Kříž (CZ)
University of West Bohemia, Faculty of Mechanical Engineering
Stanisław Legutko (PL)
Poznan University of Technology
Oleg Machuga (UA)
National Forestry University of Ukraine, Lviv
Milan Malcho (SK)
University of Zilina, The Faculty of Mechanical Engineering
Stanislav Marchevský (SK)
Technical University of Košice, Faculty of Electrical Engineering and Informatics
Ján Mihalík (SK)
Technical University of Košice, Faculty of Electrical Engineering and Informatics
Miroslav Müller (CZ)
Czech University of Life Sciences Prague, Faculty of Engineering
Nataša Náprstková (CZ)
UJEP in Ustí nad Labem, Faculty of Production Technology and Management
Jindřich Neruda (CZ)
Mendel University in Brno, Faculty of Forestry and Wood Technology



Alena Očkajová (SK)
Matej Bel University, Faculty of Natural Sciences
Marián Peciar (SK)
Slovak University of Technology in Bratislava, Faculty of Mechanical Engineering
Krzysztof Zbigniew Rokosz (PL)
Koszalin University of Technology, Faculty of Mechanical Engineering
Juraj Ružbarský (SK)
Technical University of Košice, Faculty of Manufacturing Technologies
Ruslan Safin (RU)
Kazan National Research Technological University
Sergey Spiridonov (RU)
State Institution of Higher Professional Education, Saint Petersburg State
Dana Stančeková (SK)
University of Žilina,Faculty of Mechanical Engineering
Vladimír Štollmann (SK)
Technical University in Zvolen, Faculty of Forestry
Marian Šušniar (HR)
University of Zagreb, Faculty of Forestry
Paweł Tylek (PL)
University of Agriculture in Krakow, Faculty of Forestry
Valery Zhylinski (BY)
Belarusian State Technological University





THE EFFECT OF ADJUSTMENT OF THE CIRCULAR SAW BLADE BODY 
ON NOISE LEVELS OF THE CIRCULAR SAW
VPLYV ZMENY TELA PÍLOVÉHO KOTÚČA 
NA HLADINY HLUKU KOTÚČOVEJ PÍLY
Ján Svoreň, Ľubomír Naščák ..........................................................................................9

EFFECT OF THERMAL MODIFICATION ON INSULATING PROPERTIES OF WOOD
VPLYV TERMICKEJ MODIFIKÁCIE NA IZOLAČNÉ VLASTNOSTI DREVA
Áron Hortobágyi, Elena Pivarčiová...............................................................................21

THE ANALYSIS OF OPERATIONAL RELIABILITY FOR FOREST FORWARDERS 
ANALÝZA PREVÁDZKOVEJ SPOĽAHLIVOSTI LESNÝCH ODVOZNÝCH SÚPRAV
Pavel Ťavoda, Ján Kováč, Pavol Harvánek ..................................................................33

EXPERIMENTAL RESEARCH OF COOLANT THERMAL PARAMETERS 
IN THE ENGINE COOLING SYSTEM
EXPERIMENTÁLNY VÝSKUM TEPELNÝCH  PARAMETROV CHLADIACICH 
KVAPALÍN V SYSTÉME CHLADENIA MOTORA
Marek Lipnický, Zuzana Brodnianská ..........................................................................43

PROPOSAL FOR MODIFICATION OF A SNOW PLOUGHSHARE 
BY HARD SURFACING TO INCREASE ITS SERVICE LIFE
NÁVRH ÚPRAVY SNEŽNEJ RADLICE NAVÁRANÍM TVRDOKOVU 
PRE ZVÝŠENIE JEJ ŽIVOTNOSTI
Monika Vargová, Miroslava Ťavodová ..........................................................................59

ELEMENT COMPARISON BY MESHING AND COMPUTATION TIME
FOR A FLOATING CALIPER BRAKE 
POROVNANIE ELEMENTOV CEZ ČAS PRE SIEŤOVANIE 
A VÝPOČET PRE BRZDU S PLÁVAJÚCIM STRMEŇOM 
Lukáš Hudec, Pavel Beňo ..............................................................................................71

REVIEW

DIGITAL TWIN IN MANUFACTURING: A SYSTEMATIC LITERATURE REVIEW
DIGITÁLNE DVOJČA V PRIEMYSELNEJ VÝROBE: SYSTEMATICKÝ 
LITERÁRNY PREHĽAD
Roman Bambura, Miroslav Dado, Erika Sujová...........................................................83

TABLE OF CONTENTS

SCIENTIFIC PAPERS





SCIENTIFIC PAPERS





ACTA FACULTATIS TECHNICAE, XXV, 2020 (2): 9–19 9

ACTA  FACULTATIS  TECHNICAE    XXV
ZVOLEN – SLOVAKIA 2020

THE EFFECT OF ADJUSTMENT OF THE 
CIRCULAR SAW BLADE BODY ON NOISE 
LEVELS OF THE CIRCULAR SAW

VPLYV ZMENY TELA PÍLOVÉHO KOTÚČA 
NA HLADINY HLUKU KOTÚČOVEJ PÍLY

Ján Svoreň, Ľubomír Naščák

Department of Manufacturing and Automation Technology, Faculty of Technology, Technical 
University in Zvolen, T. G. Masaryka 24, 960 01, Zvolen, Slovak Republic, svoren@tuzvo.sk

ABSTRACT: The cutting of wood is proceeded at high feed speed and high cutting speed of the 
circular saw blades. The cicular saw blades teeth rotate in outer ambient and thus are source of noise 
with unadvisable effects on working environment. The paper presents the results of the measurement 
of the noise level of two structuraly different circular saw blades. The types of the circular saw bla-
des were: without slots, with six compensating slots in radial direction and with six compensating 
slots in tangential direction and in conjunction with RAL 9006 paint. The diameters of the circular 
saw blades were Ø D = 350 mm. The measurements of the noise level were performed when cutting 
boards of thickness h = 25 mm (Picea excelsa L.) using the standard equipments.. The clamping 
flanges had an outside diameter Ø dp = 110 mm. Feed speed of cut material was vf = 17 m.min-1. The 
working speed of the circular saw shaft for experimental noise level measurements was n1 = 4000 
rpm; n2 = 4025 rpm; n3 = 4050 rpm; n4 = 4075 rpm and n5 = 4100 rpm. The circular saw blade with 
compensating slots emit a higher noise level than the corresponding hygiene regulations, but their 
noise level was (4 ÷ 6) dB (A) lower than the circular saw blade noise level without slots.

Key words: circular saw blade, compensating slots, circular saw, natural frequency, cutting noise 
level

ABSTRAKT: Rezanie dreva sa realizuje pri vysokej posuvnej rýchlosti materiálu a vysokej reznej 
rýchlosti pílových kotúčov. Zuby pílového kotúča rotujú v hmotnom prostredí a preto sú zdrojom 
hluku s nežiadúcimi vplyvmi na pracovné prostredie. V článku sú prezentované výsledky merania 
hladiny hluku dvoch konštrukčne rozdielnych pílových kotúčov. Typy pílových kotúčov sú: bez 
drážok, so šiestimi kompenzačnými drážkami v radiálnom smere a so šiestimi kompenzačnými 
drážkami v tangenciálnom smere a v spojení s  nástrekom farbou RAL 9006. Priemery pílových 
kotúčov boli Ø D = 350 mm. Merania hladiny hluku boli vykonané pri rezaní dosiek hrúbky h = 
25 mm (Picea excels L.) s použitím štandardných zariadení. Použité upínacie príruby mali vonkajší 
priemer Ø dp = 110 mm. Posuvná rýchlosť rezaného materiálu vf = 17 m.min-1. Pracovné otáčky hria-
deľa kotúčovej píly pre experimentálne merania hladiny hluku boli n1 = 4000 min-1; n2 = 4025 min-1;  
n3 = 4050 min-1; n4 = 4075 min-1 a n5 = 4100 min-1. Pílový kotúč s kompenzačnými drážkami emitoval 
vyššiu hladinu hluku pri rezaní ako povoľuje príslušný hygienický predpis, ale jeho hladina hluku 
bola o (4 ÷ 6) dB (A) nižšia ako hladina hluku pílového kotúča bez drážok.

Kľúčové slová: pílový kotúč, kompenzačné drážky, kotúčová píla, vlastná frekvencia, hladina hlu-
ku pri pílení
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INTRODUCTION

Circular saws are the most widely used machinery and equipment for the cutting of 
wood and wood materials in the wood-working industry. Circular saw blades of different 
design versions are the cutting tools of such devices. When cutting, as well as for other 
types of machining it is important to ensure the high quality of the machining surface. The 
vibration and noise of circular saw blades are basic problems of instability of the tool in 
the process of cutting. Reduction of the amplitude of the vibrations is essential for improv-
ing the quality of surface, accuracy of cutting, increasing the yield of the material, extend-
ing the useful life of the tool, but also for the reduction of noise. Especially the noise emis-
sion can directly affect the shape of the circular saw blade. In this paper, the idea of passive 
damping by compensating slots in conjunction with an elastic material layer is presented.

The noise by cutting is generated from the transversal oscillation of the circular saw 
blade of the excitation cutting forces on the teeth (Leu a Mote, 1979). If the cutting force 
can not be reduced in terms of the cutting process, there is a possibility to reduce the noise 
during cutting using the technical results of the modal analyses or using circular saw blade 
body from materials with higher damping characteristics. In the last years, the axisym-
metric circular saw blade is most commonly used as a tool in the wood industry. Some 
compensating slots are produced in its body. The producers of circular saw blades are used 
for the reduction of noise emissions of the different passive methods of damping. These 
methods can be divided into three groups:
a) Sandwich (multilayer) body of the circular saw blade – according to (Westkämper et 

al. 1990) the reduction of noise levels is 10 dB (A) at idle running and (6 ÷ 8) dB (A) 
when cutting wood.

b) The body of the saw blade is made of high-damping materials, according to (Hattori 
et al. 1987; Hattori et al. 1993; Hattori et al. 2001) the reduction of the noise level is 
about 11 dB (A) when idle running. The disadvantage of this method is the higher price 
of the material of the circular saw blade body. 

c) Laser cutting of compensating slots in the circular saw blade body- according to (West-
kämper and Fus, 1994) the reduction of the noise level is (2 ÷ 8) dB (A) when idle 
running and the cutting of wood and wood-based materials. Laser cutting on CNC 
machines brings with it a number of advantages as accuracy, speed and the ability to 
make individual applications on the basis of information supplied by CAD\/CAM. 
Influence of the shape, position, length, number of slots, copper rivets, the shape of 

the teeth and their number on the noise level of circular saw blades have been studied in 
several research papers (Miklaszewski & Grobelny, 1995; Lučic & Goglia, 2001; Spruit, 
et al. 2004; Orlowski, 2005; Svoreň & Naščák, 2007; Svoreň &Murin, 2009; Wang et al., 
2012; Dimou, 2014; Mandic et al. 2015; Kvietková et al. 2015; Paiva et al. 2017).

The possibilities of reducing acoustic scattering by layers of elastic materials are pre-
sented in their work (Dutrion and Simon, 2017). These coatings are shown to enable scat-
tering reduction at a precise frequency or over a larger frequency band. 

The authors (Krilek et al. 2016) published the results of measurements of the noise 
level in the cross-cutting of timber in two different structures of circular saw blades (un-
corrected No 1 and corrected No 2). The uncorrected circular saw blade No 1 had a higher 
noise level L A eq (dB) for all types of wood, spruce, pine and beech at cutting conditions: 
v f = 12 m. min-1 and the shaft speed n = 3000 rpm.
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On the basis of statistics of occupational diseases in the European Union, the noise 
caused hearing disorders up to 15 % (Heisel and Rambacher, 2009). The legislative re-
quirements in individual states are tools for achieving acceptable working conditions in 
terms of elimination of noise load at the working place. Directive of the European Par-
liament and Council No. 2003/10/ES regarding to occupational health and safety imple-
mented, three definitions in the Slovak legislation (decree government SR No. 115/2006 
amendment according to 555/2006) are:
‒ occupational exposure limit LAEX, 8h, L = 87 dB,
‒ upper exposure action value LAEX, 8h, a = 85 dB,
‒ lower exposure action value LAEX, 8h, a = 80 dB.

Exposure action value is a value of noise in the working environment where after over-
taking it is necessary to take appropriate measures to decrease the level of noise (Dado 
and Hnilica 2015).

MATERIAL AND METHODS

Two circular saw blades manufactured by the company Stelit Ltd in Trenčín, SLO-
VAKIA have been used in the experimental measurements. The first circular saw blade 
(CSB1) had the untreated body and uniform spacing of the teeth (Fig. 1a). The second 
circular saw blade (CSB2) had in the body six compensating slots in the radial direction 
burned out using a laser, six compensating slots bent at an angle to the radius, copper rivets 
and nonuniform spacing of multiple teeth repeated the circuit 1/6 – patent number 288483 
SR (Fig. 1b). The surface of the circular saw blade CSB2 had coating by color RAL 9006 
by producer Tiger LACQUER SLOVAKIA Ltd Pezinok, in the company K-system Ltd 
Kosorín, Slovak republic. The coating had a thickness of 100 µm from both sides and was 
burned in an oven at the time of 20 min at the temperature of 192 °C. The material of the 
body circular saw blades was the steel (DIN 75Cr1, EN 1.2003). Teeth of circular saw 
blades are fitted with inserts of cemented carbide and are alternately diagonally grinded. 
The structural differences of the circular saw blades are shown in Fig. 1.

 
 

 

 a) b) 
Fig. 1 The structural differences of circular saw blades used for experimental measuring

Obr. 1 Konštrukčné odlišnosti použitých pílových kotúčov
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saw blade (CSB2) had in the body six compensating slots in the radial direction burned out 
using a laser, six compensating slots bent at an angle to the radius, copper rivets and 
nonuniform spacing of multiple teeth repeated the circuit 1/6 – patent number 288483 SR 
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a)                                                            b)                                              
Fig. 1  The structural differences of circular saw blades used for experimental measuring 

Obr. 1 Konštrukčné odlišnosti použitých pílových kotúčov 
 

The basic parameters of the used circular saw blades for experimental measuring are 
given in Table 1. 

Table 1 The basic parameters of the used circular saw blades 
Tabuľka 1 Základné parametre použitých pílových kotúčov 
Parameters CSB1 CSB2 
Circular saw blade diameter, mm 350 350 
Clamping hole diameter, mm 30 30 
Number of teeth,             (-) 36 36 
Body thickness, mm 2,4 2,4 
Length of the cutting edge, mm 4,0 4,0 
Tooth height, mm 13 13 
 
Tooth geometry 

f = 15 
f = 65 
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The basic parameters of the used circular saw blades for experimental measuring are 
given in Table 1.

Table 1 The basic parameters of the used circular saw blades
Tabuľka 1 Základné parametre použitých pílových kotúčov
Parameters CSB1 CSB2

Circular saw blade diameter, mm 350 350
Clamping hole diameter, mm 30 30
Number of teeth, (–) 36 36
Body thickness, mm 2,4 2,4
Length of the cutting edge, mm 4,0 4,0
Tooth height, mm 13 13

Tooth geometry

αf = 15°

βf = 65°

γf = 10°

Used clamping flange had the outside diameter Ø dp = 110 mm. Working revolutions 
of the circular saw blades had been determined on the basis of the calculation of resonant 
(critical) frequencies of rotation according to the equation (1) (Nishio and Marui 1996):

                                         [rpm]  (1)

f (n = 0)  – the natural frequency of oscillations of the non-rotating circular saw blade (Hz)
k  –  number of nodal diameters (-)
Z  –  number of harmonics (Z = 0; 1; 2; 3; 4; ...) (-)
λ  –  coefficient of the centrifugal force (-)

 
The natural frequencies of oscillations of the non-rotating circular saw blades for k = 1; 

2; 3; 4 were experimentally determined by measuring apparatus at the laboratory KVAT of 
Technical university in Zvolen, which is described in (Svoreň et al. 2015). The coefficients 
of the centrifugal force for the k = 1; 2; 3; 4 were experimentally determined using the 
measuring apparatus at the laboratory KVAT of Technical university in Zvolen. Frequency 
of backward traveling wave fb was determined on the measuring apparatus.

On the basis of the analysis of the calculated resonant (critical) speeds, the working 
speeds were chosen for experimental measurements of the noise levels as n1 = 4000 rpm, 
n2 = 4025 rpm, n3 = 4050 rpm, n4 = 4075 rpm, n5 = 4100 rpm.

Boards of spruce (Picea excelsa L.) were used as the cut material in experimen-
tal measurements of the noise levels. The boards had dimensions of 25 mm x 250 mm  
x 1500 mm. The moisture content of the boards was w = 12 %. Feed speed of cutting had 
been vf = 17 m.min-1. The laths at the width of 15 mm were cut during the experiment. The 
cutting process had been repeated five times for each of the conditions.

f = 10 
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λ – coefficient of the centrifugal force (-) 
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1; 2; 3; 4 were experimentally determined by measuring apparatus at the laboratory KVAT of 
Technical university in Zvolen, which is described in (Svoreň et al.  2015). The coefficients of 
the centrifugal force for the k = 1; 2; 3; 4 were experimentally determined using the 
measuring apparatus at the laboratory KVAT of Technical university in Zvolen. Frequency of 
backward traveling wave fb was determined on the measuring apparatus. 

On the basis of the analysis of the calculated resonant (critical) speeds, the working 
speeds were chosen for experimental measurements of the noise levels as n1 = 4000 rpm, 
n2 = 4025 rpm, n3 = 4050 rpm, n4 = 4075 rpm, n5 = 4100 rpm. 
            Boards of spruce (Picea excelsa L.) were used as the cut material in experimental 
measurements of the noise levels. The boards had dimensions of 25 mm x 250 mm x 1500 
mm.  The moisture content of the boards was w = 12 %. Feed speed of cutting had been vf = 
17 m.min-1. The laths at the width of 15 mm were cut during the experiment. The cutting 
process had been repeated five times for each of the conditions. 

The frequencies that are audible to humans, are in the range of (20 ÷ 20, 000) Hz. This 
range is referred to as a range of acoustic frequencies. At lower frequencies, vibrations are 
causing significant shaking of the human body, which is more felt than heard. The upper limit 
of audibility varies from person to person and decreases with increasing age. Physicists use a 
logarithmic scale for measuring sound pressure (Sound Pressure Level-SPL), namely the 
decibel (dB) scale. A decibel is a number that represents the logarithm of the ratio between 
the given sound pressure and the reference value. In practice, the term sound pressure level 
SPL is used, which is given by (Dimou, 2014): 

 
𝑆𝑆𝑆𝑆𝑆𝑆 = 20 . log 𝑝𝑝

𝑝𝑝0
                                           [𝑑𝑑𝑑𝑑]                                                         (2)                           

 
p – sound pressure in pascals in the observed point, 
p0 - the internationally agreed reference value sound pressure, p0 = 2.10-5 Pa. 
 

The machine was located on a concrete floor in a room (length × width × height = 15 
× 12 × 4.5 m). Measurement of sound pressure levels in the experimental measurements on 
the circular saw was realized on the measuring apparatus, which block diagram is shown in 
Fig. 3. The frequency, which corresponds to the shaft working rotations of the circular saw, 
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× 12 × 4.5 m). Measurement of sound pressure levels in the experimental measurements on 
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Fig. 3 The bock diagram of the connecting instruments for measurement 
of the noise pressure level on the circular saw.

