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Abstract: There are several methods for evaluating materials or components, and these methods inseparably
include non-destructive methods with many possibilities within the application. The field of non-destructive
testing (NDT) includes the identification and description of defects on the surface and inside materials without
the material being cut or otherwise altered. Non-destructive testing refers to the process of evaluating and
inspecting materials or components to identify errors and deficiencies compared to some standards without
altering the original attributes or damaging the test object. NDT techniques provide a cost-effective way to test,
whether it is testing a sample for individual purposes or can be used to test an entire material as part of a
production quality control system. In this article, we focused on identifying the error on the pulley using three
methods and then compare these methods and determine which can best identify the error. Three non-destructive
testing methods were used, namely visual examination, ultrasonic testing and magnetic powder method.

INTRODUCTION

The field of non-destructive testing (NDT) includes
the identification and description of damage or
defects on the surface and inside materials without
the material being cut or otherwise altered. It refers
to the process of assessing or evaluating and
inspecting materials or components to characterize or
detect failures and deficiencies compared to
standards without altering the original attributes or
damaging the test object.

NDT techniques make available or provide a cost-
effective means of testing a sample for individual
examination and examination, or can be applied to
all material for inspection in a production quality
control system [1].

In many cases, the error detection approach requires
more than the use of a single NDT test method. This
may require a combination of methods.

A better understanding of the background, benefits
and limitations of each NDT method is essential to
ensure the success of the evaluation. Understanding
one method of NDT alone may not be enough to
ensure success in solving a problem [2].

A wide range of non-destructive testing methods
play the most important role in testing composite
materials.

NDT can be applied in many places, for example in
production, in storage tanks, in aviation, in the
military and defense, in the nuclear industry and in
the description of compound defects.

Damage to composite materials can occur during
material processing, component manufacturing, or
activities such as cracking, porosity, and
delamination [3].

Many technigues are used in the field of NDT,
including:

Radiographic testing.

Visual testing (VT) or visual inspection (V1).
Ultrasonic testing.

Thermographic testing.

Infrared thermographic testing.

Acoustic emission (AE) testing.
Electromagnetic testing.

Shearographic testing.

Optical testing.

Liquid penetration testing.

testing of magnetic particles and others.

This paper examines the various NDT methods for
identifying and describing a specific defect in a
selected sample, and then comparing the methods to
determine the most effective method.

Defects can occur in composite materials during the
manufacturing process or occur during normal life.
The most common defects may be porosity, the
presence of cavities and cracks in the matrix, and
mostly delamination [4,5, 6]. For these reasons,
defect detection is becoming a critical activity to
verify the integrity of structural parts [7, 8, 9].



There is a wide range of non-destructive technigques
or methods, so here are some basic methods. The
first three methods: VT, PT and MT were used to
identify the discontinuity.

Visual testing (VT) or visual inspection, is one of
the most common techniques, which involves the
operator looking at a test specimen. The use of
optical instruments, such as magnifiers or computer-
aided systems, can help. This method allows the
detection of corrosion, misalignment, damage, cracks
and more. Visual testing is an integral part of most
other NDT methods, as it will generally require the
operator to look for discontinuities [10].

Penetration capillary testing (PT) involves the
application of a low viscosity fluid to a test material.
This fluid seeps into any defects, such as cracks or
porosity, prior to developer application, which
allows the penetrating fluid to seep upward and
create a visible indication of a crack. Liquid
penetration assays can be performed using solvent-
removable penetrants, water-washable penetrants, or
post-emulsifiable penetrants [11].

Magnetic powder testing (MT) uses magnetic
fields to find discontinuities on or near the surface of
ferromagnetic materials. The magnetic field can be
formed by a permanent magnet or an electromagnet
that requires a current supply. The magnetic field
will accentuate any discontinuities because the
magnetic flux lines cause leakage, which can be seen
by the magnetic particles being drawn into the
discontinuity [12].

Ultrasonic testing (UT) means the transmission of
high frequency sound into a material to interact with
the properties of the material that reflect or attenuate
it. The pulse echo technique introduces a sound
beam into the surface of the test material. The sound
will move through the part, either reaching the back
wall of the material and then returning to the
transducer or returning earlier when it bounces off
the discontinuity in the part. Transmission Testing
uses separate transducers to transmit and receive
audio [13]. The transmitting probe is located on one
side of the test sample and the receiving transducer is
located on the other side. When sound passes
through a component, it is attenuated by elements in
it, such as porosity. With this technique, it is usually
not possible to measure the thickness. Ultrasonic
testing with the PAUT phase system uses PAUT
probes, which differ from conventional UT probes in
that they consist of a set of individual elements that
can be pulsed independently [14].

Acoustic emission (AE) is a passive NDT technique
that relies on the detection of short ultrasound pulses
emitted by active cracks under load. Surface-
scattered sensors detect the structure of AE [15].

1 LITERATURE OVERVIEW

The issue is very current and is currently being
addressed by many authors [16]. provided an
overview of non-destructive testing (NDT) methods
for composite evaluation. The review considers the
possibilities of the most common methods in
composite NDT applications, such as visual testing,
ultrasound testing (UT), thermography, radiographic
testing (RT), electromagnetic testing (ET), acoustic
emission (AE), with regard to the advantages and
disadvantages of these methods. Then, the methods
were categorized based on their internal
characteristics and their applications.

Kumar and Mahto [17] reported that non-destructive
testing techniques typically use a form of sounding
energy to determine material properties or to indicate
the presence of material discontinuities (surface,
internal, or hidden). It has also been found that most
non-destructive testing techniques are mainly used in
many places, such as the aerospace and engineering
industries, and are likely to be used to evaluate
civilian works and infrastructures. This document
concludes that more research is needed to use these
techniques in the field for civilian infrastructure. The
authors seek to find the latest developments and
trends available in industry and other areas in order
to minimize damage, minimize overall equipment
costs, and maximize the safety of equipment,
machinery, structures, and materials.

M. Rojek et al. [18] explained fatigue and ultrasonic
testing of epoxy glass composites. Epoxy glass
composites are useful and are increasingly used as
high-performance technical materials. They are used
in areas such as construction, automotive,
electronics, aerospace and many more. During the
development and wuse of composites, many
degradation processes occur. The main degradation
effects are thermal aging, irradiation and chemical
action, creep and fatigue. It shows the relationship
between the degree of force degradation caused by
fatigue and changes in the characteristics of
ultrasonic waves, such as wave speed and damping
coefficient [19]. A significant correlation was
identified between the rate of propagation of
ultrasonic waves and the degree of strength
degradation of epoxy glass composites caused by
fatigue. Ultrasound can be used as a useful tool to
evaluate the fatigue degradation of polymer
composites. This explains the mechanical properties
such as flexural strength and the decrease in flexural
modulus due to cyclic loading.

Aryan et al. [20] in their article provided an
overview of state-of-the-art non-destructive testing
(NDT) methods used to evaluate integrated circuit
(IC) packaging. The review identifies the different
types of defects and the capabilities of the most



common NDT methods used to detect defects. The
main goal of their work is to provide a detailed
overview of common NDT methods for IC
packaging, which focus on their principles of
operation, benefits, limitations and suggestions for
improvement. Current methods such as X-rays,
scanning acoustic microscopy (SAM), infrared
thermography (IRT), magnetic current imaging
(MCI) and surface acoustic waves (SAW) have been
investigated. The uniqueness of the article lies in a
comprehensive comparison of current NDT methods,
recommendations for improvements and the
introduction of new candidate NDT technologies that
can be adopted for IC packaging.

Non-destructive testing (NDT) involves a wide range
of techniques used in science and industry to
evaluate material properties (e.g. residual stresses)
without causing major damage. Because NDT does
not cause any permanent changes in the controlled
material, it is a valuable technique that can save
money and time in evaluation and research.
Therefore, non-destructive tests are often preferred
over destructive ones. Shokrieh & Mohammadi [21]
addressed this issue and in their article, they deal
with the main methods that fall into the category of
non-destructive methods for measuring residual
stress.

Methods of non-destructive testing of wood are
gaining in importance [22]. Online tools, such as
production control, have been used for years. Based
on the measurement system (physically active
principle and important influencing factors), an
overview of methods for the evaluation of cultural
heritage objects is given. In order to adopt methods
based on physical effects, a deep knowledge of wood
physics is necessary, especially knowledge of
interdependencies.

2 METHODOLOGY

This article provides an overview of the most
common non-destructive testing (NDT) methods
used by industry. The basics of NDT methods are
explored in examining their potential, limitations,
control techniques, and interpretations. Factors
influencing the success of NDT methods are
discussed and ways to mediate their impact are
recommended. Reference is made to standard
guidelines for the application and interpretation of
the NDT methods discussed.

The aim of this paper was to analyze the selected
sample and its inhomogeneity using three different
NDT methods and then compare these three
methods, in terms of interpretability of the results.
Visual, penetration and magnetic powder methods
were used for testing. The procedures were followed
in accordance with the standards. The tests were
performed by a technical worker of the company

WELDING & TESTING OF MATERIALS, Ltd.,
who holds certificates in all three methods in level 2.

3 RESULTS

First, the positivity inhomogeneity was examined by
visual testing. Visual inspection is particularly
effective in detecting macroscopic defects such as
bad welds.

Many welding defects are macroscopic, such as
cracking, cutting, slag inclusion, incomplete
penetration welds, and the like. Similarly, this
method is also suitably used to detect deficiencies in
composite structures and pipes of all types.

Bad welds or joints, missing fasteners or
components, poor fit, wrong dimensions, wrong
finish, large cracks, cavities, depressions, inadequate
size, wrong parts, and more. In picture no. 1 we can
see the investigated element and in picture no. 2, an
error is highlighted in the yellow rectangular frame,
which is also visible to the naked eye.

Fig. 1. Photographic recording from VT

Fig. 2. Indication of an error on the sample

Visual inspection revealed a linear inhomogeneity of
30 mm in laboratory conditions with artificial
illumination of 1000 lux at a temperature of 20 °C.
Simple measuring aids, a metal ruler, a caliper, a
scale and a magnifier with 3x optical magnification
were used. Standard EN 5817 was used.

The defect was documented and registered by the
Xyz spatial display.



A penetration check followed (Fig. 3 and Fig. 4). For
comparison, the capillary test was performed on the
given product at the same temperature values and
illumination values.

At a development penetration time of 10 min.
following wiping off the excess penetrant and
applying the developer immediately after drying: the
first evaluation was after 5min., the second after
15 min., the inhomogeneity was shown at the same
spatial values as in the visual test. Sprays from
HELLING, U87, U88 and U89 were used. It was
based on the general principles of EN 3452-1 and the
degrees of acceptability at EN 23277 (degree of
acceptability 1).

The wet fluorescence method was used in the
magnetic test using a TIEDE pole magnetic
instrument, Berthold scale, UV lamp (black light
with an intensity of 20 lux), lux meter.

Fig. 3. Photographic record from NDT control by PT method

Fig. 4. Representation of the error by PT, evaluation after
5 min.

Fig. 5. Photographic record from MT with shown
inhomogeneity

Fig. 6. Photographic record from NDT control by MT
method

Linear inhomogeneity was found as in both previous
methods (Fig. 5 and Fig. 6). The implementation was
based on the standard EN 17638 and evaluated
according to EN 23278, degree of acceptability 1.

The best results with the given methods were shown
by the magnetic powder method, where the defect
was best readable and interpretable.

CONCLUSION

Based on testing and review of the literature, we
conclude that their wvarious non-destructive
techniques are applicable to the investigation of
defects in materials.

These non-destructive techniques are used in various
places, for example in the aerospace industry, the
processing industry and civil infrastructure. These
techniques have advantages and limitations
depending on their use.

An overview of research conducted in the recent past
shows that no non-destructive testing method gives
us a sufficient result in the characterization of defects
in a composite material, because they have their own
limitations.

Therefore, a combination of two or more techniques
is used to achieve a better result and increase the
efficiency of the identification. The reliability and
confidence level of a non-destructive test is usually
increased by multiple test methods.

From the above research, we concluded that all
methods used identified the error. However, the error
was best seen with the magnetic powder method.
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Abstract: In the last two decades, we have witnessed increasingly intensive efforts to quantify scientific results
in order to compare them. This is due to the growing importance of science in socio-economic development.
This manifests itself primarily in the most developed parts of the world. An increasing amount of funding for
science and research is forcing decision-makers to look for the clearest but also the simplest criteria that can help
differentiate the prospects for scientific research, which deserves to strengthen funding from the dead ends of
science, where money should not go. Despite the difficulty of objectively measuring phenomena which are as
difficult to quantify as the quality of scientific outputs is undoubtedly, tools are emerging which make this
possible with a greater or lesser degree of plausibility. One of them, on which a relatively large part of the
representatives of science agree, is a bibliometric analysis, i.e. analysis of formal flows of scientific
communication manifested primarily in professional publications. The area of friction stir welding is subject in
this work to bibliometric analysis. We did not identify a similar article in our research, and therefore this analysis
can be an asset in education and the technical sector as well as science and research.

INTRODUCTION

Friction Stir Welding (FSW) belongs to the group of
solid-state welding and was developed by Thomas
Wayne at The Welding Institute in Cambridge, UK
in 1991. The principle of FSW welding is to push in
a rotating tool with a special tool.) with an arm in the
area of the contacting welded materials, which then
moves in the direction of the line of the future weld.
Heat is generated due to friction between the tool
and the materials being welded (Fig. 1).

The authors in their publication [1] determine the
effect of carbon content and conversion on
mechanical properties and microstructures of FSW
carbon steel joints were based on three types of
carbon steels with different carbon content (IF steel,
S12C, S35C) by friction welding under different
welding conditions. Compared to IF steel, welding
conditions are significantly affected by the
microstructures and mechanical properties of carbon
steel joints. The strength of the S12C steel joints
increases with increasing welding speed, while the
strength of the S35C steel joints shows a peak close
to 200 mm-min®. What they explain by the
relationship between peak temperature and points Al
and A3. If friction welding is performed in the two-
phase ferrite-austenite region, the microstructure is
softened and the highest strength is achieved [1].

Friction welding (FSW) is a relatively new welding
process that can have significant advantages over
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fusion processes: joining conventionally non-melting
welded alloys, reducing distortion and improving the
mechanical properties of weldable alloy joints due to
pure solid state bonding of metals [3]. The Chen and
Kovacovic model [3] includes the mechanical
reaction of the tool and the thermomechanical
process of the welded material.

Downward force

Welding

’ direction

\/, Joint

Relrealing/. P, .\[" : \

; , “_ " Shoulder
Slde / / . )

FSWed

Nugget / \‘ Pin
Advancing
side

Fig. 1. Schematic drawing of FSW process [2].

The heat source built into the model involves friction
between the material and the probe and arm. In order
to provide a quantitative framework for
understanding the dynamics of the
thermomechanical FSW process, the thermal history
and the development of longitudinal, lateral and
transient stresses in the friction weld are simulated



numerically. The X-ray diffraction (XRD) technique
is used to measure the residual stress of the welded
plate and the measured results are used to verify the
effectiveness of the proposed model. The
relationship between the calculated residual weld
stress and process parameters such as tool feed rate
is given. It is expected that the model can be
extended to optimize the FSW process to minimize
residual weld stress [3].

Gibson et al. [4] also addressed this issue, and their
article provides an introduction to the basic
principles of friction mixing (FSW) as well as an
overview of the latest research and applications in
this field. The basic principles included include
terminology, material flow, joint configuration, tool
design, materials, and errors. The material flow is
discussed from both an experimental and a modeling
point of view. Process variants are also discussed,
which include self-reactive (SR-FSW), stationary
casting, friction mixing processing (FSP), friction
spot welding (FSSW), assisted FSW, and pulsed
FSW. Several aspects of robotic friction welding are
included, including sensing, controlling, and
monitoring joints. Methods for evaluating weld
quality are also being investigated. The authors
discuss the latest applications with an emphasis on
recent advances in aerospace, automotive and
shipbuilding. Finally, the direction of future research
and potential applications are examined [4].

FSW was studied by Frigaard et al. [5] and in their
present research, a numerical three-dimensional (3-
D) heat flux model for friction stirring welding
(FSW) based on the finite difference method was
developed. The algorithm they implemented in
MATLAB 5.2 is equipped with a separate module
for calculating the development of the microstructure
and the resulting hardness distribution. The process
model is validated by comparison with in situ
thermocouple measurements and experimental
hardness profiles measured at specific time intervals
after welding to reveal strength recovery during
natural aging. They further characterized the grain
structure in the plastically deformed region of the
welded materials using the electron backscattered
diffraction (EBSD) technique in a scanning electron
microscope (SEM). Some practical applications of
the process model are described at the end of the
article [5].

Friction welding is a very complex process involving
several highly related physical phenomena. The
complex geometry of some types of joints and their
three-dimensional nature make it difficult to develop
an overall system of control equations for the
theoretical analysis of the behavior of friction
welded joints. Attempts are often time consuming
and expensive. Numerical analysis has often been
used since 2000 to overcome these problems. The
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paper by He et al. [6] provides an overview of the
latest developments in the numerical analysis of
friction welding processes, microstructures of
friction welded joints and properties of friction
welded structures. They address important numerical
issues such as material flow modeling, networking
process, and failure criteria. Numerical analysis of
friction stir welding allows the simulation of many
different welding processes to understand the effects
of changes in various system parameters prior to
physical testing, which would be time consuming or
disproportionately expensive in practice. The main
methods used in the numerical analysis of friction
welding are discussed and illustrated by brief case
studies. In addition, several important key issues
related to numerical analysis of friction welding
remain identified and opportunities for further
research have been identified [6].

1 METHODOLOGY

The web of science database and the VosViewer
technique were used to prepare this research paper,
which was used for bibliometric analysis. We
decided to analyze keywords that were 10 times
higher in the 2019 articles on friction stir welding. A
total of 768 articles were included in the analysis.
Bibliometric analysis is very important and allows to
create connections based on its outputs, which can
lead to innovative thoughts and ideas.

The basic bibliometric analysis includes the results
registered in the dataset of Web of Science in the
year 2019. Due to the short time lag, the analysis
does not work with bibliometric data relating to
individual results (e.g. number of citations), but also
with respect to the journals in which they are
published. The basic bibliometric indicators are the
Acrticle Influence Score (AIS) for the WoS database
and the Scimago Journal Rank (SJR) for the Scopus
database. These indicators are created on the basis of
the average number of citations of an article
published in a given journal over the last 5 years
(AIS) resp. 3 years (SJR) and unlike other indicators
(eg impact factor) also take into account the quality
of these citations. This analysis has different
informative value for different fields - for some
fields, publishing in impact journals is not a relevant
quality measure - and the data provided are only
evaluation criterion [7].

2 RESULTS

Figure 2 shows the most important keywords for
2019, which relate to the issue of friction stir
welding and can point to new trends in this area.
These are various models, methods and procedures,
or other associations with this issue.

The next Figure 3 is the output of VosViewer and
shows in which countries it is published the most on
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Fig. 3. Country’s connections through the friction stir welding

Iraq, China, Malaysia, Pakistan, Saudi Arabia,
Poland. The second cluster is Brazil, France,
Germany, Algeria, Netherland, Russia, Scotland. The
third cluster includes South Africa, Turkey, Nigeria,
Iran. The fourth cluster is Italy, Portugal and Spain.

countries.

According to the analysis of countries, a total of 7
clusters were published and in the first largest cluster
there are 11 countries that are interconnected. The

13



In the fifth cluster Japan and South Korea in the sixth
is only Greece and in the seventh Indonesia. The
strongest relationships are in the first cluster and this
relationship is shown in red.

CONCLUSION

The field of friction stir welding is very interesting
and constantly subject to innovation. Bibliometric
analysis can help to reveal other connections and
connections between. The results of a feasibility
study of an innovative friction welding technique by
mixing for the production of different metal-
composite joints are presented. The new method uses
the heat produced on the upper aluminum sheet by a
rotating non-spindle tool to soften the composite
thermoplastic matrix material. Cost-effective, long-
lasting tools are available for aluminum and other
soft alloys. They have been developed but are not
currently available for the commercial application of
FSW to high strength materials. Tool material
properties such as strength, fracture toughness,
hardness, thermal conductivity and coefficient of
thermal expansion affect weld quality, wear and tool
performance. It is necessary to constantly monitor
current trends, and at the same time cross-border
cooperation within other fields also contributes
greatly to innovation.
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Abstract: This paper presents an overview of renovation methods, which nowadays have wider application due
to its wide applicability in repairing damaged machine parts. The main advantages of cladding as the process is
mainly economical and time aspect. Post goes on to describe the advantages and disadvantages of the process
itself, where the process entering factors are: automation, base and cladding material, thermal effect on the
material and finishing machining. The final part of contribution focuses on the risks that may arise in the process
of cladding and impact of these risks to the health of workers. These risks are prevented by extensive range of
personal protective equipment, which at this technology is an integral part.

INTRODUCTION

In current industrial practice, we use welding
processes, especially in the renovation of worn parts,
where we require that the welded metal be of a
similar or the same chemical composition. In
practice, in order to increase the quality and service
life of the repaired part, a weld metal of a higher
guality than the base material is chosen. However, in
the case of renovation of a worn object, it is first
necessary to properly analyze the type of wear,
environmental impact, working conditions and based
on this analysis then choose the appropriate welding
technology, suitable welded material, or decide
whether renovation is possible at all or whether this
process economically and temporally. In practice, the
efficiency of welding renovation is up to about 70%
of the price of a new spare part or tool. Creating or
renovating various functional surfaces by welding is
very useful and economical when used correctly, but
it also has its advantages and disadvantages [1, 2].

1 RENOVATION BY WELDING

Welding can be defined as deposit welding, where
the base material is melted by a metallurgical process
at high temperatures, at the same time the applied
welding material (additional material) is melted and
added to the melting bath. The result is a
homogeneous metal or alloy layer. When welding,
the most common goal is to create a layer with a low
mixing coefficient with the base material. It is an
effort to eliminate the amount of heat introduced into
the base material, thereby reducing internal stresses
and deformations in the material during the welding
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process. The weld thus formed can form a protective
layer with desired properties, such as resistance to
corrosion, thermal stress, abrasive and adhesive
wear, cavitation, erosion, and other adverse factors.
The following two aspects are important for the
successful implementation of the welding process.
The first criterion concerns the melting point of the
base material and the weld metal. It is very important
that the melting point of the weld metal is the same,
but preferably lower than the melting point of the
base material. With this combination of materials, no
problems arise during welding and the welding
achieves the required properties. Extra care must be
taken if the melting point of the base material is
lower than the melting point of the weld metal, in
which case welding is problematic, sometimes
impossible. The basic and additional materials are
melted by the action of an external heat source. The
basic heat sources can be: - electric arc, - flame of
flammable gas in a mixture with oxygen, - plasma, -
laser, - electron beam.

Repairs and renovations of damaged machine parts
are important technological operations. In FIG. 1 and
2 are components whose functional surfaces are
renovated by welding methods. We recognize the
following basic aspects of surface wear recovery: -
shaped (repair of broken parts, addition of surface

wear), - functional (wear resistance, friction
properties, resistance to high temperatures), -
operational capabilities-safety (reliability of the

component under long-term load) [1, 2, 3].



e

Fig. 2. Surface of freshly welded brake drum

2 ADVANTAGES AND DISADVANTAGES
OF WELDING

One of the biggest advantages of welding technology
is the possibility of process automation. In
combination with the use of optimal types of weld
metals and powerful heat sources, high productivity
is achieved, which is applied in series production.
The welded layer is compact, a diffusion joint is
formed between the weld and the base material, the
strength of which is at least equal to the strength of
the base material or higher. By means of welding,
the desired properties of the functional surface can
be achieved by a suitable choice. Welds can be made
in thicknesses up to several tens of millimeters.
Subsequent heat treatment can then achieve suitable
properties of the base material and the weld. Another
equally important advantage is the fact that manual
welding methods are in most cases inexpensive in
terms of acquisition costs and can therefore be
afforded by smaller repair and manufacturing
companies, which do not have the capital of large
multinationals [1].

The basic disadvantage of the welding technology is
the thermal influence of the base material, where the
structure of the material changes, especially in the
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heat affected zone between the base material and the
weld metal. Depending on the welding technology
used, a certain proportion of the base material is
subsequently formed in the weld layer, which leads
to the formation of internal stresses and
deformations. In most cases, the welded layer must
be further machined in order to achieve the required
final dimensions and roughness. When welding on
noble base materials, the base material must be
preheated. The overall welding process is very
energy-intensive in the case of the use of special
metal welding technologies, where it also requires
more expensive equipment, as well as higher
demands on the abilities and skills of operators [1,
2].

Risks in the renovation process Welding renovations
used in the restoration of functional surfaces and are
realized mainly by arc methods MIG, MAG, TIG,
manual arc welding, methods of submerged arc
welding, resp. flame.

The following risks occur with these welding
methods:

Radiation.

Smoke, fumes, aerosols.
Liquid metal spray.
Noise.

Electric current.

2.1 Radiation

Welding  processes are  accompanied by
electromagnetic radiation, which has a significant
effect on the human body. The welding arc produces
the following types of radiation: ultraviolet, visible
and infrared. Ultraviolet radiation acts at
wavelengths of 100-400 nm, which causes damage
to the cornea, skin and skin of the eyelids. Visible
light is light in the range of 400-700 nm, this type of
radiation can damage the retina and in the worst case
cause blindness. Infrared light covers the range from
700 nm to 1 mm wavelength. Prolonged exposure
damages the retina and cornea, can lead to various
inflammations and blindness. All negative effects
can be effectively prevented by using suitable
protective equipment, i. clothing, gloves, goggles,
welding helmets, etc. [4, 5, 6].

2.2 Exhaust gases during welding

When eliminating the influence of exhaust gases and
vapors, it is necessary to take into account in
particular the harmfulness of individual chemical
elements, which are found in renovated materials or.
in welding consumables. In welding processes,
emphasis is placed on an efficient system for the
extraction of welding fumes, which can be toxic or
carcinogenic [6, 7].



2.3 Components of welding smoke and their
effect on health

Beryllium (Be) - Beryllium and its compounds are
highly toxic and carcinogenic. Exposure to this
substance causes irreversible changes in the lungs to
death.

Cadmium(Cd) - Inhalation of cadmium or its
compounds is a serious health hazard, including
intercarcinogens. After heating and oxidation,
cadmium leaves a dirty olive color and the effects of
cadmium oxide emissions also act for several hours
after exposure.

Carbon monoxide (CO) - The greatest danger occurs
when this gas accumulates. CO is used as a
protective atmosphere, is colorless and odorless. In
low concentrations it causes fatigue, numbness and
headaches. At higher concentrations, loss of
consciousness and suffocation.

Chromium (Cr) - Exposure to chromium dust or
fumes causes coughing, sneezing, breathing
problems and headaches. Furthermore, eye irritation
and in some forms is carcinogenic.

Copper (Cu) - Copper fumes and copper dust cause
lung irritation, metallic taste in the mouth, also
causes eye damage and skin irritation.

Manganese (Mn) - Manganese dust and its products
irritate the eyes and mucous membranes. In chronic
manganese poisoning, irritation, loss of appetite,
headache, muscle weakness and joint pain can also
cause death.

Zinc (Zn) - Zinc causes fever, which is manifested
by bad taste in the mouth, weakness, fatigue, pain in
muscles and joints. Inhalation of zinc fumes
generated during welding or cutting of galvanized
sheet metal, brass or other zinc alloys should be
avoided [6].