1 – frequency converter Micro Master Siemens A.6. MM550/3, 2 – elektric motor Siemens,
P = 5,5 kW, 3 – belt drive, 4 – stand circular saw, 5 – circular saw blade mounted with clamping 

collars, 6 – non-contact speedometer DT-2236, 7 – shaft in the bearings, 
8 – hand-held noise analyzer Brüel & Kjaer 2270, 9 – PC

Obr. 3 Bloková schema pripojenia meracej aparatúry ku kotúčovej pile
1 – frekvenčný menič Micro Master Siemens A.6. MM550/3, 2 – asynchrony motor Siemens,

P = 5,5 kW, 3 – remeňový pohon, 4 – stend kotúčovej píly, 5 – kotúčová píla s upínaním, 
6 – bezkontaktný otáčkomer DT-2236, 7 – hriadeľ s ložiskami, 

8 – ručný analyzátor hluku Brüel & Kjaer 2270, 9 – PC

RESULTS AND DISCUSSION

The measured values of the emitted noise by Analyzer Brüel & Kjaer were further 
processed in program BZ5503 – Measurement Partner Suite. Evaluation of the quantities 
of emitted noise was divided into two areas. The first area is the measured quantities of 
emitted noise when idling and turned the exhaust equipment on. From these values, the 
file of 40 noise levels Lieq100ms was selected for each circular saw blade as is shown in table 
2. The second area is the measured quantities of emitted noise during cutting material and 
turned the exhaust equipment on. From these values, the file of 50 noise levels Lieq100ms was 
selected for each circular saw blade. The value of the equivalent noise levels Leq have been 
identified by using the equation (Žiaran 2006):

 (3) 

speedometer Lutron DT-2236 with measurement accuracy (± 0.05 % + 1 digit). Graded feed 
speed vf1 and at vf2 of the conveyer belt has been set up by mechanical wariator. The cut board 
was pressed to the band conveyer by a top roller driven device MV 102 (TOS Svitavy, Czech 
Republic). Condenser microphone was placed in the distance of 0,4 m forward the axis of 
rotation of the circular saw; 0,2 m on the left side of the circular saw blade and at a height of 
1,5 m above the floor (STN EN ISO 3744; STN ISO 7960). The measurements were 
performed at one point, using the method of “sound free field”. Hand-held sound Analyzer 
Brüel & Kjaer 2270 was set to a frequency filter „A“ and time – weight filter „F“ in range to 
140 dB. The entire measuring chain was calibrated before using a calibration device for ½“ 
condenser microphone. The values of the equivalent sound levels L eqA, that the hand-held 
sound analyzer recorded every 0,1 seconds, were saved in internal memory. 
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emitted noise was divided into two areas. The first area is the measured quantities of emitted 
noise when idling and turned the exhaust equipment on.  From these values, the file of 40 
noise levels Lieq100ms was selected for each circular saw blade as is shown in table 2. The 
second area is the measured quantities of emitted noise during cutting material and turned the 
exhaust equipment on. From these values, the file of 50 noise levels Lieq100ms was selected for 
each circular saw blade. The value of the equivalent noise levels Leq have been identified by 
using the equation (Žiaran 2006): 
 
𝐿𝐿𝑒𝑒𝑒𝑒 ≅ 10. log [1

𝑇𝑇  ∑ ∆𝑡𝑡𝑖𝑖 . 100.1 .𝐿𝐿𝑖𝑖𝑛𝑛
𝑖𝑖=1  ]          [𝑑𝑑𝑑𝑑]                                                                   (3)     

 
Table 2 The measured values Leq100ms for CSB1, Δti = 100 ms, T = 5 s, n3 = 4050 rpm 
Tabuľka 2 Namerané hodnoty Leq100ms pre CSB1, Δti = 100 ms, T = 5 s, n3 = 4050 min-1 
95.49 96.32 96.38 96.64 96.67 99.49 100.33 101.88 
102.4 102.46 102.81 102.83 102.96 102.97 103.01 103.15 
103.29 103.32 103.57 103.65 103.78 103.78 103.87 104.24 
104.39 104.46 105.13 105.27 105.35 105.51 105.72 105.80 
105.88 106.1 106.1 106.26 106.28 106.32 106.51 106.57 
106.78 106.86 107.07 107.24 107.45 107.6 107.84 107.96 
107.98 109.06       
 
Table 3 Calculated mean values of Leq in dB (A) and standard deviation σ    
Tabuľka 3 Vypočítané stredné hodnoty Leq  v dB (A) a smerodatná odchýlka σ 

Cutting process 
Feed Speed  17 m.min-1 

 Rotation 4000 (rpm) 
 Leq σ 
CSB1 107.5 1.36 
CSB2 99.5 1.48 
 Rotation 4025 (rpm) 
 Leq σ 
CSB1 106.8 1.32 
CSB2 99.1 1.53 
 Rotation 4050 (rpm) 
 Leq σ 
CSB1 105.3 1.41 
CSB2 99.0 1.42 
 Rotation 4075 (rpm) 
 Leq σ 
CSB1 103.8 1.37 
CSB2 98.7 1.52 
 Rotation 4100 (rpm) 
 Leq σ 
CSB1 102.9 1.29 
CSB2 98.5 1.46 

 
The impact of modifications to the body of the circular saw blades to the equivalent 

noise level Leq circular saws in cutting process at different speeds is shown in Figure 3. 
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Table 2 The measured values Leq100ms for CSB1, Δti = 100 ms, T = 5 s, n3 = 4050 rpm 
Tabuľka 2 Namerané hodnoty Leq100ms pre CSB1, Δti = 100 ms, T = 5 s, n3 = 4050 min-1

95.49 96.32 96.38 96.64 96.67 99.49 100.33 101.88
102.4 102.46 102.81 102.83 102.96 102.97 103.01 103.15
103.29 103.32 103.57 103.65 103.78 103.78 103.87 104.24
104.39 104.46 105.13 105.27 105.35 105.51 105.72 105.80
105.88 106.1 106.1 106.26 106.28 106.32 106.51 106.57
106.78 106.86 107.07 107.24 107.45 107.6 107.84 107.96
107.98 109.06

Table 3 Calculated mean values of Leq in dB (A) and standard deviation σ 
Tabuľka 3 Vypočítané stredné hodnoty Leq v dB (A) a smerodatná odchýlka σ

Cutting process
Feed Speed 17 m.min-1

Rotation 4000 (rpm)
Leq σ

CSB1 107.5 1.36
CSB2 99.5 1.48

Rotation 4025 (rpm)
Leq σ

CSB1 106.8 1.32
CSB2 99.1 1.53

Rotation 4050 (rpm)
Leq σ

CSB1 105.3 1.41
CSB2 99.0 1.42

Rotation 4075 (rpm)
Leq σ

CSB1 103.8 1.37
CSB2 98.7 1.52

Rotation 4100 (rpm)
Leq σ

CSB1 102.9 1.29
CSB2 98.5 1.46

The impact of modifications to the body of the circular saw blades to the equivalent 
noise level Leq circular saws in cutting process at different speeds is shown in Figure 3.
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Fig. 3 Equivalent sound pressure levels Leq of the circular saw at cutting process vf = 17 m.min-1

Obr. 3 Ekvivalentné hladiny akustického tlaku Leq pílového kotúča v procese rezania vf = 17 m.min-1

In figure 3, we can see that the impact of modification of the body of the circular 
saw blade on the equivalent noise level Leq of circular saw in cutting process at different 
speeds is very significant. The maximum difference values Leq ≈ 8.0 dB (A) is at a speed  
n1 = 4000 rpm and feed rate vf = 17 m. min-1 (CSB1 and CSB2). In figure 3, it is the notice-
able effect of the increase in speed on the equivalent noise level Leq in the process of cut-
ting . The decline in the equivalent noise levels Leq can be seen, which is very expressive at 
circular saw blade CSB 1 in the range Leq ≈ (0.9 ÷ 4.6) dB (A). This dependence is caused 
due to a decrease in the cutting force, which is confirmed by the basic theory of cutting 
at circular saw, where the cutting force is by (Koch 1964) defined as Fc = kc ∙ A (N). The 
cross-section of the chips A = st ∙ fz (m2) where st is length of the cutting edge and fz is the 
feeding per tooth.

One-third octave band spectras of equivalent noise levels Leq of the circular saw during 
the cutting cycle at the same technological conditions are shown in Fig. 4 for saw blades 
CSB1 and CSB2
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In figure 3, we can see that the impact of modification of the body of the circular saw 
blade on the equivalent noise level Leq of circular saw in cutting process at different speeds is 
very significant. The maximum difference values Leq ≈ 8.0 dB (A) is at a speed n1 = 4000 rpm 
and feed rate vf = 17 m. min-1 (CSB1 and CSB2). In figure 3, it is the noticeable effect of the 
increase in speed on the equivalent noise level Leq in the process of cutting . The decline in the 
equivalent noise levels Leq can be seen, which is very expressive at circular saw blade CSB 1 
in the range Leq ≈ (0.9 ÷ 4.6) dB (A). This dependence is caused due to a decrease in the 
cutting force, which is confirmed by the basic theory of cutting at circular saw, where the 
cutting force is by (Koch 1964) defined as Fc = kc ∙ A (N). The cross-section of the chips A = 
st ∙ fz (m2) where st is length of the cutting edge and fz is the feeding per tooth. 

One-third octave band spectras of equivalent noise levels Leq of the circular saw during 
the cutting cycle at the same technological conditions are shown in Fig. 4 for saw blades 
CSB1 and CSB2 
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Fig. 4 One-third octave band spectra of CSB1 and CSB2 at cutting cycle vf = 17 m.min-1 
and n3 = 4050 rpm.

Obr. 4 Jednotretikové oktávové spektrá kotúčov CSB1 a CSB2 v procese rezania vf = 17 m.min-1 
a n3 = 4050 min-1.

Based on Fig. 4, we can say that the adjustment of the body of the circular saw blade 
using the compensating slots, as well as sprayed paint (CSB2) reduces the equivalent 
noise levels Leq in almost all of the octave bands at the frequency of (63 ÷ 20000) Hz. The 
equivalent noise levels Leq in octave bands are broadband noise. Fig. 4 confirms the fre-
quency of the maximum noise level, which is part of broadband noise (Reiter and Keltie, 
1976):

znif k ..= (Hz)  (4)

i  –  the fundamental harmonic, i = 1, 2, 3,... (-)
n  –  shaft revolutions (s-1)
z  –  the number of teeth of the circular saw blade (-)

CONCLUSION

By modifying the body of the CSB2 saw blade, a significant reduction in the equiva-
lent noise level Leq of the circular saw in the cutting process has been achieved. The maxi-
mum difference of Leq ≈ 8.0 dB (A) is at n1 = 4100 rpm and feed rate vf = 17 m.min-1 (CSB1 
and CSB2).

Based on the experimental measurements, it can be argued that the adjustment of 
the saw blade body by compensating grooves as well as paint spraying (CSB2) reduces 
equivalent noise levels Leq in almost all octave bands with frequency f = (63 ÷ 20000) Hz 
compared to CSB1.

The compensating grooves and copper rivets in the body, as well as the paint spraying 
and the uneven spacing of the saw blade teeth, do not provide the same reduction in the 

 
Fig. 4 One-third octave band spectra of CSB1 and CSB2 at cutting cycle vf = 17 m.min-1 and 

n3 = 4050 rpm. 
Obr. 4 Jednotretikové oktávové spektrá kotúčov CSB1 a CSB2 v procese rezania 

vf = 17 m.min-1 a n3 = 4050 min-1. 
 

Based on Fig. 4, we can say that the adjustment of the body of the circular saw blade 
using the compensating slots, as well as sprayed paint (CSB2) reduces the equivalent noise 
levels Leq in almost all of the octave bands at the frequency of (63 ÷ 20000) Hz. The 
equivalent noise levels Leq in octave bands are broadband noise. Fig. 4 confirms the frequency 
of the maximum noise level, which is part of broadband noise (Reiter and Keltie, 1976): 
 

znifk .. (Hz) (4) 
 
i – the fundamental harmonic, i = 1, 2, 3,... (-) 
n – shaft revolutions (s-1) 
z – the number of teeth of the circular saw blade (-) 
 

CONCLUSION 

By modifying the body of the CSB2 saw blade, a significant reduction in the 
equivalent noise level Leq of the circular saw in the cutting process has been achieved. The 
maximum difference of Leq ≈ 8.0 dB (A) is at n1 = 4100 rpm and feed rate vf = 17 m.min-1 
(CSB1 and CSB2). 

Based on the experimental measurements, it can be argued that the adjustment of the 
saw blade body by compensating grooves as well as paint spraying (CSB2) reduces equivalent 
noise levels Leq in almost all octave bands with frequency f = (63 ÷ 20000) Hz compared to 
CSB1. 

The compensating grooves and copper rivets in the body, as well as the paint spraying 
and the uneven spacing of the saw blade teeth, do not provide the same reduction in the 
equivalent noise level Leq of the circular saw at the same speed and different cutting 
conditions as shown in fig. 3. 
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equivalent noise level Leq of the circular saw at the same speed and different cutting condi-
tions as shown in fig. 3.

The production of such modified saw blades should be standard for each manufacturer. 
In the case of tool users, it is mainly about improving the quality of the working environ-
ment in terms of noise and thus protecting people’s health at work.
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ABSTRACT: The paper is focused on the research of the influence of thermal modification on the 
insulating properties of wood. The monitored parameter was the heat transfer coefficient between 
the surface of the heated samples and the ambient air. Spruce wood samples with varying degrees of 
thermal modification and a control untreated sample were used for the research. The samples were 
heated from below by a radiant source isolated from the environment. The surface temperatures 
of the sample and the ambient air were continuously recorded using thermocouples. Temperature 
fields above the sample were visualized by real-time holographic interferometry. The values of the 
heat transfer coefficient α were calculated by evaluating the recorded interferograms. Result of the 
experiment proved that thermal modification had a positive impact on reduction of heat transfer 
coefficient, thus enhancing insulation property of the studied material. Heat treatment at higher tem-
peratures showed further improvement, although not as notable as a difference between untreated 
and sample treated at 160 °C.

Key words: thermal modification, holographic interferometry, heat transfer, spruce wood

ABSTRAKT: Príspevok je zameraný na výskum vplyvu termickej modifikácie na izolačné vlast-
nosti dreva. Sledovaným parametrom bol koeficient prestupu tepla medzi povrchom ohrievaných 
vzoriek a okolitým vzduchom. Pre výskum boli použité vzorky smrekového dreva s rôznym stup-
ňom termickej modifikácie a kontrolná neupravená vzorka. Vzorky boli zdola zahrievané sálavým 
zdrojom, izolovaným od okolitého prostredia. Teploty povrchu vzorky a okolitého vzduchu boli 
priebežne zaznamenávané pomocou termočlánkov. Nad vzorkou boli vizualizované teplotné polia 
metódou holografickej interferometrie v reálnom čase. Vyhodnotením zaznamenaných interfero-
gramov boli vypočítané hodnoty koeficientu prestupu tepla α. Výsledok experimentu preukázal že 
termická modifikácia mala pozitívny vplyv na zníženie koeficientu prestupu tepla, čím bola zlepše-
ná izolačná schopnosť skúmaného materiálu. Termická modifikácia pri vyšších teplotách prinášala 
ďalšie zlepšenie, no nie v takej miere, aká bola pozorovateľná medzi prírodnou a vzorkou a vzorkou 
modifikovanou pri 160 °C.

Kľúčové slová: termická modifikácia, holografická interferometria, prestup tepla, smrekové drevo
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INTRODUCTION

Wood has been used by humans since ancient times, both for the production of tools 
and as a building material. Due to its availability and properties, it has been used for these 
purposes up to this day. Some of excavated wooden tools modified by partial charring 
predate even the Stone Age. With this treatment, the wood acquires a higher resistance 
to moisture, insects and fungi, which slows down its degradation and prolongs its life. 
To enable usage of these properties, research of the heat treatment process was raised to 
a scientific level.

Authors (Stam, Hansen, 1973) have been researching effect of thermal modification on 
dimensional stability of wood. Researchers (Steborg, Millett, Stamm, 1956) were testing 
properties of thermally modified wood “staypack”, which has been molded in conditions 
of raised heat and humidity. Scientists (Kollmann, Scheider, 1963) were focused on ab-
sorption properties of thermally modified wood. Thermal modification as a method to 
enhance dimensional stability of wood was studied by (Burmester, 1973). Similar topic 
was addressed also by (Giebeler, 1983).

Authors (Reinprecht, Vidholdová, 2008) studied mechanical properties of thermally 
modified wood and its resistance to various molds. Scientists (Kol, Keshin, 2016) compa-
red thermal conductivity of wooden samples, which were thermally modified with vario-
us final treatment temperatures. Researcher (Jochim, 2016) was measuring heat transfer 
coefficient of log cabin walls. Analyst (Zhang et al., 2017) compared experimental values 
of heat transfer process during thermal modification of wood with an ANSYS analysis. 
Author (Liu, Sun, Sun, 2018) studied heat transfer properties of wood frame walls. Heat 
transfer from wooden surface to surrounding air was addressed by (Hrčka, Babiak, 2016).

Effect of thermal modification on color changes on wooden samples was described by 
(Barcík, Gašparík, Razumov, 2014) and effect of choice of tools and parameters on chip 
size during machining of thermally modified wood was studied by (Barcík, Gašparík, 
2014). Researchers (Koleda et al., 2018) addressed effect of treatment temperature on 
power consumption of milling machine. Author (Korčok et al., 2018) compared quality of 
machined surfaces of wooden samples treated with various temperatures.

MATERIAL AND METHODS

As a material for research, spruce wood planks were used. After thermal modification 
they were cut into samples with parameters 40 × 40 × 10 mm. Treatment levels of wooden 
planks were 160, 180, 200 °C. Spruce wood with same parameters was used as a control 
sample. Humidity content of modified samples was lowered to 4–7 %.
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Fig. 1 Used samples. 1 – untreated control sample, 2, 3, 4 – heat treated spruce samples, 
at temperature levels:  2 – 160 °C, 3 – 80 °C, 4 – 200 °C

Obr. 1 Použité vzorky. 1 – kontrolná vzorka bez úpravy, 2, 3, 4 – tepelne upravené vzorky, 
po úprave na teplotách: 2 – 160 °C, 3 – 180 °C, 4 – 200 °C

Radiant heat source was used for heating of samples during experiment. The source 
was cowered by insulation material and it has been placed under the measurement plat-
form.

Fig. 2 Measurement platform 
SB – sample body, IM – insulation material, MP – measurement platform

Obr. 2 Meracia plošina 
SB – skúšobná vzorka, IM – izolačný material, MP – meracia plošina

Air temperature was kept at 23 °C during the experiment. A variant of Mach-Zehnder 
interferometer was used for the measurement, as shown on Fig. 3. This variant is one of 
the most frequently used devices for visualization of temperature fields and measurement 
of two-dimensional transparent objects. It is capable of being adjusted to either finite or 
infinite fringe width.
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Fig. 3 Scheme of holographic variant of single-wave Mach-Zehnder interferometer 
(Pivarčiová et al., 2019) 

OB – object branch, RB – reference branch, BS – beam splitter, HP – holographic plate, 
HPF – holographic plate fixture, MC – mirror in cardan fixture, O1, O2 – objectives, 

M1, M2, M3 – mirrors, S1, S2 – perforated screens, MO1, MO2 – microscopic objectives, 
SB – sample body, MP – measurement platform, C – camera, S – shade, O – system of objectives

Obr. 3 Schéma holografického variantu jednovlnového Mach-Zehnderovho interferometra 
(Pivarčiová et al., 2019)

OB – objektová vetva, RB – referenčná vetva, BS – delič, HP – holografická doska, HPF – držiak 
holografickej dosky, MC – zrkadlo v kardanovom závese, O1, O2 – objektívy, 

M1, M2, M3 – zrkadlá, S1, S2 – dierkové clony, MO1, MO2 – mikroskopické objektívy, 
SB – skúšobná vzorka, MP – meracia plošina, C – fotoaparát, S – tienidlo, O – sústava objektívov

He-Ne laser with wavelength λ = 0.6328×10-6 m was used as a light source. It had con-
tinual output and 50 mW performance. Created beam was reflected by mirror Z1 and when 
passing through beam splitter D was divided into objective and reference beam. These 
beams were aimed through optical assemblies of micro objectives (MO1, MO2), screens 
(C1, C2) and objectives (O1, O2). Function of optical assemblies was to widen laser beams.

When passing through microobjective (MO1, MO2), waves gain spherical character. 
Perforated screens (C1, C2) were used to filter bending and interference effects that origi-
nated from impurities on prior optical elements.

Objective (O1, O2) at the end of the assembly changes wave character from spherical to 
plane. For system for objective beam, small focal length and small diameter were chosen. 
For the reference beam, large focal length with large objective diameter was used.

Sample body (ST) was held on measurement platform (SST) after objective for ob-
jective beam. The beam passes through medium above the sample body and illuminates 
holographic plate (H), which was held by holographic plate fixture (DH).
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Reference beam is reflected by mirror Z3 and by mirror in cardan fixture (KZ) and il-
luminates holographic plate (H). Mirror (KZ) can rotate, and this allows adjustment of 
fringes to either finite or infinite fringe width. Interference patterns are projected through 
system of objectives (O) onto shade (T), where they are recorded by camera (F). 

HOLOGRAPHIC INTERFEROGRAM ANALYSIS

To make evaluation of interferograms possible, it is essential to know dependency 
between and division of refractive index in optical inhomogeneity, which appeared due to 
state values of object, and those values.

Dependency of temperature on state values of surrounding environment, length of the 
model, light wavelength and number of dark fringes between object and place where is 
environment homogenous can be calculated using (Černecký et al, 2011):

 
(1)

where  T(x, y) – layout of temperatures [°C], 
 T∞ – air temperature in reference zone [°C], 
 p∞ – air pressure in surrounding area [p], 
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This is true with interferometer set to infinite width. In such case, object and reference 
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HEAT TRANSFER COEFFICIENT CALCULATION

Heat transfer coefficient α [Wm-2K-1] stands for amount of heat, which is transferred 
from body surface into fluid. It is used when referring phenomena at border between body 
with rigid arrangement of particles and a fluid, where particles move freely. In our case, 
the rigid body is the spruce sample and fluid is represented by atmospheric gas. Value of 
heat transfer coefficient depends on shape and size of surface, properties of fluid and of 
hydrodynamic condition of the fluid. Local value of heat transfer coefficient can be calcu-
lated by equation (Pavelek et al., 2007):
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where  T(x, y) – layout of temperatures [°C],   
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(2)
where λv  –  heat conductivity coefficient of surrounding air [W∙m-1∙K-1] (for dry air at  
   20 °C, λv = 2,524 W∙m-1∙K-1), 
 Tx  – surface temperature at point x [°C], 
 T∞ –  temperature of surrounding environment [°C].

For temperature profile T = f(y) in form of second grade polynome and for border 
conditions

 
(3)

 
(4)

derivation of temperature at the surface can be described by equation (Pavelek et al., 
2007):

 
(5)
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For temperature profile T = f(y) in form of third grade polynome and for border 
conditions 
𝑦𝑦 = 0 → 𝑇𝑇 = 𝑇𝑇𝑥𝑥, 𝑑𝑑2𝑑𝑑

𝑑𝑑𝑑𝑑2 = 0 ,  (6) 

𝑦𝑦 = 𝛿𝛿𝑥𝑥  → 𝑇𝑇 = 𝑇𝑇𝑤𝑤, 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 0  (7) 

derivation of temperature at the surface can be described by equation (Pavelek et al., 2007): 

(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)𝑥𝑥
= −3

2 ∙
𝑑𝑑𝑤𝑤−𝑑𝑑𝑥𝑥
𝛿𝛿𝑥𝑥

 (8) 

Since the analysis of interferograms makes it possible to determine in detail the 
temperature distribution in the fluid, the method for calculating the heat transfer coefficient 
from temperature derivatives is a useful aid in interferometric research of heat transfer research. 