Among the common gases used in welding, we
include:

a) Oxygen - it is colorless, tasteless and odorless, it
is heavier than air. It forms compounds with
many substances, where a considerable amount
of heat is released. There is also a violent
reaction, from spontaneous combustion to
explosion, due to various impurities and
substances. When welding, pure is used very
rarely.

b) Acetylene - is a flammable gas, smells of garlic,
is lighter than air. This gas is transported in
pressure vessels or produced in generators.
They form explosive compounds with copper,
mercury and silver.

Propane and butane - they usually live in a
mixture, they are by-products in the production
of synthetic gasolines, they are lighter and
aerated, they are transported in containers in a

c)
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liquid state, they are suitable mainly for cutting

3.

2.4 Noise

Noise intensity is given in decibels (dB). The range
of noise that the human ear can distinguish starts at
0dB, which is the weakest tones up to 190 dB,
which is the intensity of the noise equal to the launch
of the rocket. The noise level in the area of welding,
brazing or cutting depends on the working
environment and the method used. Conventional
MIG/MAG welding achieves a noise level of 90 dB,
plasma cutting with compressed gas 110 dB, the
noisiest is the groove with a carbon electrode where
the values are around 120 dB, which can already
exceed the pain threshold [6].

2.5 Electric current

The greatest risks when working with electric current
arise from faults on the electrical parts of welding
machines, when the human body comes into contact
with parts of the equipment or wiring that is live.
Depending on the type of current (alternating, direct
current), its intensity and exposure time, muscle
stiffness, gastric nervousness, heart rhythm disorders
and even heart failure may occur [8].

CONCLUSION

The paper presents the basic risk factors that
negatively affect human health during the welding
process, respectively. welding. The amount of
harmful factors depends on the welding technology
used, the chemical composition of the additional
materials and the renovated base materials, the
welding parameters used. The presented fusion
welding methods require in particular the application
of effective extraction systems, barriers to the spread
of all types of radiation to the environment, with the
exception of submerged arc welding methods, as
well as anti-noise measures in operations with
increased noise. Health and safety measures regulate
the applicable directives and standards, which the
employer is obliged to comply with in order to
eliminate the risks and the negative impact of the
above-mentioned effects on the health of workers.
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Abstract: This research deals with modification of nozzle orifice geometry for plasma beam torch. Shape of the
plasma beam affected by various modification of nozzle geometry is investigated via simulations software. The
simulations focused to predict shape of plasma beam flow out of the nozzle. The best obtained modification

serves for further research.

INTRODUCTION

Plasma jet and arc processes are widely used for
cutting, welding and coating of metals. The shielding
gases as well as their flow profiles near the arc have
a decisive influence on the machining results (Fig. 1)
[1]. One of the modern technologies widely used is
Plasma Arc Cutting (PAC) which is a far better
metal cutting technique in some aspects when
compared to conventional cutting techniques [2]. In
this process, an inert gas (in some units, compressed
air) is blown at high speed out of nozzle, at the same
time an electrical arc is formed through that gas from
the nozzle to the surface being cut, turning some of
that gas to plasma [3]. Plasma is a jet or beam of
ionized gas capable of conducting electricity. This
ionized jet or beam produces extreme heat of around
33000 °C by recombination of ions and electrons
into atoms and atoms into molecules. This heat is
sufficiently high to melt and remove the metal [4].
Plasma looks and behaves like a gas but has
distinctive difference, it conducts electrical charge
[2]. The role of working fluid is to make the
protection for the outer core of the PAC torch for the
safe and protected operation. Hence the working
fluid is very much in PAC and there are many fluids
available and compatible for the PAC [5].

On of the biggest problems in plasma arc cutting is
dross formatiuon on the worse side of cut. The
amount of dross depends of lot parameters i.e. types
of materials, cutting speed, currents, nozzle and flow
rate [4]. The geometry of the nozzle causes
significant increase in inert gas speed and
temperature [2]. The plasma is sufficiently hot to
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melt the metal being cut and moves sufficiently fast
to blow molten metal away from the cut [3]. The gas
pressure and current required to cut a work piece is
dependent on various factors for example scanning
speed, gas pressure and cutting height [2].
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Fig. 1. The plasma arc cutting process [1]

A laval nozzle is a convergent-divergent nozzle that
was invented by Gustav Patrik de Laval in 1888 for
steam engine applications to produce a supersonic
flow in the divergent section. The expansion state
and internal flow line of the Laval nozzle are
important parametrs that determine the structure of
the air jet flow field as shown in Fig.2. The
expansion state is characterized by the nozzle
pressure ration n, i.e., the ratio of the nozzle outlet
static pressure Pe to atmospheric pressure. When
n<1, it corresponds to an overexpanded jet, and
n=1 correspond to an full-expansion jet.
Additionally, n > 1 corresponds to an underexpanded



jet wherein 1<n<1.15 corresponds to a low
underexpanded jet and # > 2 corresponds to a highly
underexpanded jet [6].

Ansys Fluent is the industry-leading fluid simulation
software used to predict fluid flow, heat and mass
transfer, chemical reactions and other related
phenomena. Known for delivering the most accurate
solutions in the industry without compromise,
Fluent’s advanced physics modeling capabilities
include cutting-edge turbulence models, multiphase
flows, heat transfer, combustion, shape optimization,
multiphysics and much more [7].
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Fig. 2. Structure of the Laval nozzle [7]

1 PREPARATION OF SIMULATED
MODELS

First of all, plasma torch was measured and then 3D
model was created. For simulations was used
simplified model consist of nozzle and electrode, in
2D shape (Fig. 3).

free space for plasma
beam flow

arigin nozzle

AN

|
7
electrode .

I

=

Fig. 3. A 2D schematic model of a nozzle with an electrode
for simulation of a plasma flow

The experiments consist of simulating a plasma flow
using 8 different modified nozzle orifice shapes.
Shape modification of the nozzle orifice kept these
rules:

e The easiest manufactured way by conventional
technologies.
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¢ Low production/modification time.
e Low financial costs of manufactured.

For simplified and reduced computing time were
used mentioned 2D models. Moreover, the task had
symmetrical character, so the axis symmetry was
placed identically with axis of nozzle and electrode,
which means even more reduction in computing
time.

Automatically generated net of finite elements was
coarse and inaccurate. The modification of finite
elements net consists of adding more finite elements,
modify function “Skewness” and significant
increasing finite elements in critical area. Sharp or
significant dimensional changes and wall were
marked as critical area (Fig. 4). The “Bias” function
was used to modify net around the wall. After
appropriate adjustment of finite elements net was
model prepared to define boundary conditions.
Modified net has 33.8-times more finite elements
compared to an automatically generated net (Fig. 5).

Critical area

Fig. 4. Identification of critical areas on the model (circle
marks)

Fig. 5. Comparison of an automatically generated mesh and
an adjusted mesh

The boundary condition, as wall, axis symmetry,
inlet and outlet, were set up (Fig. 6). Properties of
plasma i.e. heat conductivity, density (electron
density), effect of magnetic field, plasma beam
frequency, viscosity (Newtonian or non-Newtonian
fluid), plasma beam flow affected by electric arc and
others is complex issue. In this research, the



simulations were simplified as much as possible in
order to obtain relevant results for further

investigation. Inlet pressure and temperature were set
up at 2.26 MPa and 1200 K. The outlet pressure and
temperature were set up at 39.4 kPa and 273.2 K.
The number of iteration was 4500 and fluid medium
was ideal gas with Sutherland model viscosity.

Fig. 6. Boundaries for the simulation of flow: 1 — flow input,
2 — impenetrable walls, 3 — axes of symmetry, 4 — flow output

2 RESULTS OF SIMULATIONS

Flow simulation is focused to achieve plasma beam

shape flow out of modified nozzle orifice and then
compared with origin nozzle shape.

0 0.01
0.005 0.015

0.02 (m)

Fig. 7. Reference nozzle flow simulation

Figure 7 shows results of flow simulation
investigated on the origin nozzle shape (reference
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Fig. 8. Results of comparison of flow simulation: a) reference nozzle; b) to i) modified nozzles (upper half of picture is
reference nozzle and lower half is modified nozzle)
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sample). Core formation of fluid medium
represented by yellow outline was observed. All
modified nozzles were simulated and compared with
reference nozzle. Every modification of nozzle
orifice kept the rules mentioned above expect last
two modifications. Figure 8 shows all simulated
results compare to the reference nozzle (Fig. 8a to
Fig. 8i upper half of picture).

From the results of the simulation calculations and
based on a comparison with the plasma beam flow in
the reference nozzle, the most suitable shape for the
cutting process is the modified shape marked as
No. 7 (Fig. 8f). The plasma beam shape for this
modification had significant different shape against
reference nozzle. The core of the plasma beam
(yellow outline) had longer range, moreover there
was observed second and third core area, which
could help to blow dross out from cutting gap
(fig. 9). This modification fulfils manufacture
requirements.
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Fig. 9. Modified nozzle No. 7 flow simulation

CONCLUSION

Flow simulation of gas fluid through nozzle with
electrode affected by different nozzle orifice
modifications was investigated in this paper. This
research served to further investigation, to predict
suitable design for real experiments. Modified nozzle
No. 7 indicated the best results from all 8 modified
shape of nozzle orifice. This modification fulfilled
requirements as easy manufacture by conventional
technology, low production time and costs, and
moreover it is an easily repeatable process. The
simulation confirmed the prediction that Laval
nozzle shape is suitable for supersonic flow which is
an accompanying phenomenon of every plasma arc
cutting.
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Abstract: The article is focused on the synergic effect of constant content of Zr and higher content of Ti on
mechanical properties of AlSi7Mg0.3Cu0.5 aluminium alloy. The Ti additions were in gradual increase from
0.1, 0.2 and final 0.3 wt. % Ti. The Zr additions is in constant content 0.15 wt. % where we get the best
mechanical parameters. The casting process was carried out in ceramic molds, created for the investment casting
technology by AIUCAST company. After casting and finishing operation half of the experimental samples were
heat treatment by precipitation curing T6. The measured results were compared with primary aluminium alloy
AISi7Mg0.3Cu0.5 and experimental aluminium alloy AlSi7Mg0.3Cu0.5Zr0.15. In variant with addition of Ti 0.1
wt. %, the tensile strength Rm increased by 1.5 % but the elongation Am decreased to 40 %. Variants with
addition of Ti 0.2 and 0.3 wt. % achieved similar Rm but approximately 40 % decrease in Am. However, it is
interesting that yield strength Rpo.2 increased for all variants by approximately 14 to 20 %. The results point out
the possibility of developing a more sophisticated alloy for automotive and airplanes industry.

INTRODUCTION

The automotive and aerospace industries require a
constant need to improve the properties of the
materials originally used. The development in the
given field includes also Al alloys, but focuses on
improving not only their mechanical properties but
also the heat resistance of Al alloys in applications
above 300 °C. Very interested field of casting where
we can use this development are cylinder heads,
gearboxes and engine blocks. Here the emphasis is
on the lowest casting weight possible and the ability
to function at high performance and temperatures.
The application of a more sophisticated alloy with
improved mechanical properties and heat resistance
increases material savings by reducing the
dimensions of engine blocks, improving the
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environmental aspect by reducing fuel consumption,
and increasing performance due to the improved
resistance of Al castings to operating pressures and
heat load during the device operation (Fig. 1.).
AISi7Mg0.3 Al alloy is frequently used in the
manufacture of castings where good casting
properties, corrosion resistance, pressure tightness
and weldability are required. It is therefore often
used in the manufacture of components for internal
combustion engines. Improvement of the strength
properties of the AISi7Mg0.3 Al alloy can be
ensured by the addition of various elements, with
copper being particularly important. The addition of
Cu provides increased strength, hardness or creep
resistance by eliminating the curable Al.Cu phases.
These can be excluded either as small oval grains



with a high Cu concentration or as a ternary Al-
CuAl2-Si eutectic. However, increasing Cu content
in the AISi7Mg0.3 Al alloy decreases ductility,
adversely affects corrosion resistance and increases
solidification interval. The combination of Mg and
Cu allowed the development of commercial alloys
such as  AlSi7MgCu0.5, AISi8Cu3 and
AlSi7Mg0.3Cu. The AlSi7Mg0.3Cu alloy is the one
used most frequently in the manufacture of
components for internal combustion engines. The
main characteristic of the above-mentioned alloys is
the crystallization of two eutectics: primary Al-Si
and secondary Al-Si-Cu. The introduction of Zr into
the alloy is important in order to increase the
strength, while the strengthening effect is induced by
the elimination of the AlsZr or AlSiZr intermetallic
phases. Primarily, Zr is excluded in the form of
AlsZr during the peritectic reaction, with a Zr
content of > 0.1 wt. %. The AlsZr phase is excluded
in two different crystallographic morphologies. The
first is the tetragonal DO.; system, the second is the
cubic coherent metastable L1, system (Fig.2.) [1-
12].

QD —AL

(b)

Fig. 1. AlsZr phase crystallographic lattices: a) L12 b) DO23

(@)

Zr is characterized by the lowest diffusion in Al
compared to other elements such as Mn, V or Sc. Zr
atoms have high binding energy with unoccupied Al
sites. The AlsZr particles are resistant to dissolution
and roughening, they regulate the development of
grains and sub-grains in the metal matrix of the Al-Si
alloy. This makes it possible to increase and
maintain the strength of the Al alloy even after
precipitation hardening, above 250 °C. DOz and

24

DOy tetragonal lattices influence the strength
characteristics of construction materials. However,
these phases are too fragile due to the low symmetry
of the tetragonal lattice. A more preferred variant is
the Li2 cubic lattice, which better compensates for
the negative aspect of the DO, and DO.3 tetragonal
lattices. The AlsZr intermetallic phases in an Al-Si-
based alloy can be excluded either in the form of
long acicular (needle-like) formations or in a square-
like (angular) form. Zr can positively influence the
properties of AIl-Si alloys, therefore the more
advantageous is the combination of Zr with other
elements such as Ti, Sr, Sc, Mo or lanthanides. As
confirmed by the work of Nabawy and Voncina [7-
8], Ti in combination with Zr can induce primary
grain and sub-grain refinement in an Al alloy. Ti has
a significant inoculant effect on the alloy under
investigation. It also causes an increase in the
number of nucleation nuclei for the AlsZr phase at a
higher Ti content. At a higher Ti content it replaces
the Zr atoms in the AlsZr phase, thereby enhancing
the smoothening and strengthening effect on the Al
alloy. At temperatures above 300 °C, phases with a
higher Ti content are characterized by increased
stability. Intermetallic phases containing Zr and Ti
provide higher resistance and strengthening
characteristics than Al,Cu or Mg.Si phases, which
become unstable at temperatures above 250 °C. The
market growth and demand for electric vehicles (EV)
also have a significant impact on Al casting
manufacturers. The main focus is on the possibility
of producing low-weight components that allow less
power consumption from battery cells and thus
increase EV range on a single charge. At the same
time, highly favourable mechanical properties
combined with high corrosion resistance, electrical
permeability and resistance to higher temperatures
represent a very interesting material in the
construction of modern EVs [8-16].

1 METHODS AND GOALS

The aim of the experiments was to determine the
impact of the synergistic effect of Zr and Ti on
selected properties of the AlSi7Mg0.3Cu alloy which
was cast by investment casting technology. The
ceramic mold consists of three layers ensuring the
formation of a contact, insulating and reinforcing
cover (Tab. 1). After melting and cooling for at least
24  hours the ceramic mold (Fig.3a) of
approximately 3 mm thickness was annealed at
750 °C for at least 1.5 hours. The ceramic mold
temperature was 510-540 °C before casting. The
samples were cast at a rate of 0.3 kg-s? from a
casting height of 500 mm.

The casting temperature was 750+ 10 °C. After
casting, the ceramic mold was cooled on air for one
hour.



Tab. 1. Ceramic mold material composition

1. Layer | 2. Layer | 3. Layer | 4. Layer | 5. Layer

Matrixsol
30

SP-Ultra
2408

Matrixsol
30

Matrixsol
30

Primcot

Ellgier cote plus

Molochite
30-80 DD

Cerabed
DS 60

Molochite
30-80 DD

Molochite
30-80 DD

Rancosil

Grain A

The AISi7Mg0.3Cu primary alloy was supplied by
the manufacturer in a pre-inoculated and pre-
modified condition. The AISi7Mg0.3Cu alloy
represents a new type of alloys not standardized
according to STN EN 1706 (Tab. 2).

Tab. 2. Ceramic mold material composition

microstructure before and after HT. The samples
were prepared using a conventional metallographic
procedure. For the Zr-phase distinguishability and
unmistakability, these samples were etched with a
ferric-phase etch (H2SO.). Primarily, the results of
the mechanical properties were confronted with the
values of the AISi7Mg0.3Cu primary alloy (“P
alloy”), and the AlSi7Mg0.3CuZr0.15 reference
alloy (“R alloy”). The R alloy represents an alloy
with the most preferred addition of Zr. In the above-
mentioned alloy, an optimum increase of selected
mechanical properties such as Ryo2, E or HBW was
observed for the alloy in the alloying range from
0.05 wt. % to 0.3 wt. % Zr.

Variant Si Fe Cu Mn Mg Zn Ti Zr Al
P 6.88 0.12 0.54 0.07 0.37 0.07 0.13 rest
R 6.86 0.12 0.55 0.07 0.37 0.07 0.13 0.15 rest
El 6.96 0.13 0.55 0.07 0.37 0.01 0.23 0.12 rest
E2 6.68 0.13 0.54 0.07 0.35 0.01 0.28 0.14 rest
E3 6.51 0.13 0.52 0.07 0.34 0.01 0.37 0.13 rest

P - chemical composition of AlSi7Mg0.3Cu alloy; R - reference alloy AlSi7Mg0.3Cu with addition of Zr 0,15 wt. %; E1, E2, E3-
experimental alloys AlSi7Mg0.3Cu with constant addition of Zr 0.15 hm. % and gradual increasing of Ti 0 0.1 wt. %

A total of 3 experimental melts were prepared,
characterized by a constant Zr content of 0.15 wt. %
and a gradual addition of Ti by 0.1 wt. %. The
AISi7Mg0.3Cu  experimental alloys were not
degassed or refined throughout the experiment. The
AlZrl5 master alloy featured impaired melt
solubility. The melt had to be preheated up to a
temperature of 770 + 10 °C, thus creating suitable
conditions for increasing hydrogen gasification.
After casting the experimental samples with a
constant addition of 0.15 wt. % Zr and a gradual
addition of Ti in the range of 0.1 to 0.3 wt. %
(Tab. 2), the process was followed by heat treatment
(“HT”) in the form of T6 precipitation curing. HT
was performed on 5 pcs of a total of 10 experimental
samples (Fig.2) from each experimental variant.
Subsequently, the individual samples were evaluated
for mechanical properties before and after the HT
process, whereby the arithmetic mean was
determined from the mechanical characteristics and a
graph was made for each experimental variant.

Q_’L
-
O
@6 30
T I
Y 40

Fig. 1. Scheme of the test specimen

The highest mechanical characteristic values
obtained were selected in order to evaluate the
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2 RESULTS AND DISCUSSION

Based on the values obtained we can assume that the
Zr phases are excluded even before the a-phase and
the eutectic. In experimental alloys with an addition
of Ti 0.1 wt. % and 0.3 wt. % there is no higher level
of super-cooling compared to the R alloy with an
addition of 0.15 wt.% Zr. A partial change
compared to the R alloy occurs in the variant with an
addition of 0.2 wt. % Ti. Mechanical characteristics
are improved with an increase in Ti addition, which
in many cases exceed the best measured results in
experimental alloys alloyed only using Zr. From the
viewpoint of evaluating the tensile strength Rp
(Fig. 3) before HT, the E1 experimental samples

achieved the best results.

A 246

mis7 T
163
™ H 159

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Addition Zr and Ti, wt. %

WZr0.15TiRm AZr0.15 Ti RmHT RmHT ARm

Fig. 3. Dependence of Rm before and after HT
for investigation alloys AISi7Mg0.3Cu



Before HT, the E1 samples reached Ry of about
167 MPa, which represents a lower value compared
to the P samples by 2 % and compared to the R alloy
by 3 %. After HT, samples of E1 again made the best
values, reaching 264 MPa. The given value is
significant precisely because the previous samples,
with the addition of only Zr, reached the highest
value up to 260 MPa. This value is considered by the
STN EN 1706 standard to be the minimum Ry, value
of the AISi7Mg0.3 alloy. The E1 samples reached a
Rm value that is 2 % higher than that of the P alloy,
and 2 % higher than that of the R alloy. The best
results of the agreed Rpo. Yyield strength were
achieved by the E3 sample with an addition of 0.3

wt. % Ti (Fig. 4).
A 232 A 234

198

137

® 126

118 @ 120 ® 16 120

100
0.1 0.15 0.2 0.25 0.3

Addition Zr and Ti, wt. %

0.35

0 0.05

Rp0.2 HT Rp0.2 @Zr0.15TiRp0.2 AZrkTiRp0.2HT

Fig. 4. Dependence of Rpo2 before and after HT for
investigation alloys AlSi7Mg0.3Cu

The increase achieved was by 20 % compared to the
P alloy, 15 % compared to the R alloy, and compared
to the experimental alloy with the addition of 0.3
wt. % Zr by 2.2 %. Increased plasticity during engine
operation ensures better adaptation of the cylinder
head to temperature changes and operating pressure
exerted during operation, thus extending the service
life. Positive results, similar to Rpo2, were also
measured at the E — modulus of elasticity (Fig. 5).

100.0
90.0
84.0

76.6 76.6

E, GPa

66.6
© 624

60.0 |
€ 580

50.0

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Addition Zr and Ti, wt. %
oE E with HT ZikTiE Zrk Ti E with HT

Fig. 5. Dependence of E before and after HT for investigation
alloys AlSi7Mg0.3Cu
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Best results were obtained in the case of E3 samples
with a constant addition of 0.15 wt.% Zr and 0.3
wit% Ti. Compared to the P alloy, the increase in E is
up to 21 %, and compared to the R alloy it is by up to
18 %. The best experimental alloy with a constant
addition of 0.2 wt.% Zr achieves approximately 10
% lower E than the E3 experimental alloy. Based on
the given parameters we can conclude that the
examined samples are able to withstand higher
operating loads during the device operation. By
increasing Rpo.2 and E we obtained an AlSi7Mg0.3Cu
alloy, which is able to withstand the same or,
eventually, higher operating loads even when the
functional cross-sections of the casting walls (e.g.
cylinder heads) are narrowed. Of all the mechanical
properties, a decrease was observed at ductility A

(Fig. 6).

5.0

= ® 26
<
20 ¢ 20
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1.2 ¢ 13
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® os 07
0.0
0 0.05 0.1 015 0.2 0.25 0.3 0.35
Addition Zr and Ti, wt. %
¢A e@AwithHT ZtkTi A Zrk Ti A with HT

Fig. 6. Dependence of A before and after HT for investigation
alloys AlSi7Mg0.3Cu

In contrast to the P alloy, the results of the A alloy
are slightly better than those of the R alloy with an
addition of 0.15 wt. % Zr. Although the E3 samples
with the addition of 0.3 wt. % Ti reach lower values
before HT by 30 % and after HT by 13 %, other
variants E1 and E2 achieved a significant
improvement in ductility. For E1 experimental
samples, this is an increase by 23 % before HT and
by almost 50 % after HT. The E2 samples achieved
an improvement of 15 % before and after HT similar
to E1 up to 50 %. The significance of ductility
(elongation) is especially important for the motor
parts of the engine during its operation. In the case of
reduced ductility, some components such as e.g. the
engine cylinders could not react flexibly and
plastically enough to the desired extent during the
temperature change in the combustion chamber. This
would reduce the service life of any internal
combustion engine. When evaluating the hardness,
its increase compared to the P alloy was between 9
and 15 %, and compared to the R alloy the value was
between 6 % and 12 % (Fig. 7). The best values were
obtained from E3 experimental samples with a value
achieved of 102 HBW. The increase compared to the



P alloy is by 15 %, compared to the R alloy by 12 %,
and compared to the best experimental variant with
an addition of Zr 0.05% by 7 %. However, a
positive increase is noticeable in all experimental
alloys with a combination of Zr and Ti. The
microhardness of the Zr phases was evaluated as the
arithmetic mean of the 10 test punctures, reaching a
value of about 265 HMS5 achieved by the E3
experimental samples (Fig. 7). The microhardness of
Zr phases is between the hardness of Al.Ca and
AlgCuMg phases, which are characterized by
microhardness in the range of 200 to 300 HM5.

HBW

350.00
300.00
y 275
)
250.00 ®

< 200.00

HMS [N/mm2]
b=
)
@

150.00

100.00

@« - phase @®Eutektikum Zr- faza

Fig. 7. HBW for investigation alloys AISi7Mg0.3Cu and HM5
microhardness for E3 alloy

In the evaluation of microhardness, a decrease was
observed in Zr phases in interaction with other
phases, e. g. on Mg or Fe base (Fig. 7). This can be
seen with punctures 3, 4 and 10, which were
performed into Zr phases without interaction with
other phases. In contrast, punctures 2 and 7 were
performed in Zr phases in strong interaction with
other phases. A similar phenomenon was observed in
experimental alloys with the addition of only Zr. In
metallographic  evaluation, the  experimental
AlSi7Mg0.3Cu alloy can be defined as a sub-eutectic
alloy containing primary a-phase dendrites and
globular eutectic consisting of «-phase and Si. In
addition to the base phases, it also contains the
curing phases Mg,S and Al,Cu. Based on the content
of elements in the alloys such as Fe and Mn, there
can occur their exclusion in the form of ferric
intermetallic phases in various morphological
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shapes. The effect on the resulting structure is
closely related to the chemical composition and
casting technology. In the mold casting technology, a
quicker cooling and the formation of a fine dendritic
structure can be expected, as opposed to the
investment  casting  technology, which s
characterized by much slower heat dissipation.
Because the alloy is pre-modified, the acicular
morphology of eutectic Si is transformed into a finer,
globular morphology. Zr is excluded in the metal
matrix as Zr phases in the form of longer needles
with a smooth surface and cleaved ends, respectively
it occurs in a more compact shorter morphology
without cleaved ends. The Zr phases observed on
microstructures are intermetallic phases of the AlsZr
and AISiZr type. Similar phase morphology is
identified by Vonéina in his work [9]. Zr is
characterized by the least diffusion to the a matrix
and is therefore excluded preferably as AlsZr. From
previous experiments it was found that Zr phases
bind not only Fe, thus suppressing the negative
effect of Fe-based phases in the metal matrix of the
experimental AISi7Mg0.3Cu alloy, but also increase
the interaction with Mg,Si phases (Fig. 8).
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Fig. 8. EDX analysis of the Zr phase
in the AlSi7Mg0.3CuZr0.15 R alloy

A high presence of Ti in the respective Zr phases was
found after evaluation by EDX analysis. When
comparing the E1, E2, and E3 sample microstructure
with the R alloy it can be concluded that the amount
of excluded Zr phases has increased (Fig. 9).



Fig. 9. Microstructure of the alloys before HT: a) R alloy,
b) E1 alloy, ¢) E2 alloy, H2SO4etch

This phenomenon doubles with increasing Ti content
in the alloy under investigation compared to the R
alloy (Fig. 9a). When evaluating the microstructure,
we can observe a uniform ratio of excluding Zr
phases in the form of longer acicular morphology
with a sharp edge ending and more consistent
angular morphology.

The Zr phases were excluded in some cases in the
form of large structures in the eutectic region
(Fig. 10a), or at an increased concentration of Zr
phases in the subsurface region of the sample under
investigation (Fig. 9c). After exceeding the Ti
content >0.25 wt. % in the experimental samples,
there was a sharp increase in the amount of
precipitated Zr phases, with the preferential
elimination being mainly in the subsurface area of
the investigated sample.
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Fig. 10. Microstructure of E1, E2, and E3 alloys before HT:
a) 0.1 wt.% Ti, b) 0.2 wt.% Ti, c) 0.3 wt.% Ti, H2SO4etch

This condition is probably related to the slow cooling
of the alloy in ceramic molds. At the same time, with
the increased Ti content represented by samples E2
and E3, Zr phases were formed with presumed Cu
enrichment (Fig. 10b). Excluded Zr phases of
acicular morphology can be observed in samples E3
(Fig. 10c). HT caused partial breakdown of larger Zr
phases in acicular morphology. All samples after HT
show a slight increase of Ry, and a significant
increase of Ryo2 and E. In contrast to the R alloy, the
Zr phases were excluded in the form of long
acicular-shaped formations and consequently more
pronounced disintegration after HT. In the
experimental samples, the Zr phases retained their
morphology even after HT without significant
changes.

CONCLUSIONS

A decrease in mechanical properties was recorded in
ductility, where in the experimental sample’s
ductility exceeded the values of R alloys. A



significant decrease in ductility may be related to an
increase in the Zr phase content in the form of longer
acicular formations that reduce plasticity of the metal
matrix of the experimental AISi7Mg0.3Cu alloy. The
increase in mechanical properties was observed in
Rpo2, E and partly also Rm. A significant increase in
Rpo2, E and partly also Rn may be related to an
increase in the number of Zr phases of smaller
dimensions. These increase the strength of the metal
matrix while not increasing the brittleness of the
metal matrix. A significant effect of the synergies of
Zr and Ti induces the refinement of the grains and
sub-grains and hence a fine-grained structure. This
fact positively affects the increase in mechanical
properties such as Ryo.2 or E. The combination of Zr
and Ti induces an increase in the number of Zr
phases of angular morphology. The most preferred
ratio was about 0.25 wt. % Ti. Above the given
content, a larger volume of longer acicular
formations has been excluded lowering the Rm. Zr
phases induced an increase in the interaction
between curable Mg.Si and Al:Cu phases. At the
same time, it was observed Fe interaction with Zr
phases occurred. A similar phenomenon was also
observed in samples with the addition of Zr only
(Fig. 8.). On this basis, we can assume the ability of
Zr phases to reinforce the metal matrix when binding
with curing phases, and reducing negative effect of
Fe like corrector. When evaluating the hardness, the
most significant increase was in the experimental
samples E3. In the evaluation of microhardness, the
best values were also measured in samples of E3, in
which a higher number of Zr phases was observed
without interaction with other phases. This may be
related to the increased hardness of the E3 samples
because the metal matrix, in addition to the Zr phase
content in interaction with other phases, contains an
increased number of Zr phases without a given
interaction.
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Abstract: This article deals with the description of different cooling media used in hardening of aluminum alloys.
The choice of suitable cooling environment is important in terms of achieving optimal mechanical properties
(strength, ductility, hardness, etc.) and low internal stresses causing deformation of castings. In the experimental
part, the influence of different cooling media on the mechanical properties of the AlSi7Mg0.3 alloy alloyed with

zirconium was studied.

INTRODUCTION

Aluminum alloys are widely used construction
materials applied mainly in the automotive and
aerospace industry. The main advantage of using
these alloys as construction materials are their good
strength-to-weight  ratio, satisfactory  physical
(thermal and electrical conductivity), chemical
(corrosion resistance) or technological properties
(e. g. formability).

Parts made of aluminum alloys (body parts, wheels,
aircraft fuselages etc.) must meet a number of criteria
for safe operation - they are required to have very
good hardness, strength, corrosion and fatigue
resistance, but also the ability to maintain their
properties at negative and elevated temperatures. This
combination of properties can be achieved by alloying
alloys with suitable chemical elements or using age
hardening heat treatment. Age hardening can
effectively influence mainly the mechanical
properties of aluminum alloys due to the precipitation
of very small, evenly distributed particles of the
hardening phases inside the alloy matrix [1]. The age
hardening process consists of several steps (Fig. 1):

1. Solution treatment. During which the segregate
(intermetallic phases precipitated at grain
boundaries) being dissolved during heating to a
specified temperature. After solution treatment, a
homogeneous solid solution of « (Al) is obtained.

2. Quenching. The aim of quenching is to suppress
elimination of coarse equilibrium intermetallic
phases, resulting in the loss of mechanical
properties. The purpose of quenching is to obtain
a supersaturated solid solution at ambient
temperature.

3. Aging. Characterized by precipitation of
dispersed particles (6 phase) in the alloy matrix,
which is accompanied by an increase in alloy’s
hardness and strength. Depending on the type of
aluminum alloy, aging can take place at ambient
temperature (natural age hardening) or at
elevated temperature (artificial age hardening).
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As already mentioned above, coarse intermetallic
phases eliminated at grain boundaries are being
dissolved during solution treatment. These phases can
cause a decrease in mechanical properties (especially
ductility). The purpose of rapid cooling after solution
treatment is to suppress the diffusion of alloying
elements atoms to potential nucleation sites (grain
boundaries, undissolved particles, etc.), thus
preventing the re-elimination of such intermetallic
phases [3]. Cooling after solution treatment must be
realized by critical or supercritical speed. The critical
cooling speed is the lowest speed at which a solid
solution does not yet decompose during cooling from
the solutionizing temperature [4, 5].

1 COOLING MEDIA

The intensity of heat dissipation of particular cooling
medium is described by Grossmann’s factor H,
defined as:

h

H=—0 1

>k 1)

where h—interfacial heat transfer coefficient
[W-mZK1],

k —thermal conductivity of cooled material
[WmZK1]

Higher value of Grossmann'’s factor H means that the
material is more intensively cooled in a given cooling
medium. The H value depends not only on the type of
cooling medium, but also on its temperature and flow
rate. Table 1 shows H values for water with different
temperature and flow rate [5].

Tab. 1. Grossmann’s factor H for alloy AlZn55MgCu with
75 mm thickness [5]

Cool_ing Cooling medium | Cooling medium H
medium | temperature [°C] | flow rate [m-s?]

Water 27 0.0 1.07
Water 27 0.5 1.55
Water 38 0.0 0.99
Water 38 0.5 1.48
Water 60 0.0 0.86
Water 60 0.5 1.33

The mechanism of cooling can be described by three
stages (Fig. 2):

1. Vapor blanket stage. In which the intensity of
cooling is slow, since after immersion of the part
in the cooling medium, a so-called vapor blanket
that slows down the cooling process is being
formed. Heat transfer is realized only by
radiation through the vapor blanket. Cooling
intensity in this stage is slow and in technical
practice it is required that the period of existence
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of the vapor blanket should be as short as
possible. For this reason, the circulation of the
cooling medium is used to disrupt the vapor
blanket [6].

2. Nucleate boiling stage. It is characterized by the
disruption of the vapor blanket, allowing the
contact of the cooling medium with the surface
of the part. During contact, a large number of
bubbles are formed and the cooling medium
boils, which at the same time supports mixing of
the cooling medium. Cooling intensity is the
most intense at this stage [7].

3. Convection stage. When boiling no longer
occurs. The intensity of cooling is slow, as the
heat transfer is realized only by convection [7].

|
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Fig. 2. Cooling stages [7]

There are several types of cooling media used in
aluminum alloys age hardening process — media
without change of state during cooling (e. g. air) and
with the change of state (water, polymer solutions ...):

1. Air. Air is characterized as a cooling medium
with  relatively low cooling intensity
(Grossmann's factor H = 0.02 for calm air). Air
cooling after solution treatment is rarely
done — in most cases only with aluminum alloys,
which are characterized by a very stable solid
solution (e. g. AIMgSiCu0.3).

2. Water. It is the most frequently used cooling
medium used in heat treatment of aluminum
alloys. Cooling intensity can be controled by
changing the flow rate (H~ 1 for calm water
and H = 1.50 for circulating water with 0.5 m-s!
flow rate at 20°C), or by changing its
temperature. Table 2 shows correlation between
water temperature and cooling rate.

Tab. 2. Correlation between water temperature and cooling
rate [5]

Cooling medium Cooling rate in range from 300

to 200 °C [°C-s]

Water 18 °C 600
Water 26 °C 500
Water 50 °C 100




1.1 Aqueous solutions

The adverse phenomenon of vapor blanket formation
around the cooled part can be solved by using
salt/hydroxide aqueous solutions. The principle of
increasing cooling rate of aqueous solution is to brake
up the vapor blanket by salt/hydroxide crystals
forming during the water evaporation from the surface
of the part. The most commonly used are 10 % NaOH
and NaCl solutions [2, 3]. For illustration, Tab. 3
compares cooling rate of water and aqueous solutions.

Tab. 3. Cooling rate of water and aqueous solutions [5]

Cooling medium Coolin% Orezltoeoig Crae(r)lg?sflr]om 300
Water 18 °C 600
10 % aqﬁlgcgﬁsolution 1200
10 % aql:\?:gf solution 1100
1.2 Polymers

These cooling media are used as aqueous polymer
solutions, ranging the polymer concentration in water
from 5 to 30 %. Compared to water, cooling rate of
such media is lower, which reduces internal stresses
and deformation of the material —according to [8],
based on experience from the aviation industry, using
aqueous polymer solutions as cooling media can
reduce the straightening cost of deformed parts by
60 % (compared to water cooling).
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Fig. 3. Water and polymer solution cooling process [8]
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The main disadvantage of polymer solutions is their
gradual degradation, characterized by decomposition
of the polymer chain under the thermal load. This
phenomenon is called polymer aging and can be
treated by increasing the polymer concentration in
water up to 30 % [6].

Quenching the alloy into the polymer solution is
characterized by the formation of athin film of
polymer on the surface of cooled part, which reduces
the cooling rate. As can be seen in Fig. 3, the vapor
blanket stage duration during polymer quenching is
reduced, so the cooling is much more uniform
compared to water cooling, resulting in temperature
gradient reduction and reduction in the deformation
rate of the cooling part.

In the heat treatment of aluminum alloys, two types of
polymers are most commonly used: polyalkylene
glycol (PAG) and polyvinylpyrrolidone (PVP), which
are used dissolved in water in 5 to 30 % concentration.

1.3 Polyalkylene glycol (PAG)

It is characterized by a specific feature —inverse
solubility. At ambient temperature, PAG is fully
soluble in water. As the cooled part is immersed in
PAG solution, with increasing temperature the
polymer becomes insoluble, creating a thin layer on
the surface of the cooled part that serves as an
insulator and regulates the intensity of heat dissipation
from the part [7]. This makes it possible to achieve
more uniform cooling and eliminates the occurrence
of high internal stresses causing deformations. After a
certain time from immersion of the part in the polymer
solution as the temperature of the part gradually
decreases, the polymer redissolves in water (a thin
layer on the surface of the part disappears) and
cooling takes place at an increased rate [7].

1.4 Polyvinylpyrrolidone (PVP)

Compared to PAG, PVP polymer does not have the
ability to regulate the intensity of heat dissipation due
to reverse solubility by forming a thin layer on the
surface of the part. In this case, the cooling rate is
reduced by evaporation of water on the surface of the
cooled part, whereby a viscous polymer shell with a
higher concentration is formed. As temperature of the
component decreases, the polymer concentration in
the viscous shell decreases and the cooling rate begins
to increase [8].

2 EXPERIMENTAL PART

The aim of the experiment was to compare the impact
of different cooling media on mechanical properties
of the aluminum alloy with increased zirconium (Zr)
content. Zr forms an AlsZr intermetallics, which are
stable at elevated temperatures and make it possible
to increase the mechanical properties of the alloy



during age hardening and prevent their decrease in the
environment with elevated temperature. Aluminum
alloys alloyed with Zr, or other chemical elements
creating thermodynamically stable intermetallic
phases, can be used in the development of new
materials designed e. g. for electric vehicles.

In the experiment, aluminum alloy AISi7Mg0.3
alloyed with 0.2 wt. % Zr was used. In this alloy, the
titanium content was also increased to 0.27, 0.37 and
0.47 wt. % Ti. Table 4 shows the values of mechanical
properties of the reference alloy AISi7Mg0.3 given in
the STN EN 1706 standard. Mechanical properties of
the experimental alloy alloyed with Zr were
subsequently compared with these values.

Tab. 4. Mechanical properties of AlSi7Mg0.3 according
to STN EN 1706 standard (permanent mold, T6 state)

Minimal mechanical properties

Tensile strength Rm [MPa] 290
Ductility A [%0] 4
Hardness HBW 90

The experimental alloy was artificially age hardened
with following parameters:

e Solution treatment; 540 +£ 5 °C/12 h.

e Quenching: 3 different cooling media — 20 °C
water, 65 °C water and 5% aqueous polymer
solution at 20°C (hereinafter referred as
,polymer solution®).

e Aging: 155 + °C/3 hours, air cooling.

2.1 Tensile test

Tensile test bars of circular cross-section made in
accordance with STN EN ISO 6892-1 standard were
placed in the testing machine and slowly extended
until creating fracture. During the test, the correlation
between the loading force and elongation was
recorded. Using PC software, the measurement of
tensile strength Ry and ductility A of each specimen
was determined. The average values of Rn and A
depending on the cooling medium used are given in
Tab. 5.

2.2 Hardness

After the tensile test, cylindrical specimens were
taken from the tensile test bars, on which the Brinell
hardness was measured using Innovatest Nexus 3000
measuring device. Hardness measurement was
performed with following parameters:

e Indenter: carbide ball with 5 mm diameter.

e Load: 250 kp (2451.6 N).

e Loadtime: 10s.

Five hardness measurements were made on each
specimen at different locations. Figure 4 shows the
average hardness values of tested specimens
depending on the type of cooling medium.
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Tab. 5. Average values of Rm and A depending on the type
of cooling medium

Cooling medium [?A?ECO'/T.?_?] [l\/|l? I;”a] [(Q)]
0.27 227 1.9

Water 20 °C 0.37 250 3.7
0.47 280 4.8

0.27 251 3.7

Water 65 °C 0.37 244 3.4
0.47 252 4.4

0.27 222 11

Polymer solution 0.37 238 25
0.47 253 2.8




3 SUMMARY OF RESULTS

As can be seen in Tab. 5, none of the tested specimen
of the experimental alloy reached at least the same or
higher values of R compared to the reference alloy
AlSi7TM@0.3, which Rmmin =290 MPa. Specimen
with R =280 MPa (alloyed with 0.47 wt. % Ti,
guenched into 20 °C water) was closest to this value.
The failure to achieve increased values of tensile
strength might be caused by imperfect dissolution of
Zr alloying element, possibly affecting only limited
hardening effect after heat treatment of the alloy.

From the measured ductility values (Tab.5) of
specimens, it can be stated that there was a decrease
in ductility in most of the tested specimens (compared
to ductility of the reference alloy with Amin = 4 %).
The increase in ductility values occurred only in two
specimens (probably due to the formation of fine-
grained structure of the o phase due to the presence of
a higher amount of Ti):

e A specimen with 0.47 wt. % Ti, cooled in 20 °C
water, with 20 % increase in ductility compared
to the reference alloy.

e A specimen with 0.47 wt. % Ti, cooled in 65 °C
water, at with 10% increase in ductility
compared to the reference alloy.

An increase in the hardness values of the experimental
alloy specimens compared to the reference alloy,
whose HBWnin = 90 (red line in Fig. 4), was recorded
in 4 tested specimens (Fig. 4). The highest increase
was recorded in the specimens quenched into polymer
solution, where the hardness value increased from
90 HBW to 93 and 94 HBW (3.3 and 4.4 % increase).

CONCLUSION

The aim of the experiment presented in this paper was
to compare the influence of different cooling media
on mechanical properties of the experimental
aluminum alloy AISi7Mg0.3 with increased
zirconium content.

Despite the fact that most of the specimens failed to
reach the improvement in mechanical properties after
age hardening, it can be concluded that the best
combination of mechanical properties (tensile
strength, ductility, hardness) among all tested
specimens in the experiment reached specimen
alloyed with 0.47 wt. % Ti cooled into 20 °C water,
and thus this cooling medium appears to be the most
suitable for the heat treatment of this alloy.

As this medium had the highest cooling rate among
the all media used in the experiment, by high cooling
rate after the solution treatment a solid solution with
sufficient degree of supersaturation was produced,
from which the hardening phases subsequently
precipitated during age hardening.
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Abstract: This article deals with the use of various welding parameters for butt welding of HSLA steel S960MC.
The subject of the research is a steel sheet used for production of cranes, arms, load-bearing structures, etc.
Based on mechanical testing and macrostructural analysis is assessed weldability of researched steel. The
obtained values are compared to assess the effect of heat input on mechanical properties. The results show that

the strength of welded joints decreases with increasing heat input.

INTRODUCTION

In today's industrial production there is a growing
demand for weight reduction of structures. This
requirement has accelerated the development and
production of new types of high-strength steels such
as HSLA steels, which are characterized by high
strength with a low carbon and alloys content.
Therefore, it is improvement in properties of HSLA
steels associated with different strengthening
mechanism, which are not based only on the carbon
content. The most important is grain refinement
whereby both strength and toughness are improved
at the same time [1]. Steel is also strengthened by
precipitation  strengthening  with  nanoscale
precipitates of different types and size together with
solid solution strengthening. All those strengthening
mechanisms can be achieved in the thermo-
mechanical controlled process (TMCP), which
includes controlled rolling with accelerated cooling.
The investigated steel S960MC was also produced in
this way. When welding TMCP steels, the strength
of the welded joint decreases due to softening in
HAZ. This decrease is due to the exceeded heat
input, which adversely affects the cooling rate and
the resulting HAZ microstructure [2,3,4]. For this
reason, it is recommended to minimize heat input
when welding such steels [7,8]. In the case of
GMAW, the reduction of the heat input is performed
by using different modes of metal transfer such as
pulse or CMT (Cold Metal Transfer). Those modes
provide lower heat input during welding. Another
way to reduce heat input is to use FCAW. Tubular
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wire offers a higher deposition rate, which allows an
increase in welding speed and thus a decrease in heat
input [6].

This work deals with the application of various
welding parameters and welding methods in the
welding of S960MC butt welds. Therefore, short arc,
pulse and CMT welding modes were applied. Welds
made by metal-cored wire were only welded in short
arc. The effect of the applied heat input on the welds
was evaluated. For comparison, a macroscopic
analysis, tensile test, and hardness test were
performed.

1 MATERIALS AND METHODS

1.1 Materials

A 3 mm thick Strenx960MC (SSAB, Sweden) steel
sheet was used as the base material. Steel was made
by thermo-mechanical controlled process, which
provided a fine-grained microstructure composed by
martensite, tempered martensite and retained
austenite with additions of dispersive precipitates.
Chemical composition is shown in Tab.1 and
mechanical properties in Tab. 2.

Tab. 1. Chemical composition of steel S960MC (wt. %)

C Si Mn P S Al Nb Vv
0.085 | 0.18 1.06 0.01 | 0.003 | 0.036 | 0.002 | 0.007
Ti Cu Cr Ni Mo N B
0.026 | 0.01 1.08 0.07 | 0.109 | 0.005 | 0.0015




Tab. 2. Mechanical properties of steel S960MC

Rpo.2 Rm Amin
[MPa] [MPa] [ |CET/CEV|Kv—40C
960 1000-1250 7 0.28/0.51 27

Used filler materials, Union X96 classified as G89 5
M21 Mn4Ni2.5CrMo according to STN EN ISO
16834-A and Bohler X96 L-MC with classification
T89 4 TMn2NiCrMo M M21 1 H5 according to STN
EN ISO 18276-A (both Voestalpine, Austria) are
intended for welding fine-grained high-strength
steels and guarantee good deformability in spite of
very high strength values. Chemical compositions
according to manufacturer are given in Tab. 3.

Tab. 3. Chemical composition of filler materials (wt.%6)

C Si Mn | Cr | Mo | Ni
Union X 96 0.12 | 0.80 | 1.90 | 045 | 0.55 | 2.35
Bohler X96 L-MC 0.06 | 0.70 | 1.90 | 0.60 | 0.50 | 2.20

1.2 Mechanical testing

All welded joints were subjected to a tensile test in
accordance with the standard STN EN ISO 4136 on
the ISTRON 5985 device. Two test specimens were
taken from each welded joint, from which the
average values of yield strength, tensile strength and
elongation were calculated.

Samples for the bending test were taken in
accordance with STN EN 1SO 7438. The test is used
to determine the ability of the welded joint to deform
plastically. The essence of the test is the bending
deformation of the test specimen by means of the
loading mandrel up to the prescribed angle, or until
the appearance of cracks. 2 samples were loaded
from the root side (TRBB) and 2 samples from the
face side (TFBB).

Hardness measurements were performed to assess
the microstructural changes in HAZ due to the
welding process. Measurements were made in a line
1.5 mm from the top edge of the sheet by the Vickers
method with a load of 1 kg (HV1). A total of 87
indents with a distance of 0.25 mm were made. The
line thus recorded the hardness distribution across all
zones of the welded joint (BM, HAZ, WM) (Fig.).

1.3 Macrostructural analysis

Macrostructural analysis was performed using
astereo microscope Olympus SZX 16. Cross-
sectional samples were etched with 2 % Nital.

2 WELDING PROCEDURE

For the purposes of the experiment, I-shaped butt
welds were made. A Fronius TPS2700 welding
machine was used. The welding torch was clamped
in the Fronius FDV 15/MF positioning device during
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GMAW (135) welding. During FCAW (138), the
torch was clamped on the arm of the KUKA
VKR250/2 industrial robot. Welded sheets with

dimensions 3x150x300 mm were clamped on the
work table using clamps as shown in Fig. 1.

Fig. 1. Welded parts clamped on the working table

Welding parameters for all welded joints are shown
in Tab. 4.

Tab. 4. Welding parameters for various welded joints

Vwire Im Unm Vw Qp
Weld

[m'mm?] | [A] | [V] | [mms?] | [k3cm]
135
short 3.8 102 | 16.6 3.7 3.69
arc
12 3.2 61 | 197 | 37 2.62
pulsed
135
CMT 5.3 131 | 131 8.3 1.65
138
short 3.0 86 14.7 4.0 2.53
arc
et 3.0 86 | 147 | 40 2,53
cooled

3 RESULTS AND DISCUSSION

The macrostructures of all welds were analysed to
compare the effect of heat input on the width of the
HAZ. Figure 2 shows macrostructural images of the
investigated welds with the indicated HAZ width
(both HAZ zones together with the width of the weld
metal). Based on these macrostructural images, it is
possible to observe the effect of heat input on the
HAZ width. Lower heat input reduces the width of
the total HAZ, applies to solid wire. When using a
metal-cored electrode, the trend of decreasing the
HAZ width continues, with the heat input increasing.

The average values of yield strength and tensile

strength are shown in Fig.3. The values are also
shown in Tab.5.



Fig. 2. Cross-sectional images of investigated welds welded by various methods: a) 135 — short arc, b) 135 — pulsed,
¢) 135 - CMT, d) 138 — short arc, €) 138 — short arc (cooled)

Tab. 5. Mechanical properties of various welded joints

Weld Average Rpo2 | Average Rm | Average A

[MPa] [MPa] [9%0]

135 short

arc 883 921 3,3

135 pulsed 915 940 2,2

135 CMT 927 945 2,2

LEDENTTE 951 969 2,2

arc

138 cooled 955 972 1,7

It can be observed that the strength of welded joints
increases with decreasing heat input. This is due to
the increase in the cooling rate, which significantly
affects the resulting decay structures in the HAZ,
especially in the inter-critical heat affected zone
(ICHAZ).

The above graph also shows that neither the value of
the yield strength nor the value of the yield strength
corresponds to the values specified in the standard
STN EN ISO 10149. The standard requires a
minimum tensile strength of 980 MPa. The strength
also does not comply with the standard STN EN 1SO
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Fig. 3. YS/TS values for various welding parameters

This decrease is caused by the phenomenon of
softening. Due to the thermal effect from the welding
process, the strength in a certain part of the HAZ
decreases. The hardness distribution on the cross
section of the FCAW welded joint shows the
mentioned phenomenon (Fig.4). A similar
significant drop in hardness is found on each of the
welded joints considered. The decrease in hardness
at the most softened zone compared to base material
(360 HV1) varies from 70 HV1 to 110 HV1. This
decrease does not correspond to the measured



strength values, which means that the decrease in
strength is not affected only by the decrease in
hardness but by the width of the soft-zone. The main
cause of the hardness drop was excessive
overheating of the material and low cooling rate,
which caused the formation of tempered martensite,
ferrite and coarsening of precipitates in the area.
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Fig. 4. Cross-sectional hardness distribution on FCAW
welded joint in short arc mode
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Fig. 1 Detailed images of the specimens after the bending test

The bending test showed sufficient plastic properties
of the welded joint. Specimens after the test are
shown in Fig. 5.

CONCLUSIONS

Based on macroscopic analysis, it is possible to
observe the effect of heat input on the width of HAZ.
Mechanical testing also showed a change in
mechanical properties depending on heat input. The
observed results can be summarized in the following
points:

e The use of pulse and CMT mode in MAG

welding resulted in a decrease of heat input.

e With decreasing heat input, the width of the
HAZ decreases significantly.
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« The strength of welded joints increases with
decreasing heat input.

« With increasing YS/TS, elongation decreases
significantly.

e Compared to the FCAW method in the short arc
mode, a lower heat input was measured on
welds welded by GMAW in the CMT mode,
which, however, did not result in an increase in
strength. The strength depended on the width of
the soft zone, which was narrower in the case of
FCAW.
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Abstract: Plasma nitriding is one of the modern methods of nitriding layer formation, but it is still under
observation. The article compares the mechanical properties of steels, which were produced by powder
metallurgy and on which a nitridation layer was formed by plasma. The results presented that the formation of

the layer depends on the chemical ¢ composition of the material.

INTRODUCTION

There are still high demands on the mechanical
properties of the tools. The aim is to constantly
improve the quality of the tool. Tools must have a
long service life and must retain their properties such
as hardness, toughness, dimensional stability, wear
resistance even at high operating temperatures,
pressures, and forces [1]. Tools produced by powder
metallurgy meet all quality requirements. The
principle of powder metallurgy is in pressing
metallic or non-metallic powder into the desired
shape and its subsequent sintering. During
production, the greatest emphasis is placed on the
shape, dimensions, and weight of the moulding. The
biggest advantages of powder metallurgy include the
ability to combine different materials and good
chemical uniformity. The components are excellently
resistant to wear and abrasion. No waste is generated
during production. Powder metallurgy can only be
used for series production. With the right
combination of chemical composition and very fine
grain, which is characteristic of this method, we
achieve very advantageous mechanical properties.
We can increase them by using suitable thermal and
chemical-thermal treatment [2, 3]. High demands are
placed on tool steels, which include hardness,
tempering resistance, toughness, cutting ability, wear
resistance, hardenability, and dimensional stability.
Due to these requirements, a high carbon content and
proper heat treatment, hardening and subsequent
tempering are usually required [4]. During heat
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treatment, there are always reactions between the
processed product and the surrounding environment.
The exchange of matter on the surface of the product
with the surrounding environment can take place
spontaneously or by chemical-thermal treatment [5].

Plasma nitriding known as ion nitriding or radiant
discharge nitriding. It is nitriding in a gaseous
atmosphere, amplified by a plasma discharge on the
parts we want to nitride. Plasma is a gas into which,
when we bring in an electric potential, it begins to
ionize and glow. The nitrided parts and the walls of
the furnace are connected by means of a cathode and
an anode. The cathode is located on the nitrided parts
and the anode on the furnace walls. The size of the
supplied electric potential is between 0.3 - 1 kV. The
particles begin to accelerate and strike the cathode
(nitrided parts), transferring all their kinetic energy
and generating heat. The magnitude of the kinematic
energy of the particles depends on the size of the
mean distance between the particles and the free
path. As a result, the particles can reach the highest
possible speed they need before colliding with the
workpiece and subsequent collision with another gas
particle. For this reason, plasma nitriding is most
often performed in a vacuum [6].