RESULTS 
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ber increased. This sequence is shown in Fig. 4 and pictures of samples at highest tempe-
ratures are shown in Fig. 5.

Fig. 4 Sequence of formation of interference fringes during heating of untreated sample. 
1 – Sample at the beginning of the experiment, 2 – Occurrence of the fringe 1, after approx. 

8 min., 3 – Occurrence of the fringe 2, in approx. 16 min. 
Obr. 4 Postupnosť vytvárania interferenčných prúžkov pri ohreve. 1 – Vzorka na začiatku ohrevu, 

2 – Vytvorenie prúžku 1, po cca 8 min. ohrevu, 3 – Začiatok vytvárania prúžku 2, 
po približne 16 min. ohrevu.

Fig. 5 Samples at their highest surface temperatures. 1 – Untreated wood (338,15 °C), 
2 – Wood modified at 160 °C (335,01 °C), 3 – Wood modified at 180 °C (330,48 °C), 

4 – Wood modified at 200 °C (338,72 °C)
Obr. 5 Vzorky pri najvyšších teplotách. 1 – Prírodné drevo (338,15 °C), 2 – Drevo upravené pri 
160 °C (335,01 °C), 3 – Drevo upravené pri 180 °C (330,48 °C), 4 – Drevo upravené pri 200 °C 

(338,72 °C)

Obtained images were sampled in approximately two-minute. At least two interference 
fringes must have been present in the image in order to evaluate the data. Records from 
the range of heating time 12–25 min met this criterion. By analyzing the interferograms 
using the Vibra program, we obtained the temperature profile of the thermal boundary 
layer above the sample.

In Fig. 6. is an example of the evaluation of the temperature profile above the sample.

Fig. 6 Evaluation of heat layout above the sample. 
Left: interferogram with line drawn in the place of evaluation, right: identification of position 

of interference fringes (y0; y1; y2) and of sample surface (x0).
Obr. 6 Vyhodnotenie teplotného profilu nad vzorkou

Vľavo: vyhodnocovaný interferogram s vyznačením línie vyhodnocovania, vpravo: označenie 
polohy interferenčných prúžkov (y0; y1; y2) a povrchu zohrievanej vzorky (x0).
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Program Vibra used measured surface temperatures as an imput. Second part of imput 
was a picture of interferogram. Picture was evaluated through its section (right part of  
Fig 6). Scale of distance was set using edge of sample, which was known to be 0,04 m 
long. Then, position of interference fringes and sample surface was chosen in the sec-
tion. From these, local temperatures were calculated using equation (1). Table 1 shows 
measured distances between fringes and sample surface, from captures taken at highest 
temperature. 

Table 1 Distance of fringes from sample surfaces, measured at highest temperatures 
Tab. 1 Vzdialenosti interferenčných prúžkov od povrchu vzoriek, namerané pri najvyšších teplotách

natural 160 °C 180 °C 200 °C
y0 0.027 0.029 0.030 0.031
y1 0.015 0.026 0.027 0.028
y2 0.019 0.020 0.023

Then, heat profile and heat transfer coefficients were calculated, using equations (2), 
(5) and (8). Calculated heat transfer coefficients and their dependencies on surface tempe-
ratures of samples is shown in Fig. 7.

Fig. 7 Dependencies of heat transfer coefficient on surface temperatures of samples.
Obr. 7 Závislosti koeficientu prestupu tepla od nameranej teploty povrchu vzorky

1)Koeficient prestupu tepla α, 2)Teplota

DISCUSSION

In Fig. 7, it can be seen that for all samples of thermally modified wood, the value 
of the heat transfer coefficient α was lower than the value corresponding to the control 
sample.

At the beginning of the experiment, heat transfer coefficient of sample modified at 
160 °C was 11.8% smaller than coefficient of control sample, while difference of 180 °C 
sample was 15.7%. At surface temperatures in range (54–56) °C, differences were 11.5 % 
for 160 °C sample, 22.1 % for 180 °C and 18.8 % for sample treated at 200 °C. At tempe-
ratures between (62–66) °C, there is 18.8 % difference for 160 °C sample, and 16.4 % for 
200 °C.
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According to these values, it could be generalized that heat transfer coefficient of ther-
mally modified wood was 11.8 %–22.1 % lower than coefficient of the control sample. 
This leads to conclusion that thermal modification does positively affect properties of 
wood as an insulation material. The biggest difference was noted between control sample 
and wood modified at 160 °C. Modification at higher temperatures showed better results, 
although not as notable as a difference between treated and non-treated samples.

The heat transfer coefficient α decreased with increasing sample surface temperature. 
At temperatures up to 55 °C, the heat transfer coefficient decreased as the level of thermal 
modification of the sample increased. At higher temperatures, the sample deviation treated 
at 180 °C reaches the highest deviation. During the experiment, the fastest temperature 
rise was recorded for this sample. 

CONCLUSION

The experiment showed that thermal modification has a positive effect on impro-
ving the insulating properties of wood. At the beginning of the experiment, in surface 
temperature range of (41– 43) °C α value of natural wood was 16.61 Wm-2K-1, while 
spruce modified at 160 °C had α = 14.61 Wm-2K-1 and sample modified at 180 °C had  
α   = 14 Wm-2K-1. When heated to (54–56) °C, coefficient α of natural wood decreased  
to 12.05 Wm2K-1. Heat transfer coefficients of treated samples also declined: spruce mo-
dified at 160  °C to α = 10.66 Wm-2K-1, sample modified at 180  °C to α = 9.39 Wm-2K-1  
and wood modified at 200 °C had value α = 9.78 Wm-2K-1. By ending of the experiment, in  
a range of (62–66)  °C, heat transfer coefficient of natural wood decreased to α  =  7.64 Wm-2K-1.  
For sample treated at 160 °C, it was α = 6.20 Wm2K-1 and for 200 °C sample  
α = 6.39 Wm-2K-1. 180 °C sample did not reach surface temperature in this range, its final 
coefficient was α = 6.18 Wm-2K-1, at temperature 57 °C. 

A sufficient temperature difference between the sample surface and the ambient air was 
required to perform the analysis by holographic interferometry. In order to obtain results 
for a range of surface temperatures corresponding to the conditions in which wood would 
be used as a building element, it will be necessary to perform an experiment at a constant 
ambient air temperature maintained at a lower value.

To assess heat transfer coefficients, method of holographic interferometry was used. 
This method has proven its usability for visualisation of temperature fields and assessment 
of heat transfer on a boundary between object and a liquid. This could be also useful in 
research of heat transfer occurring at samples of intricate shape, such as various computer 
components. It would be also possible to use this method to assess heat losses near inho-
mogenities of wood, such as small cracks and places with grain direction differing from 
the surrounding area.

In the following research, ionization impact on the air cleaning efficiency in the wood 
production halls (Černecký et al. 2015) should be considered. Also, either this method or 
a method of digital holography could be used for the visualisation of motion of a beam 
(Černecký, Božek, Pivarčiová, 2015). Drawback of this method is its sensitivity, as the 
results can be influenced by events in surrounding area. Thus it is yet usable mostly in 
controlled conditions of a laboratory. Another problem arises from size of optical compo-
nents of interferometer, as the size of measured objects is restricted by parameters of used 
objectives.
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ABSTRACT: Analysis and risk assessment are procedures which help to progress of knowledge 
and are very important in practice. Risk assessment is possible to create only on the basis of exact 
true and tested information about the given system, which truly define the given system within the 
area and time. The High standards of care and treatment are closely linked with the requirements 
for quality and reliability forestry machinery and technological equipment. The These standards are 
closely related to the care of the equipment. The paper deals with reliability of forest machines used 
in Slovak forestry. They are quite modern and helpful in the process of tree felling. This research 
showed how to decrease costs for maintenance, time for its execution, prepare store of spare parts 
and finally increase profits of felling companies. The research showed that observation of reliability 
is very useful regarding to the quality of maintenance and costs of it. 

Keywords: risk assessment, reliability management, forest machines, maintenance 

ABSTRAKT: Analýza a hodnotenie rizika sú postupy, ktoré napomáhajú rozvoju vedomostí a sú 
v praxi veľmi dôležité. Posúdenie rizika je možné vytvoriť iba na základe presných pravdivých 
a otestovaných informácií o danom systéme, ktoré daný systém v danej oblasti a čase skutočne defi-
nujú. Vysoký štandard starostlivosti a ošetrovania úzko súvisí s požiadavkami na kvalitu a spoľahli-
vosť lesných strojov a technologických zariadení. Tieto normy úzko súvisia so starostlivosťou o za-
riadenie. Príspevok sa zaoberá spoľahlivosťou lesných strojov používaných v slovenskom lesníctve. 
Sú celkom moderné a užitočné v procese výrubu stromov. Tento výskum ukázal, ako znížiť náklady 
na údržbu, čas na jej vykonanie, pripraviť sklad náhradných dielov a nakoniec zvýšiť zisky spoloč-
ností na ťažbu. Výskum ukázal, že pozorovanie spoľahlivosti je veľmi užitočné z hľadiska kvality 
údržby a nákladov na ňu.

Kľúčové slová: hodnotenie rizika, riadenie spoľahlivosti, lesné stroje, údržba

INTRODUCTION

The advance of international markets and the consequent increase of global competi-
tion have led manufacturers to create more and more customizable products to reach high-
er customer expectations. Nowadays, manufacturers need to produce high-quality pro-
ducts in less time. In this competitive environment, the manufacturers’ interest is to focus 
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more than ever before on the machines’ reliability (Birolini 2007, Shi et al. 2016). Then, 
an appropriate maintenance is essential in manufacturing systems to ensure all operating 
equipment in healthy condition, reduce failures, and guarantee the quality of the produced 
items (Lou et al. 2015). Several additional factors have motivated this interest growth in 
reliability, which include the increasing of complexity and sophistication of the systems 
(Sun et al. 2009) and the insistence on product quality, warranty programs, safety laws, 
and supply chain sustainability (Rodger et al. 2017). Some of the latter factors are also 
influenced by the high cost of failures, their repairs, or their replacement (Ebeling 2010). 

The project and reliability of constructional parts have significant influence on reliabil-
ity of the final product. Reliability is very complicated category and it is not easy to define 
only on the basis of theoretical analysis of the project. There are often necessary formal 
tests where the expected operational conditions are simulated and there is evaluated the 
object from operational time and failure occurrence point of view. 

Testing is important from many reasons. The results of tests are often necessary for 
taking decision (quality point of view), means for reliability evaluation (e.g. maintenance), 
planning and choice taking process. Adequate testing leads to high reliability results and 
very good quality (Drožyner et al. 2007, Moubray 1997, Moren 1997).

We meet the words like quality and reliability in everyday life. Producers emphasize 
them in advertisements where they highlight quality of their products and the new owner 
seldom thinks about the limited reliability and thinks about it only in the case when the 
product breaks down (Müller 2007, Ormon et al. 2002). 

According to the data from the first information obtained from observed group of ma-
chines, it is possible to define theoretical indicator of reliability for the whole group of 
machines. Every distribution has its own area for usage, its own parameters, formulas for 
calculations and tables. In case of observation of forest machines operational reliability 
there are mostly used Normal distribution and Weibull distribution. Exponential and Ray-
leigh distributions are special case of Weibull distribution. The advantage of the Weibull 
distribution is its right side asymmetry of probability density. Due to this asymmetry, the 
medium, modus and median values of reliability indicator are not equal in comparison 
with Normal distribution. Quite often Weibull distribution is used theoretical distribution 
of probability during solve of question in field of reliability of machine objects. This dis-
tribution is applied to data modelling, regardless of whether the failure intensity is rising, 
falling or constant. Weibull’s distribution is flexible and adaptable for data of over a wide 
range (Legát et al. 1999, Nassar et al. 2017, Teringl et al. 2015).

The probability density (differential function) and distribution function (integral func-
tion) for Weibull distribution are calculated as follows:

        
(1)

        

(2)

a,b  – parameters of Weibull distribution ( a - parameter of size, b – parameter of shape)
t  – total average time between failures.

Testing is important from many reasons. The results of tests are often necessary for 
taking decision (quality point of view), means for reliability evaluation (e.g. maintenance), 
planning and choice taking process. Adequate testing leads to high reliability results and very 
good quality (Drožyner et al. 2007, Moubray 1997, Moren 1997). 

We meet the words like quality and reliability in everyday life. Producers emphasize 
them in advertisements where they highlight quality of their products and the new owner 
seldom thinks about the limited reliability and thinks about it only in the case when the 
product breaks down (Müller 2007, Ormon et al. 2002).  

According to the data from the first information obtained from observed group of 
machines, it is possible to define theoretical indicator of reliability for the whole group of 
machines. Every distribution has its own area for usage, its own parameters, formulas for 
calculations and tables. In case of observation of forest machines operational reliability there 
are mostly used Normal distribution and Weibull distribution. Exponential and Rayleigh 
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1. functional and technical analysis where first data about a system are collected (charac-
teristics of a system, functional and technical characteristics),

2. quality analysis goal is to find out all failures, reasons of their creation and description 
of a system what an individual failure can cause,

3. quantitative analysis creates estimation of numerical value for reliability indicators,
4. synthesis of data and conclusions from quality and quantitative analysis directly show 

failures and their combinations which system reliability is the most dependent on.

The reliability analysis used conditions shown in Slovak technical standards based on 
European standards (STN 01 0606). The exact procedure for the research of forwarders 
according to mentioned methods of reliability analysis is following (Kováčová, 2010):
1. Machine card creation for each device individually. Machine card obtained technical 

data of a device, resume of working and a drawing of it.
2. Definition constructional groups for each machine. This helped record outputs from 

service notes.
3. Creation of folders in MS Excel for each device. It helped to classify failures and create 

analysis of a device.
4. Creation of universal table for each device i.e. each device had the same structure what 

guaranteed uniformity and repeatability of records and the whole research.
5. Collected data were analysed using mathematical statistics. The results were presented 

in graphical and table forms.

RESULTS AND DISCUSSION

One factorial table of variance for individual forwarders (f810D-829, f810D-136, 
f810D-001, f810D-002, f810D-1110) was created in statistical software STATISTICA 7 
focused on time between two failures in Mh (Table 2).

Table 2 Basic table of one factorial analysis of variance for individual forwarders (f810D-829, 
f810D-136, f810D-001, f810D-002, f810D-110) focused on time between two failures in Mh
Tabuľka 2 Základná tabuľka jednej faktoriálnej analýzy odchýlok pre jednotlivé dopravné systémy 
(f810D-829, f810D-136, f810D-001, f810D-002, f810D-110) zameraná na čas medzi dvoma poru-
chami v Mh

 

Sum of 
squares

Degrees 
of free-
dom

Variance Fisher
F test

p level of 
significance

Total diameter 5 102 590 1 5 102 590 109.5 0.000
No. of the machine 1 001 150 4 250 287 5.4 0.001
Random factors 5 217 923 112 46 589   

The first line of Table 2 speaks about probability if the total average values of times 
between two failures equals zero. The first row of Table 2 shows the values of the prob-
ability that the total average values of the times between two failures are zero. The to-
tal average value of times between two failures for individual forwarders (f810D-829, 
f810D-136, f810D-1001, f810D-1002, f810D-1110) does not equal to zero H1:t ≠ 0 means 
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that p=0,000. From the Fig. 1 and the second line of the Table 2 means that the time be-
tween two failures for individual forwarders vary statistically significantly. It means that 
not all forwarders showed the same malfunction.

Fig. 1 Graph for 95% intervals of reliability for medium values of times between two failures for 
individual forwarders (f810D-829, f810D-136, f810D-001, f810D-002, f810D-1110)

Obr. 1 Graf pre 95% intervaly spoľahlivosti pre stredné hodnoty časov medzi dvoma poruchami 
pre jednotlivé lesné Forvardéry (f810D-829, f810D-136, f810D-001, f810D-002, f810D-1110)

There was created the table of basic statistical characteristics for individual forwarders 
(Table 3).

Table 3 Basic statistical characteristics for individual forwarders 
Tabuľka 3 Základné štatistické charakteristiky jednotlivých forvardérov

No. of the 
machine

Average 
time be-
tween two 
failures

Stan-
dard 
mistake

95% interval 
of reliability No. of 

measure-
ments

Standard 
deviation

Coefficient 
of varia-
tionLeft 

border
Right 
border

810D-829 169,8 28,5 112,1 227,5 39 178,0 104,9
810D-136 282,6 60,3 154,1 411,1 16 241,1 85,3
810D-001 161,1 65,9 19,8 302,5 15 255,2 158,4
810D-002 124,0 37,6 45,5 202,4 21 172,4 139,1
810D-1110 371,2 50,1 267,9 474,5 26 255,7 68,9
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Then, there were calculated failure intensities λ(t) raising from Weibull distribution 
for forwarders f810D-829 (Figure. 2), f810D-136 (Figure. 3), f810D-001 (Figure.4), 
f810D-002 (Figure. 5) and f810D-1110 (Figure. 6). 

The calculation raised from formula for calculation of failure intensity λ(t) in Weibull 
two parametric distribution (only for parameter of size a, parameter of shape b, because 
parameter of position is c = 0), where:

1

.)(
−






=

b

a
t

a
bt         (4)

Fig. 2 Failure intensity for forwarder f810D-829
Obr. 2 Intenzita poruchy pre forvardér typ f810D-829

Fig. 3 Failure intensity for forwarder f810D-136
Obr. 3 Intenzita poruchy pre forvardér typ f810D-136
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Obr. 3 Intenzita poruchy pre forvardér typ f810D-136 
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Fig. 3 Failure intensity for forwarder f810D-136 

Obr. 3 Intenzita poruchy pre forvardér typ f810D-136 
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Fig. 4 Failure intensity for forwarder f810D-002
Obr. 4 Intenzita poruchy pre forvardér typ f810D-002

Fig. 5 Failure intensity for forwarder f810D-001
Obr. 5 Intenzita poruchy pre forvardér typ f810D-001

 
Fig. 4 Failure intensity for forwarder f810D-002 

Obr. 4 Intenzita poruchy pre forvardér typ f810D-002 
 

 
Fig. 5 Failure intensity for forwarder f810D-001 

Obr. 5 Intenzita poruchy pre forvardér typ f810D-001 
 

 

 
Fig. 4 Failure intensity for forwarder f810D-002 

Obr. 4 Intenzita poruchy pre forvardér typ f810D-002 
 

 
Fig. 5 Failure intensity for forwarder f810D-001 

Obr. 5 Intenzita poruchy pre forvardér typ f810D-001 
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Fig. 6 Failure intensity for forwarder f810D-1110
Obr. 6 Intenzita poruchy pre forvardér typ f810D-1110

As the last indicator of reliability there was defined medium time to failure Ts. For all 
observed machines there were used Weibull distribution and prediction that:

         
(5)

where:  a,b  are parameters of Weibull distribution,
  ς is gamma function (table value).

Medium time to failure Ts for types of machines and individual forwarders are shown 
in Table 4.

Table 4 Medium time to the failure TS 
Tabuľka 4 Stredný čas do poruchy TS

Type / No. of the machine Medium time to the failure 
TS (Mh)

f810D-829 178,543
f810D-136 283,99
f810D-001 134,8187
f810D-002 108,1099
f810D-1110 378,4651
f 210,4088

CONCLUSIONS

The importance of products reliability is a very significant aspect of each device. The 
outputs of this research can be resumed from many points of view. 
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This leads to an increase of machinery operating costs – too short maintenance period 
results in an increase of maintenance costs, too long maintenance intervals lead to increase 
of costs due to poor technical condition of the production equipment (Legát et al. 1999).

The purposeful processing of long-term documented maintenance data can provide 
plenty of information not only about a machine’s history, but also about its maintenance 
system. The main objective of data analysis is to continually improve the maintenance 
efficiency, which is closely related to improvements in dependability and overall pro-
ductivity of the production equipment. Further examples of evaluation of maintenance 
management data can be found in (Peng et al. 2018, Kováč et al. 2013, Kováčová 2010).

For these forwarders, the machine had the highest average time between failures num-
ber f810D-1110, but not the largest number of failures. On the other hand, he also worked 
Mh. The closest to the machine was the f810D-136 forwarder, which concerns the average 
time between failures as well as the mean time to failure. On the contrary, the f810D-002 
had the lowest average time between failures. The time differences between failures were 
statistically significant between machines.

The results bring positive solutions for operational usage of forwarders in organiza-
tions using these technologies in practice. This research shown how to decrease costs for 
maintenance, time for its execution, prepare store of spare parts and finally increase profits 
of felling companies. The research showed that observation of reliability is very useful 
regarding to the quality of maintenance and costs of it. The meaning of forwarders in the 
forest economy increases because it brings profit.
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ABSTRACT: The paper is focused on experimental research of thermal parameters of coolants 
based on ethylene glycol G11, G12+, and G13, used in the engine cooling system of the Škoda 
Felicia 1.3 MPi. An experimental assembly consisting of the engine, heater and cooling system 
was designed and constructed for this purpose. The aim of the research is to determine the most 
suitable coolant for a given type of internal combustion engine and engine cooler. The coolant G12+ 
achieved faster heating by 4´50´´ and 6´54´´, and cooling by 7´41´´ and 11´30´´ compared to G11 
and G13, respectively. The results show that G12+ coolant is most appropriate for examined engine 
cooling system, which has a positive effect on the car thermal management.