Advantages of plasma nitriding - gases (nitrogen,
hydrogen and argon) are environmentally friendly.
There is no danger of fire, because the process takes
place in a vacuum. Increases nitrogen storage rate
and heating time. The possibility of automation
increases the reliability of production and



repeatability of the process. Ability to process
stainless steels. Unlike a salt bath, with plasma
nitriding, only the parts we need can be nitrided very
easily. Low decarburization when working in a
vacuum and low operating costs.

Disadvantages of plasma nitriding - the biggest
disadvantage of plasma nitriding compared to
nitriding in salt baths or in a gaseous atmosphere is
the price. While the operating costs of plasma
nitriding are among the advantages, the purchase
price of the devices needed for this technology is
very demanding. Another disadvantage of the
process is the formation of a hollow cathode. The
hollow cathode is an area of low vacuum pressure
where the flame glow seam does not follow the
contour of the nitrided part. This effect usually
occurs in blind holes where electrons are trapped and
begin to flow through the walls of the holes. There is
a large ion bombardment of the steel and its
overheating, which causes the steel to burn or
sputter.

1 METHODS AND TEST SAMPLES

The main goal of the research was to compare the
mechanical properties of tool steels after plasma
nitriding. The work is devoted to monitoring the
influence of plasma nitriding on changes in the
structure of tool steels. Seven samples with different
chemical compositions were prepared. The samples
were made by powder metallurgy and subjected to
heat treatment before nitriding. The nitriding was
performed at 490 ° C for 2 hours. The samples were
evaluated for hardness and the thickness of the
nitriding layer was measured. For CPM 3V and
Vancron samples, it was not possible to measure the
thickness of the niridation layer, therefore only the
microstructure of the given steel is given. The
individual steels are described below.

1.1 CPM 3V steel

CPM 3V is a newly developed ultra-hard and high-
performance tool steel.

Fig. 1. Microstructure after nitriding (incr. 1000x) CPM 3V
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It is characterized by high resistance to wear,
breakage and splitting of the tool, wear resistance. It
is used for cutting and punching tools for thicker
sheets, tools for fine edging, pressing, and forming
tools, for rolling tools and threads, cutting and
industrial knives. Figure 1 shows the wet structure of
nitrided steel, the surface layer could not be
measured.

1.2 CPM 15V steel

This steel was developed in 2007. CPM 15V
contains more vanadium carbides, which ensures
better wear resistance and longer tool life. Compared
to conventionally produced steel, it has excellent
dimensional stability, grindability and toughness. It
is most often used for cutting and punching tools for
thinner sheets, drawing tools, knives for cutting foil
and paper, rotary cutters, machine parts for highly
abrasive plastics, etc. Figure 2 shows the thickness of
the nitriding layer about 593 pm.

Fig. 2 Nitriding layer thickness CPM 15V.

1.3 TSP1 steel

This tool steel is produced by powder metallurgy. It
is characterized by extremely high and exceptional
toughness. It has good wear resistance and
compressive strength due to the presence of Nb, and
increased hot hardness due to the presence of Co.
These properties are the result of a unique production
process. TSP1 also has a very high dimensional
stability after heat treatment. It is used for high-
performance tools such as cutting tools, punching
tools, stamping tools and dies, calibration tools, cold
forming tools and forging tools. The thickness of the
niridation layer is about 633 pum (Fig. 3).

Fig. 3. Nitriding layer thickness TSP1



1.4 S390 tool steel

S390 tool steel is a high-speed steel produced by
powder metallurgy. It is characterized by good
hardness, compressive strength, and wear resistance.
Thanks to powder metallurgy production, the S390
has excellent toughness and machinability. It is most
often used to produce twist drills, taps, milling
cutters, stretchers or for cold work. The thickness of
the niridation layer is about 428 um (Fig. 4).

Fig. 4. Nitriding layer thickness S390

1.5 M390 tool stainless steel

M390 is a tool stainless steel. It is characterized by
extremely high wear resistance, excellent corrosion
resistance, excellent mirror finish, high toughness,
minimal dimensional changes, better resistance to
vibration and mechanical shock. It is used for the
production of CD and DVD molds, molds for
processing chemically aggressive plastics containing
highly abrasive fillers, molds for processing
duraplasts, molds for injection molding machines,
check valves, linings for injection rollers, machine
parts for the paper and food industries. The thickness
of the niridation layer is approx. 603 um (Fig. 5).

-

Fig. 5. Nitriding layer thickness M390

1.6 CALDIE tool steel

Caldie is a chromium-molybdenum tool steel alloyed
with vanadium, which is characterized by very good
crush resistance, high hardness (> 60 HRC) at high
temperature, good dimensional stability during heat
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treatment and operation, excellent hardening
properties, polishability, good tempering resistance,
good machinability and sandability. This steel has
been developed with the focus on use in demanding
cold work applications. It is used for forging and
cold forming, tool knives, substrate for surface
coatings, knives for fragmentation of plastics and
metals. The thickness of the niridation layer is about
295 pm (Fig. 6).

Fig. 6. Nitriding layer thickness CALDIE

1.7 VANCRON SUPERCLEAN tool steel

Vancron SuperClean is a Cr-Mo-V-N cold-rolled
tool steel, which is characterized by very high
resistance to wear and seizure, good resistance to
tearing, cracking and tempering, high compressive
strength and good dimensional stability during
hardening. It is used for cutting, forming, cold
working and powder metallurgy. Figure 7 shows the
wet structure of nitrided steel, the surface layer could
not be measured.

Fig. 7. Microstructure after nitriding (incr. 1000x) Vancron
SuperClean

2 DISCUSSION OF RESULTS

The work deals with the influence of plasma
nitriding on changes in the structure of tool steels.
The biggest advantages of plasma nitriding include a
shorter nitriding process time, the ability to nitride
stainless steels and environmental friendliness.
Plasma nitriding is used mainly to increase the
hardness of the surface layer and the abrasion
resistance properties of materials. All steels are high
alloy, have high hardness, toughness, and wear



resistance. Figure 8 shows the difference in the
chemical composition of individual samples. The
carbon content is in the range of 0.7 - 3.4 %. The Cr
content in M390 is 2% and the Vanadium content in
CPM 15V (145%) and Vancron (10%) is
significant. S390 steel surpasses others with
vanadium and cobalt content.

M390 Caldie

n J -I _| I

6,2 7.5
8
10,4

Fig. 8. Comparison of chemical composition [%6]

There were performed five measurements on each
sample, gradually from the edge to the core of the
sample. These hardnesses differed only minimally
since the nitriding layer is very thin. The highest
average hardness was measured for Vancron
SuperClean steel (62 HRC) and the lowest for TSP1
steel (57 HRC). The hardness of the samples is

presented in Fig. 9.

The thicknesses of the nitriding layers are compared

in Fig. 9. The largest layer was achieved on TSP1
steel (633 um) and the lowest on Caldie steel
(295 um). CPM 3V steels and Vancron supercliens
failed to determine the nitriding layer thickness.

5390 M390 M390 Caldie

CPM 15V CPM 15V
Fig. 10. Maximum measured value of the nitriding layer
thickness of the samples [pm]

$390

Fig. 9. Average hardness of samples [HRC]

TSP1 CPM 3V

43

REFERENCES

[1] CZERWIEC, T. - RENEVIER1, N. - MICHEL,
H., (2000): Low-temperature plasma-assisted
nitriding. Droitwich SPA: Teer Coatings Ltd, 2000.
Surf. Coating Technology 131, 267-277.

[2] KOCH, H. - FRIEDRICH, L. J. - HINKEL, V. -
LUDWIG, F. - POLITT, B. - SCHURIG, T. (1991):
Hollow cathode discharge sputtering device for
uniform large area thin film deposition. J. Vac. Sci.
Technol., A 9, 2374.

[3] BOLIBRUCHOVA, D. - PASTIRCAK, R.
(2018): Foundry metallurgy of non-ferrous metals
(In Slovak). Zilina: EDIS — Publishing house. ISBN:
978-80-554-1463.

[4] FUNATANI, K. (2004): Low-temperature salt
bath nitriding of steels. Nagoya: Metal Science and
Heat Treatment, 2004. VVol. 46, Nos. 7 — 8.

[5] KRAUS, V. (2013): Heat treatment and
sintering (In Czech). Plzen, ISBN 978-80-2610-260-
1.

[6] PULC, V. - HRNCIAR, V. - GONDAR, E.
(2004): Material science (In Slovak). Bratislava:
STU v Bratislave, 333 pages, ISBN 80-2272-8478.



Evaluation of influence of filter media
on the reoxidation processes with the aid

of simulation software

Marek Galcik, Ing.

Department of Technological Engineering, Faculty of Mechanical Engineering,

University of Zilina,
Univerzitna 8215/1, 010 26 Zilina, Slovak Republic.

E-mail: marek.galcik@fstroj.uniza.sk, Tel.: + 421 41 513 2771

Marek Bruna, doc. Ing., PhD.*

Department of Technological Engineering, Faculty of Mechanical Engineering,

University of Zilina,
Univerzitna 8215/1, 010 26 Zilina, Slovak Republic.

E-mail: marek.bruna@fstroj.uniza.sk, Tel.: + 421 41 513 2756

Abstract: Reoxidation is one of the main problems in the casting process of aluminium alloys. The oxide layer
created on the melt surface during reoxidation process is entrained into the metal liquid volume and bifilms are
created. Bifilms decrease internal homogenity and quality of final casting. The aim of paper is to clarify influence
of filter media on melt velocity and amount of oxides created in non-pressurized and naturally pressurized gating
system. The evaluation of influence of filter media is observed by visualization with the aid of ProCAST numerical

simulations software.

INTRODUCTION

In the foundry industry, the demands on the
aluminium alloys quality are increasing. It is related
to the effort to eliminate as many casting defects as
possible. The key issue in the production of castings
from aluminium alloys is reoxidation process, which
significantly affects the quality of liquid metal [1, 2].

Melt reacts with the surrounding atmosphere which
leads to the formation of Al.O; oxide layer on its
surface. This phenomenon is called primary
oxidation. Reoxidation is considered to be the
secondary oxidation that occurs from the beginning of
the casting process until the moment when the mold
cavity isfilled, as well as tertiary oxidation that occurs
during solidification process [3, 4].

The result of reoxidation processes are ,,bifilms*
(Fig. 1), which are formed and entrained into the bulk
of liquid metal by turbulence. Due to their compact
dimensions, bifilms can pass through entire gating
system and they often cannot be removed even with
filter media. Bifilms can grow and thus regain their
original dimensions after the filling of mold cavity,
when the melt is relatively calm. This phenomenon
acts as nucleation sites of various casting defects. The
quality of input material affects the castings quality
also. However, if turbulence occurs during the filling
of the mold, even a good quality input material will
not prevent the formation of bifilms [3, 5].

The amount of oxides and the melt velocity are among
the most important parameters during the filling of the
gating system, which affect the final quality of the
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castings. According to prof. Campbell, the critical
melt velocity in the gates is 0.5 ms™. Higher melt
velocity causes turbulence which increases the
amount of entrained bifilms. The formation of bifilms
is also influenced by a poorly designed geometry of
the gating system [2, 5].

OXIDE FILM
/

©
Fig. 1. Bifilm formation [7]

During filling of the gating system and mold cavity
vortices are formed. Vortices cause the formation of
turbulence, and thus reoxidation, bifilms and various
defects. By using filter media melt velocity is
decreased. The filter media ensures a more stable and
calmer course of filling the gating system and the
mold cavity and quality of castings is increased [1, 6].

Nowadays, there are few studies on the effectiveness
of filters media with respect to their effect on



reoxidation. Experimental work deals with the design
of non-pressurized and naturally pressurized gating
system with using filter in order to determinate affect
the melt velocity and amount of oxides in the castings.
Reoxidation cannot be removed in the casting
process. The aim is to reduce their quantity to
a minimum. By using a suitable gating system is one
of the way to achieve the aim.

1 EXPERIMENTAL PROCEDURES

The experimental work is focused on the evaluation
of influence of filter media on the melt velocity and
amount of oxides with the aid of ProCAST numerical
simulation software. Two construction designs of
gating systems was used for numerical simulation.
One of the construction designs is commonly used
non-pressurized gating system which is typically used
for aluminum alloys with 1:4:4 ratio (Fig. 2a). The
second one construction design is naturally
pressurized gating system with 1:1:1 ratio (Fig. 2b).

a) b)

Fig. 2. Gating system design for numerical simulation:
a) non-pressurized gating system, b) naturally pressurized
gating system

Fig. 3. Design of casting

Such a design minimizes presence of turbulence in
gating system because the melt is in all places in direct
contact witch mold walls. Naturally pressurized
gating system is preferable because of the area
exposed to further reoxidation is significantly smaller
and it promotes the natural melt flow. Although this
type of gating system has been known for a long time.
Its use in practice is rare because of the melt velocity
is critical in gates area which leads to splashes, and
thus extensive reoxidation. To reduce the melt

velocity in naturally pressurized gating system were
used 30 ppi ceramic foam filters.

For the purpose of experiments was designed casting
which exact dimensions are according to Fig. 3.
Casting design was intended for mechanical
properties evaluation (tensile strength, elongation).

2 SIMULATIONS, RESULTS AND
DISCUSSION

Analysis of melt velocity during mold filling and
amount of oxides were evaluated by the numerical
simulations. For the purpose of experimental work
was used aluminum alloy AISi7Mg0.3. The melt
temperature was 720 = 5 °C poured to a mold with
temperature 20 °C. Casts were poured by gravity sand
casting method.

2.1 Analysis of the melt velocity

The result of the melt velocity in the non-pressurized
gating system showed a reduction of the melt velocity
in the choke area (Fig. 4), which ensures calm filling
in the gates area. By using filter media the melt
velocity is decreased especially in the first casting

(Fig. 5).

Fluid velocity |m/sec]

Fig. 4. Analysis of the fluid velocity in the non-pressurized
gating system without filter media
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Fig. 5. Analysis of the fluid velocity in the non-pressurized
gating system with filter media



In the naturally pressurized gating system is the
critical melt velocity exceeded (Fig. 6) due to absence
of mechanism to reduce it. Velocity energy at the end
of the runner is transferred to the gate area, where the
splashes are formed which resulting in the extensive
reoxidation. At this point, all benefits of naturally
pressurized gating system are lost. Filters ensure
a significant reduction of the melt velocity in the gates
area (Fig. 7).
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Fig. 6. Analysis of the fluid velocity in the naturally
pressurized gating system without filter media
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Fig. 7. Analysis of the fluid velocity in the naturally
pressurized gating system with filter media

2.2 Analysis of the amount of oxides

The melt velocity rate affects the reoxidation process
and the amount of oxides. The amount of oxides is
unsuitable in the non-pressurized gating system
(Fig. 8). Due to imperfectly filled runner in non-
pressurized gating system, a large space for surface
oxide layer entraining is available, also bounce wave
can occur at the end of the runner. It results to fold and
join two surfaces and thus to creation a large amount
of bifilms. This phenomenon also leads to a large
amount of oxides in concept with filter (Fig. 9). The
melt velocity in the gates area is reduces by filters, but
the bifilms formed in the runner can pass through
filter media due to their compact dimensions.

B

Orxides [cmz. sec)

Fig. 8. Analysis of the amount of oxides in the non-pressurized
gating system without filter media
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Fig. 9. Analysis of the amount of oxides in the non-pressurized
gating system with filter media

The amount of oxides in the naturally pressurized
gating system gains significantly better results
(Fig. 10). Critical melt velocity in this concept of
gating system in the gates area is exceeded and
splashes leads to extensive reoxidation. Melt velocity
in the gates area is reduced by using of filter media
and reoxidation process is limited (Fig. 11).
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Fig. 10. Analysis of the amount of oxides in the naturally
pressurized gating system without filter media
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Fig. 11. Analysis of the amount of oxides in the naturally
pressurized gating system with filter media

CONCLUSION

The beneficial effect of filter media on reoxidation
process is proven by numerical simulation. Using of
filter media reduces the critical melt velocity in which
the melt enters the mold cavity through the gates and
also minimizes the oxide occurrence. A choice of
suitable gating system is also importance. Bifilms
formed in the runner in the non-pressurized gating
system can pass through filter media because of their
compact dimensions and the amount of oxides is
unsatisfactory in castings. Naturally pressurized
gating system eliminates the conditions for the
formation of oxides in the runner, but the critical melt
velocity in the gates area is exceeded which leads to
splashes and reoxidation. By using naturally
pressurized gating system in combination with filter
media the best results of the amount of oxides are
achieved.
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Abstract: Measurement, measurement processes are important parts of business processes. Measurement
accuracy is constantly increasing and the requirements for ensuring the competence of measurement and
measuring processes are also growing. Measurements are an important part of determining the true state of the
production of products. By measuring, we confirm whether or not the requirements of internal or external
customers have met. The variance, variability of a product parameter can be caused either by the product or by
the measurement itself, the measurement system. Measurement Systems Analysis (MSA) is a tool we use to

evaluate the capability of a measurement system.

INTRODUCTION

Metrology is the science of measurement, metrology
has an irreplaceable place in business processes.
Metrology, the company's metrology system,
provides us with evidence of whether customer
requirements have met because today's global
economy is highly dependent on reliable
measurements that meet all requirements that are
credible and internationally recognized. Company
metrology deals with: measurement, units of
measurement, methods, means of measurement
(gauges, measuring devices) to ensure the uniformity
and accuracy of measurements in the company. We
currently know of two ways to evaluate the
measurement. The first method is "Measurement
uncertainty" and the second method is "Measurement
system analysis". [1] | deal in detail with the analysis
of measuring systems, | define its meaning,
| describe this analysis, | describe its procedure and
evaluation.

1 MSA MEASUREMENT SYSTEM
ANALYSIS

1.1 Description: Measurement system

analysis (MSA)

It uses scientific tools to determine the amount of
variation contributed by the measurement system. It
is an objective method to assess the validity of a
measurement system and minimize the factors
contributing to process variation that is actual
stemming from the measurement system.

Objective: Validate the measurement system used to
collect the data and quantify the:

1. Process variation.
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2. Appraiser variation and the total measurement
system variation. [2]

Key terms and definitions:

o Attribute data — data that can be counted for
recording and analysis (sometimes referred to as
go/ no go data).

o Variable data — data that can be measured; data
that has a value that can vary from one sample
to the next; continuous variable data can have
an infinite number of values.

e Bias — difference between the average or mean
observed value and the target value.

o Stability — a change in the measurement bias
over a period of time.

o A stable process would be considered in
“statistical control.”

e Linearity — a change in bias value within the
range of normal process operation.

e Resolution — smallest unit of measure of a
selected tool gage or instrument; the sensitivity
of the measurement system to process variation
for a particular characteristic being measured.

e Accuracy — the closeness of the data to the
target or exact value or to an accepted reference
value.

e Precision — how close a set of measurements are
to each other.

o Repeatability — a measure of the effectiveness
of the tool being used; the variation of
measurements obtained by a single operator
using the same tool to measure the same
characteristic.

e Reproducibility — a measure of the operator
variation; the variation in a set of data collected



by different operators using the same tool to
measure the same part characteristic [3].

1.2 Measurement system as process

The measurement and analysis activity is a process —
a measurement process. Any and all of the
management, statistical, and logical techniques of
process control can be applied to it. This means that
the customers and their needs must first be
identified. The customer, the owner of the process,
wants to make a correct decision with minimum
effort. Management must provide the resources to
purchase equipment which is necessary and
sufficient to do this. But purchasing the best or the
latest measurement technology will not necessarily
guarantee correct production process control
decisions. Equipment is only one part of the
measurement process. The owner of the process must
know how to correctly use this equipment and how
to analyze and interpret the results. Management
must therefore also provide clear operational
definitions and standards as well as training and
support. The owner of the process has, in turn, the
obligation to monitor and control the measurement
process to assure stable and correct results which
includes atotal measurement systems analysis
perspective — the study of the gage, procedure, user,
and environment, i.e. normal operating conditions

[4].

General Process

h
Input | Operation ) Output
p —_— p — p
Measurement Process

Process i

to be 1 Measurement Analysis / Decision
Managed ;

Value

Fig. 1. Measurement system as process (Measurement
System Analysis) [4]

2 MEASUREMENT SYSTEM ANALYSIS

2.1 Introduction to measurement system
analysis (MSA)

Everyday our lives are being impacted by more and
more data. We have become a data driven society. In
business and industry, we are using data in more
ways than ever before. Today manufacturing
companies gather massive amounts of information
through measurement and inspection. When this
measurement data is being used to make decisions
regarding the process and the business in general it is
vital that the data is accurate. If there are errors in
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our measurement system, we will be making
decisions based on incorrect data. We could be
making incorrect decisions or producing non-
conforming parts. A properly planned and executed
Measurement System Analysis (MSA) can help build
a strong foundation for any data based decision
making process.

2.2 What is measurement system analysis

MSA is defined as an experimental and
mathematical method of determining the amount of
variation that exists within a measurement process.
Variation in the measurement process can directly
contribute to our overall process variability. MSA is
used to certify the measurement system for use by
evaluating the system’s accuracy, precision and
stability. Before we dive further into MSA, we
should review the definition of a measurement
system and some of the common sources of
variation. A measurement system has been described
as a system of related measures that enables the
quantification of particular characteristics. It can also
include a collection of gages, fixtures, software and
personnel required to validate a particular unit of
measure or make an assessment of the feature or
characteristic being measured.

The sources of variation in a measurement process
can include the following:

o Process — test method, specification.

e Personnel — the operators, their skill level,
training, etc.

e Tools/Equipment — gages, fixtures, test
equipment used and their associated calibration
systems.

e Items to be measured — the part or material
samples measured, the sampling plan, etc.

o Environmental factors — temperature, humidity,
etc.

All of these possible sources of variation should be
considered during Measurement System Analysis.
Evaluation of a measurement system should include
the use of specific quality tools to identify the most
likely source of variation. Most MSA activities
examine two primary sources of variation, the parts
and the measurement of those parts. The sum of
these two values represents the total variation in a
measurement system.

2.3 Why Perform Measurement System
Analysis

An effective MSA process can help assure that the
data being collected is accurate and the system of
collecting the data is appropriate to the process.
Good reliable data can prevent wasted time, labor
and scrap in a manufacturing process. A major



manufacturing company began receiving calls from
several of their customers reporting non-compliant
materials received at their facilities sites. The parts
were not properly snapping together to form an even
surface or would not lock in place. The process was
audited and found that the parts were being produced
out of spec. The operator was following the
inspection plan and using the assigned gages for the
inspection. The problem was that the gage did not
have adequate resolution to detect the non-
conforming parts. An ineffective measurement
system can allow bad parts to be accepted and good
parts to be rejected, resulting in dissatisfied
customers and excessive scrap. MSA could have
prevented the problem and assured that accurate
useful data was being collected [3].

Measurement System Analysis is the underlying
principle and methodology for ensuring a
measurement system is capable of producing
accurate results. The goal of MSA is to ensure that
the measurement method poses little variation as
compared to the entire process variation. The system
must be capable of accurate and reliable
measurements. According to the Automotive
Industry Action Group (AIAG) standards (Fig. 2), a
measurement system is acceptable when the
variation is less than 10 percent of the total process
variation. This ensures that the measurements
obtained from the measurement device are mainly
driven by the part to part variation and not the
measurement device or gage used to measure.

77N
Process Variation
(100%)
1 1
N 2 N
Part-to-Part Variation Measurement System
(>90%) Variation (<10%)
N oK S
|
FTN AT
Repeatability Repoducibility
N > 4 n .
oA RS
77 N TN
Measurement Device Appraiser
N . T ¢

Fig. 2. MSA Process variation [5]

2.4 How to Perform Measurement System
Analysis

MSA is a collection of experiments and analysis
performed to evaluate a measurement system’s
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capability, performance and amount of uncertainty
regarding the values measured. We should review
the measurement data being collected, the methods
and tools used to collect and record the data. Our
goal is to quantify the effectiveness of the
measurement system, analyze the variation in the
data and determine its likely source. We need to
evaluate the quality of the data being collected in
regards to location and width variation. Data
collected should be evaluated for bias, stability and
linearity. During an MSA activity, the amount of
measurement uncertainty must be evaluated for each
type of gage or measurement tool defined within the
process Control Plans. Each tool should have the
correct level of discrimination and resolution to
obtain useful data. The process, the tools being used
(gages, fixtures, instruments, etc.) and the operators
are evaluated for proper definition, accuracy,
precision, repeatability and reproducibility.

3 DATA CLASSIFICATIONS

Prior to analyzing the data and or the gages, tools or
fixtures we must determine the type of data being
collected. The data could be attribute data or variable
data. Attribute data is classified into specific values
where variable or continuous data can have an
infinite number of values. More detailed definitions
can be found below.

3.1 The Master Sample

To perform a study, you should first obtain a sample
and establish the reference value compared to a
traceable standard. Some processes will already have
“master samples” established for the high and low
end of the expected measurement specification.

3.2 The Gage R&R Study

For gages or instruments used to collect variable
continuous data, Gage Repeatability and
Reproducibility (Gage R & R) can be performed to
evaluate the level of uncertainty within a
measurement system. To perform a Gage R & R,
first select the gage to be evaluated.

Then perform the following steps:

e Obtain at least 10 random samples of parts
manufactured during a regular production run.

e Choose three operators that regularly perform
the particular inspection.

e Have each of the operators measure the sample
parts and record the data.

e Repeat the measurement process three times
with each operator using the same parts.

e Calculate the average (mean) readings and the
range of the trial averages for each of the
operators.


http://quality-one.com/control-plan/
http://quality-one.com/grr/
http://quality-one.com/grr/

e Calculate the difference of each operator’s
averages, average range and the range of
measurements for each sample part used in the
study.

e Calculate repeatability to determine the amount
of equipment variation.

e Calculate reproducibility to determine the
amount of variation introduced by the operators.

e Calculate the variation in the parts and total
variation percentages.

The resulting Gage R & R percentage is used as a
basis for accepting the gage. Guidelines for making
the determination are found below:

e The measurement system is acceptable if the
Gage R & R score falls below 10%.

e The measurement system may be determined
acceptable depending upon the relative
importance of the application or other factors if
the Gage R & R falls between 10% to 20%.

e Any measurement system with Gage R & R
greater than 30% requires action to improve

o Any actions identified to improve the
measurement system should be evaluated for
effectiveness.

When interpreting the results of a Gage R & R,
perform a comparison study of the repeatability and
reproducibility values. If the repeatability value is
large in comparison to the reproducibility value, it
would indicate a possible issue with the gage used
for the study. The gage may need to be replaced or
re-calibrated. Adversely, if the reproducibility value
is large in comparison with the repeatability value, it
would indicate the variation is operator related.
The operator may need additional training on
the proper use of the gage or a fixture may be
required to assist the operator in using the gage.

Gage R & R studies shall be conducted under any of
the following circumstances:
e Whenever a new or different measurement
system is introduced.
o Following any improvement activities.

e When a different type of measurement system is
introduced.

e Following any improvement  activities
performed on the current measurement system
due to the results of a previous Gage R & R
study.

e Annually in alignment with set calibration
schedule of the gage.

3.3 Attribute Gage R & R

Attribute measurement systems can be analyzed
using a similar method. Measurement uncertainty of
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attribute gages shall be calculated using shorter
method as below:

o Determine the gage to be studied.

e Obtain 10 random samples from a regular
production run.

e Select 2 different operators who perform the
particular inspection activity regularly.

o Have the operators perform the inspection two
times for each of the sample parts and record
the data.

o Next, calculate the kappa value.

e When the kappa value is greater than 0.6, the
gage is deemed acceptable

o If not, the gage may need to be replaced or
calibrated.

The attribute gage study should be performed based
on the same criteria listed previously for the Gage R
& R study. During MSA, the Gage R&R or the
attribute gage study should be completed on each of
the gages, instruments or fixtures used in the
measurement system. The results should be
documented and stored in a database for future
reference. It may be required for a PPAP submission
to the customer. Furthermore, if any issues should
arise, a new study can be performed on the gage and
the results compared to the previous data to
determine if a change has occurred. A properly
performed MSA can have a dramatic influence on
the quality of data being collected and product

quality [3].

CONCLUSION

| focused on one topic, the analysis of measuring
systems. The aim of this paper was to answer basic
questions related to the analysis of measuring
systems, for example: why we use the analysis of
measuring systems, what is the justification of this
method, what is the procedure of application of this
method, etc. Finally, | will briefly summarize the
most important reasons for the application of the
analysis of measuring systems in practice. The
company must prove to the customer compliance
with the specification from this customer, this is a
necessity, it is the basis of the business relationship
that is between the customer and the company, the
company must meet all the requirements of the
customer and other stakeholders, e.g. legislation,
standards. For these reasons, the company is
interested in the capability of all processes (including
the measurement process), because the product is the
output of business processes. In terms of the
capability of the measurement system, the company
is interested in the variability of the measurement
system it uses, the magnitude of the variability of the
measurement system, the sources of variability. All



this has a single goal - the company must know
whether its measurement system is capable, whether
it is can meet customer requirements. The company
must be sure that all measured values are correct, the
company must have reliable information about how
the production process works. The company must
have a functional analysis of measuring systems.
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Abstract: This article presents an overview of various pre-production, production and post-production inspection
processes, which are often required to ensure the final production quality. We will also present various practical
examples of automated, or semi-automated inspection technologies, that are aimed to ensure the input material

quality, processed material quality and final product quality.

INSPECTION SYSTEMS DESCRIPTION

The automation of material inspection processes in
production itself expanded hand in hand with
digitalization. Digitalization of the inspection
equipment allows today to build up sophisticated
software around the hardware. This in combination
with the skilled inspection workforce enables much
higher throughput during the inspection phase of
production.

For the simple repetitive tasks, the inspection can be
basically fully automated with the OK / NO OK
system, where system itself decides, if the tested
specimen is or is not in line with required quality
levels.

When it comes to more complex tasks, or inspection
processes, where more variables come into
consideration, the software usually is doing so called
“evaluation assistance”. This means, that software is
proposing its programmed view based on the input,
which is compared with the stored reference data. In
this case, the operator is the one, who makes the final
decision — he either accepts or reject the proposed
system evaluation.

1 BASIC SEGMENTATION

Based on the system capabilities, we can divide these
automation processes to:

a) Fully automated solutions with simple logic OK
or NO OK.

b) Semi-automated solutions providing evaluation
assistance (OK or NO OK decision proposal).

Based on the production phase, where these
automated system can be deployed, we can divide
them to:
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Pre-production automated/semi-automated
inspection systems.

Production automated/semi-automated
inspection systems.

Post-production automated/semi/automated
inspection systems.

We will now refer to both, automated and semi-
automated systems, as systems.

Pre-production systems ensure, that the production
process is entered only with the input material, that
fulfills the required quality level, avoiding the use of
defective material in production process. This is
mostly inspection of raw material, but also input
materials in form of finalized parts from other
suppliers. For example it can be the inspection of steel
plates for homogeneity, inspection of parts for
porosity, cracks, hardness, but also very simple
indirect visual inspection (RVI=Remote Visual
Inspection.

Production systems are usually deployed to critical
phases of the production process, where the risk, that
the defect can occur is the highest. Typical example
can be the eddy current inspection of wheel hubs for
cars, or spot weld inspection on car bodies to ensure
the car body strength and durability).

Post-production systems are used to check the
quality of the final product after it finished, before it
enters the final phase of processing (painting, etc.) or
durin gits lifetime. This is aimed very often not only
to detect possible flaws in material, but also for
example to test leakage (pressure vessels, storage
tanks, etc.). So we can say, that this phase is already
testing the material properties and product functions,
that it will be used for.



Another division of systems can be done based on the
used inspection method, which we call modalities.
RT - X-Ray inspection
a) UT - Ultrasonic inspection.
b) VT - Visual inspection (direct VT or indirect
RVI).

c) MT - Magnetic particle testing.

d) PT - Penetrant testing.

e) ACFM - Alternating Current Field
Measurement.

f) EC-Eddy Current Testing (EC, ECA - Eddy
Current Array, ECT - Eddyc current tangential,
PEC - Pulsed Eddy Current, PECA - Pulsed
Eddy Current ARray).

g) MFL - Magnetic Flux Leakage.

h) HT - Hardness testing (Note: destructive type of

test).

All of above mentioned can be today integrated to
robotic automated or semi-automated systems
systems.

As we can see, there are a lot of various inspection
possibilities. Before selecting one, there has to be
conducted a feasibility study, that clearly confirms, if
the selected option is suitable for the reuired
production process and detection requirements.

2 SELECTED PRACTICAL EXAMPLES

Existing vast portfolio of various system, that can be,
or are already used in the production processes to
maintain the reuired production quality levels are
offered by many known vendors. There are
standardised solutions, but also custom solutions
designed on demand. Vendors quite often just offer
only the robotic part of the solution and there has to
be additional integration with the inspection hardware
by customer, or 3 party supplier. So it is quite
complex and not always easy task.

One of the main benefit of these systems is so called
high PoD (Probability of Detection). This advantage
comes with the automation of some human made
tasks, that usually could influence the inspection
itself. As an example a very simple thickness
measurement can be done by qualified technician in
grid mode. But if we would like to get more resolution
(more detailed view on the inspected specimen), e. g.
0.5x0.5 mm, it would be impossible to make by hand.
Such mapping can be effective only with the
automated solution (Fig. 2). This solution enables not
only fast mapping in grid modes from 0.5x0.5 mm up
to 10x10 mm, but in highest resolution it gives us in
graphical representation the view on shape of the
defect under the surface.
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Fig. 1. Ultrasonic Phased Array Inspection

System - Inspection of LPG pressure tanks with the
automated weld laser following, to maintain the proper
distance of the probes from the weld. System scanning speed
depends on the selcted UT hardware. Can be adjustaed from
1 cmest up to 5 cmes Such system can reduce the inspection
time almost by 75 % compared to X-Ray inspection, thus
speeding up the production process.

| 4

Fig. 2. Ultrasonic (conventional|) corrosion mapping system.
Useful to inspect walls of storage tanks to size the remaining
wall thickness, but also to detect material changes by
selecting the attenuation option interpretation for scanned
data. Can work through coatings.

Fig. 3. RVI system used to inspect inner parts of the storage
tanks. Combined with the laser system and CAD drawing,
system knows and remembers position of robot, but also the
position of viewed area. Data are automatically recorded so
the operator next time just send the unit to selected position
to compare the changes if any.

We could continue further with many other examples.
There is no doubt, that robotics stepped in to the
inspection of the production rocesses also to areas,
where it was before not imaginable because of high
cost or simply that the inspection equipment, that
should be combined with the robotic platforms was
either too big, heavy or simply in development. Today
there is a wide choice of option. Ready made



solutions, but also platforms ready to be integrated
with virtually any NDT (Non destructive testing)
equipment.

Fig. 4. Automated CT inspection system in Automotive
industry. Detects defects over the defined level of threshold.
Can be used also for dimensional analysis. Can be combined
with the conveyor belts and robotic arms to sort OK and NO
OK parts [6].

Fig. 5. Automated high-resolution CT inspection system in
Automotive industry. Detects defects over the defined level of
threshold. Can be used also for dimensional analysis. Can be
combined with the conveyor belts and robotic arms to sort
OK and NO OK parts. X-Ray cabinet solution [6].

3WHO ARE THE ROBOTIC COMPANIES
INNDT?

During the SPRINT Robotics 2019 world conference
(see more for this colaborative robaotics initiative -
https://www.sprintrobotics.org) in Rotterdam, we
could visit some major players presenting their
solutions. Even the conference was aimed quite
strongly for Oil&Gas industry, but not only, it
represented present state of the technology used to
automate the inspection processes.

Some major players in the field:

o GE Inspection Robotics — company based in
Zurich, Switzerland [https://inspection-
robotics.com/].

e Eddyfi Technologies (Inuktun) — Canada based
company recently acquired Inuktun. Their goal is
to integrate their existing products with Inuktun
robotic platforms [https://eddyfi.com/en].
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ANYbotics — Swiss based company oferring
specific mobile platform to indirectly support the
production process. The main task of their
solution is to replace the humans in the risky and
dangerous areas. The main task is to detect any
problems on production assets, eliminating the
risks for human life
[https://iwww.anybotics.com].

e FLYABILITY SA-—Swiss based company
focused on flying drones, with many safety

features. Branches in China and USA
[https://www.flyability.com].

e Standlee Starnes Robotics—US based
company focused on custom  solution

[https://standleestarnesrobotics.com].

e EXRObotics — company based in Netherland
providing certified robotic solution for explosive
environments (ATEX/IECEX Zone !
certification). Their solutions are aimed for

production assets inspection
[https://exrobotics.global].

e Waygate Technologies (Baker Hughes
business, previously GE Inspection

Technologies) —integrated solution for CT
inspection in automotive industry, electronics
[https://www.bakerhughesds.com/waygate-
technologies].

There are many others, a lot of start-ups. The
development in this field is so fast, that from year to
year the changes are significant. Especially in
software development, where software side of the
robotic unit creates more than 50 % of their succes.

CONCLUSION

High demand for quality assurance in production
today creates a new market opportunity for robotics
and new demand from producers. New technologies
come hand in hand with new problems during the
production, that have to be reduced to minimum. No
solution is universal in terms of usability and there are
a lot of tasks unresolved in various industrial areas,
where technology and human knowledge has not yet
found a suitable solution, but we can clearly see
asignificant shift from manual inspection in
production to semi-automated, or fully automated
solutions. This is already not only privilege of big and
rich companies, but it also enters step by step the area
of common NDT service providers where most small
and medium enterprises are active. This shift also
creates aneed for more skilled and adaptable
workforce, capable of absorbing the new
technologies.

There are alot of feasibility studies each year

performed to check on various inspection tasks in
various industrial areas such as Automotive, Oil &



Gas, Aviation, Casting, Welding, etc. Companies are
constantly looking for new options in NDT.

No system is perfect, there is always some kiind of
trade-off, which comes from the used modality,
system limitations and real world conditions, but
overall the higher PoD, possible automated, or semi-
automated evaluation brings much more advantages
and speed to production process itself.
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Abstract: Cloud calculations have revolutionized many areas that require enough computing power. Cloud
platforms can also provide tremendous support for analysis, mainly through the disclosure of scalable resources
of different types. In the cloud, these resources are available as services, making it easier to allocates and release
them. This feature is especially useful in analysing large amounts of data, such as data produced by next-
generation sequential experiments that require not only enhanced storage space, but also a distributed computing
environment. But at the same time, at the same time, the global volume of data is growing very fast. And yet we

have a limitation in data mobility.

INTRODUCTION

Global data volumes are growing very fast. While
cloud calculations are now mostly held in large data
centres, by 2025 this trend will reverse: 80% of all
data is expected to be processed in smart devices
closer to the user (edge computing). The availability
of both peripheral and cloud calculations is essential
in the computer continual to ensure that data is
processed as efficiently as possible. Energy-efficient
and trustworthy border and cloud infrastructure will
serve to finance the sustainable use of cloud and
peripheral ~ computing  technologies. Cloud
calculations make an important contribution to
achieving the objectives of the data strategy, digital
strategy and industrial strategy.

Cloud computing is one of modern computing
technologies that can help address the challenges of
dynamic data growth and need growth in computing
units that will be able to process and analyse data
within a reasonable time. Cloud calculations provide
a lot of storage space, computing networks, hardware
and software resources as a service, without the need
for extensive configuration, and on demand, if
necessary. There are now several commercially
available cloud platforms on the market that provide
various services for sophisticated purposes and can
be used on a public subscription basis, allowing for
elastic scaling of the analyses performed according
to current requirements.
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The real economic benefits come from the
widespread use of cloud solutions by businesses and
the public sector, thanks to a significant reduction in
IT costs. Cloud computing will help access future
and emerging technologies such as artificial
intelligence, the Internet of Things and blockchain. It
plays a key role in promoting a competitive and
innovative European economy in the digital age.

The cloud provides:

e Computing storage capacities on which all types
of digital services can run, for all sectors of the
economy.

e Purchase the necessary computing resources on
demand without risking a return on hardware
investment.

e Start-ups and small and medium-sized
enterprises using simple computing equipment
to acquire new business models and to thrive.

1 CLOUD FEATURES THAT SUPPORT
DATA ANALYSIS

Cloud calculations have several features that
significantly distinguish this model of providing
computer resources from computer systems stored
locally. According to the National Institute of
Standards and Technology (NIST), the cloud
computing model defines five basics [1]:



e On-demand self-service - if necessary (on
request) and without further interaction with
cloud provider employees, various computer
resources needed to perform analyses can be
provided.

e Wide network access - data analytics in cloud
services can be done on the network and
through thin clients, including laptops, tablets
and workstations.

e Pooling resources - The sources and services
used for data analysis are collected and can be
used independently on request by several
scientists in their analyses.

e Rapid elasticity - data scientists can allocate
more resources when they are needed, e.g. in
the field of data. When they need to process
more data, and release these resources when
they complete their analysis, which reduces the
cost of using the cloud.

e Measured service - measures, monitors and
controls the use of cloud resources allocated to
data analysis, and researchers receive reports on
the number of resources used and the cost of
their use.

In other words, cloud platforms allow for rapid
magnification or magnification of analyses, the
provision of resources needed to speed up
investigations in a remote data centre with minimal
effort over the network, and the management of their
allocation in order to minimise costs. Use. This
avoids the need to purchase large computer clusters
that may remain idle for some time and avoid costs
related to the purchase and maintenance of hardware

[1].

2 CLOUD-BASED DATA ANALYTICS
SERVICES

Thanks to the cloud, researchers can also operate
across different models of cloud services. These
models define how cloud resources will be used and
who will manage the resources that underpin the
analysis services used or created. There are three
general and generally accepted cloud service models
(Figure 1) [2]:

1. Software as a Service (SaaS) - Analysis services
should be available as a software application
running on the cloud infrastructure and the
capabilities of this application are provided
through a program interface (e.g. Web
application). The researcher does not manage the
underlying cloud infrastructure and its
capabilities are limited, such as uploading data
that should be analysed using software located in
the cloud or customizing program execution
settings.
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2. Platform as a Service (PaaS) - analysis services
developed by the researcher can be implemented
using  programming languages, libraries,
software packages and tools supplied by the
cloud provider. The researcher deploys services
to the cloud, controls and manages services, but
does not control the cloud infrastructure (storage,
servers, network).

3. Infrastructure as a Service (laaS) - A researcher
can directly allocate the various sources needed
to analyse data, such as storage and computing
power (e.g. Virtual Machines), and deploy and
execute the software used for the analysis. At the
same time, the researcher manages and controls
the.

In other words, a data researcher who provides a
collection of virtual machines and installs his own
software to perform his analyses works in the
Infrastructure as a service model. Conversely, a
researcher who connects to a cloud-hosted web
application designed to analyse data, upload data,
provide execution parameters, and view results,
works as a service in the software model [2].

Cloud Service Models

0S & Application Stack
Servers Storage Network

End Users

’ Packaged Software

SaaS

Application

0S & Application Stack
Developers

Server Storage Network

’ Server Storage Network

Infrastructure &
Network Architects

Fig. 1. Cloud service models mapped to researchers’
competencies [1].

Higher service models, such as SaaS, limit the
amount of administrative work related to the
analyses performed and are more convenient for an
end-user who works using the prepared software
interface. Lower service models leave more freedom
to build your entire system and provide more
configuration options, but at the same time require
more administrative skills in it and software
development and deployment.

3 CLOUD ANALYTICS RESOURCES

Cloud platforms are constantly evolving and
providing new services for sophisticated purposes.
Many standard resources, such as AWS, Azure, and
GCP, are available on public cloud platforms, which
are versatile in nature. Those that serve to address
specific tasks are also provided by third-party
companies or institutions through a marketplace.
Taking into account scientific calculations, some



resources are directly used in experiments carried
out. For example, a researcher working with a set of
virtual machines with preinstalled software and
running a script to perform their calculations in
parallel directly consumes the computing resources
of the selected cloud platform. Other resources are
often used indirectly. For example, the same
researcher searches for his virtual machines and
works on a virtual network with a subnet, a set of
virtual network interfaces, a group of public and
private IP addresses. Sometimes he doesn't even
know about it, because these resources are
virtualized and abstract for him. Among the wide
range of resources that can be provided from the
cloud, the following can be used in general data
analysis cases [3]:

e Calculate resources.

e Storage.

o Web applications.

e machine learning models.
e Big Data platform.

4 FUTURE DATA STORAGE
AND PROCESSING MODEL

The cloud offers an alternative model for storing and
processing data on demand. Users can access their
data and apps on the device of their choice over the
Internet. Many services, such as web-based e-mail,
use computing cloud technologies because they are
faster, cheaper, and more flexible than conventional
computing methods [3].

The real economic benefits come from the
widespread use of cloud solutions by businesses and
the public sector, thanks to a significant reduction in
IT costs. Cloud computing will help access future
and emerging technologies such as artificial
intelligence, the Internet of Things and blockchain. It
plays a key role in promoting a competitive and
innovative European economy in the digital age.

5 LIMITATIONS IN DATA MOBILITY

Currently, only 1 in 4 businesses and 1 in 5 SMEs
use the cloud for their day-to-day operations in
Europe. If the increase in cloud use increases, it will
also strengthen the competitiveness of the European
economy and its innovation potential [4].

Cloud calculations mean a huge flow and data
exchange. For a booming cloud market, data should
be able to move in a credible and secure way within
the Digital Single Market [4].

The Regulation on the free flow of non-personal
data, together with the General Data Protection
Regulation (GDPR), provided for the unrestricted
movement of all data throughout Europe. By 30 May
2021, any existing unjustified restrictions on data
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localisation must be removed. As a result, companies
will now be able to store and process their data
anywhere in the EU [4].

Regulation of the free flow of non-personal data:

No data localisation restrictions: data can be stored
in any EU Member State. Restrictions on data
localisation by Member States' public authorities:
62 % of respondents said that data localisation
restrictions should be removed.

Competent authorities in each Member State
continue to have the right to access data stored
across the EU.

Codes of conduct in the self-regulatory industry so
that clients can seamlessly transfer their data from
one cloud provider to another. Legal uncertainty
leading to market caution as regards cross-border
storage and processing of data. A complex EU legal
mix valid in different sectors or situations, but the
general principle of the free flow of non-personal
data is lacking. 55 % of respondents believe that
legislative action is needed.

Mistrust due to security risks and concerns about
cross-border availability of data for regulatory
purposes [4].

6 DISADVANTAGES CLOUD
COMPUTINGOM

Clouds offer users a variety of benefits. One of the
most important is to reduce the cost and complexity
of owning and using computers and networks. Cloud
users don't have to invest in the information
infrastructure, buy hardware, or pay for software
licenses. In addition, there are cloud providers that
specialize in specific areas (such as email) that can
provide useful and advanced services to companies.

Cloud computing is often considered effective
because it allows organizations to free up resources
and use them to innova program and develop
products. In addition, information from the cloud is
not easy to lose [5].

Below is a list of some of the most important
benefits of using cloud computing [5]:

e Select an app. This allows cloud users to choose
and test what best suits their needs. Cloud
computing also allows businesses to use, access
and pay only for what they use, with fast
implementation time.

e Cooperation. Users are starting to see the cloud
as a way to collaborate with common data and
information.

e Reduce costs. Unlike pay-per-usage, the pay-
per-usage model allows an organization to pay
only for the resources it needs, virtually without
investing in the physical resources available in
the cloud.



o Flexibility. The provider transparently manages
the client's use of resources based on
dynamically changing needs.

e Reduce the risk. Organizations can use the
cloud to test ideas and new concepts before
investing heavily in technology.

e Scalability. Users have access to a large number
of resources that are reduced to suit their needs.

e Up-to-date software. The cloud provider is able
to update the software while providing feedback
on previous versions of the software.

e Virtualization. Each user has their own view of
the resources available, no matter what physical
devices are organized. Therefore, the provider
can serve more users with fewer physical
resources [5].

On the contrary, there are several issues that can
prevent an organization from using cloud computing.
This is a list of such restrictions [5]:

o Interoperability. Universal standards and/or
interfaces have not yet been defined, which may
lead to the risk of blocking a single provider.

o Delay. All access to the cloud happens over the

Internet, resulting in delays in any
communication between the user and the
provider.

e Platform or language restrictions. Some cloud
providers only support selected platforms and

languages.
e Regulation. There are concerns in the cloud
computing  community, particularly  for

organisations managing sensitive data, about
jurisdiction, data protection, fair handling of
information and international transmission.

o Reliability. Many existing cloud infrastructures
use cheaper hardware that may crash
unexpectedly.

e Control resources. The amount of control a user
has over a cloud provider and its resources
varies considerably from provider to provider.

e Safety. The main concern is the protection of
personal data; users have no control or
awareness of where their data is actually stored.
However, from a forensic security perspective,
the use of cloud computing can provide
specialized forensic images of virtual machines
that are available without disconnecting
infrastructure, in pay-per-use. This leads to a
shorter disconnection time required for forensic
analysis. Audit records can also be kept more
efficiently and therefore a more detailed
analysis of audit records is possible without
affecting performance [5].
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CONCLUSION

Cloud computing is an evolving and rapidly evolving
model with new capabilities and uses. Cloud
computing is a cloud alternative to something that an
organization would normally manage with its own
resources using dynamically scalable and often
virtualized resources provided both over the Internet
or intranet. For example, webmail is a cloud-based
alternative to hosting on your own e-mail server.
Most cloud computing services can be accessed
through the web browser of the connected device
(mobile device, tablet, personal computer ...).
Therefore, cloud services do not require users to
have a sophisticated computer capable of software.
With a user-oriented interface, there is a cloud
infrastructure  and  support  for  transparent
applications for users.

One of the main concerns is security and privacy.
These concerns depend on the type of company. In
the case of large organizations with significant
resources that can provide an information security
programmed, it is necessary to overcome in the areas
of security, privacy and cooperation.
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Abstract: This paper is focused on application of digital factory tools in the logistics planning process. We have
used software Tecnomatix Process Designer which represents complex PLM solution for digital factory.
Environment of logistics module, main workflow and basic functionalities of this module are described here.

INTRODUCTION

Logistics is increasingly the motor of success of
industrial ~ organisations on global markets.
Globalisation brought not only the potential of global
market, disturbance of market barriers and free
movement of capital, but also global competition and
so far unknown speed by which market turbulences
appear. Design of the logistics system represents an
important part of the production system design.
Production can't exist without supply of material
from the warehouse to the workplace and transport
of products from the workplace to the warehouse of
finished products. Therefore, it is necessary to create
appropriate routes, to define appropriate transported
guantities, to choose the technology to be used in
warehouses for transport, etc. New technologies are
developed rapidly and enterprises have to think
about their implementation into the strategy.

1 THE SITUATION IN LOGISTICS

The current effort of modern logistics systems
projectants is, when designing to build into their
features the ability of fast adaptation to changing
market conditions. Reconfiguration of logistics, as
well as adaptability, is based on the current need to
project logistics concepts in smart factories.
Extraction of information and knowledge from data
brings the new era of knowledge engineering, when
the knowledge is not created by a man, but they are
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also the result of data processing by information
systems. Designing such logistics operations uses a
huge amount of data [1].

Software and software services and their
development became the condition for the further
development of logistics. Software services represent
nowadays the crucial factor of competition ability of
logistics solutions. It can be seen literally on every
step. Pallets, containers, conveyors, robots, mobile
robotics, reservoirs, storages - these all become
intelligent and able to mutually communicate and
make decision. Software therefore gradually
becomes the thing which decides about the amount
of added value which is created by logistics and
which becomes the part of added value of product.
Software and software services therefore directly
become to affect the quality and price of products

2].

2 TECNOMATIX -TOOL OF DIGITAL
FACTORY

Digital Factory represents one of the most
progressive, integrated approaches to the design of
new products, production processes and systems.
Digital Factory entitles virtual picture of a real
production. It represents the environment integrated
by computer and information technologies, in which
the reality is replaced by virtual computer models.
Such virtual solutions enable to verify all conflict



situations before real implementation and to design
optimized solutions. Figure 1 shows an example of a
digital factory [3].

Fig. 1. Demonstration of digital factory [3]

Tecnomatix is aimed at increasing the effectiveness
of work planning, optimization the layout of
production facilities and material flows in the
enterprise. The use of a company can achieve a
sustained increase in productivity through the
implementation and optimization of robotic and
automation systems [4].

Tecnomatix is a complete portfolio of digital
manufacturing solutions that bring innovation by
linking all manufacturing  disciplines  with
manufacturing and engineering to the design and
planning, simulation and verification through to
actual production. Tecnomatix is built on an open
product lifecycle management (PLM), called
Teamcenter manufacturing platform and provides the
most versatile set of manufacturing solutions on the
market today. Tecnomatix consists of basic parts:
Process Designer, Process Simulate, Factory CAD,
Factory Flow, Robcad, Plant Simulation.

Tecnomatix product portfolio can be used to
represent a “digital factory” on the computer. This is
not just about controlling individual machine tools.
The interaction of all manufacturing resources in
production is what is important —for instance,
whether robots work together smoothly and can
easily access all tools. Long before the
manufacturing begins, Tecnomatix users are able to
simulate the material flow and figure out the optimal
assembly line speed [4, 5].

Tecnomatix Process Designer is a digital
manufacturing solution for manufacturing process
planning and validation in a 3D environment.
Process Designer is a major enabler of speed-to-
market by allowing manufacturing organizations to
bridge product and process design with integrated
authoring capabilities that leverage digital product
development. An example layout is shown in the
following figure (Fig. 2).
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Fig. 2. Example layout in Texnomatix

Its main features are: process modelling and
verification (pert and Gantt charts, schematic and
table views, time estimation, cost estimation and
tracking, line design, alternative planning, process
variants management, documentation authoring,
application customizations), integrations with time
standards systems, automatic generation of assembly
structure or assembly process, line balancing, tasks
management and collaboration, 2D\3D system
integrations, natively supported JT visualization
standard, quotation, manufacturing  features
management, 3D simulation, static and dynamic
collision detection, 2D and 3D sections, 3D
measurements, sequencing of operations, assembly
and robotic path planning.

3 TECNOMATIX PROCESS DESIGNER
IN LOGISTICTS

Tecnomatix Process Designer is a digital
manufacturing solution for manufacturing process
planning in a 3D environment. Process Designer is a
major enabler of speed-to-market by allowing
manufacturing organizations to bridge product and
process design with integrated authoring capabilities
that leverage digital product development resulting
in faster launch and higher production quality.

Tecnomatix Process Designer facilitates the
authoring and validation of manufacturing processes
from concept and detailed engineering through
production planning. Process Designer enables
manufacturers to develop, capture and re-use process
plans. Furthermore, process design teams can
compare alternatives to develop and select best
manufacturing strategies that meet specific business
requirements. In a 3D virtual environment, Process
Designer is a collaborative platform that enables
distributed enterprise teams to evaluate process plans
and alternatives, optimize and estimate throughput
and costs, plan for variants and changes and
coordinate production resources [5, 6].