Key words: heating, cooling, engine cooler, coolant, experiment

ABSTRAKT: Príspevok je zameraný na experimentálny výskum tepelných parametrov chladia-
cich kvapalín na báze etylénglykolu G11, G12+, G13, použitých v chladiacej sústave motora Škoda 
Felicia 1.3 MPi. Na tento účel bola navrhnutá a skonštruovaná experimentálna zostava pozostávajú-
ca z motorovej časti, ohrevného telesa a chladičovej sústavy. Cieľom výskumu je stanoviť najvhod-
nejšiu chladiacu kvapalinu pre daný typ spaľovacieho motora a chladiča. Chladiaca kvapalina G12+ 
dosiahla rýchlejší ohrev o 4´50´´ a 6´54´´ a rýchlejšie ochladenie o 7´41´´ a 11´30´´ v porovnaní 
s G11 a G13. Z výsledkov vyplýva, že chladiaca kvapalina G12+ má priaznivý vplyv na správny 
chod motora a jeho životnosť, na nižšiu produkciu emisií a lepšiu ekonomiku prevádzky automobi-
lu. Výsledky ukazujú, že chladiaca kvapalina G12+ je najvhodnejšia pre skúmaný chladiaci systém 
motora, čo má pozitívny vplyv na tepelný manažment automobilu.

Kľúčové slová: ohrev, chladenie, chladič motora, chladiaca kvapalina, experiment

INTRODUCTION

Car engine cooling system is important for maintaining the proper function and life of 
the engine part. Approximately one third of the thermal energy produced by internal com-
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bustion engines is used as waste heat through the cooling system. Efficient cooling ensures 
better filling of the cylinders, higher performance with more favorable fuel consumption, 
higher compression ratio and a more even engine operating temperature. The ideal cool-
ant has a high heat capacity, low viscosity and is chemically non-reactive, does not cause  
or increase corrosion of the cooling system. Coolant contain components, which increase 
their boiling point and decrease their freezing point. 

Several authors have investigated and analyzed different types of coolants under differ-
ent operating conditions. Authors (Gollin & Bjork 1996) used five different engine cool-
ers for heat transfer research located in a wind tunnel for the following coolants: 100% 
propylene glycol, 100% water, ratio of propylene glycol to water 70:30 and 50:50, ratio  
of ethylene glycol to water 70:30 and 50:50. They came to a conclusion, that the most ef-
fective coolant is water, followed by a mixture of ethylene glycol and water 50:50, propyl-
ene glycol and water 50:50, ethylene glycol and water 70:30, propylene glycol and water 
70:30, and finally 100% propylene glycol. Authors (Juger & Crook 1999) they experimen-
tally tested two coolers with the same flow area, but at the vertical and horizontal posi-
tion of the tubes. They investigated the effect of tube length on number for glycol-based 
coolants (ethylene glycol, propylene glycol) mixed with water 50:50, and for the water 
itself. When using a mixture of propylene glycol and water, there was a more significant 
decrease in performance at higher flow rates compared to a mixture of ethylene glycol and 
water or water alone. Authors (Oliet et al. 2007) confirmed, that heat transfer and cooler 
performance are significantly affected by air and coolant flow. As the air and coolant flow 
increases, the cooling capacity increases, as the inlet air temperature increases, the heat 
transfer and thus the cooling amount decreases.

Authors (Efeovbokhan & Ohiozua 2013)  dealt with the comparison of the cooling 
properties of water, commercially available coolant and formulated coolant (a mixture 
of ethylene glycol and water in the ratio 50:50 a 1% corrosion inhibitor). The formu-
lated coolant reached the highest boiling point 110 °C and its mass heat capacity was  
4238 J.kg-1.K-1. A mixture of ethylene glycol and water with a corrosion inhibitor is much 
more effective compared to the same mixture without a corrosion inhibitor. Although wa-
ter itself is effective as a coolant, it also causes significant corrosion. Authors (Turizo-
Santos et al. 2015) experimentally investigated the heat transfer and pressure losses on 
the side of the flowing air impinging on the corrugated ribs fitted with soldering on a plate 
heat exchanger. The cooling water flow was constant 1.82 m3.h-1 and the air flow varied 
in the range of the Reynolds number 350 to 1270. Heat transfer and pressure drop were 
evaluated in terms of the Colburn factor j and the coefficient of friction f at the change Re. 
The experimental results were compared with CFD simulations for the same geometry.

Authors (Channankaiah & Arunpandiyan 2016) focused on the research of the engine 
cooling system on the air and liquid side using experimental and numerical analysis. On 
the air cooling side, the cooling capacity can be increased by modifying the fins and the 
shape of the cooler, on the fluid side, it is possible to modify the tubes, ribs, core, fan and 
coolant. Cooling on the liquid side transfers heat at the maximum level compared to the 
air side of the system. In 2017, the authors (Patil et al. 2017) dealt with the optimization 
of heat transfer in smaller car coolers. The compact shape of the cooler leads to a reduc-
tion in air resistance, lower fuel consumption and a reduction in the car’s weight. Authors 
(Shariff et al. 2018) dealt with a numerical study on the effect of ribs on the performance 
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of a car cooler at atmospheric temperature in the state of Kano in Nigeria. The 2000 Honda 
Civic cooler model was modeled in SolidWorks and analyzed in ANSYS Fluent. In order 
to increase the cooling effects of the cooler, ribs were mounted on the assembly, which in-
creased its heat exchange area. They found that the maximum and minimum temperatures 
in Kano were 39.5 °C and 30.2 °C in April and August. The results showed that in the case 
of fitted ribbing, there is a 25% decrease in the outlet temperature from the cooler. The 
aluminum cooler with a ribbed surface is advantageous for conditions in the Kano due to 
its greater heat dissipation at a relatively small size. 

Authors (Saini et al. 2014) deal with the application of carbon foam as the cooler ma-
terial in the design shows an increased rate of heat transfer Q = 53,414 W, which is much 
greater than the required value Qreq = 35,596 W. Hence, the existing cooler can be made 
smaller in size by 203 mm (33%) in width. That s means, there is an extra availability of 
1630 cm3 space in engine compartment and decrease in the frontal surface area. Nanofluid, 
shows an increase rate of heat transfer (Q = 38,078 W) that is also a great way to enhanced 
the rate of convection between the inner walls of the tubing and the fluid, this rate of heat 
transfer is greater than the required value (Qreq = 35,596 W) and hence the cooler can work 
efficiently even at higher load and speed requirement in hot climatic conditions.

Authors (Sudhakar & Yasin 2019) performed a computational fluid dynamics (CFD) 
analysis in the ANSYS program continuously to analyze the heat transfer process. A com-
parative study was performed between straight and spiral tubes with respect to different 
coolant mass flow rates. Further analyses were performed by varying coolants from con-
ventional fluids air, water to nanofluids with different volume fractions. CFD analysis was 
performed on a cooler model with varying mass flow rates, and varying tube designs. In 
order to enhance the heat transfer, nanofluid SIC (silicon carbide) and MgO2 were used 
with two different volume fractions. It is observed that with increase in mass flow rate the 
heat transfer coefficient increases thereby increasing the coolant efficiency. Further it was 
found nanofluids have much better tendency to enhance heat transfer than straight and 
helical tubes standing way a head in terms of heat transfer and nominal in pressure drop.

Authors (Yadav & Singh 2011) deal with, in performance evaluation a cooler is in-
stalled into a testing setup and the various parameters including mass flow rate of coolant  
(5.0 ÷ 8.5 l.min-1), inlet coolant temperature (80 ℃) etc. are varied. The modeling  
of cooler has been described by two methods, one is finite difference method and the other 
isothermal resistance concept. A comparative analysis between different coolants is also 
shown. One coolant as water and other as mixture of water in propylene glycol in a ratio 
of 40:60 is used. They found that water is still one of the best coolants, but its limitation 
is that it causes corrosion and contains dissolved salts that degrade the permeability of the 
coolant through the pipes. By making a mixture with ethylene glycol its specific heat is 
decreased but its other properties are enhanced. It also increases the boiling temperature 
water and decreases freezing temperature also. Authors concluded from the studies that 
the cooling capacity and the effectiveness are indirect relation with the inlet temperature 
of hot coolant i.e. with an increase in the value of inlet coolant temperature the cooling 
capacity and the effectiveness of the cooler increases respectively.

Authors (Hussein et al. 2014) deal with heat transfer enhancement using nanofluids 
in an automotive. The forced convection heat transfer enhancement by TiO2 and SiO2 
suspended in water as a base fluid inside the flat copper tubes of an automotive cool-
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ing system has been measured. Significant heat transfer enhancement was observed and 
was associated with the concentration of the nanoparticles. Maximum Nusselt number 
enhancements of up to 11% and 22.5% were obtained for TiO2 and SiO2 nanoparticles, 
respectively, in water. The experimental results showed that the Nusselt number behaviors 
of the nanofluids highly depended on the volume flow rate, inlet temperature and nano-
fluid volume concentration. The results showed that the SiO2 nanofluid produces a higher 
heat transfer enhancement than the TiO2 nanofluid; likewise, TiO2 nanofluid enhanced heat 
transfer more than pure water. The results also proved that TiO2 and SiO2 nanofluid have 
a high potential for heat transfer enhancement and are highly appropriate for industrial and 
practical applications.

Authors (Selvam et al. 2017) presented an improvement in the overall heat transfer 
coefficient of the cooler using a nanofluid based on graphene nanoparticles. As a basic 
coolant, they used a mixture of water-ethylene glycol in a ratio of 70:30 together with 
a nanofluid which contained nanoparticles of graphene in the range of 0.1% to 0.5%. 
During the measurements, the nanofluid flow changed from 12.5 g.s-1, 25 g.s-1, 37.5 g.s-1,  
50 g.s-1 and 62.5 g.s-1 at an inlet temperature of 35 °C and 45 ℃. The velocity of the thrust 
air varied in the range of 1 m.s-1 to 5 m.s-1. Increasing the heat transfer coefficient on the 
nanofluid side plays an important role in improving the overall heat transfer coefficient. 
The maximum increase in the total heat transfer coefficient was 104% at 35 °C, 81%  
at 45 °C at a flow rate of 62.5 g.s-1 and an air velocity  5 m.s-1. The pressure loss of the 
nanofluid increases with increasing airflow and the amount of graphene.

In the presented research, we dealt with experimental research of thermal parameters 
of ethylene glycol-based coolants G11, G12+, G13, in the engine cooling system Škoda 
Felicia 1.3 MPi (50 kW). The experimental assembly was designed and constructed for 
research in the laboratory. The aim was to compare the time required for heating and cool-
ing the investigated coolants and to determine the appropriate type of coolant for a par-
ticular internal combustion engine and cooler.

MATERIAL AND METHODS

For the research of thermal parameters of coolants, an experimental assembly accord-
ing to Fig. 1. The individual components come from the Škoda Felicia 1.3 MPi. The 
engine does not generate heat by combustion, therefore, the coolant is heated in the heater 
(10). The engine was used for measurements in order to create the most realistic condi-
tions from practice, but in a laboratory. The volume of coolant in the system is approxi-
mately 6 liters.

The experimental cooling system assembly has two cooling circuits (short and long). 
At temperatures up to 80 °C, the coolant flows in a short cooling circuit, which consists 
of a water pump (14) driving the coolant through the engine cylinder block (19) into the 
thermostat body (6) and from there into the inlet pipe of the heater (12). In the heater (10), 
the coolant is heated by a heating spiral (13).

In case of aeration or flooding of the heater, a return pipe is led from its upper part (9) 
into the expansion tank (8). The outlet pipe of the heater (11) is connected to a water pump 
(14). The coolant flows through a short circuit, until the temperature rises above 80 °C. 
Subsequently, the thermostatic valve located in the thermostat body (6) starts to open and 
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the hot liquid flows to the inlet of the cooler (1). In case the hot liquid does not manage 
to flow under pressure through the cooler (3), a part of it flows through the return pipe (7) 
into the expansion vessel (8). Heating spiral (13) with a power of 1500 W is mounted in 
a body with dimensions of 80 × 80 × 300 mm.

Fig. 1 The scheme of experimental assembly
1 – cooler inlet pipe, 2 – cooler outlet pipe, 3 – engine cooler, 4 – fan, 5 – connecting pipe 

(thermostat cooler inlet pipe), 6 – thermostat, 7 – reverse pipe, 8 – expansion tank, 9 – vent pipe, 
10 – heater, 11 – coolant outlet from the heater, 12 – coolant inlet to the heater,  

13 – heating spiral, 14 – water pump, 15 – connecting pipe (thermostat-heater), 16 – filling pipe 
cooling circuit, 17 – outlet pipe heated fluid, 18 – drainage of the cooled liquid from the cooler, 

19 – engine
Obr. 1 Schéma experimentálnej zostavy

1 – vstupné potrubie chladiča, 2 – výstupné potrubie chladiča, 3 – chladič motora,  
4 – ventilátor, 5 – spojovacie potrubie (termostat-chladič), 6 – termostat, 7 – spätné potrubie 

termostatu, 8 – vyrovnávacia nádržka, 9 – odvzdušňovacie potrubie, 10 – ohrevné teleso,  
11 – výstup chladiacej kvapaliny z ohrevného telesa, 12 – vstup chladiacej kvapaliny do ohrevné-
ho telesa, 13 – ohrevná špirála, 14 – vodné čerpadlo, 15 – spojovacie potrubie (termostat-ohrevné 

teleso), 16 – plniace potrubie chladiaceho okruhu, 17 – výstupné potrubie ohriatej kvapaliny, 
18 – odvod ochladenej kvapaliny z chladiča, 19 – motor

An important part of the assembly is the engine cooler (3), in which the coolant flows 
in the sense of the arrows shown in Fig. 1. Through the cooler outlet pipe (2), the cooled 
medium flows back to the water pump (14) and from there back to a short circuit until 
the coolant temperature drops below 80 °C. In case the coolant cannot be cooled by the 
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engine cooler itself (3), the fan (4) is started, which more intensively dissipates heat from 
the cooler tubes and ribs. 

Fig. 2 Engine cooler
1 – plastic cover with holes for liquid inlet and outlet, 2 – connecting plastic cover, 

3 – heat exchange surface with ribs, 4 – fluid input pipe, 5 – fluid output pipe
Obr. 2 Chladič motora

1 – plastový kryt s otvormi pre vstup a výstup kvapaliny, 2 – spojovací plastový kryt,  
3 – teplovýmenná plocha s rebrami, , 4 – potrubie pre vstup kvapaliny, 

5 – potrubie pre výstup kvapaliny

Material of tubes and fins is aluminum. The outer diameter of the fan blades is 350 mm. 
The engine cooler (Fig. 2) consists of 44 tubes with an inner diameter of 6.5 mm arranged 
in two rows of 22 tubes. The vertical spacing between the tubes is 20 mm and the spac-
ing between the first and second rows of tubes is 10 mm. Through the entire height of the 
cooler (420 mm) there are lamellas (ribs) mounted on the pipes in the number of 400 for 
more intensive heat dissipation. Each of the ribs is 0.1 mm thick and 25 mm wide. Space 
between the cooler fins is 1.2 mm.

The experimental setup includes sensors for measuring the temperature of the flowing 
coolant in the inlet and outlet pipes of the cooler (Fig. 3a). These are NTC thermistors 
ZA 9040-FS (Negative Temperature Coefficient), whose heating resistance decreases (Kole-
da et al. 2016). Their measuring range is –50 °C to 125 °C, with an accuracy of ± 0.01 °C.  
A flowmeter, with a measuring range of 2 l.min-1 to 40 l.min-1 and an accuracy of ± 1% of 
the measured value, is inserted in the pipe between the thermostat body and the cooler in-
let pipe (Fig. 3b). The coolant temperature and flow values   are recorded in the ALMEMO 
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2590-4S data logger. For non-contact surface temperature measurement, a Flir i7 thermal 
imaging camera with a resolution of 120 × 120 pixels, the accuracy of ±2% of the meas-
ured value and a temperature range of –20 °C to +250 °C is used.

 
 

 a) b)
Fig. 3 Built-in sensors of physical quantities into the experimental assembly

a) coolant temperature sensors NTC ZA 9040-FS, b) flowmeter FVA 915 VTH
Obr. 3 Zabudované snímače fyzikálnych veličín do experimentálnej zostavy

a) snímače teploty chladiacej kvapaliny NTC ZA 9040-FS, b) prietokomer FVA 915 VTH

Fig. 4 Experimental assembly of the engine cooling system in the laboratory
1 – cooler, 2 – cooler wall, 3 – upper cooler hose, 4 – thermostat, 5 – water pump, 6 – fan,  
7 – lower cooler hose, 8 – engine block, 9 – cylinder head, 10 – heating hose, 11 – heater

Obr. 4 Experimentálna zostava v laboratóriu
1 – chladič, 2 – stena chladiča, 3 – horná hadica chladiča, 4 – termostat, 5 – vodné čerpadlo,  

6 – ventilátor, 7 – dolná hadica chladiča, 8 – blok motora, 9 – hlava valcov,  
10 – hadica kúrenia, 11 – ohrevné teleso

In Fig. 4 shows an experimental assembly of the engine cooling system in the labo-
ratory. Assembly is put into operation after starting the electric motor controlled by the 
frequency converter on which we set the required speed. By means of a circulation pump, 

Material of tubes and fins is aluminum. The outer diameter of the fan blades is 350 mm. 
The engine cooler (Fig. 2) consists of 44 tubes with an inner diameter of 6.5 mm arranged in 
two rows of 22 tubes. The vertical spacing between the tubes is 20 mm and the spacing between 
the first and second rows of tubes is 10 mm. Through the entire height of the cooler (420 mm) 
there are lamellas (ribs) mounted on the pipes in the number of 400 for more intensive heat 
dissipation. Each of the ribs is 0.1 mm thick and 25 mm wide. Space between the cooler fins is 
1.2 mm. 

  
 a) b) 

Fig. 3 Built-in sensors of physical quantities into the experimental assembly 
a) coolant temperature sensors NTC ZA 9040-FS, b) flowmeter FVA 915 VTH 

Obr. 3 Zabudované snímače fyzikálnych veličín do experimentálnej zostavy 
a) snímače teploty chladiacej kvapaliny NTC ZA 9040-FS, b) prietokomer FVA 915 VTH 

 
Fig. 4 Experimental assembly of the engine cooling system in the laboratory 

1 – cooler, 2 – cooler wall, 3 – upper cooler hose, 4 – thermostat, 5 – water pump, 6 – fan,  
7 – lower cooler hose, 8 – engine block, 9 – cylinder head, 10 – heating hose, 11 – heater 

Obr. 4 Experimentálna zostava v laboratóriu 
1 – chladič, 2 – stena chladiča, 3 – horná hadica chladiča, 4 – termostat, 5 – vodné čerpadlo,  

6 – ventilátor, 7 – dolná hadica chladiča, 8 – blok motora, 9 – hlava valcov,  
10 – hadica kúrenia, 11 – ohrevné teleso 

In Fig. 4 shows an experimental assembly of the engine cooling system in the laboratory. 
Assembly is put into operation after starting the electric motor controlled by the frequency 
converter on which we set the required speed. By means of a circulation pump, the coolant 

Material of tubes and fins is aluminum. The outer diameter of the fan blades is 350 mm. 
The engine cooler (Fig. 2) consists of 44 tubes with an inner diameter of 6.5 mm arranged in 
two rows of 22 tubes. The vertical spacing between the tubes is 20 mm and the spacing between 
the first and second rows of tubes is 10 mm. Through the entire height of the cooler (420 mm) 
there are lamellas (ribs) mounted on the pipes in the number of 400 for more intensive heat 
dissipation. Each of the ribs is 0.1 mm thick and 25 mm wide. Space between the cooler fins is 
1.2 mm. 

  
 a) b) 

Fig. 3 Built-in sensors of physical quantities into the experimental assembly 
a) coolant temperature sensors NTC ZA 9040-FS, b) flowmeter FVA 915 VTH 

Obr. 3 Zabudované snímače fyzikálnych veličín do experimentálnej zostavy 
a) snímače teploty chladiacej kvapaliny NTC ZA 9040-FS, b) prietokomer FVA 915 VTH 

 
Fig. 4 Experimental assembly of the engine cooling system in the laboratory 

1 – cooler, 2 – cooler wall, 3 – upper cooler hose, 4 – thermostat, 5 – water pump, 6 – fan,  
7 – lower cooler hose, 8 – engine block, 9 – cylinder head, 10 – heating hose, 11 – heater 

Obr. 4 Experimentálna zostava v laboratóriu 
1 – chladič, 2 – stena chladiča, 3 – horná hadica chladiča, 4 – termostat, 5 – vodné čerpadlo,  

6 – ventilátor, 7 – dolná hadica chladiča, 8 – blok motora, 9 – hlava valcov,  
10 – hadica kúrenia, 11 – ohrevné teleso 

In Fig. 4 shows an experimental assembly of the engine cooling system in the laboratory. 
Assembly is put into operation after starting the electric motor controlled by the frequency 
converter on which we set the required speed. By means of a circulation pump, the coolant 
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the coolant flows into the engine block and around the individual engine cylinders and en-
ters the cylinder head (9). It is led through the collecting channel to the thermostatic valve 
(4). Until the coolant temperature reaches operating temperature, the thermostatic valve 
closes and the liquid returns to the pump suction in a short circuit. When the operating 
temperature is reached, the thermostat opens the inlet to the pipe connecting the engine 
to the cooler (3). At this point, the temperature is recorded using a data logger at the inlet 
and outlet of the cooler, as well as the liquid flow (Tab. 4). After heating the assembly to 
the operating temperature, we recorded the temperatures of the individual surfaces of the 
components with a thermal imaging camera. The cooler was sensed at several points from 
the inlet pipe to the outlet pipe. The coolant is thus cooled before entering to the pump suc-
tion; it circulated in a long circuit. The required air flow through the cooler ensures a surge 
of air while driving, possibly a fan located on the cooler (6). The fan turns on depending 
on the cooler temperature.