Part of this solution is the Logistics module, which
provides users with a basic data model of logistic



objects, allowing them to build logistics-specific
planning projects and manage the relevant data.

You need to start planning your network. In this
phase logistics planners are allowed to define logistic
networks and to calculate production rates per part
family. This requires taking a few steps. First, setup
the network structure. Setup the part structure
(BOM). As we can see in Fig. 3, setup one resource
per logistic plant. Then assign the resource which
represents the logistic plant to the logistic plant of
the network structure. Assign the produced parts to
the logistic plant project and define the production
rate. As the last to create part families automatically
out of the BOM. One part family is created for each
part in the BOM, and the relevant part is assigned to
the part family.
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Fig. 3. Network and part structure (BOM)

Alternatively, the part families can be defined in a
library and copied below the logistic project. Based
on the information you defined, the system calculates
the required transportation relations between the
plants. The calculated transportation relations
include the calculated number of products and
required parts.

Logistics planners can open the Process Check tab
(Fig. 4) to view progress of the logistic planning.
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Fig. 4. Process Check tab

The Process Check tab offers the following

predefined checks:
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e Parts assigned to LogProcess: Is there at least
one part assigned to the LogProcess object?

e Container assigned LogProcess: Is there exactly
one Container assigned to the LogProcess
object?

e Container assigned to logistics operations: Is
there exactly one Container assigned to the
Move/Store operations of the supply chain of
the LogProcess?

e Supply Chain defined: Is there a supply chain
defined for the LogProcess?

e Supplier assigned: Is a supplier assigned to the
LogProcess?

e Areas assigned to store operations: Are there
LogAreas assigned to the store operations of the
supply chain?

e Times assigned to logistics operations: Are
there times assigned to the logistics operations
(do all logistic operations of the supply chains
have an allocated time > 0).

e General check that assigned container, supplier,
areas, etc., are from the correct defined library:
The system checks whether all assigned
resources of the following types - LogArea,
LogContainer, Supplier, Vehicle, Transporter,
SupplyChains (for linked supply chains) belong
to the respective library of the plant, under
which the LogProcess resides. The libraries are
taken from fields such as LogPlant,
LibrarySuppliers, etc.

e Consistency check to verify the logistics plan
against the production plan to find any
inconsistencies. The check is based on the use
of the same parts and logistics areas by both
production planning and logistics planning. A
logistics plan is consistent if the parts and the
corresponding logistics areas are assigned to the
same station as in the production plan.

Logistics areas and tracks features enable to build a
logistic path network and logistics areas. Logistics
planners can describe full area and path networks by
drawing areas and tracks and connecting them, using
connection points, to other logistic areas or tracks.
Using these commands logistics planners can define
the direction of the tracks, and to set them as one-
way or two-way. Defined path networks can be used
as the basis for calculations of route and transport
time.

Using basic commands for drawing, deleting,
showing and hiding all logistics areas and logistics
tracks they can be seen and designed directly in the
3D layout of production system (Fig. 5).



Fig. 5. 3D layout of production systems with logistics areas
and tracks

After conceptual solution has been proposed, we can
start with detailed design of logistic and production
system. In this phase, we use software Tecnomatix
Factory CAD and Factory FLOW.

Tecnomatix Factory CAD is a facility layout
application that gives you everything you need to
create detailed, intelligent warehouse models.

Factory FLOW enables you to optimise your
warehouse layout based on material flow distances,
traffic Congestion and cost.

CONCLUSION

The 21% century is typical by development and
implementation of “intelligent solutions” in all areas
of human life. Production and technologies become
intelligent. Only countries, which maintain top
technological development, will succeed in the
future.

Competitive advantages in the global environment
make possible to increase. Competitive advantages,
then quality, costs, time, flexibility, productivity,
innovation, are essential for every producer. Time is
now the most important element, how to gain a
customer.

Although many different software applications for
the field of logistics exist, human with his
knowledge is still the most important element for the
successful design and planning of logistics systems.
His early logistics analysis and optimal definition of
supply chain is a key to the effective logistic
processes. But using these technologies, companies
can prevent unintended failure in case of improper
design of material flows and verify their designs
before it’s integration into reality.

In today’s robust competitive environment and
worsened economic environment, most factories
need to readjust their strategy to produce as many
products as possible at a minimal cost. The goal is to
make the production process more efficient,
encouraging workers to increase sustainability.
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Abstract: Today’s world is undergoing a digital transformation based on the implementation of new advanced
technologies based on Industry 4.0. Old manufacturing systems are facing increasing instability in markets
where speed is becoming an important competitive advantage. As manufacturing lead time and costs increase,
manufacturers are starting to look at new technologies and organizational concepts that will bring sustainability
to their companies. These new concepts for manufacturing will be used in Factories of the Future in which
manufacturing will better cope with the shortcomings of current systems. The article deals with the Factories of
the Future in the context of Industry 4.0 therefore with new Industry 4.0 technology and new manufacturing

concepts.

INTRODUCTION

The current market world, which is characterised by
instability and the need to react rapidly, the old
manufacturing systems become inefficient. This is
reflected in the increase of manufacturing costs and
manufacturing lead time. That's why new
manufacturing concepts are being developed around
the world that can respond quickly to changes thanks
to Industry 4.0 technologies, giving companies a
competitive advantage. These new concepts such as
reconfigurable manufacturing systems, competency
islands and adaptive logistics system are the systems
within of Factories of the Future. Old manufacturing
systems will only be applied where it is effective and
new concepts will be applied where there is a
demand for reaction in speed today. The article
describes in its core technologies of Industry 4.0
used in Factories of the Future and new concepts
which is developed within of this trends.
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1 INDUSTRY 4.0 AND TECHNOLOGIES
USED IN FACTORIES OF THE FUTURE

According to prof. Gregor [1] will further develop
new concepts of manufacturing systems in the field
of intelligent, reconfigurable manufacturing systems,
in which advanced technologies will become the
central element of the manufactured product and the
basis for innovation will become advanced
technologies. Prof. Gregor's forecast is based on
theoretical and practical knowledge, which has been
concentrated in CEIT for almost 20 years.

Future factories will be based on the basic principles
of Industry 4.0, which is built on two main pillars

[2]:
e Digitisation.
e Application of exponential technologies.

The basic technologies currently being linked with
Industry 4.0 is [2]:



Cyber-physical systems (CPS) - physical devices
with built-in tools for digital data collection,
processing and distribution, and over the Internet are
connected to each other online.

Internet of Things (IoT) - a network of physical
objects - devices, vehicles, machinery and other
objects with built-in electronics, software, sensors
and network connectivity (CPS), which allows these
objects to collect and exchange data. The Internet of
Things allows connected objects to be controlled
remotely through existing network infrastructures,
and create opportunities for further direct integration
of the physical world into computer systems.

Internet of Services (loS) - an area that is cross-
cutting for all areas of Industry 4.0. It presents as an
infrastructure that uses the Internet as a medium for
offering and selling services. As a result, services
become tradable goods. 10S provides a business and
technical basis for advanced business models,
focused on the provision and use of services.

Big Data (BD) - the term for data files that are so
large or complex that traditional data processing
applications are inadequate. The solution includes
analysis, capture, data management, search, sharing,
storage, transmission, visualization, search, etc. BD
provide infrastructure for transparency in the
industry, which is the ability to detect uncertainties
and sources of inconsistent performance and
availability.

Cloud Computing (CC) - provide services or
programs stored on servers on the Internet, where
users can access them, for example, using a web
browser or client of a given application, and use
them from virtually anywhere.

Product Lifecycle Management (PLM) [3] -
a system designed to manage detailed information
about its design, characteristics, method of
manufacture and use. It allows to integrate data,
processes, business systems and also people in
vertical interconnection inside the company, as well
as horizontal integration of suppliers, manufacturer
and customers. PLM software allows you to
effectively and efficiently manage this information
throughout the life cycle of the product, from initial
idea, design and manufacturing through service and
disposal.

Digital Manufacturing (DM) - represents the use of
an integrated computer system composed of
simulation, three-dimensional (3D) visualization,
analysis and various tools designed to collaborate in
product creation and manufacturing process
simultaneously.  Simulation of manufacturing
processes can be carried out with the intention of
reusing existing knowledge and optimising processes
before  products are manufactured. Digital
manufacturing also allows feedback on actual
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manufacturing operations to be integrated into the
product design process, allowing companies to take
advantage of the actual layout of workshops at the
planning stage.

Digital Twin (DT) - represents a digital copy of a
physical object (product and/or manufacturing) that
can be used for a variety of purposes. DT processes
data from sensors installed in physical objects, which
it usually uses to optimize the activity of these
physical objects. It is also used to manage
manufacturing processes (PLM and DM tools create
a digital manufacturing model, it is simulated, all
processes and activities are optimised in detail, and
physical manufacturing is created on this basis.
When manufacturing starts, data from the
manufacturing process is collected, evaluated,
continuously optimised, and progressively iteratively
streamlined.) and is an essential tool of Industry 4.0
for increasing the operational efficiency of
manufacturing.

Exponential Technologies (ET) - it is one of the
fundamental pillars of Industry 4.0. Exponentials are
called because they bring rapid productivity and
efficiency growth. Some of the exponential
technologies are still more in laboratory conditions,
and their practical applications are expected in the
order of years, and some in turn become a daily part
of today's industry. ET include: biotechnology,
neurotechnology, nanotechnology, new energy, ICT
and mobile technologies, 3D printing, sensor,
artificial intelligence, advanced robotics, drones, etc.

Key elements in the implementation of basic
technologies in the construction of Industry 4.0
pillars include [4]:

e Autonomous Robots.

e Simulation.

e System Integration.

e Internet of Things.

e Cybersecurity.

e Cloud Computing.

e Additive Manufacturing.
e Augmented Reality.

e Big Data.

2 NEW MANUFACTURING CONCEPTS
IN FACTORIES OF THE FUTURE

According to [5], all new manufacturing concepts
strive to achieve one main objective, which is
adaptability, the ability to react immediately to rapid
changes in the environment, also referred to as
turbulence. Adaptive manufacturing systems are
currently the culmination of scientists' efforts to
formulate the contours of the future manufacturing



environment. To meet the adaptability requirement,
it is possible to approach several paths, which is why
scientists have developed, developed and tested a
whole group of new manufacturing concepts, such as
reconfigurable manufacturing systems, competency
islands, multi-agent control systems, etc.

In new manufacturing concepts, the manufactured
product will act as a smart entity, able to
communicate with its surroundings and able to
organize its processing completely autonomously.
Such a product will determine its own sequence of
processing, allocate the required capacity in the
respective competency islands and summon mobile
robotic systems to transport it in manufacturing. In
order for such an organisation system to work safely
and reliably and perform the required tasks, this will
require new ways of planning and control
manufacturing. In the future seemingly ‘chaotic'
world of manufacturing, the current pressure
management systems will no longer work. With a
very large number of intelligent elements (entities) in
the manufacturing system, there will be complicated
relationships and situations that today's hierarchical
control can no longer deal with effectively. Complex
relationships between individual entities will create a
condition known as emergence, a condition in which
it will be difficult to predict the future behaviour of
such complex systems. That's why researchers are
experimenting with new control approaches based on
the relative autonomy of individual elements of the
manufacturing system and their behaviour, which
will resemble the behaviour of intelligent, living
organisms. In addition to real objects, there will
therefore be virtual representatives in the
manufacturing, whom we now refer to as digital
twins. Such dual representation of manufacturing is
also referred to as virtual manufacturing.

2.1 Reconfigurable manufacturing systems

The Reconfigurable Manufacturing System (RMS) is
a manufacturing system whose structure is easily
adjustable with the possibility of scaling capacity
and flexibility limited to the selected product family
[6].

Reconfigurable manufacturing systems represent the
evolutionary phase of development of manufacturing
systems, they are a continuation of developmental
evolution. Their application requires a new approach
in which reconfigurable machines, preparations,
tools, logistics and a reconfigurable management
system play a dominant role [7].

RMS are built to allow easy and quick
reconfiguration. This property moves reconfigurable
manufacturing systems to adaptive systems.
Conversions make it possible to adapt the
manufacturing system to new product types
(functionality) and to new manufacturing quantities
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(capacity) [8]. Reconfigurability has thus become a
new technology that can better meet market
fluctuations and turbulence through the gradual
rebuilding of the manufacturing system.

Reconfigurability is the operational capability of a
manufacturing system to adapt its functions and
capacities to a specific product family. This results in
the required flexibility of the manufacturing system.
Unlike reconfigurability in the manufacturing
system, flexibility is firmly defined.
Reconfigurability and flexibility make the adaptive
capacity of the manufacturing system, which is
achieved through a change in its structure, subject to
a change in its structure. Such structural change
makes it possible to adapt (adapt) the functions and
capacity of the manufacturing system to new
requirements.  Effective  reconfigurability s
conditional on a requirement to minimise the effort
deployed and to reduce the maximum time needed to
implement the changes [9].

2.2 Competency islands

The existing large-scale manufacturing method,
organized rhythmically in manufacturing halls,
working in a manufacturing tact, will no longer be
able to respond to future customer demands. Today's
"hard" manufacturing and assembly lines will be
replaced by a set of autonomous workplaces, the so-
called competency islands (Fig. 1). These can be
imagined as virtual manufacturing lines, formed
dynamically, virtually, based on real need. The
competency islands will be equipped with
technologies and cooperative robots capable of
working safely and reliably with humans [10].

Fig. 1. Competency islands [1]

New manufacturing systems should therefore be
conceived as small, highly flexible manufacturing
units, which will be deployed where there is
sufficient real demand. Such manufacturing systems
will be designed for the manufacturing of a selected
product family, which requires their concept to be
built on the principles of reconfigurable
manufacturing systems.



CONCLUSION

The activities of future manufacturing systems will
be organised in a completely different way. Classic
manufacturing and assembly lines will only be
maintained where it will still benefit the economy.
Future manufacturing will feel like total chaos to the
outside observer. It will seem to him that the
material, blanks, work in process, or mobile robots
move unplanned, chaotically. Each of them,
however, will follow the strict logic of the superior
level, which will allow it to conduct relatively
autonomously. In fact, it will therefore be organised
chaos. For the management of manufacturing will be
used principles observed from nature, which offer
evolution-proven, optimal procedures.

Smart mobile robots, mobile robotic systems and
platforms will gain a strong position in future
factories. Thousands of such robots will ensure the
movement of work in-process products and their
processing in a seemingly chaotic world.

Manufacturing will be organized as a living
organism, resembling an anthill, in which the ants
seem to run chaotically, but are strictly organized,
specialized, and each of them performs well-defined
tasks that require the survival of the anthill.

The product, manufacturing facilities, technologies
and the entire manufacturing system will change.
Manufactured products, manufacturing facilities and
means of mobile logistics will become intelligent
and communicate with each other. They will
exchange and share all necessary data and
information in real time.

Mobile robots transporting the work in process will
move between the competency islands, with the
product itself determining the required operations
and planning their order. The observer will not see
the classical manufacturing line, it will observe the
apparent physical chaos, behind which will be
hidden virtual line (its digital and virtual data
model), formed from the competency islands,
necessary for the manufacturing of the customer
product.

Future manufacturing will not be structured
according to the manufacturing rhythm of the line, as
is the case today, but according to the content of the
work to be carried out. Functional relationships, not
fixed cycle times, will play a decisive role. This type
of manufacturing environment will be suitable not
only for small manufacturing enterprises, but will be
particularly advantageous for those types of
manufacturing that operate with high volumes,
highly variant manufacturing and which aim at high
flexibility and efficiency. Such systems will be able
to respond much more efficiently to fluctuations in
demand, rapid changes in manufactured models,
requiring different manufacturing technologies.
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Abstract: The article is focused on verification of noise characteristics of a prototype tank wagon Zans 95 m3
during operation. In the first part, the problematics of noise created by railway vehicles is described. The testing
requirements were defined for the test of the tank wagon. The proper measurement setup was selected for weighted
equivalent acoustic pressure level observation. Based on the TSI requirements, the measurement stand was
assembled on the testing track, repeated measurements were performed, and the results were compared to the limit

value related to wagon category.

INTRODUCTION

One of the current trends in the development of any
kind of vehicle is decreasing emissions. The category
of emissions contains not only emissions created by
fuel combustion in power units, but noise emissions
as well. So, it is necessary to test each newly
developed vehicle also from the acoustic point of
view. In order to reach this goal, the computer-aided
simulation of acoustic effects can be made, however,
the best reality-related results can be obtained via
experiments. There is a wide range of reasons —
combustion, wheel-rail contact, aerodynamical noise
—which can be created either with the airflow around
the vehicle or with the function of some vehicle parts
(air conditioning, engine cooling, etc.) Noise creation
shall be avoided as much as possible, mostly because
of people working on, using or simply being in
insufficient distance away from vehicles.

To be able to compare the results of experiments like
these, it is necessary for them to be somehow
specified, for example via TSI standards. These tests
are conducted by a certified testing institute. After
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receiving the prototype vehicle, the institute performs
every single step described in the standards. Based on
the customer’s order, additional measured parameters
can be added. The results of the tests are the measured
values recorded in the testing protocol, which can
contain the calculations of parameters needed for final
evaluation.

The results of noise experiment have an informative
character for the design engineers. Based on the
results, they can make design modifications
decreasing the noise pollution — either change the
aerodynamic shape of the vehicle or anything else. On
the contrary, these experiments can confirm the
correctness of the design or design modifications and
prove, that that the noise limitations are obeyed in the
vehicle surroundings.

1 MEASUREMENT METHOD
AND METHODOLOGY

The verification of noise properties during passing
was made for four-axle tank wagon Zans with the tank



volume of 95 m? at constant speed velocity according
to TSI 2011/229/EU. The test was performed on the
reference section of the testing track in Zmigrod,
Poland, designated for the measurements of acoustic
parameters of vehicles.

Tab. 1. Technical parameters of tested wagon

Max. speed of empty wagon 120 km-h!

Track gauge 1435m

Length over buffers 16 880 mm

Swivel pivot distance 11 040 mm

Mass of empty wagon 24 840 kg

Mass of loaded wagon 90 000 kg

Wheelset diameter 0920 mm

Type of bogie Y25 Ls1-K
Wheelbase of bogie 1800 mm

Brake KNORR KE-GP (K)
Brake blocks Bg 320, JURID 816M

1.1 Test requirements

The test requirements were defined according to TSI-
noise, which is the source of following requirements:

e The microphone must be positioned
perpendicularly to the track in the distance of
7.5 m from the track axis and in the height of
1.2 m over the top of the rail.

e The test station must be in the free sound field,
another rail must not be between microphone and
test track.

o The measurement takes place during passing of a
wagon at the reference velocity 80 km-h™* and at
the maximum velocity, in this case 120 km-h+
5 km-h,

e The wheel surfaces must be bedded-in (min.
1000 km),

e The descriptor of the measurement is the
equivalent noise level Lppeqmp dB(A).

e At least three measurements for every defined
velocity must be done and the condition of
dispersion less than 3 dB(A) must be satisfied.

e One-third octave analysis must be measured
when tonal noise is expected.

Tested vehicle does not contain any power unit, which
could emit noise, when the velocity is zero. Therefore,
the test was restricted on non-stationary vehicle only.

The limit value on noise emitted during passing at
constant velocity is defined in TSI - noise using the
descriptor Lpaeqmp (Weighted equivalent acoustic
pressure level measured in time interval Tp). The limit
value can be calculated according to boundaries
defined in eq. (1), where Ay is the number of axles on
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one unit of a length scale, n is the number of axles and
L, is the vehicle’s length over buffers [m].

Apl = @
The tested wagon is in the category of new wagons
with an average number of axles on one length unit
from 0.15m? to 0.275m? and the limit value of
Lpaeq7p (80 km-ht) =83 dB(A). From the results
measured at velocity 120 km-h, eq. (2) can be used
to calculate the final value related to the reference
velocity 80 km-ht. Such value can be compared with
the one mentioned above.

(80km-h™)=L_._ . (v)—30-log(v/80km-h™)

LPAEq TP PAeq,Tp (2)

1.2 Measured quantities and instruments used

Equivalent noise level Lpaeqtp [AB(A)] is defined by
equation (3), where Lpaeqmp IS A-weighted equivalent
noise level [dB(A)], t. — t1 is time interval of the
measurement Ty [S], pa(t) is A-weighted instant
acoustic pressure [Pa] and po is reference value of
acoustic pressure (po = 20 pPa).

l t2 2 t
Lypeq v, =10l0g {— [ pA_th}

2 1 0

®)

For pressure level measurement, Modular Precision
Sound Analyzer Type 2260 from Briiel & Kjaer
containing:
e Sound level meter Investigator 2260.
e Condenser microphone Briiel & Kjaer type
Falkon 4189 for free sound field, sensitivity
50 mV/V, without external polarization, with
frequency range 6 Hz — 20 kHz,
e For calibration purposes Briiel & Kjaer type
4220.
e Actual atmospheric pressure correction was
gained using Briiel & Kjaer UZ 003.
All values from the sound level meter were
postprocessed by weight filter A and expressed in
dB(A). The entire measurement setup met the
requirements of EN 60804 for devices type 1.

The following devices were also used:

e A pair of optical sensors type IDEC SA1U-
BO2MW - for synchronization and independent
measurement of the speed of the vehicle.

e Weather station Davis Vantage Pro 2 for
temperature, relative humidity, atmospheric
pressure, and wind direction detection.

e MDK device for acoustic
measurement.

roughness



2 TEST PROCEDURE

The following section describes tested train set, test
track and measuring station.

2.2 Train set

The prototype wagon was placed at the end of the train
set (Fig.1). The train set consists of an electric
locomotive ET 22-037, a measuring wagon (MV), a
freight wagon of the Tagnpps series and a tested
wagon Zans 95 m3, Wagon was tested in a fully
loaded condition, which represents a maximum load
of 90 t.

16 880 mm 20 000 mm 26 400 mm

MV VUKV
60 54 99-90 003-9

00 00

19 240 mm

Tagnpps
09 56 0764 002-6
[oXe] (oM O]

LOKO PKP ET
22-037

Zans L ‘
09 56 7843 000-1 9151 3150 506-6
QQ

—0Q0 Q0

EE——
Direction

Fig. 1. Composition and orientation of the test set

2.2 Test track

The test was performed on the reference section of the
test track of the Instytut Kolejnictwa in Zmigréd in the
place designated for performing acoustic test. The
track parameters are in Tab. 2.

Tab. 2. Track parameters

Geometric
Track Straight
Cant [mm] 0
Track gauge [mm] 1435
Rail inclination 1:40
Measuring station [km] 6.5
Structural
Subgrade Natural ground
Height of ballast [m] 08-1
Type of sleepers concrete
Rail profile uIC 60
Sleepers spacing 1733 pcs-km
Fastening system Kand S

The actual acoustic roughness of the rail surface
(Fig. 2 and Fig.3) was measured at the noise
measurement station before the test.
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Fig. 2. Acoustic roughness of the inner rail

Outer rail

Acoustic roughness [dB]

Wavelenght

Fig. 3. Acoustic roughness of the outer rail

Dynamic attenuation parameters were not recorded in
this section during this test.

2.3 Measuring station

The placement of the M1 and M2 microphones met
the condition of a free sound field. The microphone
was placed horizontally perpendicular to the track at
a distance of 7.5 m from the track axis and at a height
of 1.2 m above the top of the track. The appearance of
the entire measuring station is shown in Fig. 4.

Fig. 4. Measuring station



3 MEASUREMENT RESULTS

The tests were performed in almost clear weather, dry
track and surrounding. Overall, the meteorological
conditions during the test can be considered
satisfactory from the point of view of the requirements
of the TSI — noise. By observing all conditions, it was
possible to determine the measurement error
UAB =42 dB, which, for the normal distribution,
corresponds to a coverage probability of
approximately 95 %.

3.1 Measurement interval Tp

The measurement interval T, [ms] is based on TSI —
noise for testing a single unit at the end of the train. It
corresponds to the passing time of half of the unit, i.e.
it starts at the moment when the center of the tested
wagon passes in front of the microphone and ends at
the moment when the rear bumpers of the wagon pass.
This time can be theoretically determined by the
equation:

L

T,=5o @)

where L is length of the wagon over buffers and

v is speed of the vehicle when passing the
measuring station.
The measuring interval T, is equal to 380 ms for

vehicle speed of 80 km-h? and 253 ms for vehicle
speed of 120 km-h™,

The real measurement interval T, was determined by
data from optical sensors.

< |k

3.2 Background noise and control
of the acoustic neutrality of the adjacent
wagon

Background noise expressed using the A-weighted
acoustic pressure descriptor was measured before
each pass. Acoustic pressure Lpaeg did not exceed
53.1 dB(A) for the M1 microphone and 52.7 dB(A)
for the M2 microphone.

The principle of verifying the acoustic neutrality of
the adjacent wagon was to compare the noise levels
Lpneq.m1 @nd Lpaeq7p fOr the time intervals T, and T4, the
difference in none of the measurements exceeded
2 dB(A). The T; interval is the time from the passage
of the center of the wagon placed in front of the test
wagon to the passage of the center of the test wagon.

3.3 Equivalent noise level

Table 3 summarizes the measured values of the A-
weighted equivalent noise level Lpaeq1p. FOr a speed of
120 km-h* values are converted to reference speed of
80 km-h. The occurrence of tonal or impulse noise
was not detected during any measurement.
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Tab. 3. Values of the A-weighted equivalent noise
level Lpaeq,Tp

120
Converted
Speed [km-h'] 80 WirseTe to
reference
values
speed of
80 km-h?
Measuring place | M1 M2 M1 | M2 | M1 | M2
Height above top
of the track [m] 1.2 1.2 1.2 1.2 12 |12
Distance from the
axis of the track 7.5 7.5 7.5 7.5 75 |75
[m]
Measurement no.
1 [dB(A)] 81.6 | 82.0 | 86.7 | 87.3 | 81.4 |820
Measurement no.
2 [dB(A)] 81.8 | 81.7 | 86.8 | 87.3 | 81.6 | 82.1
Measurement no.
3 [dB(A)] 81.4 | 81.7 | 86.7 | 87.2 | 81.6 | 82.1
Arithmetic mean
81.6 | 81.8 815|821
[dB(A)]
The resulting
value [dB(A)] 82 82 82 82

CONCLUSION

The article is focused on the assessment of the
acoustic properties of a tank wagon. Test conditions
have been established, then three measurements were
made at a speed of 80 km-h™ and three measurements
at a speed of 120 km-h* and recalculated for the
reference speed. Based on the measured values and
their comparison with the limit value of the weighted
equivalent acoustic pressure level, it has been
demonstrated that the wagon meets the requirements
for permissible noise levels.
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Abstract: The article deals with investigation of longitudinal force transmission ability in opposite track curves.
The vehicle being investigated is newly designed tank wagon. The investigation took place by the means of
experiment on a test track. Recorded wheel lifts and mutual transverse displacements were evaluated in accordance
with the UIC leaflet. The achieved results reflect both proper design solutions of separate parts of the railway
vehicle and the vehicle as a whole.

INTRODUCTION One of those situations might be a wagon passin

g gon p g
Nowadays. tank wagons are important parts of through opposite track curves. where one of the most
railway transport. During casual traffic of a tank  Important properties arailway vehicle needs to secure
wagon as well as any other railway vehicle. an unconditionally is its ability to transmit longitudinal
extraordinary situation can occur. In such situation. it~ forces. Whether this criterion is met or not is a result
is necessary for the vehicle construction to prove jts ~ Of suitable design solution of various railway
relevancy.

(500 14 640 1500)
- —_= - KINEMATICK? OBRYS G1 POOLA TSI WAG (UIC 5051

MIN.6,7

DIN 28011 |

“2930

11040 2300
(12 840) | 13140)
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16 880

Fig. 1. Scheme of the tested tank wagon Zans 95 m?
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vehicle’s parts and of the design of the vehicle as a
whole.

The suitability assessment of design of the wagon for
the transmission of longitudinal forces follows
paragraphs of leaflet UIC 530-2. Based on the
requirements stated in this leaflet. the geometry of the
test track is given. which contains two opposite curves
of exact radiuses and a shorter straight section
between them. Next. the interval of speeds is given.
which are acceptable during the test itself. and the
minimum tractive force exterted in the frame during
the test. The result of the test is an evaluation of
geometrical parameters. such as wheel lift on the outer
and inner side of the curve. transverse movement of
the buffers and their dependency on the tractive force.
The measured quantities need to be compared to limit
values given either by the UIC leaflet or the contract
between customer and test executor. Based on this
comparison. the suitability of the design of the railway
vehicle can be either accepted or rejected.

The goal of the test is to verify the tested wagon’s
ability to transmit longitudinal forces in the train set
during pushing through opposite track curves with
radiuses 150 m.

Traffic safety was verified at constant longitudinal
tractive force 240-280 kN at the speed of 4-8 km-h™.
In case of wheel lifted higher than 50 % of the limit
value. the measurement of H-forces needed to be
done. Final evaluation of this test was meant to be
done according to the leaflet mentioned above.

The tested wagon is tank wagon Zans 95 m?d
schematically drawn in Fig.1. |Its technical
parameters are in Tab. 1.

Tab. 1. Technical parameters of tested tank wagon

Wagon type Zans 95 m?
Track gauge [mm] 1435
Length over buffers [mm] 16 880
Swivel pivot distance [mm] 11 040
Max. axle load [t] 22.5
Tare [t] 25+ 1%
Mass of loaded wagon [t] 90
s rbttrset ey | 1om+sa0
Operational overpressure [MPa] 0.3
Type of bogie Y25 Ls1-K
Wheelbase of bogie [mm] 1800

1 MEASUREMENT METHOD
AND METHODOLOGY
Measured quantities are presented in Tab. 2 followed

by Tab. 3. where assessed quantities are compared
with limit values.

Tab. 2. Measured quantities

Symbol
Quantity and Method of measurement
unit
Tensometric force-measuring
Longitudinal Fix@.2) sensors under buffers on the
pushing force [kN] buffer beam of cover wagon
Fix = Fuxn@) + Fuxn@)
Az j) Potentiometric distance
-
Wheels’ lifts [mm] Sensors
Cgﬂsf:\e/\gse dy(a. B) Draw wire potentiometric
movements [mm] distance sensors
i v
Speedsgr train [m-s7] GPS sensor
m-S
" GPS sensor (distance
s S
Ptor Sa:itaoge?f measured from the original
(m] position)
AT OA.B Draw wire potentiometric
9 [mm] distance sensors

Tab. 3. Assessed quantities and their limit values

Quantity Criterion Limit value
Longitudiral Bushing | E> i | min. 240 kN
max. mutual

crosswise
Min. overlap of buffer dya)i < movement of

wagons in the

heads [mm] < dyp.max dyp.mAX plane of
buffers heads
467 mm
Wheels lifts over the doicomn i < d
inner rail of the track a@m-ap) = Hmax ) pax. 50 mm
curve[mm] zi(2m)
Wheels lifts over the d < d
outer rail of the track ze(2m). (1)) = Hmax max. 5 mm

curve[mm] ze(2m)

Measuring equipment is summarized in Tab. 4. In
Fig. 2. one of the sensors of the wheel lift is presented.

Fig. 2. Sensor of wheel lift



Tab. 1. Measuring equipment used during measurement

Tab. 2. Cover wagons parameters

Amount Device
2 Electric tensometric dynamometer
4 Draw wire sensor type WDS-750-Z60-S-U
4 Potentiometric distance sensor TR50
1 Sensor Garmin GPS 18X-5Hz
1 Measuring amplifier EMS 5V — 231
1 PC measuring board AD14 with original
software VUKV — AD Anal

3 TEST PROCEDURE AND RESULTS

At the beginning of the description of the
measurement process. it is appropriate to specify the
composition of the test set — Tab. 5 and Fig. 3 and
parameters of the cover wagons — Tab. 6.

Tab. 5. Composition of the test trainset

Bogie platform Discharge wagon
wagon with 2 wheelsets
Wagon type Rs680 Fcc210
Swivel pivot 3
distance[mm] 13000
Wheelbase of 2000 )
bogie [mm]
Wheelbase of ) 6 000
wagon[mm]
Length over
buffers [mm] 19 900 9 800
Buffers category A (590 kN). R =1 500 mm

The static characteristic of the cover wagon buffers
that were in contact with the tested wagon were
measured by Vyzkumny Ustav Zelezniéni (VUZ).
The buffer characteristics of the tested wagon were
checked by the manufacturer and practically
correspond to the type characteristics of this type of
buffer. The test was carried out in the premises of
VUZ Velim on a special track with track geometry
corresponding to the requirements of the UIC leaflet
530-2 — two opposite curves R = 150 m with an added
straight section 6 m long. Before and after the test.
track gauge values were recorded at selected
locations. The required value should be in the range
of 1450 — 1465 mm. The measured value ranged from
1455 to 1457 mm. The control measurement of the

Vehicle order in
the direction of Vehicle Type
travel
land?2 Braking wagons Rmms
3 Braking wagon Eas
4 Cover wagon 1 Fcc?10
5 Tested wagon Zans 95 m?
6 Cover wagon 2 Rs80
7 Pusher locomotive 731.058-4
8 Pusher locomotive 720.099-1
9 Pusher locomotive 721.549-4
1232 g1
/ /
‘.‘ N = s i = et 8
4? Rs I I " Zans 95m3 ( I fee 7
\ 410 5 T} 5 Y 7a3j 469
| |
L Lt

dyh Flan2

7ot 54941 7200981 [ 7310584

Rs E]ans 95m3m Foo E] Fas [::] Rrrms[:] ?mmsE

Flun!

Fig. 3. Scheme of test set and measuring points

Both cover wagons were in a fully loaded condition
during the test. On the opposite front of the cover
wagon — not adjacent to the tested wagon. the
measuring inserts necessary for measuring the tractive
force were mounted under the buffers. thus extending
the length of these buffers by 50 mm. Since the Rs
wagon had new wheels. the overlap of the buffers was
not sufficient even when wagon was fully loaded. it
was necessary to reduce the position of the bumpers
by means of reduction plates.
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position of the track before the test and after the test
did not reveal its displacement. The wagon was
equipped with sensors and subsequently the condition
of the buffer heads was documented. An adequate
amount of lubricant was applied to the buffer heads.
The test train set was checked in terms of parameters
crucial for the test — train formation. condition of
screw coupling. measuring the difference in height of
the buffers of the cover wagon and the tested wagon.
where the bumpers overlap in the range of 90 to



Tab. 7. Results and parameters of test runs

Tractive s Wheel lift in the inner side of the Transversal Wheel lift in the outer side of the
force e track curve UL track curve
buffers
FLx \' dzll dle dz3l dz32 dyA dyB dzll_e dle_e szl_e d232_e
[KN] [km-h?t] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm]
257.4 5.2 1.0 0.3 1.0 0.8 135.1 | 2241 0.1 0.4 1.3 0.5
263.5 5.0 0.8 0.5 0.8 14 130.5 | 232.7 1.3 0.8 1.1 0.4
282.2 6.0 0.8 0.5 0.9 0.4 136.2 | 237.9 1.4 0.8 1.2 0.6
281.1 6.1 0.8 0.5 0.9 0.4 136.4 | 236.0 1.4 0.7 1.2 0.5
273.6 4.3 0.8 0.5 1.6 1.0 135.1 | 232.9 1.4 1.0 1.6 0.5
275.2 6.9 0.8 0.4 1.7 1.3 130.9 | 237.3 1.4 0.8 1.7 0.6
285.2 49 0.8 0.5 1.8 1.4 132.7 | 235.1 1.4 0.8 1.7 0.5
0.0 |
_ [
s0.0 =T
!
% 3.0 :
a |
i 200 :
!
10.0 i
oe 225 30 35 240 245 250 255 * 260 J255 .E."S E&]“ 28 250 255 300
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Fig. 4 The dependence of the wheel lift on the longitudinal tractive force at the inner rail of the curve
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Fig. 5 Dependence of mutual transverse displacements of buffer heads on longitudinal tractive force

105 mm. The screw coupling between the test wagon
and cover wagons has been adjusted in accordance
with the requirements so that the buffers of these
wagons touch without preload on a straight track. The
test was performed by moving the test train at
a constant sped in the range of 4 to 8 km.h* through
the test section of the track under the action of an
approximately constant tractive force. Atotal of 7
measuring runs were performed in the range of
tractive forces from 257 to 285 kN.

A total of 7 measurements were performed with the
Zans 95 m® wagon. of which 5 measured runs were
performed with a tractive force greater than 264 kN
(the required minimum transmissible tractive force is
240 kN + 10%). the remaining two runs were
performed with a tractive force close to 264 kN. All
test runs were performed immediately after each other
without refilling the buffer head lubricant and without
the need for buffer repairs.

The highest value of the tractive force was 285 kN.
No visible wheel lifts of the tested wagon were
observed during any of these tests. the maximum
vertical movements up to 2 mm were evaluated on the
measured wheels. The dependence of the wheel lift on
the longitudinal tractive force at the inner rail of the
curve is shown in fig. 4. The evaluated transverse
movements are significantly lower than the limit
value 25 mm stated for the maintaining the transverse
overlap of the buffer heads. The buffers of the Zans
95 m® wagon did not show any signs of damage after
the test. The dependence of the mutual transverse
displacements of the buffer heads on the longitudinal
tractive force is shown in fig. 5. The post-test
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inspection did not reveal any change in track gauge or
displacement of the test track rail.

CONCLUSION

To verify the ability of the tank wagon Zans 95 m? to
transmit longitudinal tractive forces in the trainset.
a test was performed by pushing wagon in opposite
curves with radius of 150 m. Test runs were
performed with the wagon on aspecial track
corresponding to the requirements of UIC 530-2
leaflet. The test runs were performed with
a longitudinal tractive force ranging from 257 to 285
kN. The recorded wheel lift and mutual transverse
displacements were evaluated in accordance with UIC
530-2 Appendix G. All evaluated quantities are
significantly lower than the limit values set by UIC
530-2 leaflet. In this respect. the Zans 95 m?® tank
wagon meets the safety requirements to be put into
operation.
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Abstract: Comfort for passengers in a vehicle is one of the most important issue when a vehicle is designed and
evaluated. The contents of this article presents some methods, which are used for evaluation and assessment of
the passengers ride comfort in vehicle, both for road and rail vehicles. The fundamentals of methods consist in
evaluation of accelerations measured in given points. Accelerations signals are processed by the corresponding
methods, filtered and finally, the ride comfort index is calculated. Resulted processed acceleration signals are
compared with generalized values of accelerations. They were observed by tests.

INTRODUCTION

The ride comfort for passengers is one of the most
important and investigated issue of the means of
transport. It represents the complex term, which
includes the set of components specifying heating,
acoustic comfort, air quality, however mainly effects
of vibration to passengers. Senses, which relates with
ride comfort, depend on more factors, i. e. vibration
— amplitude, frequency, time of exposition, etc. For
evaluation of ride comfort of passengers in vehicles,
ride comfort indices are used.

Although factors mentioned above have the
significant effect on the ride comfort for passengers,
vibration and shocks are crucial for it. They can even
lead to very negative health problems.

Quantification of ride comfort is performed either by
the direct method, i. e. by evaluation of ride comfort
level on a real vehicle (road or railway vehicle) or by
the indirect method, which is based on knowledge of
accelerations in analyzed locations.
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When vibrations act, some parts of a human body of
the entire human body can vibrate. It depends on the
way of transmission of vibration on a human
organisms and on physical properties of vibrations
(time-period and frequency). If the excitation
frequency and natural frequency are closed to each
other, some parts of a human body can resonate. It
can lead to severe resonance phenomena. In case of
the vertical vibration, natural frequencies of a human
body are in the frequency range of 4 to 6 Hz. In this
frequency range, not only thorax is exposed to the
resonance, but also to resonance of vertebras and a
stomach. For the horizontal direction of total
vibration, resonance vibrations occur about
frequency range of 1 to 3 Hz. Generally, a human
body is able to withstand horizontal vibration (i. e.
perpendicularly to a back bone) better than vibration
in the vertical direction (i. e. parallel with a back
bone). A dynamic model of a human body with
marking of natural frequencies of individual parts is
shown in Fig. 1.
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Fig. 1. A dynamic model of a human body

Accelerations acting to a human body during ride are
the main parameter, based on which ride comfort for
passengers relating to vibrations is determined and
evaluated.

In primary studies focused on evaluation of
vibrations acting on a passenger, limits of comfort
related with influence of vibrations on a human body
were considered in a frequency range of 1 to 12 Hz.
Sperling later developed the method for evaluation
of ride comfort for passengers. He has introduced the
ride comfort index W,. This index has been used for
long time in Europe as the criteria of ride comfort for
passengers.

1 DEFINITION OF PASSENGER RIDE
COMFORT

The ride comfort for passenger is the entire sense,
which is excited in a human body by vehicle body
movements and they are transmitted to the entire
human body through contact points. This sense is
classified as:

e Average sense, which is influenced by
vibrations acting during longer time interval
(several minutes).

e Quasistatic lateral sense, which is evaluated
during vehicle moving in a curve.

o Immediate sense, which is characterized by the
instant change of the average sense due to short-
time event.

Quantification of ride comfort of passengers is most
often performed by the indirect method, i.e.
measurement and processing of relevant data
(accelerations of a vehicle body).
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2 EVALUATION OF PASSENGER RIDE
COMFORT BY THE WEIGHED
METHODS

Evaluation of ride comfort for passenger by the
spectral method consists in determining of effective
values of accelerations ajms in third octave band (for
horizontal and vertical direction) and their
comparing for every band with limit values, which
define boundaries of reduced comfort and of limit
reduced performance in the 1SO 2631-1:1985

standard. It defines limited values for effective
accelerations in various directions x, y and z (Fig. 1).
1.2
—W,
s W,
60 80

J [HZ]

Fig. 1. Boundaries of reduced comfort (dash line), limit of
reduced performance (solid line) for effective values of
accelerations in the third octave band for horizontal
direction

2.1 The method of the 1SO standard

The method based on the ISO 2631 standard is the
basic method for evaluation of vibration effect on a
passenger during moving. This method consists in
the spectral analysis of individual directions and
comparing of effective values. It is necessary to
calculate the modified weighed value of acceleration
ams-w, Which represents the synthetic ride comfort
index. The effective value of the acceleration a;ms in
the third octave band is calculated as following:

ajvrms—w = \/Iz:[wj ( fi ) ' aj,rms ( fi ):IZ 1 J = X1 yv Z, (1)

where w;j(f) = Wq(f) is identical for the x and y
direction, w;j(f) = Wi(f) is valid for the z
direction.

The 1SO standard recommends to include the third

octave band with the middle frequency f; within the

frequency range of 1 to 80 Hz.

The value of the total weighed value of acceleration
is calculated as following:

2

2 2
a'rms—w = ‘\/ax,rms—w + ay,rms—w + a'z,rms—w . (2)



This calculated value is compared with the scale in

Tab. 1.

Tab. 1. The scale for evaluation of the ride comfort

according to the 1SO 2631

arms-w [m'S'Z]

Ride comfort level

less than 0.315

comfortable

0.31510 0.63 less comfortable
0.50 to 1.00 uncomfortable
0.80t0 1.60 quite uncomfortable
1.25t0 2.50 very uncomfortable

more than 2.00

extremely uncomfortable

2.2 The method based on the EN standard

Evaluation of the ride comfort by means of the
EN 12299 standard is based on the indirect method.
Movements of the vehicle body is measured by
means of accelerometers located in a vehicle in the
required locations.
This method is most often used for evaluation of ride
comfort for passengers in a rail vehicle. A human
body is exposed in a rail vehicle to vibrations, which
are transmitted to a human organism by contact
points (Fig. 2):

¢ In standing position.

¢ In seating position.

headrest-neck

armrest-arms

seat-hip

floor-feet

Fig. 2. Contact points

The calculation of the ride comfort includes values
of measured accelerations in individual directions ay,
ay a a; (for ride comfort indices Nwv, Nva, Nvp, Pcr,
Poe) or velocity of a wagon body yaw (for the index
PCT).

2.3 Average comfort — standard method Nmv

Average comfort is calculated by the standard
method and it is marked by the Nwmv index. It
qualifies the ride comfort index on the floor for a
seating passenger. It is necessary to know values of
accelerations in the longitudinal x, lateral y and
vertical z direction for evaluation. Values of
accelerations are frequency weighed by the weighted
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functions Wy and Wy (Fig. 3) in the frequency range
of 0.4 to 100 Hz.
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Fig. 3. Weighed functions Wy and Wqg

The average quadratic values of these accelerations
are calculated as following:

Wi _ 1 P o 2 s
aj, (t)—\/;'lL[M (0)] -dz, j=xy.z,
where T =5sand itis amultiple of 5s.
Modified accelerations values is statistically
evaluated in corresponded directions and sum

functions are determined in histograms. Finally,
there are determined 95-percetiles of distribution
function in 5-second weighed average quadratic
values calculated in time period of 5min. The
procedure of processing of acceleration signals and
calculation of the Nwv ride comfort index is shown in
Fig. 4.

The resulting value of the average ride comfort index
for passenger on the wagon floor Nwy is:

N,, = 6.\/(3‘:’;195 )2 +(a‘;vg’95 )2 +(a¥bgs )2.

)



The calculated ride comfort index is
the scale in Tab. 2.

compare with

INPUT SIGNALS

Acceletarion in the X, ¥ and Z directions.
J L

SIGNAL FILTERING

Filter characteristics according to ISO.
Filter Wy . Wy for acceleration X and y.
Filter Wa . Wp for acceleration Z.
—

JL

STATISTICAL PROCESSING

Drvision of signal 1n section of five seconds.
Calculation of RMS for each section signal.
Calculation of 95 percentile of the RMS distribution, to obtain the
Equivalent accelerations: output 1 @xiwas, tywa9s and dzwpgs.

‘-T\ 7
Ny index calculation.

Fig. 4. Procedure of processing and calculation of ride
comfort index

Tab. 2. The scale for evaluation of the ride comfort index
Nwmv according to the EN 12299 standard

Value of Nmv Ride comfort level
Nmv < 1.5 very comfortable
1.5<Nwmv<25 comfortable
25<Nmv<35 average comfortable
3.5<Nmv<45 uncomfortable
Nmv > 4.5 very uncomfortable

Evaluation of ride comfort by the EN method is very
similar to the ISO standard. The problem of the Ny
method is, that the calculated index of ride comfort is
not possible to assign to particular vehicle position
on a track and to corresponding track irregularities.

2.4 Average comfort — complete method Nva,

Nvp

Complete methods Nya and Nyp quantify comfort
during continuous five-minute running of a rail
vehicle.

The Nva method is based on measurements of
accelerations not only on a floor in the vertical
direction, but also in contact points between a
seating passenger body and a seat in the lateral
direction and in the vertical direction as well as in
the longitudinal direction. By this reason, this
method is more difficult both for real tests on a rail
vehicle and for computer simulations. For
calculation of ride comfort, the 95-percentile is used
and its value is determined by the relation:

+2.[(al,) +(alh, ) +

— Wh
NVA =4. Qpg5

(4)

W
+4 : axF?QS )
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For values of accelerations in the x direction, the
weighed function W; is applied (Fig. 5).
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Fig. 5. Weighed functions Wc

The Nvp method is used for evaluation of ride
comfort for a standing passenger. Accelerations are
measured only on a floor. A calculation of ride
comfort is based on determination of 50-percetil of
measured accelerations in all three directions (X, y
and z) and 95-percetile in the lateral direction (y).
The calculation formula is as following:

Nyo =3-\/16-(a\£§50)2 +4-(a\;VF‘,’50 )2 +(a¥!,b50 )2 +

Wy
+5- a5

(5)

Both complete methods for evaluation of average
ride comfort are characterized, that there is not
possible to assign the calculated values Nya and Nyp
to particular position of a rail vehicle in a track.

2.5 Continuous comfort, Ccx, Ccy and Cc;
methods

As the Nwy method uses 95-percentle of measured
acceleration signals for ride comfort indices
calculation, many information related with level of
vibrations are lost. Therefore, the standard suggests
to take into account all effective values of
accelerations in five-second intervals.

Tab. 3. The scale for evaluation of the ride comfort index
Cocy(t) and Cca(t)

Value of comfort indices [m-s?] | Ride comfort level

Coy(t), Cea(t) < 0.20 very comfortable

0.20 < Ccy(t), Ccz(t) < 0.30 comfortable

0.30 < Ccy(t), Cc(t) < 0.40 average comfortable

uncomfortable

Coy(t), Cealt) > 0.40

This way would allow to perform other analyses and
their comparison with results of measurements of rail
vehicle vibrations. These five-second effective



values of accelerations define time series for x, y and
z directions, which are marked as Ccy, Ccy and Ce;.

2.6 Comfort in curves, Pct method

The method of ride comfort for passengers during
rail vehicle running in curves Pcr is used, when a
number and shape of transverse track sections can
significantly affect the comfort sense. There is
observed, that a passenger is exposed to lower
comfort level, when a rail vehicle enters a curve
track section as well as values of accelerations in the
lateral direction are higher, when a rail vehicle runs
through multiple curves. Moreover, there has been
observed, that lover comfort level relates with the
maximal lateral acceleration, maximal lateral jerk as
well as with the maximal angular velocity of a rail
vehicle body.

The comfort index is calculated by means of
following equation, while the member in squares is
taken in consideration, when its value is higher or
equals to nought:

PCTz(A-y+B-')'/'—C)+D-¢E, (6)

where y is a maximal value of the lateral

acceleration of a rail vehicle in the interval
of entering a curve to its end, the value 1.6 s
is added to it,

Yy is a maximal value of jerk evaluated as

the maximal deviation of two values of
lateral acceleration in a row in the time
interval beginning one second before
entering a curve or an opposite curve until its
end,

@ is a maximal value of an angular velocity
of a rail vehicle body measured one tenth of

a second before entering a curve until its
end,

A, B, C, D and E are values of coefficients
introduced in the standard.

A higher value of the calculated ride comfort index
always means lower ride comfort level.

For evaluation of ride comfort, it is necessary to
obtain values of lateral accelerations in a rail vehicle
body and its angular velocity, at which, the vehicle
movement must take at least two second in the
prescribed section.

2.7 Comfort at the discrete events, Ppe
method
This method is based on the British standard. Ride is

evaluated during tests according to the following
scale:

e Very comfortable.
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e Comfortable.

e Average comfortable.
e Uncomfortable.

e Very uncomfortable.

There has been found out, that the ride comfort level
is decreased during running on a track with large
irregularities and curves transitions. Two variables
are evaluated:

Average lateral accelerations (due a track curvature
and a track inclination).

Value of the lateral acceleration obtained by the
method of peak addition.

Ride comfort is evaluated for both a standing and
seating person.

The ride comfort index Ppe for discrete events is
calculated by means on following formulation:

PDE=A'yP+B'yM -C, (7)

where ¥, is a difference between a maximal and a

minimal value measured in the time interval
of two seconds, while the low pass filter Wy
with the minimal frequency of 10 Hz is used,

Yu is an average value of as acceleration

signal y filtered by the low pass filter in the
same time interval of two seconds,

A, B and C are values of coefficients
introduced in the standard.

The value of the PDE index represents percentage of
passengers, who evaluate the ride as uncomfortable
or very uncomfortable.

CONCLUSION

Analysing of passengers ride comfort is still actual
topic. Subjective sense of comfort, which a
passenger feels in during travelling in a vehicle,
often influences choice of a transport mean. In case
of evaluation of passenger ride comfort by means of
simulation computations, an indirect method is used.
It consists in measuring and identification of
accelerations in corresponding locations. Processed
and calculated values of the resulting acceleration
signals give the ride comfort index. Finally, them are
compared with values in scales.

The first official method focused on the effect of
vibrations on a human body, the ISO 2631 standard
was. It substituted the W, criteria. The ISO standard
defines the average comfort for passengers based on
total effective value of acceleration, which is
weighed in the frequency range by using weighed
functions.

Because of various methods and ambiguous adopting
of weighed functions, the European Committee for



Standardisation has established the standard for
evaluation of passengers ride comfort.
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Simulation of pipeline expansion by an experimental device

Abstract: The essence of this article was the design of an experimental device, which has the task of simulating
the effect of thermal expansion on the proposed compensating elements of selected materials. This device will
later be constructed and used at the Department of Power Engineering at the University of Zilina, as a teaching
aid. The calculations in the article were processed in the form of numerical calculations of selected
compensation sections and calculations performed in the calculation program CAE Pipe.

UVvOD

moézu eskalovat’ k prekroceniu dovoleného napitia
potrubného materialu. Sila, ktord vznika ako tlakova
sila pri dilatacii a tahova pri zmr$tovani materialu,
je rovnako namahava pre spoje a uloZenia potrubia.
Preto je velmi dolezité tepelnt dilataciu potrubia
vyrovnavat’ bud’ vlastnou pruznostou potrubia alebo
kompenzatormi [1]. Navrh potrubnej siete musi
okrem toho pozostavat’ z vypoctov hriubky steny rary
a dovoleného napétia potrubia, pricom sa jedna
0 komplexné vypolty =zahfnajuce v sebe vplyvy
zat'azovacich stavov, prevadzkovych podmienok,
vlastnosti pouzitych materialov, apod. [2]. Téme
dilatacie potrubia sa venovalo uz mnoZstvo prac,
pricom naj¢astejSie sa zaoberali navrhom potrubne;j
trasy, vplyvmi tepelnej dilaticie na potrubnu siet,
skimanim tepelnej roztaznosti réznych materidlov,
pripadne aj dilataciou potrubia na nase pomery
v nekonvenénych podmienkach [3-5].

Riesenie prace spocivalo v navrhu experimentalneho
zariadenia na simulaciu dilatacie potrubia a jeho
moznych variant, ktoré bude sluzit ako ucebna
pomdcka pri vyucbe danej problematiky. Inspiracia
autorov z hladiska vypracovania prace pramenila
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Z principu spracovania prace o vyuziti tepelnych
trubic na prenos tepla zo spalinového priestoru [6].
Pouzit¢é kompenzaéné prvky v experimentalnom
zariadeni predstavovali tri druhy prirodzeného
kompenzatora (,,L* kompenzator, ,,Z* kompenzator a

,»U“ kompenzator) a jeden variant axialneho
vlnovcového kompenzatora. Prirodzené
kompenzatory boli navrhované pre 3 druhy

materialov (pozinkovana ocel’, polyetylén a med),
pre variant s axidlnym vlnovcovym kompenzatorom
sa uvazovalo potrubie z pozinkovanej ocele. Pre
vSetky varianty kompenzatorov sa uvazovalo s
vypoétovou dizkou dilataéného useku 2 m. Vypodty
v praci boli rozdelené do dvoch ¢asti na numerické
vypolty, zalozené na zakladnych vztahoch pre
definovanie dilataénych posunov a Kk nim
prislichajicich rozmerov danych kompenzacnych
prvkov, a vypoCty vykonané vo vypoctovom
programe CAE Pipe, pre ziskanie presnejSich udajov
o dilatatnych posunoch, velkostiach sil na pevné
body a napitiach pdsobiacich na potrubné useky.
Hlbsej analyze podsobenia napiti na potrubie sa
nevenovala pozornost’. Ak by boli kladené naroky na
skimanie potencionalnych deformacii potrubia,
v kontexte prace by takéto rieSenie mohlo posobit’
kontra-produktivne, v dosledku komplikovanosti



celého procesu aucelu prace [7]. Vyhodu
programového prostredia CAE Pipe predstavovala
moznost’ ziskania danych tdajov v rdznych
zatazovacich stavoch. Pre potreby prace sa
uvazovalo so zat'azovacimi stavmi vplyvom vlastnej
tiaze potrubia (Empty weight - W1), vplyvom teploty
(Expansion - T1) a vplyvom hmotnosti, pretlaku a
teploty (Operating — W1+P1+T1).