RESULTS AND DISCUSSION

Gradual heating of individual parts of the experimental assembly was recorded by a ther-
mal-imaging camera Flir i7 (Fig. 5). Using the coil power regulator, the temperature at the 
outlet of the cooler was set to 88 °C (Fig. 5a). The coolant then flowed through the engine  
(Fig. 5b) at 84.1 °C, through a thermostat opening above 80 °C, and entered the cooler at  
80.3 °C (Fig. 5c).

 

 a)  b)  c)

Fig. 5 Thermal images of gradual heating of parts of the experimental set-up
a) heater, b) engine, c) cooler

Obr. 5 Termovízne snímky postupného ohrevu častí experimentálnej zostavy
a) ohrevné teleso, b) motor, c) chladič

The manufacturer‘s tested coolants protect the engine cooling system from freezing, 
corrosion, deposits all year round and are gentle on engine sealing elements. Concen-
trated coolant type G11 based on ethylene glycol containing organic corrosion inhibitors 
is suitable for cooling systems of internal combustion engines, especially with aluminum 
components. Complies with ASTM D 1177 – freezing point determination, ASTM D 1384 
– corrosion protection and meets the requirements of VW TL 774 C.

Concentrated coolant type G12+ based on ethylene glycol containing organic corro-
sion inhibitors without silicates is suitable for cooling systems of internal combustion 
engines, especially with aluminum components. Complies with ATM D 1177 – freezing 
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point determination, ASTM D 3306 – ethylene glycol specification for coolants, ASTM 
D 1384 – corrosion protection, ASTM D 4656, ASTM D 4985. Meets the requirements of 
VW TL 774 D / F, PSA B 715110, BMW N 600 69.0, BS 6580: 2010, Daimler, Chrysler 
325.0, MAN 324 – SNF, ANFOR NF R15 – 601, JIS K 2234, SAE J 1034.

Concentrated coolant type G13 based on ethylene glycol containing organic corro-
sion inhibitors and silicates is suitable for cooling systems of modern internal combustion 
engines. Conforms to ASTM D 1177 – Freezing Point Determination, ASTM D 3306 – 
Ethylene Glycol Specification for Coolants, ASTM D 1384 Corrosion Protection. Meets 
the requirements of VW TL 774 J, BS 6580: 2010, MB 325.5, SAE J 1034. The physical 
parameters of the investigated coolants (water, ethylene glycol) and their mixture for the 
temperature 22 °C and 80 °C are shown in Table 1, 2. Mixing ratio of the coolants and their 
freezing points are shown in Table 3.

Table 1 Physical parameters of the investigated coolants
Tabuľka 1 Fyzikálne parametre skúmaných chladiacich kvapalín

Fluid Water Ethylene Glycol

22 ℃ 80 ℃ 22 ℃ 80 ℃

Fl
ui

d 
pr

op
er

tie
s

Density [kg.m-3] 9.9733×102 9.7121×102 1.1142×103 1.0748×103

Dynamic Viscosity [kg.m-1.s-1] 9.3130×10-4 3.4599×10-4 0.019520 3.5153×10-3

Kinematic Viscosity [m2.s-1] 9.3379×10-7 3.5625×10-7 1.7519×10-5 3.2708×10-6

Specific Heat [J.kg-1.K-1] 4.0748×103 4.0696×103 2.3953×103 2.6528×103

Thermal Conductivity 
[W.m-1.K-1] 0.60781 0.67002 0.25066 0.26189

Prandtl number [-] 6.2434 2.1015 1.8653×102 35.608

Thermal diffusivity [m2.s-1] 1.4956×10-7 1.6952×10-7 9.3919×10-8 9.1855×10-8

Thermal Expansion Coefficient [K-1] 3.3881×10-3 2.8317×10-3 3.3881×10-3 2.8317×10-3

Table 2 Physical parameters of the mixture water/ethylene glycol
Tabuľka 2 Fyzikálne parametre zmesi voda/etylénglykol

Mixture 66,67% water + 33,33% ethylene glycol G12+ 22 ℃ 80 ℃

Fl
ui

d 
pr

op
er

tie
s

Density [kg.m-3] 1055 1022

Dynamic Viscosity [kg.m-1.s-1] 2.0375×10-3 6.0729×10-4

Kinematic Viscosity [m2.s-1] 2.0375×10-6 0.6065×10-7

Specific Heat [J.kg-1.K-1] 3.6284×103 3.7886×103

Thermal Conductivity [W.m-1.K-1] 0.4854 0.4785

Prandtl number [-] 15.614 4.6673

Thermal diffusivity [m2.s-1] 1.2588×10-7 1.2995×10-7

Thermal Expansion Coefficient [K-1] 3.3881×10-3 2.8317×10-3
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Table 3 Dilution of the antifreeze fluids
Tabuľka 3 Riedenie mrazuvzdorných kvapalín

Coolant Mixing ratio
Coolant:distilled water Freezing point

G11 1:1 / 1:2 –36 °C/ –17 °C
G12+ 1:1 / 1:2 –37 °C/ –18 °C
G13 1:1 / 1:2 –38 °C/ –17 °C

In Fig. 6 shows the heating and cooling processes of the coolants G11, G12+, and G13 
at the inlet to the cooler tin and at the outlet from the cooler tout. The investigated coolants 
achieved different heating and cooling times due to their different composition and physi-
cal properties.

In Fig. 6 shows the heating and cooling processes of the coolants G11, G12+, and G13 
at the inlet to the cooler tin and at the outlet from the cooler tout. The investigated coolants 
achieved different heating and cooling times due to their different composition and physical 
properties. 

 
a) 

 
b) 

 
c) 
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In Fig. 6 shows the heating and cooling processes of the coolants G11, G12+, and G13 
at the inlet to the cooler tin and at the outlet from the cooler tout. The investigated coolants 
achieved different heating and cooling times due to their different composition and physical 
properties. 

 
a) 

 
b) 

 
c) 

Fig. 6 The course of coolant temperatures during heating and cooling
a) G11, b) G12+, c) G13

Obr. 6 Priebeh teplôt chladiacich kvapalín počas ohrevu a ochladzovania
a) G11, b) G12+, c) G13

The investigated coolants contain components that increase their boiling point and de-
crease their freezing point. The higher boiling point of the coolant allows more heat to be 
removed from the engine, thus preventing engine damage due to overheating. G12+ cool-
ant achieved the shortest heating and cooling time compared to G11 and G13 coolants.

Although G12+ coolant can be mixed with G11 blue-green and G12+ red liquids, 
however, for long-term operation and service life, it is advisable to use only one species 
concentrated with water. Coolant type G11 and G13 had to be heated for the longest, also 
their cooling required a significantly longer time compared to G12+ liquid. These types of 
fluids are prescribed for newer and brand new automobile, but can also replace any fluid in 
the cooling system of older automobile. G11 fluid is primarily intended for engines whose 
cylinder heads are made of aluminum alloys. The G13 coolant standard allows a certain 
silicate content, which provides continuous protection for metal particles.

In Fig. 7 shows the course of the temperature difference at the inlet to the cooler and 
the outlet from the cooler Δt of the coolants G11, G12+, and G13. The most suitable cool-
ant for the used type of engine and cooler is G12+ (a mixture of water and antifreeze). 
Other measured types of coolants are especially suitable for engines with higher perfor-
mance parameters, other design and materials of individual components.
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Fig. 7 Comparison of heating and cooling of coolants
Obr. 7 Porovnanie ohrevu a ochladzovania chladiacich kvapalín

The thermal parameters of heating and cooling of the coolants are show in Tab. 2. 
The initial opening of the thermostat occurred when the liquid was heated [h:min:sec]: 
G11 (0:33:00), G12+ (0:27:00), G13 (0:33:00), when the temperature and flow fluid at 
the inlet to the cooler have reached the values G11, G12+, G13. The thermostat was fully 
opened when the liquid was heated: G11 in time 0:51:00; G12+ in time 0:46:10; G13 in 
time 0:53:04. The coolant G12+ achieved faster heating by 4´50´´ and 6´54´´ compared to 
G11 and G13, respectively. When using the G12 + the thermostat opened and closed in the 
shortest time (0´36´´) compared to G13 (0´38´´), G11 (1´06´´).

Table 4 The thermal parameters of the heating and cooling coolants
Tabuľka 4 Tepelné parametre chladiacich kvapalín počas ohrevu a chladenia

Coolant Thermostat

Heating Cooling

τ 
[h:min:sec]

tin 
[°C] 

tout 
[°C]

Q 
[m3.h-1]

τ
 [h:min:sec]

tin

 [°C] 
tout 

[°C]
Q 

[m3.h-1]

G11
1st open 0:33:00 73.44 28.68 0.1 0:52:06 80.08 52.57 2.5

fully open 0:51:00 80.93 80.11 2.5 1:09:41 40.01 26.29 0

G12+
1st open 0:27:00 67.69 21.95 0.6 0:46:46 80.08 53.01 2.5

fully open 0:46:10 80.72 79.95 2.5 1:02:00 40.01 28.20 0

G13
1st open 0:33:00 69.44 22.41 0.2 0:53:42 80.00 53.84 2.6

fully open 0:53:04 80.62 79.85 2.5 1:13:30 40.01 26.43 0

The liquid was cooled to temperature tin = 40.01 ℃ for Q = 0 m3.h-1 at different times 
(Tab. 2). The coolant G12+ achieved faster cooling by 7´41´´ and 11´30´´ compared to 
G11 and G13, respectively.

Fig. 6 The course of coolant temperatures during heating and cooling 
a) G11, b) G12+, c) G13 

Obr. 6 Priebeh teplôt chladiacich kvapalín počas ohrevu a ochladzovania 
a) G11, b) G12+, c) G13 

The investigated coolants contain components that increase their boiling point and 
decrease their freezing point. The higher boiling point of the coolant allows more heat to be 
removed from the engine, thus preventing engine damage due to overheating. G12+ coolant 
achieved the shortest heating and cooling time compared to G11 and G13 coolants. 

Although G12+ coolant can be mixed with G11 blue-green and G12+ red liquids, 
however, for long-term operation and service life, it is advisable to use only one species 
concentrated with water. Coolant type G11 and G13 had to be heated for the longest, also their 
cooling required a significantly longer time compared to G12+ liquid. These types of fluids are 
prescribed for newer and brand new automobile, but can also replace any fluid in the cooling 
system of older automobile. G11 fluid is primarily intended for engines whose cylinder heads 
are made of aluminum alloys. The G13 coolant standard allows a certain silicate content, which 
provides continuous protection for metal particles. 

In Fig. 7 shows the course of the temperature difference at the inlet to the cooler and the 
outlet from the cooler Δt of the coolants G11, G12+, and G13. The most suitable coolant for 
the used type of engine and cooler is G12+ (a mixture of water and antifreeze). Other measured 
types of coolants are especially suitable for engines with higher performance parameters, other 
design and materials of individual components. 
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Obr. 7 Porovnanie ohrevu a ochladzovania chladiacich kvapalín 

The thermal parameters of heating and cooling of the coolants are show in Tab. 2. The 
initial opening of the thermostat occurred when the liquid was heated [h:min:sec]: G11 
(0:33:00), G12+ (0:27:00), G13 (0:33:00), when the temperature and flow fluid at the inlet to 
the cooler have reached the values G11, G12+, G13. The thermostat was fully opened when the 
liquid was heated: G11 in time 0:51:00; G12+ in time 0:46:10; G13 in time 0:53:04. The coolant 
G12+ achieved faster heating by 4´50´´ and 6´54´´ compared to G11 and G13, respectively. 
When using the G12 +, the thermostat opened and closed in the shortest time (0´36´´) compared 
to G13 (0´38´´), G11 (1´06´´). 
Table 4 The thermal parameters of the heating and cooling coolants 
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Comparison of coolants solved by the authors (Yadav & Singh, 2011) they used water 
as the first cooling medium and 40% water and 60% propylene glycol as the second me-
dium. They have found that water is one of the best coolants, but its limitation is that it 
causes corrosion, it contains soluble salts which degrade the permeability of the coolant 
through pipes. In experiment, the authors used, as in our case, a cooler made of aluminum 
due to its low weight and high thermal conductivity. During their measurement, the fan 
ran continuously behind the cooler, in our case it was only after reaching the temperature 
of the thermostat opening and reaching the maximum flow in the inlet pipe to get closer 
to the real conditions of car operation. The temperature was fixed at 80 ℃ in both cases. 
A comparison of temperatures is shown in Table 5. The flow rate has changed with in-
creasing temperature. In their experiment, the authors found flow values   ranging from 5.0 
to 8.5 l.min-1 using a smaller and smaller diameter pipes, in our measurement we recorded 
a maximum flow value of 41 l.min-1 using a larger with horizontally placed tubes in two 
rows and using larger pipe diameters.

Table 5 Outlet temperature versus inlet temperature of cooler without fan/with fan
Tabuľka 5 Výstupná teplota verzus vstupná teplota chladiča bez ventilátora/s ventilátorom
Cooler 
temperature 
[℃]

Water 
(Yavad & Singh 

2011)

40% Water + 60% P.G. 
(Yavad & Singh 2011)

Water
(present study)

40% E.G. + 60% 
Water (present study)

Outlet without 
Fan

70 72 78.27 77.71

Inlet 80 80 80 80

Outlet with
 Fan

54 56 50.93 50.84

Inlet 80 80 80 80

Authors (Roslan et al. 2017) investigate the effects of ethylene glycol on its specific 
heat capacity and freezing point. The data shows that the freezing point temperature de-
creases when the volume of the ethylene glycol that were used in the experiment increases. 
In this experiment, it is found that 40% of ethylene glycol and 60% of ultrapure water are 
the best properties for a coolant to be used because the freezing point that were obtained is  
–45.97 ℃. This ratio is also recommended by the engine manufacturer Škoda Felicia 1.3. 
The same ratio of ethylene glycol to water was used in our experiment and also proved to 
be the most optimal. It is because only a moderate amount of ethylene glycol is needed in 
a car coolant, so that the coolant will not crystallized easily.

CONCLUSION

The use of a suitable coolant in a particular engine’s cooling system is essential to 
maintaining its proper function and service life. Rapid heating and cooling of the cool-
ant also has a positive effect on lower emissions and better operating economy. An ex-
perimental assembly suitable for laboratory conditions was designed and constructed to 
investigate the thermal parameters of the coolants in the engine cooling system. It consists 
mainly of the heater, engine, water pump, expansion tank and connecting hoses.
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The thermal properties of ethylene glycol-based coolants containing organic corrosion 
inhibitors G11, G12+, and G13 were investigated. The coolant G12+ (1:2 mixture of water 
and antifreeze) was evaluated as the most advantageous for the used cooler and Škoda 
Felicia 1.3 MPi engine. The coolant G12+ was heated and cooled in the shortest time in 
compared to other tested fluids; the G12+ achieved faster heating by 4´50´´ and 6´54´´, 
and cooling by 7´41´´ and 11´30´´ compared to G11 and G13, respectively. This type of 
coolant is suitable for sealing materials, material of individual components (mostly alu-
minum), which are used with the engine type and do not damage them by their operation.
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PLOUGHSHARE BY HARD SURFACING 
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ABSTRACT: The article presents partial results from the research of increasing the service life of 
snow blades. Snow ploughshares work in a heterogeneous environment, and therefore comes into 
contact with various abrasive particles, such as minerals, rocks, etc. For this reason, they wear out 
quickly and are subsequently taken out of service. This causes technical and economic problems 
for forestry companies. In the experiment, several options were made to increase the life of snow 
ploughshares. One of the possibilities was to weld a material with different properties and structure 
than the original material of the snow ploughshare, on its exposed parts. Entrance laboratory tests 
were performed on the discarded blade, namely chemical analysis, hardness measurement and mi-
croscopic analysis. The weld deposit metal was chosen according to the chemical composition of the 
base material and the type of wear. After application of the weld deposit to the sample, laboratory 
tests were performed, namely hardness measurement and microscopic analysis. With the hardness 
of the weld deposit, we approached the hardness of the raking blade; on the basis of microscopic 
analysis we can state that there has been sufficient mixing of the weld deposit with base material, 
and therefore should not crack off in the work process. By a suitable choice of welding material, we 
can achieve an effective increase in the life of the snow ploughshare.
Key words: forest road, ploughshare, wear, hard surfacing

ABSTRAKT: V článku sú predstavené čiastkové výsledky z výskumu zvyšovania životnosti 
snežných radlíc. Snežné radlice pracujú v heterogénnom prostredí, a teda prichádzajú do styku 
s rôznymi abrazívnymi časticami, ako sú minerály, horniny a pod.. Z tohto dôvodu dochádza k ich 
rýchlemu opotrebeniu a následnému vyradeniu z prevádzky. Toto spôsobuje ako technické, tak aj 
ekonomické problémy spoločnostiam pôsobiacich v lesnom hospodárstve. V experimente bolo 
vykonaných niekoľko možností zvýšenia životnosti snežných radlíc. Jednou z možností bolo na-
varenie prídavného materiálu s inými vlastnosťami a štruktúrou, ako mal pôvodný materiál snežnej 
radlice na jej exponované časti. Na vyradenej radlici boli vykonané vstupné laboratórne skúšky, 
a to chemická analýza, meranie tvrdosti a mikroskopická analýza. Podľa chemického zloženia 
základného materiálu a typu opotrebenia bol zvolený návarový kov. Po aplikácií návarového 
kovu na vzorku boli vykonané laboratórne skúšky, a to meranie tvrdosti a mikroskopická analýza. 
Tvrdosťou návarového materiálu sme sa priblížili k tvrdosti zhrňovacieho noža; na základe mikros-
kopickej analýzy môžeme konštatovať, že došlo k dostatočnému premiešaniu návarového materiálu, 
a teda by sa nemal v procese práce odlupovať. Vhodnou voľbou návarového materiálu môžeme 
dosiahnuť efektívne zvýšenie životnosti snežnej radlice.
Kľúčové slová: lesná cesta, snežná radlica, opotrebenie, naváranie
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INTRODUCTION

Forest roads are important in term of forest management. They are used for the trans-
port of wood and people, ensure the protection of life and health of workers (better ac-
cessibility of rescue equipment) and increase their efficiency, facilitate the mechanization 
of forest work and also serve for the spatial division of forests (Smreček & Sedliak 2012; 
Hnilica et al. 2015). For this reason, it is necessary to ensure the road in a passable condi-
tion not only in summer, but also in winter. Snow ploughshares, cutters, but also bulldoz-
ers are used to remove snow. Snow ploughshares are exposed to unfavorable working 
conditions in the process of their work. They are subject to wear, especially abrasive wear, 
as they work in a heterogeneous environment. They come into contact with various min-
eral particles, rocks and sand. Furthermore, corrosive wear occurs throughout the raking 
period and the first contact the ploughshare comes into contact with the road, it is loaded 
by impact. Consecutive early decommissioning causes both technical and economic prob-
lems for companies operating in forestry. Therefore, it is necessary to focus on the wear of 
snow ploughshares and find suitable methods to increase their service life.

MATERIAL AND METHODS

A forest road is a purpose-built road that is part of a forest transport network. It is 
intended for the transport of wood, people, materials, for the passage the special vehicles 
(fire, medical service), but it can also be used for other purposes. It has a built-in earth 
body and at least a simple drainage (Smreček & Sedliak 2012). According to the valid Slo-
vak standards from   forestry sphere, the transport forest roads of 1st class (1L) are usually 
single-lane, enabling their spatial arrangement and technical equipment to operate all year 
round (assuming winter maintenance) with a relevant vehicle, by the considered design 
intensity of traffic. These roads have a roadway, complete drainage of the crown and the 
body of the forest road and must be equipped with shunt. The recommended lane width 
is 3.5 m (at least 3.0 m), the free width of the road is recommended 4.5 m (at least 4.0 m). 
The maximum permissible longitudinal slope is 10% (max. 12%) (Figure 1) (Smreček & 
Sedliak 2012; www.enviromagazin.sk).

Fig. 1 The 1st class forest transport road (1L) (www.ekomonitor.cz; www.pixnio.com)
a – forest road in summer, b – forest road in winter

Obr. 1 Lesná odvozná cesta prvej triedy (1L) (www.ekomonitor.cz; www.pixnio.com)
a – lesná cesta v lete, b – lesná cesta v zime

According to the valid Slovak standards from   forestry sphere, maintenance of forest 
roads is regular or cyclical care for the preservation of the forest road in a condition that 
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According to the valid Slovak standards from forestry sphere, maintenance of forest roads is 
regular or cyclical care for the preservation of the forest road in a condition that meets its 
planned transport use. In order to ensure the safe passability of forest transport roads in the 
winter, is winter maintenance necessary, primarily snow removal and spreading of icy roads. 
Snow ploughshares, snow cutters, guards, bulldozers, etc. are used to remove snow from roads. 
On forest roads, arrow ploughshares, which are mounted in front of trucks or tractors, have 
proved their worth in removing snow. A snow ploughshare is a device designed to be mounted 
on a vehicle. It is used for winter maintenance of roads and is used to remove snow from 
external surfaces, especially pavements, roads and rails (Hrůza 2014).  The snow ploughshare 
(arrow or straight) can be located in front of the front axle, between the axles or behind the 
axles of the vehicle. Snow ploughshares are usually placed on the chassis of cars, which are 
used for other purposes, such as spreaders, etc. (Jeřábek 1996). The snow ploughshare works 
in a heterogeneous environment. During work, it comes into contact with the road, and therefore 
snow, stones, mineral particles, gravel, sand, etc. First, the raking blade comes into contact with 
the road, which is stressed by impact during the first contact with the road and further 
throughout the raking, by abrasion and corrosion. In addition to the raking blade, the rest of the 
ploughshare is also stressed, because the accumulated snow, together with the sand and gravel, 
exerts a force on the body of the blade from shirr to its buldoze to the side of the road. As a 
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meets its planned transport use. In order to ensure the safe passability of forest transport 
roads in the winter, is winter maintenance necessary, primarily snow removal and spread-
ing of icy roads.

Snow ploughshares, snow cutters, guards, bulldozers, etc. are used to remove snow 
from roads. On forest roads, arrow ploughshares, which are mounted in front of trucks 
or tractors, have proved their worth in removing snow. A snow ploughshare is a device 
designed to be mounted on a vehicle. It is used for winter maintenance of roads and is 
used to remove snow from external surfaces, especially pavements, roads and rails (Hrůza 
2014). The snow ploughshare (arrow or straight) can be located in front of the front axle, 
between the axles or behind the axles of the vehicle. Snow ploughshares are usually placed 
on the chassis of cars, which are used for other purposes, such as spreaders, etc. (Jeřábek 
1996). The snow ploughshare works in a heterogeneous environment. During work, it 
comes into contact with the road, and therefore snow, stones, mineral particles, gravel, 
sand, etc. First, the raking blade comes into contact with the road, which is stressed by 
impact during the first contact with the road and further throughout the raking, by abrasion 
and corrosion. In addition to the raking blade, the rest of the ploughshare is also stressed, 
because the accumulated snow, together with the sand and gravel, exerts a force on the 
body of the blade from shirr to its buldoze to the side of the road. As a result, wear occurs 
due to abrasion and corrosion not only of the raking blade, but of the entire working part 
of the ploughshare (weldment).

Fig. 2 Arrow snow ploughshare (www.agra.sk)
Obr. 2 Šípová snežná radlica (www.agra.sk)

The blades are exposed to abrasive, impact and corrosive wear in the environment in 
which they work. The current standards state that abrasive wear is characterized by the 
separation of particles from the worn surface:
a) Grooving and cutting with hard particles – hard foreign particles cut or scratch the 

surface of the body. During abrasive wear, hard particles may also be present between 
the two friction surfaces. In this occurrence, the particles may be adhered to one of the 
surfaces or may be pushed into the softer surface and grooved or cut the other surface.

b) Grooving and cutting the hard and rough surface of the second body - unevenness of 
the surface of the harder body penetrates into the softer surface of the second body and 
carves scratches in it (Javaheri 2020).
During impact wear, the material is exposed to impact and high pressure, deformation 

or local disturbance may occur, possibly even breakage. Under the given conditions, the 
tools must have hard surfaces which are resistant to wear (www.esab.sk; Falat et al. 2019).
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The blades are exposed to abrasive, impact and corrosive wear in the environment in which 
they work. The current standards state that abrasive wear is characterized by the separation of 
particles from the worn surface: 
a) Grooving and cutting with hard particles - hard foreign particles cut or scratch the surface of 

the body. During abrasive wear, hard particles may also be present between the two friction 
surfaces. In this occurrence, the particles may be adhered to one of the surfaces or may be 
pushed into the softer surface and grooved or cut the other surface. 

b) Grooving and cutting the hard and rough surface of the second body - unevenness of the 
surface of the harder body penetrates into the softer surface of the second body and carves 
scratches in it (Javaheri 2020). 

During impact wear, the material is exposed to impact and high pressure, deformation or local 
disturbance may occur, possibly even breakage. Under the given conditions, the tools must have 
hard surfaces which are resistant to wear (www.esab.sk; Falat et al. 2019). 
Exist a lot of methods for increasing the life of machine parts, tools or components. After a 
correct analysis of the working environment, we can identify the causes of short life and choose 
a suitable method to increase it. Methods of increasing service life include e.g. heat treatment, 
chemical-thermal treatment, hard surfacing, material change.  
By hard surfacing, we can achieve resistance to a specific type of wear or specific properties, 
which depend on the type of weld deposit material. Hard surfacing is used for renovate tools to 
a usable condition, but also for produce new tools. The production of new tools by hard 
surfacing is more economically advantageous, because the tool can be made of a cheaper 
material and its surface properties are achieved by hard surfacing the weld deposit material. 
The weld deposit material must be selected according to the working conditions of the tool and 
must have properties suitable for use in the given conditions (Ťavodová et al. 2017). When 
choosing a weld deposit material, we must know what is the basic material to which it will be 
welded, what type of wear will be exposed to at work and what kind of surface is required after 
hard surfacing. The weld deposit material can be applied by any welding process 
(www.esab.sk). Weld deposit metals can be classified according to their chemical composition, 
according to the International Institute of Welding (IIW), but also according to their 
characteristic properties and wear resistance (Jesánek 2007). So far, there is no unified 
thorought on the most suitable type of structure in terms of abrasion resistance. The reason is 
the wide variety of working conditions and the diversity of the abrasion process. Some authors 
consider austenitic-carbide structure to be the most advantageous, while others consider the 
martensitic-carbide structure to be the most advantageous (Brziak et al. 2003). Weld deposit 
materials of the austenitic steel type are suitable for abrasive wear, which cooperates with 
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Exist a lot of methods for increasing the life of machine parts, tools or components. 
After a correct analysis of the working environment, we can identify the causes of short 
life and choose a suitable method to increase it. Methods of increasing service life include 
e.g. heat treatment, chemical-thermal treatment, hard surfacing, material change. 

By hard surfacing, we can achieve resistance to a specific type of wear or specific 
properties, which depend on the type of weld deposit material. Hard surfacing is used for 
renovate tools to a usable condition, but also for produce new tools. The production of 
new tools by hard surfacing is more economically advantageous, because the tool can be 
made of a cheaper material and its surface properties are achieved by hard surfacing the 
weld deposit material. The weld deposit material must be selected according to the work-
ing conditions of the tool and must have properties suitable for use in the given conditions 
(Ťavodová et al. 2017). When choosing a weld deposit material, we must know what is 
the basic material to which it will be welded, what type of wear will be exposed to at work 
and what kind of surface is required after hard surfacing. The weld deposit material can be 
applied by any welding process (www.esab.sk). Weld deposit metals can be classified ac-
cording to their chemical composition, according to the International Institute of Welding 
(IIW), but also according to their characteristic properties and wear resistance (Jesánek 
2007). So far, there is no unified thorought on the most suitable type of structure in terms 
of abrasion resistance. The reason is the wide variety of working conditions and the di-
versity of the abrasion process. Some authors consider austenitic-carbide structure to be 
the most advantageous, while others consider the martensitic-carbide structure to be the 
most advantageous (Brziak et al. 2003). Weld deposit materials of the austenitic steel type 
are suitable for abrasive wear, which cooperates with impact wear. Weld deposit materials 
with austenitic base and hard carbide particles have a ductile matrix and therefore do not 
fracturing (Hrabě & Brožek 2006; Ťavodová 2018). Austenitic-carbide structure can be 
considered the most advantageous for abrasion conditions at high specific pressures and 
the presence of impact (Brziak et al. 2003). Austenitic-manganese weld deposit materials 
are also suitable for abrasive wear accompanied by impact. During impacts, the structure 
is strengthened, making the structure more resistant to abrasive wear. The structure which 
is resistant to abrasive wear can be achieved in advance by cold deformation of weld 
deposit (Kučera & Rusnák 2008). Weld deposit materials with a basic martensitic mass 
are characterized by high resistance to abrasive wear. This is caused to the high hardness 
of the martensitic structure and the fact that strain hardening occurs on the worn surface. 
Strain hardening is formed by the transformation of residual austenite and the precipita-
tion of fine carbides, which is caused by deformation. By this process, the wear resistance 
increases (Adamka 1995). The martensitic-carbide structure is more suitable for low-volt-
age abrasion (Brziak et al. 2003).

RESULTS AND DISKUSSION

The ploughshare that was the subject of the experiment is a commonly used tool for 
road modification in winter. It is attached to the working machine with a front clamping 
plate or, in the case of more difficult terrain, with a three-point hitch. In Figure 3 is a part 
of an arrow ploughshare from which samples were taken for the experiment.
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Fig. 3 Part of the discarded ploughshare
Obr. 3 Časť vyradenej radlice

Input tests and measurements performed on a discarded blade:
−	 chemical analysis of basic material and raking blade,
−	 hardness measurements,
−	 microscopic analysis of basic material, weld joint and raking blade.

Chemical elemental analysis of the samples was determined by the atomic emission 
method with spark discharge on ARL 4460 spectrometers. THERMO ARL and IR absorp-
tion. Based on the performed chemical analysis, we found that the basic material (BM) of 
the weldment used in the experiment was made of 11 484 steel. It is a fine-grained steel 
of the usual quality for low temperatures with guaranteed weldability. It is used in parts of 
equipment operating at temperatures up to -50 ° C made of sheet metal with a guaranteed 
value of notched toughness up to -50 °C. The characteristik stress is Re = 355 MPa and 
the failure strenght is Rm=470-610 MPa. In Table 1 is the chemical composition of the 
basic material.

Table 1 Cemical composition of basic material 
Tabuľka 1 Chemické zloženie základného materiálu

Element1 C Mn Si Cr Ni Cu Al Mo P S Fe
wt.2 [%] 0,2 1,4 0,3 0,041 0,055 0,16 0,02 <0,01 <0,005 <0,15 rest

1Prvok; 2hm.

We further found that the raking blade used in the experiment was made of 13 240 
steel. It is a manganese-silicon steel suitable for tempering. It is used on medium-stressed 
parts of machines and parts of road vehicles particularly resistant to wear, e.g. shafts, ax-
les, connecting rods, levers, bolts. Value of the failure strenght is Rm=760 MPa. In Table 
2 is the chemical composition of the raking blade.

Table 2 Chemical composition of raking blade 
Tabuľka 2 Chemické zloženie zhrňovacieho noža

Element1 C Mn Si Cr Ni Cu Al Mo P S Fe
wt.2 [%] 0,33 1,24 1,36 0,27 0,47 0,04 0,015 0,178 0,017 <0,15 rest

1Prvok; 2hm.

Vickers HV 0.5, Rockwell HRC and Brinell HBW hardness measurements were per-
formed on samples taken from the discarded ploughshare. Vickers hardness was performed 
according to the procedure given in ISO 6507-1: 2018 (ISO 6507-1: 2018), Rockwell 
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hardness in accordance with ISO 6508-1: 2016 (ISO 6508-1: 2016) and Brinell hardness 
in accordance with ISO 6506-1:2014 (ISO 6506-1: 2014). The average hardness of BM 
was 0.5 according to Vickers 168 HV, 156 HBW according to Brinell and Rockwell hard-
ness could not be measured as it is a relatively soft material. The average hardness of the 
raking blade was 0.5 according to Vickers 538 HV, 50 HRC according to Rockwell and 
170 HBW according to Brinell.

Table 3 Hardness of basic material and raking blade measured on discarded ploughshare
Tabuľka 3 Tvrdosť základného materiálu a zhrňovacieho noža merané na vyradenej radlici

Number of measuring3 [-] 1 2 3 4 5 Average4

BASIC MATERIAL1   
Vickers hardness5 [HV 0,5] 174 165 166 171 164 168
Rockwell hardness6 [HRC] – – – – – –
Brinell hardness7 [HBW] 159 159 155 155 150 156

RAKING BLADE2  
Vickers hardness5 [HV 0,5] 537 550 543 545 517 538
Rockwell hardness6 [HRC] 50 50 50 49 49 50
Brinell hardness7 [HBW] 159 159 179 185 164 170

1Základný materiál; 2zhrňovací nôž; 3Číslo merania; 4 Priemer; 5Tvrdosť podľa Vickersa; 6Tvrdosť 
podľa Rocwella; 7 Tvrdosť podľa Brinella

Samples for metallography were taken to characterize the condition of the examined 
material (Figure 4). The process of cutting the sample must not thermally affect the sur-
face of the observed area. Metallographic sample preparation was performed according 
to standard procedures. The samples were etched with 2% Nital etchant (2 ml HNO3, 
98 ml etylalcohol) and Cor etchant (120 ml CH3COOH, 20 ml HCl, 3g picoric acid, 144 ml 
CH3OH). Cor etchant was used for etching welds and hard surfaces. 

Fig. 4 Samples for input microscopic analysis
a – basic material;  b – weld joint;c – raking blade

Obr. 4 Vzorky pre ctupnú mikroskopick analýzu
a – základný materiál;  b – zvar; c – zhrňovací nôž

After etching the samples, an input analysis of the base material, weld and material 
of raking blade was performed. In Figure 5a we can see the microstructure of BM, which 
is characterized by a slight linearity. It is a ferritic-pearlitic steel with a higher proportion 
of ferrite. A hint of linearity indicates that it is rolled steel. In Figure 5b we can see the 
microstructure of the weld with a characteristic growth of structural components, which 
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After etching the samples, an input analysis of the base material, weld and material of raking 
blade was performed. In Figure 5a we can see the microstructure of BM, which is characterized 
by a slight linearity. It is a ferritic-pearlitic steel with a higher proportion of ferrite. A hint of 
linearity indicates that it is rolled steel. In Figure 5b we can see the microstructure of the weld 
with a characteristic growth of structural components, which were welded parts of the 
ploughshare – BM and raking blade. In Figure 5c we can see the microstructure of the material 
of the raking blade. It is a sorbitic structure that was formed after tempering. 

 
Fig. 5 Microstructure – light microscopy - input analysis of weldment 

a – basic material; b – weld joint; c - raking blade 

Obr. 5 Mikroštruktúra - svetelná mirkoskopia – vstupná analýza 
a – základný materiál; b – zvar; c – zhrňovací nôž 

In Figure 6 is a state of wear of the raking blade. In the lower part we can see uneven wear on 
the blade.  

 
Fig. 6 Microstructure – light microscopy - wear condition of the raking blade 

Obr. 6 Mikroštruktúra – svetelná mikroskopia - tvar opotrebenia zhrňovacieho noža 

In Figure 7a we can see the mixed zone of the weld - the blade. The weld has a typical dendritic 
structure. In Figure 7b is weld joint - basic material. We can state that in both cases there was 
sufficient mixing of both materials with the weld, without the occurrence of defects. 
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were welded parts of the ploughshare – BM and raking blade. In Figure 5c we can see the 
microstructure of the material of the raking blade. It is a sorbitic structure that was formed 
after tempering.

Fig. 5 Microstructure – light microscopy – input analysis of weldment
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In Figure 6 is a state of wear of the raking blade. In the lower part we can see uneven 
wear on the blade. 
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In Figure 7a we can see the mixed zone of the weld – the blade. The weld has a typical 
dendritic structure. In Figure 7b is weld joint – basic material. We can state that in both 
cases there was sufficient mixing of both materials with the weld, without the occurrence 
of defects.

Fig. 7 Mixing zone – light microscopy
a – weld joint – raking blade; b – weld joint – basic materiál

Obr. 7 Zóna stavenia – svetelná mikroskopia
a – zvar – zhrňovací nôž, b – zvar – základný materiál
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Obr.  7 Zóna stavenia - svetelná mikroskopia 
a - zvar – zhrňovací nôž, b - zvar – základný materiál 

Based on input measurements and analyzes, we proposed a modification of the ploughshare by 
welding to increase its service life. In Figure 8a is a portion of a discarded ploughshare from 
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Fig. 9 Mixing zone – light microscopy – weld deposit OK 84.58 – basic material
Obr. 9 Zóna stavenia – svetelná mikroskopia – návar OK 84.58 – materiál zvarenca

In the performed EDX analysis of the weld deposit – BM interface (Figure 10) we can 
see the present diffuse mixing of the weld deposit and BM.

Fig. 10 Misxing zone – EDX – weld deposit OK 84.58
Obr. 10 Zóna stavenia – SEM – návar OK 84.58

The hardness of the OK 84.58 weld deposit was measured according to Vickers and ac-
cording to Rocwell. The average value of the hardness of the weld deposit was 546 HV 0.5 
and 50 HRC. The hardness of the OK 84.58 weld deposit stated in the electrode data sheet 
is 52 to 59 HRC. Hardness is an important mechanical property. It is expressed by the 
resistance of the material against deformation of its surface. This deformation is caused 
by the action of the body, which penetrates a certain force into the surface of the body. It 
is the martensitic structure that provides for the weld deposit with higher hardness, and 
therefore greater resistance to the penetration of the body into the surface of the material.

Table 4 Hardness of weld deposit OK 84.58
Tabuľka 4 Tvrdosť návaru OK 84.58

Number of measuring1 [-] 1 2 3 4 5 Average2

Vickers hardness3 [HV 0,5] 526 513 561 550 579 546
Rockwell hardness4 [HRC] 49 49 49 51 51 50

1Číslo merania; 2Priemer; 3Tvdosť podľa Vickersa; 4Tvrdosť podľa Rocwella

The hardness of the basic material and the raking blade can be compared with the sur-
face hardness achieved after hard-surfacing of OK 84.58 electrode on the basis of graphs. 

9b). In Figure 9a, b we can see the mixed zone of the weld deposit OK 84.58 - BM. We can 
allege that there has been sufficient mixing of BM and weld deposit. Cracks or other 
unacceptable defects are not visible that would reduce the coherence between the BM and the 
weld deposit. This confirms the correct selection of the hard surface material as well as the 
selection of the welding parameters.  

 
Fig. 9 Mixing zone - light microscopy - weld deposit OK 84.58 - basic material 

Obr.  9 Zóna stavenia – svetelná mikroskopia - návar OK 84.58 - materiál zvarenca 

In the performed EDX analysis of the weld deposit - BM interface (Figure 10) we can see the 
present diffuse mixing of the weld deposit and BM. 

 
Fig. 10 Misxing zone - EDX - weld deposit OK 84.58 

Obr.  10 Zóna stavenia – SEM - návar OK 84.58 

The hardness of the OK 84.58 weld deposit was measured according to Vickers and according 
to Rocwell. The average value of the hardness of the weld deposit was 546 HV 0.5 and 50 HRC. 
The hardness of the OK 84.58 weld deposit stated in the electrode data sheet is 52 to 59 HRC. 
Hardness is an important mechanical property. It is expressed by the resistance of the material 
against deformation of its surface. This deformation is caused by the action of the body, which 
penetrates a certain force into the surface of the body. It is the martensitic structure that provides 
for the weld deposit with higher hardness, and therefore greater resistance to the penetration of 
the body into the surface of the material. 
Table 4 Hardness of weld deposit OK 84.58 
Tabuľka 4 Tvrdosť návaru OK 84.58 

 1Číslo merania; 2Priemer; 3Tvdosť podľa Vickersa; 4Tvrdosť podľa Rocwella 

The hardness of the basic material and the raking blade can be compared with the surface 
hardness achieved after hard-surfacing of OK 84.58 electrode on the basis of graphs. Graph 1 
(Figure 11) characterizes the course of hardnesses measured from BM to the raking blade 
through the weld, where the probable strain hardening in the area behind the heat affected zone 

Number of measuring1 [-] 1 2 3 4 5 Average2 

Vickers hardness3 [HV 0,5] 526 513 561 550 579 546 
Rockwell hardness4 [HRC] 49 49 49 51 51 50 

9b). In Figure 9a, b we can see the mixed zone of the weld deposit OK 84.58 - BM. We can 
allege that there has been sufficient mixing of BM and weld deposit. Cracks or other 
unacceptable defects are not visible that would reduce the coherence between the BM and the 
weld deposit. This confirms the correct selection of the hard surface material as well as the 
selection of the welding parameters.  

 
Fig. 9 Mixing zone - light microscopy - weld deposit OK 84.58 - basic material 

Obr.  9 Zóna stavenia – svetelná mikroskopia - návar OK 84.58 - materiál zvarenca 

In the performed EDX analysis of the weld deposit - BM interface (Figure 10) we can see the 
present diffuse mixing of the weld deposit and BM. 

 
Fig. 10 Misxing zone - EDX - weld deposit OK 84.58 

Obr.  10 Zóna stavenia – SEM - návar OK 84.58 

The hardness of the OK 84.58 weld deposit was measured according to Vickers and according 
to Rocwell. The average value of the hardness of the weld deposit was 546 HV 0.5 and 50 HRC. 
The hardness of the OK 84.58 weld deposit stated in the electrode data sheet is 52 to 59 HRC. 
Hardness is an important mechanical property. It is expressed by the resistance of the material 
against deformation of its surface. This deformation is caused by the action of the body, which 
penetrates a certain force into the surface of the body. It is the martensitic structure that provides 
for the weld deposit with higher hardness, and therefore greater resistance to the penetration of 
the body into the surface of the material. 
Table 4 Hardness of weld deposit OK 84.58 
Tabuľka 4 Tvrdosť návaru OK 84.58 

 1Číslo merania; 2Priemer; 3Tvdosť podľa Vickersa; 4Tvrdosť podľa Rocwella 

The hardness of the basic material and the raking blade can be compared with the surface 
hardness achieved after hard-surfacing of OK 84.58 electrode on the basis of graphs. Graph 1 
(Figure 11) characterizes the course of hardnesses measured from BM to the raking blade 
through the weld, where the probable strain hardening in the area behind the heat affected zone 

Number of measuring1 [-] 1 2 3 4 5 Average2 

Vickers hardness3 [HV 0,5] 526 513 561 550 579 546 
Rockwell hardness4 [HRC] 49 49 49 51 51 50 



ACTA FACULTATIS TECHNICAE, XXV, 2020 (2): 59–7068

Graph 1 (Figure 11) characterizes the course of hardnesses measured from BM to the 
raking blade through the weld, where the probable strain hardening in the area behind the 
heat affected zone (HAZ) closer to the weld is interesting. As this is a blade that has been 
in operation for a long time, the strain hardening is probably caused by the action of forces 
from the environment in which the ploughshare worked. The strain hardening is higher at 
the raking blade-weld interface and approaches the measured hardness of the raking blade 
with hardness. The average hardness of the base material is 168 HV and a hardness of the 
raking blade is 538 HV 0.5. Graph 2 (Figure 12) characterizes the course of hardneses 
measured from BM to OK 84.58 weld deposit. We can see a slight decrease in hardness 
between distances of 4.5 mm to 12 mm, we can state that it is probably a HAZ. From a dis-
tance 13.5 mm and higher we can observe the hardness of the OK 84.58 weld deposit. The 
average hardness of this weld deposit is 546 HV 0.5. The hardness of the OK 84.58 weld 
deposit is higher than the hardness of the raking blade, and therefore, we can assume that 
the weld will have slightly better properties than the material of the original raking blade.

Fig. 11 Hardness curve of the decommissioned ploughshare
Obr. 11 Krivka tvrdostí vyradenej radlice – zvarenca

1Tvrdosť podľa Vickersa; 2Vzdialenosť

Fig. 12 Vickers hardness measured from basic material to weld deposit
Obr. 12 Tvrdosť podľa Vickera meraná od základného materiálu po návar

1Tvrdosť podľa Vickersa; 2Vzdialenosť
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chromium carbides. Martensitic structure ensures hardness and chromium carbides should 
guarantee good abrasion resistance, and therefore there is a presumption of good resistance to 
abrasive wear (Ťavodová 2018). According to the author Adamka (1995), it is the martensitic 
structure that shows very good resistance to abrasive wear (Adamka 1995). Snow ploughshares 
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From Figure 9 we can state that the weld deposit has a martensitic structure with 
content fine chromium carbides. Martensitic structure ensures hardness and chromium 
carbides should guarantee good abrasion resistance, and therefore there is a presumption 
of good resistance to abrasive wear (Ťavodová 2018). According to the author Adamka 
(1995), it is the martensitic structure that shows very good resistance to abrasive wear 
(Adamka 1995). Snow ploughshares are most exposed to this wear in the process of their 
work. Authors Brziak et al. (2003) state that the martensitic-carbide structure obtained by 
OK 84.58 weld deposit is more suitable for conditions of low-voltage abrasion accom-
panied by impact (Brziak et al. 2003). By weld deposit OK 84.58 (Figure 9) we achieve 
a similar structure as the structure of the original raking blade (Figure 5c). However, on 
the original raking blade, we can see the deformations that occurred to the action of the 
working environment.

CONCLUSION

Forest roads are important in terms of making the forest accessible for heavy machin-
ery for timber transport. Therefore, it is necessary keep these roads passable both in sum-
mer and in winter. In winter, it is necessary to remove a layer of snow or ice from the road 
surface. Snow is removed from the road by snow ploughshares, which are attached to the 
vehicle at the front or at the arear. As the ploughshares are exposed to high wear during 
their work, especially abrasive, and their replacement is relatively economically demand-
ing, it is necessary look for possibilities to increase their service life. By a suitable choice 
of the hard surface electrode, we can achieve an effective increase in the service life of the 
snow ploughshare, whether from a technical or economic point of view.
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AND COMPUTATION TIME FOR 
A FLOATING CALIPER BRAKE 

POROVNANIE ELEMENTOV CEZ ČAS PRE 
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Abstract: This paper focuses on performing an evaluation of elements c3d10m and c3d8i using Hy-
permesh and Abaqus CAE software in finite element analysis of brake caliper. In a workplace envi-
ronment where these types of analyses are routine such as R&D centers for the automotive industry, 
there is high incentive put into minimizing the time required for these simulations with respect to 
accuracy. A simple brake-caliper assembly is assessed where the goal is to compare the deformation 
response to the hydraulic pressure to the brake fluid. The resulting displacements of reference points 
between the brake caliper and the piston is than used to calculate the change in volumes ΔV. The 
times being evaluated are the meshing time and the computational time. It also compares the values 
of the resulting displacements of reference points in both approaches and the ΔV occurring in the 
chamber between the piston and the brake caliper. The results tell us that the use of c3d10m elements 
is more advantageous. The c3d10m is considered less precise than c3d8i but in the case of our as-
sembly the difference amounted to less than 1%. The gain in time we get was in some cases 242%.

Key words: brake caliper; deformation; element; fea; time

Abstrakt: Článok je zameraný na vykonanie analýzy prvkov c3d10m a c3d8i pomocou CAE soft-
véru Hypermesh a Abaqus v zostave brzdy pomocou MKP. V prostredí kde sú tieto typy analýz ru-
tinné, ako sú výskumné a vývojové centrá pre automobilový priemysel, je vynaložené úsilie na min-
imalizáciu času potrebného na vykonanie simulácií s ohľadom na presnosť. V článku sa používa 
jednoduchá simulácia brzdovej zostavy, ktorej cieľom je vyhodnotiť deformáciu brzdy pri zaťažení 
hydraulickým tlakom spôsobeným brzdovou kvapalinou. Výsledná deformácia referenčných bodov 
medzi strmeňom brzdy a piestom sa použije na výpočet zmeny objemov ΔV. Hodnotené časy sú 
čas sieťovania a výpočtový čas. Porovnávajú sa tiež hodnoty výsledných posunov referenčných 
bodov oboch variantov a ΔV v komore medzi piestom a strmeňom brzdy. Výsledky nám hovoria, že 
použitie c3d10m prvkov je viac výhodnejšie. Element c3d10m je považovaný za menej presný ako 
c3d8i, ale v prípade našej zostavy rozdiel predstavoval menej ako 1%. Výnos v čase ktorý dosta-
neme bol v niektorých prípadoch až 242%.

Kľúčové slová: brzdový strmeň; deformácia; element; mkp; čas
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INTRODUCTION

Among the first proposed computational methods for solving the discretization prob-
lem of two-dimensional stresses using a numerical solution were on the basis of simple 
elastic bars making up the discrete model (Hrennikoff 1941; Mchenry 1943). An important 
figure of the FEM was Richard Courant when he in 1943 first tried to solve the torsion 
problem by St. Venant. In 1960s. Ray William Clough applied the first computational 
FEM and coined the term finite element in his research. When he presented his findings in 
the 2nd ASCE Conference on Electronic Computation, it had little impact on the industry. 
The method could not be applied effectively at the time due to a lack of availability of suf-
ficiently powerful computers (Clough 1960). 

FEA has found a large host of applications inside the automotive industry since its 
inception. The main uses of FEA today in vehicle manufacturing are crash simulations, 
brake modelling, tire modelling. When simulating models using FEA analysis, we look for 
results with the greatest accuracy, smallest computing time and the smallest meshing time. 
In general, computing time increases with the use of a mesh with smaller elements. On the 
other hand, using a mesh with larger elements can cause stress values to be less accurate. 
A courser mesh can be beneficial if we try to get a simplified model for an approximate 
and quick calculation. The proper mesh aspect ratio alone does not guarantee accurate 
results. Adequate density of elements is needed for accurate stress values (Javidinejad 
2012). In a static simulation of a plate model, it was found that adequate number of dis-
cretizations is about 10 divisions for an approximate error under 1% (Liu 2013). The error 
percentage is far less for deflections compared to von Mises stress. According to Finite 
Element Analysis theory, stresses are not predicted as accurately as displacement (Dutt 
2015). The situation gets complicated when we use different types of elements, different 
orders of elements and solvers implemented in simulation software as these have a pro-
found impact on the results. Automated meshing solutions are available, among the first 
written but never published was in 1958 by Mr. R. MacLean for the IBM 704 computer 
(Buell a Bush 1973). When meshing manually, factors such as the skill, experience and 
intuition in knowing where a finer mesh is required, are subjective to the person perform-
ing the simulation. Other factors like the complexity of the geometry, size of elements, 
desired quality parameters such as aspect ratio, skew, taper, internal angles are objective 
and can be quantified. The value we put on the FEA time can also play a big factor, for 
example when the analyst manually meshes the model for 5 minutes and the calculations 
takes 10 in contrast to a case where the meshing takes 10 minutes and the calculations  
5 may be valued differently since the organizations usually value the analysts time higher 
compared to computational machine time. In this paper we consider only the raw time  
it takes to mesh the assembly and the wallclock time required for the computation.

Floating-caliper brake 

The function of a disc brake is to generate the braking force on to the surface of the 
disc brake which rotates with the wheel. The brake has a U-shaped brake caliper that is at-
tached to suspension system. The disc brake used in this paper is a variant of the disc brake 
called the floating caliper. The generated actuating force is generated from the hydraulic 
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pressure and transferred from the piston to the brake pads which clamp the disc from one 
side while a second pad attached to the caliper itself clamps the disc from the other side. 
When the hydraulic pressure is removed a piston seal located between the piston and the 
caliper retracts the piston back. The brake can in this manner automatically adjusts the 
brake-pad clearance. 

Elements used 

Quadrilaterals and hexahedra have a better convergence rate than triangles and tetrahe-
dra. It is very convenient to mesh a complex shape with tetrahedra, and the second-order 
equivalents. However, a good mesh of hexahedral elements usually provides a solution 
of equivalent accuracy at a lower cost. The elements used are the c3d8i element and the 
c3d10m. The c3d8i is a brick type element where shear locking is removed, and volumet-
ric locking is reduced. The c3d10m is a quadrilateral type element with improved applica-
tion in contact relationships. (ABAQUS Analysis User’s Manual)

MATERIAL AND METHODS

A CAD model of a floating-caliper brake is used. The housing part is a max model of 
a brake caliper. Part of the volume would have been removed as so it does not represent 
any actual housing currently in use. For the purposes of this paper it will be sufficient. The 
brake assembly is symmetrical so a half-model is used for modeling and simulation, the 
benefit of which is a faster meshing and computation time. For comparison two variants 
of the assembly are used, called ΔVg and ΔV1. The assembly variant ΔV1 consist of the 
housing (1) also known as caliper bracket, which holds the cylinder piston (2). The inner 
and outer backplates (3,7) connected to inner and outer pads (4,6) and the brake disc (5). 
The assembly variant ΔVg represents a simplified alternative where the inner and outer 
pads (4,6) are replaced by a simplification in the form of an inner and outer domed steel 
spacer (8,9). In the simplified assembly variant ΔVg we consider all components to be of 
the linear isotropic kind. The elastic properties in this case can be sufficiently described 
using Hooks law. In assembly variant ΔV1 we consider that the material used for the inner 
and outer pads (4,6) is a compressible elastomeric foam. 

The assembly geometry needs to be first simplified for the FEA in a way that maintains 
its mechanical properties. Chamfers and fillets of small sizes are removed even though 
perfect edges rarely exist in real-world, the square edges are easier to mesh. In addition, 
any functionally unnecessary geometry is removed. Fasteners are removed, and their me-
chanical function is replaced by equivalent contact constrains or boundary conditions. 
Inlet port is also removed from the assembly. Model simplification was performed in the 
preprocessor Altair Hypermesh. 
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Fig. 1 Assembly of the floating-caliper brake after part simplification. 
Obr. 1 Zostava brzdy s plávajúcim strmeňom po zjednodušení súčiastok.

Table. 1 Parts and material parameters.
Tabuľka. 1 Súčiastky a materiálové parametre.

Number Part name Material E [GPa] ρ [g/cm3] 𝛎

1 Housing GJS500 170 7.2 0.28
2 Piston DD13 200 7.85 0.3
3 Backplate inner S420MC 206.8 7.82 0.3
4 Pad inner PADMAT – 2.5 –
5 Disc GG15HC 115 7.2 0.28
6 Pad outer PADMAT – 2.5 –
7 Backplate outer S420MC 206.8 7.82 0.3
8 Domed steel spacer inner STEEL 210 7.5 0.3
9 Domed steel spacer outer STEEL 210 7.5 0.3

Defining boundary conditions and contacts

Since the assembly is symmetrical by the YZ plane the relevant boundary conditions 
are assigned thereby removing degrees of freedom for all the parts in the assembly. The 
displacement in the X direction is removed together with rotations RY and RZ using the 
function “XSYMM”. The disc will be completely fixed in its position. The rest of the 
boundary conditions will arise from the surface contacts between the parts. A contact pair 
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properties in this case can be sufficiently described using Hooks law. In assembly variant ΔV1 
we consider that the material used for the inner and outer pads (4,6) is a compressible 
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The material of the pads is a compressible elastomeric foam modeled using the 
‘*HYPERFOAM’ option. The material is defined by parameters μn, αn, 𝜈𝜈𝑛𝑛 obtained from 
experimental test data as input. The parameters for pad inner are μ1 = −283.43, α1 = 2,  
μ2 = 189.18, α2 = 4, μ3 = 94.46, α2 = −2, 𝜈𝜈1,2,3 =  0.12. The parameters for pad outer are 
μ1 = −421.52, α1 = 2, μ2 = 281.35, α2 = 4, μ3 =140.48, α2 = −2, 𝜈𝜈1,2,3 =  0.12. 

where μn is shear modulus [GPa]  
αn is a constant specifying the shape of the stress strain curve 
𝜈𝜈𝑛𝑛 is Poisson's ratio 
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is defined by selecting the contact surfaces for each individual component after which we 
define the type of contact as small sliding, finite sliding or tied and assign the appropriate 
friction coefficient μ. Established contact pairs are housing/piston, piston/backplate in-
ner, backplate inner/inner pad, pad inner/disc, disc/pad outer, pad outer/backplate outer, 
backplate outer/housing for the ΔV1 variant. When simulating variant ΔVg the inner and 
outer pads are replaced by inner and outer domed steel spacers, all other contacts remain 
the same.

Pressure assignment

The assembly is loaded with a pressure of 100 and 160 bars, the pressure is distributed 
in the cylindrical space on the surfaces between the caliper and the plunger. Under real 
conditions, this load would be the force of the hydrostatic pressure of the brake fluid. The 
pressure shall be applied evenly and perpendicular to the the surfaces of the elements 
forming the space between the piston and the caliper. The pressure is defined using the 
“DSLOAD” function by defining the area name, load type and load pressure in MPa. Both 
variants were subjected to the same pressure.

Fig. 2 Defining pressure in Abaqus input file.
Obr. 2 Definovanie tlaku v Abaqus input súbore.

where surfpress_cylinder/piston is surface name 
P is distributed pressure load type label
1.5500E+01 is reference load magnitude [MPa]

Reference point assignment

For the evaluation of the ΔV we will use reference points placed in as nodes in the 
setup at the locations in Fig. 3. After the simulation ends the displacement along the Y axis 
will be used for determining the ΔV. We are going to assume a cylindrical volume with the 
height being the average of the two reference values. The piston diameter used is 60 mm.

 

Fig. 3 Reference point location.
Obr. 3 Pozícia referenčných bodov.
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RESULTS 
The main findings of the FEA simulation are the values of stress and dislocation of the 
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and piston. Although only deformations are needed for the ΔV the stress values will also be 
provided for informational purpose. 

Meshing time 
The time it took for the assembly to be meshed was significantly higher in the case of 

c3d8i than when meshing with c3d10m. This increase in time is mainly due to hexahedral 
elements being harder to fit into more complex geometry of the model, while maintaining the 
desired quality of the elements. Tetrahedral elements are better in this respect because the 
c3d10m naturally fits better into the sharp corners without deforming itself in a big manner. In 
the case of c3d8i, we would have to significantly reduce the size of the elements for equivalent 
accuracy. Element size criteria was 4 mm with an approximate layer thickness of 4 for the parts. 
The element quality criteria for quad elements is 140° for max angle allowed and 30° for 
minimal allowed angle. For tetra elements the angles are 146° and 17° respectively. 

From Fig. 4 we can see that the biggest differences in times were observed in the 
backplates and piston. Both parts were geometrically more complex, and the percentage change 
was an increase of 96% in the piston case and 242% in backplates. In geometrically simpler 
parts the increases were smaller or even lower as was the case in the disc by 9%. 
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RESULTS

The main findings of the FEA simulation are the values of stress and dislocation of 
the assembly. The displacement values are used to calculate ΔV in the space between the 
caliper  and the piston. Although only deformations are needed for the ΔV the stress values 
will also be provided for informational purpose.

Meshing time

The time it took for the assembly to be meshed was significantly higher in the case of 
c3d8i than when meshing with c3d10m. This increase in time is mainly due to hexahedral 
elements being harder to fit into more complex geometry of the model, while maintaining 
the desired quality of the elements. Tetrahedral elements are better in this respect because 
the c3d10m naturally fits better into the sharp corners without deforming itself in a big 
manner. In the case of c3d8i, we would have to significantly reduce the size of the ele-
ments for equivalent accuracy. Element size criteria were 4 mm with an approximate layer 
thickness of 4 for the parts. The element quality criteria for quad elements are 140° for 
max angle allowed and 30° for minimal allowed angle. For tetra elements the angles are 
146° and 17° respectively.

From Fig. 4 we can see that the biggest differences in times were observed in the 
backplates and piston. Both parts were geometrically more complex, and the percentage 
change was an increase of 96% in the piston case and 242% in backplates. In geometrical-
ly simpler parts the increases were smaller or even lower as was the case in the disc by 9%.

Fig. 4 Time required to mesh the models.
Obr. 4 Čas potrebný na sieťovanie modelov.
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Fig. 5 Compute time compared to the number of elements.
Obr. 5 Výpočtový čas porovnaný ku množstvu elementov.

Effect on displacement and stress
 

The max. displacement values were 0.567 mm for ΔV1 c3d10m with a max. For ΔVg 
c3d10m it was 0.364 mm. For ΔV1 c3d8i it was 0.567 mm. For ΔVg c3d8i it was 0.396 mm.

   

Fig. 6 Displacement distribution.
Obr. 6 Distribúcia posunutí.

Computing time 
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the same CPU cores delegated for the task. The values were taken from output file (.dat) as the 
„ wallclock time “. The graph in figure Fig. 5 shows the times along the corresponding number 
of nodes and elements. 
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Fig. 7 Stress distribution.
Obr. 7 Distribúcia napätí.

In the ΔV1 version the stress value is 788.502 MPa for c3d10m. For ΔV1 c3d8i it is 
788.198 MPa. In the ΔVg variants stress concentration peaks were observed at the domed 
spacers, which were not taken into consideration.

Evaluation of reference points

From the results in Fig. 7 we can see that the change in elements had a small effect on 
the ∆V. The difference between Vg c3d10m and c3d8i was a 0.89% increase for the 160-
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DISCUSSION

The evaluation matched with the consensus that tetrahedra elements are faster in re-
spect to meshing time compared with hexahedral. It is much easier to mesh complex 
geometry with tetrahedra c3d4, and the second-order equivalent c3d10m. The general 
behavior of the elements used was in accordance with the expectations of the Abaqus 
documentation. The deformation and therefore ∆V values were largely unaffected by the 
changes in elements. We can therefore state that the use of tetrahedral elements would be 
an improvement compared to using hexahedral elements.

CONCLUSION

The time required for meshing with c3d8i elements increases for more geometrically 
complex components compared to the meshing time of the same component by c3d10m 
elements. With geometrically simpler components, this time is significantly lower.

Evaluating the calculation time, we could see that when measuring the variant ∆V1 us-
ing element type c3d10m, the program’s calculation time increased compared to element 
type c3d8i, but it should be noted that the c3d10m mesh contained a larger number of 
elements. An exception occurred in ∆Vg variant with c3d10m elements led to a decrease 
in calculation time even though the mesh was denser. Although it is clear that the use of 
denser mesh will increase computing time, there are many other factors such as boundary 
conditions, loads and the like, which have an effect on time and which we cannot always 
correctly predict.

For the evaluation of the reference points and ∆V, we can see that the replacement of 
the elements caused minimal differences in the displacement of the individual reference 
points and thus in the difference of ∆V. 

In summary, although elements c3d8i are considered more precise the use of elements 
c3d10m for this assembly is sufficient considered only displacement values are needed.
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ABSTRACT: Digital Twin (DT) is a key component for future of manufacturing. Key enabling 
Industry 4.0 technologies like Big Data, Cyber-Physical Systems, Internet of Things and Cloud 
Computing are necessary for future DT applications. DT is often referred to as a digital counterpart 
to the physical product, services, or production system. With expanding needs for digitalization in 
industries the concept of DT as virtual counterpart to the physical system grows on attention. The 
applications of DT can be unlimited and future development of this technology will show more 
possible applications. The aim of this paper is to provide literature review of DT applications in 
manufacturing that will be crucial for future improvements of production, and to analyse how other 
Industry 4.0 technologies can enhance development of DT. Our research was focused to the cu-
rrent definitions, applications, and trends in this area. This review was performed under pre-defined 
search criteria.

Key words: Industry 4.0, Digital Twin, Manufacturing

ABSTRAKT: Digitálne Dvojča (DD) je kľúčovým komponentom pre budúcnosť priemyselnej vý-
roby. Kľúčové technológie Priemyslu 4.0, ako sú veľké dáta, kyber-fyzikálne systémy, internet vecí 
a cloud computing sú potrebné pre budúce aplikácie DD. DD sa často označuje ako digitálny ná-
protivok fyzického produktu, služieb alebo výrobného systému. S rastúcimi potrebami digitalizácie 
v priemysle narastá pozornosť koncepcie DD ako virtuálneho náprotivku fyzického systému. Apli-
kácie DD môžu byť neobmedzené a budúci vývoj tejto technológie ukáže viac možných aplikácií. 
Cieľom tohto príspevku je poskytnúť prehľad literatúry o aplikáciách DD v priemyselnej výrobe, 
ktoré sú rozhodujúce pre budúce zlepšenia výroby a analyzovať, ako môžu ďalšie technológie Indu-
stry 4.0 zlepšiť vývoj DD. Náš výskum bol zameraný na súčasné definície, aplikácie a trendy v tejto 
oblasti. Tento prehľad bola vykonaný podľa vopred definovaných vyhľadávacích kritérií.

Kľúčové slová: Priemysel 4.0, Digitálne Dvojča, Priemyselná výroba

INTRODUCTION

In the last few years, Industry 4.0 has been considered as one of the most prevalent 
topics in production engineering (Almada-Lobo, 2016). The trend and the current chal-
lenge for businesses is the Industry 4.0 concept aimed at digitizing all business processes 
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(Sujová et al., 2018). With the expansion of digital data driven manufacturing, many new 
Industry 4.0 technologies, such as Internet of Things (IoT), Big Data, Cloud computing, 
Cyber-physical systems (CPS), etc. have been employed into manufacturing processes. 
DT has provided a promising opportunity to implement Industry 4.0 technologies into 
production by integrating virtual and physical worlds in manufacturing (Qi et al., 2018, 
Tao et al., 2017). 

In the recent years, the traditional manufacturing industry is challenged worldwide 
with the amazing growth and advancements in digital technologies that allow easy inte-
gration of interconnected intelligent components. Within the profound digitalization and 
rapid development of virtual technology and data acquisition technology in manufactur-
ing industries, the concept of a virtual twin, digital equivalent to a physical system has 
increasingly gained on attention and DT technology gradually become one of the key 
research directions of intelligent manufacturing (Holler et al., 2016, Zheng et al., 2017, 
Negri et al., 2017). The vision of the DT refers to a comprehensive physical and functional 
description of a component, product or system, which includes more or less all informa-
tion which could be useful in all - the current and subsequent - lifecycle phases and is 
commonly known as a key enabler for the digital transformation (Boschert, Rosen, 2016, 
Kritzinger et al., 2018). DT technology provides an effective resolution to integrate the 
physical world and the virtual world through ability to link enormous amounts of data to 
fast simulation also makes it possible to perform real-time optimization of products and 
production processes which allows the perform observation of the behaviour of the whole 
system and prediction of the system behaviour in different phases of production (Negri et 
al., 2019, Lohtander et al., 2018, Zhang el al., 2017, Luo et al., 2018).

The aim of this paper is to provide literature review of DT concept. Section 2 defines 
materials and methods used for literature review. PRISMA method was used as guideline 
to define methodology for this review. Section 3 presents results of this review including 
history and definitions of DT according to different authors and DT applications in differ-
ent phases of production in industry is discussed.

MATERIAL AND METHODS

This review refers to the papers from eminent scientific databases, Web of Science 
(WoS), Science Direct, Scopus and Research Gate, which contains vast amount of distin-
guished publications, Elsevier, IEEE, Springer, etc. to provide a literature review for vari-
ety applications of DT for industrial purposes. The search was performed from January to 
June 2019 under specific criteria shown in Fig.1.
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Figure 1 Research methodology
Obrázok 1 Metodológia výskumu

Database selection was performed under specific criteria to define and address research 
objectives. We focused on databases which provide us wide range of scientific publications 
and based on that the following databases were selected: WoS, Science Direct, Scopus and 
Research Gate. The initial search was performed in WoS database to define keywords for 
future research needs. After selection appropriate keywords we performed second search 
to collect articles based on criteria which will be described in next chapters.

Digital twin, Manufacturing, Production, and Simulation keywords were selected as 
appropriate to establish research needs.

Initial search was performed in WoS database to collect majority of articles. Other 
databases were used as secondary to cover and complete search. The initial search results 
in total of 112 publications. 

Filters applied for search process are shown in Fig.1. English only articles and also 
research area related to engineering were chosen to focus on industrial applications of DT. 
To focus on articles published in recent years to analyse present and future possibilities of 
DT we chose articles which are published since 2014. This filtering results in total of 112 
publications.

For better refinement of articles, duplicates and articles that did not fit needs of this 
paper were removed, which results in total of 31 articles for the final review. Figure 2 
represents the PRISMA diagram showing selection of articles.
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Figure 2 PRISMA diagram showing selection of articles
Obrázok 2 PRISMA diagram výberu článkov

RESULTS

Collecting and filtering of articles was done under PRISMA method criteria stated in 
section 2. Papers were analysed by their content. Review results are displayed in Table 1. 
Literature analysis was focused on DT implementation into different phases of lifecycle, 
implementation of other Industry 4.0 technologies to create, establish or define DT and to 
highlight application of DT in different fields.
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RESULTS 
Collecting and filtering of articles was done under PRISMA method criteria stated in 

section 2. Papers were analysed by their content. Review results are displayed in Table 1. 
Literature analysis was focused on DT implementation into different phases of lifecycle, 
implementation of other Industry 4.0 technologies to create, establish or define DT and to 
highlight application of DT in different fields. 
Table 1. Summarization of literature review 
Tabuľka 1 Súhrn prehľadovej literatúry 
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Table 1. Summarization of literature review
Tabuľka 1 Súhrn prehľadovej literatúry

Year Authors Lifecycle phase Big Data IoT CPS Cloud
2017 Stark et al. Preparation ✔ ✔ ✔ –
2018 Coronado et al. Production ✔ ✔ ✔ –
2014 Lee at al. Maintenance ✔ ✔ ✔ ✔

2015 Lee at al. Maintenance ✔ – ✔ –
2018 Senington et al. Production ✔ – – –
2017 Vachálek et al. Production ✔ ✔ ✔ –
2018 Ayani et al. Maintenance – ✔ ✔ –
2018 Biesinger et al. Multiphase ✔ ✔ ✔ ✔

2018 Boschert et al. Multiphase ✔ ✔ ✔ ✔

2017 Cai et al. Maintenance – ✔ ✔ –
2018 Damiani et al. Preparation – – – –
2018 Haag, Anderl Multiphase ✔ ✔ ✔ –
2016 Holler et al. Multiphase – – – –
2018 Kritzinger et al. Multiphase – – – –
2018 Liau et al. Multiphase ✔ ✔ ✔ –
2018 Lohtander et al. Preparation – – – –
2018 Luo et al. Maintenance ✔ ✔ ✔ –
2017 Moreno et al. Multiphase – ✔ ✔ –
2019 Negri et al. Multiphase – ✔ ✔ ✔

2017 Negri et al Multiphase ✔ ✔ ✔ –
2018 Qi et al. Maintenance ✔ ✔ ✔ –
2015 Rosen et al. Production ✔ ✔ ✔ –
2017 Schleich et al. Multiphase – – – –
2016 Schroeder et.al. Multiphase ✔ ✔ ✔ –
2017 Söderberg et al. Multiphase ✔ ✔ ✔ –
2017 Tao et al. Preparation ✔ ✔ ✔ ✔

2017a Uhlemann et al. Production ✔ ✔ ✔ ✔

2017b Uhlemann et al. Production ✔ ✔ ✔ ✔

2016 Weyer et al. Production ✔ ✔ ✔ –
2017 Zhang et al. Production ✔ ✔ ✔ –
2017 Zheng et al. Multiphase ✔ ✔ ✔ –
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DEFINITIONS OF DIGITAL TWIN

The first definition of DT was introduced in 2003 by Grieves at University of Michigan 
Executive Course on Product Lifecycle Management (PLM) as virtual, digital equivalent 
to a physical product (Grieves, 2014). In 2010 NASAs definition for DT comes from Mod-
eling, Simulation, Information, Technology & Processing Roadmap study. Shafto et al. 
(2012) defined DT in the draft and in final release of this paper. According to Damieni et 
al. (2018) the distribution of publications over the years shows a growing trend of articles 
and it reveals a significant increase in 2017. With growing trends of articles, the definition 
of DT is changing. Table 2 contains various definitions of DT from 2003 to 2018.

Table 2 Digital twin definitions
Tabuľka 2 Definície digitálneho dvojčaťa

2003 Grieves Virtual, digital equivalent to a physical product.

2012 Shafto et al.
An integrated multi-physics, multi-scale, probabilistic simulation of a ve-

hicle or system that uses the best available physical models, sensor updates, 
fleet history, etc., to mirror the life of its flying twin.

2013 Reifsnider, 
Majumdar

Ultrahigh fidelity physical models and simulations of the materials and 
structures that control the life of a vehicle with on-board health manage-

ment system, maintenance history and fleet data.

2014 Hochhalter 
et al.

Digital twin is a life management and certification paradigm whereby mod-
el and simulations consist of as-built vehicle state, as-experienced loads 

and environments, and other vehicle-specific history to enable high-fidelity 
modelling of individual aerospace vehicles throughout their service lives.

2015 Rosen et al. Very realistic models of the current state of the process and their own be-
haviour in interaction with their environment in the real world.

2016 Schroeder 
et al.

The Digital twin being a virtual representation of the real product. It has 
product’s information since the beginning of the life until the disposal of 
the product. The Digital Twin can be seen as a cyber representation in the 

context of the Cyber Physical Systems.

2017 Söderberg 
et al.

DT is referred as the concept of using digital copy of the physical system to 
perform real-time optimization.

2017 Grieves, 
Vickers

The Digital Twin is a set of virtual information constructs that fully de-
scribes a potential or actual physical manufactured product from the micro 
atomic level to the macro geometrical level. At its optimum, any informa-
tion that could be obtained from inspecting a physical manufactured prod-

uct can be obtained from its Digital Twin.

2017 Negri et al.

The DT is meant as virtual and computerized counterpart of a physical 
system that can be used to simulate it for various purposes, exploiting 

a real-time synchronization of the sensed data coming from the field; such 
a synchronization is possible thanks to the enabling technologies of Indus-

try 4.0 and, as such, the DT is deeply linked with it.
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2017 Zheng et al.
Application framework of DT consist of three parts, physical space, virtual 

space and information-processing layer. DT technology can realize full-
physical system mapping, dynamic modelling and real-time optimization.

2018 Haag, An-
derl

The digital twin is a comprehensive digital representation of an individual 
product. It includes the properties, condition and behaviour of the real-life 
object through models and data. The digital twin is a set of realistic models 

that can simulate its actual behaviour in the deployed environment. 
The digital twin is developed alongside its physical twin and remains 

its virtual counterpart across the entire product lifecycle.

2018 Boschert 
et al.

The Digital Twin refers to a description of a component, product, system or 
process by a set of well-aligned, descriptive and executable models

The results of Table 2 show that DT concept is recent. The application of DT evolved 
from mirroring the life of vehicles twin (Shafto et al., 2012) to the different solutions, 
sectors, and aspects of industry. Potential of DT increased with its popularity and vari-
ous applications such as virtual representation of the real product is possible though DT, 
which represents virtual information constructs that fully describes a potential or actual 
physical manufactured product from the micro atomic level to the macro geometrical level 
(Grieves, Vickers, 2017) or a component, product, system or process by a set of well-
aligned, descriptive and executable models defined by Boschert and Rosen (2016).

Definitions stated in Table 2 described scientific view on DT concept but there is also 
importance to define these definitions from software developer’s perspective which are 
stated in Table 3.

Table 3 DT definition from software developers
Tabuľka 3 Definície digitálneho dvojčaťa softvérových vývojárov

Siemens A digital twin is a virtual representation of a physical product or process, used to 
understand and predict the physical counterpart’s performance characteristics.

PTC A digital twin is a dynamic digital model of a product, process, or person, which 
analyses existing business system data combined with real-world data

PTC

A digital twin is a virtual representation of a physical product, asset, process, or 
operations used to understand and predict the physical counterpart‘s performance 
characteristics by leveraging real-time sensor and/or business system data related 

to the product or environment.

Ansys

DT of physical product or process can be used to monitor real-time prescriptive 
analytics and test predictive maintenance to optimize asset performance. The digi-
tal twin also provides data that can be used to improve the physical product design 

throughout the product lifecycle.

Continued Table 2

2003 Grieves Virtual, digital equivalent to a physical product.
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IBM A digital twin is a virtual representation of a physical object or system across its 
lifecycle, using real-time data to enable understanding, learning and reasoning.

Microsoft A virtual representation of a physical environment that brings in data from a vari-
ety of sources.

SEEBO
Digital Twin is a virtual representation that matches the physical attributes of 

a “real world” factory, production line, product or component in real time, through 
the use of sensors, cameras, and other data collection techniques.

GE Digital

Digital twins are software representations of assets and processes that are used to 
understand, predict, and optimize performance in order to achieve improved busi-
ness outcomes.  Digital twins consist of three components: a data model, a set of 

analytics or algorithms, and knowledge.

Oracle A digital twin is a digital representation of a physical device, asset, or a system.

SAP

A digital twin is a virtual representation of a physical object or system – but it is 
much more than a high-tech lookalike. Digital twins use data, machine learning, 

and the Internet of Things (IoT) to help companies optimize, innovate, and deliver 
new services.

Table 2 and Table 3 analysis of DT definitions show that recent definition is similar 
with slight deviations. Definitions are in nature the same especially from software devel-
oper’s perspective.

APPLICATION OF DIGITAL TWIN IN DIFFERENT PHASES OF LI-
FECYCLE 

According to Boschert et al. (2018), DT evolves with the real system along the whole 
lifecycle and integrates the currently available and commonly required data and knowl-
edge. Tao et al. (2017) sees application of DT with characteristics of ultra-high synchro-
nization and fidelity on product design and preparation, manufacturing, and service. In 
other words, DT can be used to understand, in real-time, different aspects of what is hap-
pening on the shop-floor, and to update the real system with improvements that may be 
obtained in the digital model (Negri et al., 2019). With fully integrated DT with physical 
world, companies can gain information and real-time data about manufacturing processes 
in different phases of the products lifecycle which lead to the easily performed simula-
tion, prediction, optimization and validation of manufacturing processes and products in 
their lifecycle. According to Westkamper et al. (2013) the methods and models of the DT 
can avoid approximately 70 percent of the planning errors, reduce about 30 percent of 
the planning time, reduce about 15 percent of the change costs and increase the planning 
maturity by roughly 12 percent.

Continued Table 3

Siemens A digital twin is a virtual representation of a physical product or process, used to 
understand and predict the physical counterpart’s performance characteristics.
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Figure 3 Digital Twin in different phases of lifecycle
Obrázok 3 Digitálne dvojča v rôznych fázach životného cyklu

DT was implemented into various phases of lifecycle by many scientists and prac-
titioners. Aim of this chapter is to summarize and highlight possible applications of DT 
in three main phases of lifecycle, preparation phase, production phase and maintenance 
phase. However, DT can be used in multiple phases of lifecycle shown in Table 1 and Fig. 
3 42 % of authors focused on DT concept, implemented DT across multiple phases of life-
cycle. 26 % of authors implemented DT in production phase 19 % for maintenance phase 
and 13 % into preparation phase.

In preparation phase, the role of DT is to determine design, structures and specifica-
tions of a product or a system. Preparation phase affects subsequent production and main-
tenance phase. Correct preparation and design can highlight and explore advantages and 
disadvantages in planning and predict optimal manufacturing for production phase. There-
fore, with the aid of the massive reference models, the designer can quickly complete the 
production line layout design, equipment configuration, and the virtual assembly of model 
but also to generate an authoritative digital design of the system at pre-production phase 
(Zhang et al., 2017). According to statistics done by Zhang et al. (2017), it takes average 
a day to satisfy customers individualized requirements, a week to enable the motion of 
whole production line, and a month to integrate the whole equipment including the prod-
ucts, equipment, and execution system, Moreno et al. (2016) shows that DT can be used to 
support the interactive design of optimal NC machining programs to optimize machining 
process.

The main role of DT in production phase is to optimize manufacturing processes, in-
crease flexibility, productivity and production quality and reduce manufacturing expenses 
and energy consumptions. The possibility and benefits of DT in production phase are 
shown by Vachálek et al. (2017) where optimization of physical production line was pos-
sible through real time data collection and simulation of various parameters of production 
line through DT. Weyer et al. (2016) referred to a DT as next generation simulation tool 
with ability to perform synchronization of physical and virtual world. DT in production 

APPLICATION OF DIGITAL TWIN IN DIFFERENT PHASES OF 
LIFECYCLE  

According to Boschert et al. (2018), DT evolves with the real system along the whole 
lifecycle and integrates the currently available and commonly required data and knowledge. 
Tao et al. (2017) sees application of DT with characteristics of ultra-high synchronization and 
fidelity on product design and preparation, manufacturing, and service. In other words, DT can 
be used to understand, in real-time, different aspects of what is happening on the shop-floor, 
and to update the real system with improvements that may be obtained in the digital model 
(Negri et al., 2019). With fully integrated DT with physical world, companies can gain 
information and real-time data about manufacturing processes in different phases of the 
products lifecycle which lead to the easily performed simulation, prediction, optimization and 
validation of manufacturing processes and products in their lifecycle. According to Westkamper 
et al. (2013) the methods and models of the DT can avoid approximately 70 percent of the 
planning errors, reduce about 30 percent of the planning time, reduce about 15 percent of the 
change costs and increase the planning maturity by roughly 12 percent. 
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phase is mainly used to connect virtual and physical manufacturing systems to analyse 
and control physical world through its virtual twin with ability to perform real time opti-
mizations which elevate production flexibility and effectiveness. Uhlemann et al. (2017a, 
2017b) shows that DT modelling combining real time data surpass traditional material and 
information flow mapping with manual data in production.

Maintenance phase also referred to as a usage phase or postproduction phase is mainly 
used to monitor health of a product or system. Based on analysis and diagnosis of pro-
duction, maintenance strategies can be proposed through DT in advance to lower main-
tenance costs. Current maintenance strategies are performed especially with the use of 
data from real physical production, but with aid of DTs virtual data, these strategies can 
be enhanced, and failure prediction can be performed to lower failure rate and prevent un-
necessary damages. Lee et al. (2014, 2015) developed DT models with integrated sensors 
and recorded historical data from production to explore machines conditions, failures and 
provided self-prediction strategies to the machines through simulation. Similar approach 
was chosen by Cai et al. (2017) to construct DT of machine with integrated data from sen-
sors to provide engineers comprehensive data information fusion between physical and 
virtual world to perform diagnosis and through DT. Hochhalter et al. (2014) proved that 
DT and data collected from sensors can be used to accurate prediction of repair, inspec-
tion and replacement to overcome imperfection of classical methods. Luo et al. (2018) 
describes possibility to build DT with mapping ability from sensed data to drive analysis 
and simulation with descriptive model and algorithm model such an analysis can diagnose 
and predict failure.

However, digital data from production are generated from all phases of lifecycle, 
therefore many authors implemented DT in multiple phases of lifecycle. Boschert et al. 
(2018) explored DT ability to provide useful values across all lifecycle phases. DT will 
shorten preparation phase, reveal failures and bottlenecks in production through simula-
tion of various scenarios in production and detect faults and suggest solutions and strate-
gies to enhance maintenance phase. DT within multi phases of lifecycle was proposed 
by Soderberg et al. (2017) for quality inspection of final product. DT supported products 
design in preparation phase, inspection preparation, optimization of joining sequences and 
bottleneck and root cause analysis in production phase.

DIGITAL TWIN FUSION WITH INDUSTRY 4.0 TECHNOLOGIES 

Technology such as Big Data, Cloud computing, Internet-of-Things (IoT) and Cyber 
Physical System (CPS) play important role in DT concept (Liau et al., 2018). Creation of 
DT requires huge quantity of data and information. The computing capacity is another 
crucial aspect for creating successful fully integrated DT. With a rise of CPS and IoT tech-
nologies which Big Data is closely linked with, these technologies will allow to collect 
and analyse production processes in more detailed picture through whole lifecycle. Using 
Ethernet/IP communication protocol, DT can be connected to the real world and cooperate 
to simulate virtual production lines (Moreno et al., 2016). 
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Figure 4 Industry 4.0 technologies linked to Digital Twin
Obrázok 4 Technológie Industry 4.0 prepojené s digitálnym dvojčaťom

Based on literature review, we can state that Big Data, IoT and CPS are deeply linked 
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Data collection and connection to the DT through Cloud computing is discussed by 7 
authors, but with future research of DT concept we expect that cloud computing will be 
necessary part of DT. 
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This review demonstrated that DT often refers to a modelling of digital counter-part 
of physical system or connecting physical system to its digital counter-part. Wide range 
of application of DT shows that there is possibility to apply DT concepts in whole life-
cycle including products, services, manufacturing processes, production system, layout 
planning, production planning, maintenance, etc. The benefits and applications of DT are 
almost unlimited in various aspects, but future development of DT can provide more case-
studies to this subject, which will be beneficial for future application of DT in industries, 
where DT can reveal its protentional. The challenge is to connect physical and virtual 
systems in both directions to be able to communicate vice versa, which will allow collect 
more details about whole production process and provide crucial information for better 
decision making and optimization of processes and services. For such a vision Industry 
4.0 technologies like CPS, IoT, Big Data and Cloud computing are necessary to be used. 
Several definitions of DT are available from different researchers, but official regulations 
and standards are non-existent, these regulations and standards can help define concept of 
DT for better understanding and development in the future.
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