1 EXPERIMENTALNE ZARIADENIE

Obrazok 1 znazornuje blokovu schému
navrhovaného zariadenia, ktoré bude pozostavat’ z:

1. Regulatnej jednotky JULABO na regulaciu
teploty cirkulujucej vody.

2. Meracej tstredne na snimanie povrchovej teploty
potrubia pomocou kontaktného snimaca teploty.

3. Pocditaca na spracovanie a vyhodnotenie udajov
Z meracej ustredne.

4. Z prirodzeného, resp. axidlneho kompenzatora, na
ktorych sa budit simulovat vplyvy tepelnej
dilatacie. Tieto buda tvorit komplexné
kompenza¢né useky, ktoré budi obsahovat
dopliujuce prvky ako manometer, odvzdusnovaci
ventil, meradla na vizualne odcitanie dilatacnych
posunov, pevné body aklzné uloZenia pre
ulozenie dilata¢ného iseku na tabuli so stojanom.

1. —— @ kompenzator

Julabo

4.
3.

2. ;
PC Meracia
ustredia
=

Obr. 1. Blokova schéma experimentalneho zariadenia

I

Obr. 2. Detail meradla

Na obr.3 je zobrazeny 3D model navrhovaného
zariadenia vo variante s prirodzenym ,,U“ kompen-
zatorom. Julabo FP35-HL predstavuje vykurovacie
obehové Cerpadlo s rozsahom pracovnych teplot -
35 °C az +150 °C, s vykurovacou kapacitou 2 kW.
To bude spojené svetvou kompenza¢ného useku
pomocou flexibilnych hadic na vodu, ako privod
aodvod cirkulujacej vody. Meracia Gstrediia bude
sluzit’ na snimanie povrchovej teploty potrubia cez
vstup pre kontaktny snima& Pt100. Ulohu odvzdus-
novania okruhu bude vykonadvat odvzdusiovaci
ventil DISCALSLIM Caleffi pre horizontalne
potrubia, s maximalnym prevadzkovym tlakom Sbar
ateplotou 110°C. Velkost dizkovych zmien
v dilataénych usekoch bude znazornend pomocou
rysky umiestnenej na konci tuseku a diZkového
meradla (obr. 2).

2 NUMERICKE VYPOCTY

V Casti  numerickych vypoctov boli vykonané
vypocty dilatdcii jednotlivych materidlov pre
potrubia s dizkou 2 m, spolu s vypoétami rozmerov
prirodzenych kompenzatorov ,,U%, ,,Z“ a ,,L*.

Pri vypoéte tepelnej dilatacie sa vychadzalo zo
zékladného vzt'ahu [8]:

Obr. 2. 3D model experimentalneho zariadenia — ,,U*“ kompenzator
o/



AL=L-a- AT [mm] 1)

Pre sucinitel’ teplotnej roztaznosti a sa uvazovalo
s hodnotami zobrazenymi v tab. 1.

Tab. 1. Hodnoty sudinitePov teplotnej rozt’aznosti

Pri vypoétoch rozmerov prirodzenych
kompenzatorov sa vychadzalo zo vztahu pre vypocet
dizky volného ramena, zaroveii jednotlivé oznaGenia
rozmerov su objasnené na obr. 4 [8]:

L=C-D-AT [mm] 2
Material Sudinitel’ teplotnej rozt'aznosti [K™]
ocel’ 1,2:10° L, > L [mm] (3)
med’ 1,8:10° 2
PE 18105 Ziskané rozmery kompenza¢ného ramena su
znazornené v tab. 3, pre tri druhy materialov pri
AL/2 _ LAL2
A — [E—
PB KU KU PB
= Lo- povodna dizka potrubia
AL - dizkové predizenie
L, - dizka kompenza&ného ramena
' PB Ly - sirka kompenzatora
PB - pevny bod
KU - klzné uloZzenie
Ly

—

-—

Obr. 4. Rozmery ,,U“ kompenzatora

Pre ucely tohto ¢lanku bol zo vsetkych uvazovanych
kompenzatorov vybrany variant ,,U* kompenzatora
ako priklad, ked’ze princip vypoctov prirodzenych
kompenzatorov bol totozny vo vSetkych vybranych
typoch. Pre tieto typy kompenzatorov sa pocitalo
s vonkajs$im priemerom potrubia D = 32 mm.

Pomocou spominaného vztahu (1) boli vypocitané
dizkové prediZenia potrubia sdizkou 2m, pri
roznych teplotnych zmenach. V praci sa neskor pri
navrhoch zariadenia a vypoctoch v programovom
prostredi CAE Pipe uvazovalo s teplotnou zmenou
AT =50 K. Ziskané vysledky teplotnych predizeni su
znazornené V tab. 2.

Tab. 2. Teplotné prediZenie pre riry 2 m

AL pre ?mmm;]aotrubia PE Ocel Med®
AT =10 K 3,6 0,24 0,36
AT=20K 7,2 0,48 0,72
AT =30 K 10,8 0,72 1,08
AT =40K 144 0,96 1,44
AT =50 K 18 1,2 1,8
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ro6znych teplotnych zmenach.

Velkost kompenzaéného ramena zavisi od
mechanickych vlastnosti pouzitych materidlov, ako
aj od hodnoty stginitel'a teplotnej roztaznosti. Cim
vys$$iu hodnotu vykazuje, tym sa kladu vicsie
priestorové naroky na konStrukciu prirodzeného
kompenzatora, ¢o vyplyva aj z tab. 3.

Tab. 3. Rozmery kompenza¢ného ramena L

L1 [mm] PE Ocel’ Med’
AT =10K 290 100 54
AT =20 K 410 141 77
AT =30 K 502 173 94
AT =40 K 580 200 109
AT =50 K 648 223 121

3 ANALYZA VYPOCTOV V PROGRAME
CAE PIPE

Ziskané navrhy kompenzacnych prvkov
z numerickych vypoctov boli zadavané ako modely
do vypocétového programu CAE Pipe. Pre potreby
prace sa pracovalo s programovou verziou CAE Pipe



EVAL 10.10 (Studentska verzia vol'ne dostupna na:
<https://www.sstusa.com/piping-software-
download.php>). Ta v dostato¢nej miere ponutkla
moznost’ analyzy dilatacnych posunov prirodzenych
kompenzatorov a velkosti sil na pevné body,
Vv zat'azovacich stavoch:
e Empty weight (W1) — vplyvom vlastnej tiaze
potrubia.
e Expansion (T1) — vplyvom teploty.
e Operating (W1+P1+T1) — vplyvom tiaze, tlaku
a teploty.
Pri axialnom kompenzatore sa skimali sily na pevné
body spolu so stlacenim kompenzatora, pricom

uéinky kompenzatora na potrubny tsek boli
porovnavané s rovnou vetvou potrubia s dlzkou 2m

bez kompenzatora, uloZzenou pomocou dvoch
pevnych bodov.
Tab. 4. Pouzité materily a vstupné udaje vypoctov
PE Pozinko,vanai Med’
ocel
. EN 1.0425
Material EN 15494 (P265GH) EN 1057
Prac. teplota 65 °C
Prac. tlak 5 bar
Obrazok 5 znazornuje animaciu dilatacie

jednoduchého potrubného useku ,,U* kompenzatora,
uloZzeného pomocou troch pevnych bodov a dvoch
osovych vedeni. Analyza bola vykonana na zaklade
vstupnych udajov a materialov podla tab. 4.

e

Obr. 5. Dilatacia potrubného useku

Vysledky dilatacnych posunov a uhlovych vychyleni
Vv sebe zahffiali hodnoty nadobudnuté v troch
rovinach X, Y, Z, ¢o dodalo vysledkom reélnejSiu
predstavu o spravani sa potrubného useku v praxi,
vplyvom rdznych zatazovacich stavov.

89

Obr. 6. Detail ,,U* kompenzatora

Na obr.6 je =znazorneny detail U

ohybov
kompenzatora z obr. 5, ktoré podla predpokladov
vykazovali najvéacsie hodnoty dilataénych posunov.
Jednotlivé oznacenia prvkov potrubného tuseku
prislichaji k ozna¢eniam vyjadrenym v tab. 5, ktora
obsahuje maximalne hodnoty posunov v osi X aY

[mm], ahodnoty uhlovych vychyleni [°] pre
materialy PE, pozinkovana ocel’ a med, v troch
zvolenych zat'azujlcich stavoch.

Tab. 5. Hodnoty maximalnych posunov a uhlovych vychyleni

Uzol FX [N] FY[N] | MZ[Nm]
10 -16 -10 -2
PE
50 0 -165 0
9 16 -10 2
Uzol FX [N] FY[N] | MZ[Nm]
10 -670 -79 -20
OCEL
50 0 -1945 0
1) 670 -79 20
Uzol FX [N] FY[N] | MZ[Nm]
5 10 -1447 -56 -14
MED
50 125 -1458 1
9 1322 -51 13

Tabul'ka 6 obsahuje vysledné hodnoty sil na pevné
body pre materialy PE, pozinkovana ocel a med’,
Vv zatazujicom stave Operating.

Pri porovnani dosiahnutych vysledkov dilatacii
numerickym vypoftom a vypoCtom v programe,
hodnoty vykazuji zna¢nu odchylku. Je to spdsobené
najmi tym, ze vypoctovy program CAE Pipe pocital
Srealnymi podmienkami zatazovacich stavov
a namahaniami vo vsetkych smeroch, tzn. s axidlnym
a lateralnym zat'azenim potrubného useku.



RozloZenia napidti posobiacich na jednotlivé
potrubné tuseky st znazornené na obr.7, 8 a9.
Najvicsie hodnoty vykazovalo potrubie z ocele
a naopak najnizsie potrubie z PE, pre svoje dobré
elastické vlastnosti. Nevyhodou tohto druhu potrubia
vSak je velka miera teplotnej roztaznosti as fiou
spojené priestorové ndroky na ulozenie potrubia,
resp. kompenzaciu dilatacie.

Tab. 6. VePkosti sil na pevné body v zat’azovacom stave
Operating

Empty weight Expansion Operating
PE (W1) (T1) (W1+P1+T1)
# |[Hodnota| # | Hodnota | # | Hodnota
>< = Min| 30 | -0,010 | 70 -6,890 | 70| -6,880
E Max [ 70 0,010 30 6,890 30 6,880
. = Min | 40 | -0,033 | 60 -1,720 | 60| -1,753
Elmax| 10 | 0000 |30 2647 [30| 2614
N = Min| 30 | -0,016 | 70 -1,381 |70 -1,365
N = Max [ 70 0,016 | 30 1,381 30 1,365
Empty weight Expansion Operating
OCEL (W1) (T1) (W1+P1+T1)
# |Hodnota| # | Hodnota | # | Hodnota
« = Min | 30 0,000 | 70 -0,464 | 70| -0,464
= Max [ 70 0,000 | 30 0,464 30| 0,464
. = Min | 10 0,000 | 60 -0,004 |60 (| 0,000
Elmax| 30 | 0000 [30| 0141 |[30] 0141
N — Min | 80 0,000 | 40 -0,154 | 40| -0,154
Max [ 20 0,000 | 60 0,154 60 | 0,154
Empty weight Expansion Operating
MED (W1) (T1) (W1+P1+T1)
# |[Hodnota| # | Hodnota | # | Hodnota
>< g Min | 30 0,000 | 70 -0,656 | 70| -0,656
E Max | 30 0,000 30 0,645 30 0,646
. g Min | 10 0,000 10 0,000 10| 0,000
£, Max | 30 0,000 30 0,206 30 0,206
N — Min| 80 | -0,001 | 30 -0,369 |30 -0,369
N Max | 20 0,001 70 0,359 70 0,359
" v
t
.1.3811\/;’a\ Wy
— N
1.335 MPa {
1.319 MPa

Obr. 7. RozloZenie napiiti v potrubi z PE
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Obr. 8. RozloZenie napiiti v potrubi z ocele
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m 2.801 MPa
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Obr. 9. RozloZenie napiiti v potrubi z medi

ZAVER

Aj ked’ je otazka dilatacie potrubia v praxi dlhodobo
komplexne objasnend, da sa 0 navrhovanom
experimentalnom zariadeni tvrdit, ze ako ucebna
pomdcka na akademickej pdde splni svoj ucel.
Studenti budi moct vdaka tomuto zariadeniu
pozorovat vplyv tepelnej dilaticie na potrubni
ststavu a analyzovat' jej spravanie pri roéznych
simulovanych podmienkach. Ako najvhodne;jsi
variant spomedzi navrhovanych Vv praci sa javi
zariadenie s prirodzenymi kompenzatormi z PE, pre
vysoki mieru tepelnej roztaznosti materidlu
v porovnani s ocelou alebo medou. To umozni
pozorovatelom vidiet zmeny diZkovych rozmerov
potrubia aj vol'nym okom. Vd’aka takej sktsenosti sa
mézu ich nadobudnuté vedomosti viac prehibit
a pre tych, ktorych dana téma oslovi, sa otvaraju
d’alsie moznosti v podobe zdokonalovania sa vo
vypocCtovych programoch pre dant problematiku,
ako napriklad program CAE Pipe vyuzity v tejto
praci.

ZOZNAM SKRATIEK A ZNACIEK

Ao efektivna plocha kompenzatora [m?]
¢ tuhost kompenza¢ného prvku [N-mm]
C materidlova konstanta [-]
D vonkajsi priemer rary [m]
DN svetlost’ potrubia [mm]
Fc celkova osova sila do pevného bodu [N]
Fp sila vplyvom dilatacie potrubia [N]
Fn sila od tiaze potrubia [N]
Fp sila od pretlaku v potrubi [N]
Fr sila od trenia ostatnych ulozeni [N]



g gravitaéné zrychlenie [m-s?]

L  dizka potrubného useku [m]
Lm montazna dizka (po predopnuti) [m]
L, Sirka kompenzatora [m]
L, volna dizka kompenzatora (pdvodna) [m]
L; dizka kompenzatného ramena [m]
m, nominalna hmotnost’ potrubia [kg-m?]
Mpcetk  nominalna hmotnost’ potrubia [kg-m™]
Pmax maximalny pretlak v ststave [Pa]
Tmax maximalna teplota média [°C]
Tmin minimdalna teplota média [°C]
Tmon montdzna teplota [°C]
a  sucinitel teplotnej rozt'aznosti [K1]
4 predpétie kompenzatora [mm]
AL dizkova zmena materialu vplyvom teploty  [m]
AT teplotny gradient [K]
A celkova kompenza¢na schopnost’

kompenzatora [mm]
4 sudinitel’ trenia v ulozeni [-]
Pod’akovanie
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Urcenie tlakovej straty timicov hluku
vo vzduchotechnike experimentalne
a pomocou CFD metod
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Determination of the local pressure loss coefficient experimentally and using
CFD methods

Abstract: When designing air conditioning systems, it is necessary to pay attention to the level of noise
generated during the operation of such a system. Each of the components of the air conditioning system either
absorbs or generates noise. Noise in pipes and fittings can be reduced to the required level by dimensioning the
pipes. However, noise generated by the fan itself must be eliminated in another way. To eliminate fan noise,
silencers are used in the duct just behind the air handling unit. For the correct design of the silencer, it is
necessary to pay attention not only to its acoustic attenuation, but also to the pressure loss. If the pressure drop of
the muffler is too high, noise will occur directly in the muffler. The pressure losses of the dampers are
determined mainly experimentally. Based on the performed measurement, a CFD model of the selected damper
was constructed, where the influence of various parameters on the value of the pressure loss of the selected
damper was investigated.

UVOD
V sucasnosti sa kladie velky doraz na znizovanie
hluku spojeného s prevadzkou klimatizaénych

1 UTLM HLUKU
VO VZDUCHOTECHNIKE

systémov, preto st do potrubnej siete zabudované
komponenty, ktorych tlohou je tento hluk tlmit' a
absorbovat. Pre spravny navrh systému je vsSak
potrebné poznat tlakova stratu jednotlivych
komponentov potrubnej siete. Pri  praktickom
navrhovani tlmi¢a sa Casto zabtida na pokles tlaku
tejto stcasti a hodnoti sa iba jej akustické tlmenie
zvuku.

Dnes je neoddelitelnou stcastou réznych merani a
experimentov  vypoctovy model konStruovany
pomocou metdod CFD. Vytvoreny vypoc¢tovy model
musi byt overeny meranim. Tento overeny model
moze vyrazne ulahCit’ d’al§ie experimenty, pretoze sa
da pouzit’ na rieSenie podobnych tloh.
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Systémy vzduchotechniky musia splfat’ prisne
hygienické normy, ktoré ur¢uju maximalne hodnoty
hluku v priestore. Preto je nevyhnutné eliminovat
hluk a vibracie Siriace sa zo zdrojov do ostatnych
konstrukcii. Zariadenia je nutné opatrit’ réznymi
tlmi¢mi, vlozkami apod., kedze Ciastocny
prirodzeny utlm hluku v potrubiach a tvarovkach nie
je postacujuci [1].
Okrem tlmenia hluku pomocou réznych prvkov
sluziacich na atlm hluku je mozné vyuzit' aj tzv.
pasivne prvky. Tie sa delia do nasledujticich
kategorii:
e Redukcia zdroja—hodnota akustického hluku
ventilatora je zavisla od otacok ventilatora,
preto je nutné ventilator spravne navrhnut.



e Dispozicia — je potrebné dbat’ na rozmiestnenie
jednotlivych zdrojov hluku.

e Zvukové izolacie — odizolovanim zariadenia a
skvalitnenim akustickych vlastnosti konstrukeii,
ktoré oddelujii zdroje hluku od chranenych
priestorov.

e Zvukova pohltivost’ — materidly s dobrymi
absorpénymi vlastnost'ami, pouzitych ako napr.
obklady alebo antivibracné natery zvySuju
pohltivost’ konstrukcie [2].

1.1 TImice hluku

Za ucelom znizenia prenaSanej akustickej energie su
do potrubnej siete vkladané tlmice hluku. Tieto
obsahuju  materidly schopné pohlcovat’ hluk.
Funkciou tlmi¢a je znizenie hluku, ktoré je
dosiahnuté rozdielom hladin akustického vykonu
pred aza tlmi¢om. TImi¢ hluku ako taky sam
sposobuje aj tvorbu hluku. Tato vlastnost’ je
nazyvana vlastny akusticky vykon tlmica a je zavisla
hlavne od rychlosti pridenia vzduchu v tlmici, ako aj
od inych parametrov tlmica. Optimalna rychlost
pradenia vzduchu v tlmi¢i hluku je do 5 m-s [1].

Akustika rozdeluje tlmice hluku na reflexné
a absorpcné. Avsak reflexné tlmice nemaju vo
vzduchotechnike velké pouzitie. Pre dodrzanie
nizkej prietoénej rychlosti vzduchu v tlmic¢i je
potrebné zvicSovat’ prierez tlmica, tym padom rastie
aj jeho cena. Pozname r6zne prevedenia absorpénych
tlmicov [1].

1.2 Kulisové tlmice

St zlozené z kulis, ktoré su vyhotovené najcastejsie
z mineralnej viny. Samotny tlmi¢ pozostdva zo
Stvorhranného potrubia, ktoré je po stenach oblozené
tlmiacimi vlozkami, alebo st do neho vlozené kulisy
vroznom pocte aSirke (obr.1). Volbou poétu
arozmerov vlozenych kulis je mozné regulovat
akusticky vykon daného tlmi¢a hluku [2].

Obr. 1. Kulisovy tlmi¢
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2 TLAKOVE STRATY

Odpor proti pradeniu je sposobeny jednak trenim
tekutiny o steny potrubia (straty trenim), ako aj
zmenou geometrie alebo zmenou smeru prudenia
(miestne straty). Hydraulické straty sa vyjadruji ako
nasobok kinetickej energie jednotkou hmotnosti
tekutiny.

Za predpokladu, ze kazdy hydraulicky odpor sa
prejavuje nezavisle na ucinku ostatnych odporov.
Celkova tlakova strata je tym padom dana stctom
jednotlivych strat [3].

2.1 Tlakové straty trenim

Tlakové straty trenim v potrubi je mozné vypocitat
pomocou Darcy-Waisbachovej rovnice (1):

e, =41

z,t

V2 N
Y [J-kg™] 1)

|

d
Na vyjadrenie tlakovej straty, mézeme tto rovnicu
napisat’ v tvare (2):

(2)

Stcinitel’ trenia A je vo vSeobecnosti dany funkciou
(3). St v fiom zahrnuté vlastnosti dopravovaného
média ako aj vlastnosti potrubia:

A=f(v,v,d k) (3)
Pri dostatoéne dlhych potrubiach diZka potrubia
neovplyviluje tento faktor, z ddévodu linearnej
zavislosti. Pre rdozne velkosti potrubi ako aj pre
rozne rychlosti sa funkéna zavislost' koeficientu
trenia vyjadruje pomocou Reynoldsového cisla
a pomeru medzi drsnost'ou a priemerom (4) [3]:

A=f(Rek/d) (4)

2.2 Drsnost’ steny potrubia

Vseobecne sa drsnost’ urcuje vySkou vystupkov
nerovnomernosti povrchu. Oznacuje sa k. Pozname
viac druhov drsnosti potrubia.

Absolutna drsnost’ je vyska vystupku nerovnosti
povrchu. Pre vypocet vSak nie je mozné tto hodnotu
dobre vyuzit, ked'ze vyska jednotlivych vystupkov
nie je rovnaka.

Stredna drsnost’ sa urcuje ako stredna hodnota vysky
vystupkov na povrchu. Bola zavedena ako hodnota
pre vypocty.

Pomerna drsnost je urCenda ako pomer medzi
strednou hodnotou drsnosti a priemerom potrubia.
Tato hodnota lepSie vystihuje vplyv drsnosti na
sucinitel’ trenia ako samotna stredna hodnota drsnosti

[3].



2.3 Sufinitel’ trenia pre kruhové potrubia
Spociatku bol sucinitel trenia povazovany za
konstantny. AvSak postupne sa ukazalo, Ze je zavisly
od hodnoty strednej rychlosti pradenia. Jeho hodnota
je ovplyvnend hlavne typom pradenia a velkost'ou
Reynoldsového cisla. Ked'Ze neexistuje univerzalny
vzorec na vypocet tohto koeficientu, je nutné poznat
hodnotu Re.

2.4 Miestne tlakové straty

Pri¢inou vzniku tychto strat je lokalne naruSenie
pradu. Pri takomto naruseni dochadza k deformacii
rychlostného profilu pradenia. Dosledkom takéhoto
naruSenia sa prud zvykne odtrhnit’ od steny, takze
vznikaju virové oblasti. Jednotlivé viri st potom
pradom odnasané v smere prudenia, postupne sa
rozpadaju na mensSie, az sa celkom rozplynu. Ich
kineticka energia sa pri rozpade meni na teplo.

Tlakova strata sa urCuje podla Bordovho vztahu
miestnych strat (5). AvSak vypocet miestnych
tlakovych strat pomocou tohto vzorca sa vel'mi ¢asto
li$i od skuto¢nych hodndt zistenych experimentalne.
Tato metdda vypoctu je odvodend od rozdielu
rychlosti pred a za prvkom, ktory miestnu tlakovua
stratu spdsobuje:

2
P, zg-(vl ~v,)’ [Pa] (5)
Spdsob vypoctu tlakovych strat pomocou Bordovho
vztahu, je najpresnejSi pri skiamani miestneho
odporu pri nahlom rozsireni alebo zizeni pradu, kde
je rozdiel rychlosti najvyrazne;jsi.
NajspolahlivejSou metédou urenia miestnych
tlakovych strat komponentov systému je na zaklade
zistenia stcinitel’a miestnych tlakovych strat ¢.
Stcinitel’ ¢ sa vzdy vztahuje na rychlost’ prudenia,
ktora je dana plochou prierezu potrubia. Ak
vychadzame z podmienky, ze tlakova strata sa
nemeni, je mozné prepocitat’ tento koeficient na iny
prierez potrubia. Dany prepocet vychadza zo vzt'ahu

(6):

2 2

I (6)
Sy PT, P
V sGCiniteli miestneho odporu ja  vicSinou
obsiahnuta aj tlakova strata trenim alebo strata
dynamického tlaku. Pri zistovani koeficientu

miestnej tlakovej straty byva prvok vlozeny do
potrubia, tym padom je v suciniteli ¢ obsiahnuta aj
tlakova strata vyrovnanim rychlostného profilu.
Prvky radené bezprostredne za sebou so znamym
koeficientom miestnej tlakovej straty sa navzajom
ovplyviiuji. Z toho vyplyva, Ze vysledna hodnota
tlakovej straty sa nebude rovnat’ jednoduchému suctu
tlakovych strat tychto vlozenych odporov [4].

94

2.5 Sucinitel’ miestnych tlakovych strat

Hodnota tohto suéinitela je zavisla od geometrie
miestneho odporu a od rychlosti pradenia tekutiny.
Jeho urcenie prebieha experimentalne a je platny len
v rovnakych podmienkach, pri ktorych bol urceny,
alebo vo fyzikalne podobnych pripadoch [4].

3 MODELOVY TLMIC HLUKU

Pre urcenie koeficientu miestnej tlakovej straty je
navrhnuty modelovy tlmi¢ hluku.

Vonkajsi plast tlmica je Stvorhranné potrubie z
pozinkovaného plechu ukoncené prirubami.

Ram vlozky tlmic¢a je vyrobeny z pozinkovaného
plechu. Vlozena absorpénd vyplii je vyrobenia z
nehorlavého, zvukovo-izolaéného materialu,
obojstranne potiahnutd laminovanou, hygienicky
nezavadnou latkou. Vlozend minerdlna vlna je
hygienicky nezdvadna, odolnd proti hnilobe a
odpudzuje vlhkost. Pri navrhovanej dizke kulisy sa
izolacia stabilizuje vystuzou. Zavesy su pripevnené k
plastu potrubia nitmi.

3.1 KonStrukcia a rozmery

Tlmi¢ hluku bude pozostavat zo Siestich kulis
osadenych v hranatom potrubi. Rozmery potrubia st
uvedené na obr. 2. Nezaplneny prierez tlmica bude
pozostavat zo siedmych medzier medzi kulisami.
Rozostupy medzi jednotlivymi kulisami budu
o dizke 66 mm, pric¢om rozstup medzi vonkajsimi
stenami potrubia a kulisami bude 33 mm.

1000

1000

2600

Obr. 2. Prie¢ny rez modelovanym tlmi¢om hluku

Kazda z osadenych kulis bude o potrubie pripevnena
pomocou nitov. Rozmery kulisy st uvedené na



obr. 3. V nasom pripade bude v tlmi¢i osadenych
Sest’ tlmiacich kulis.
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Obr. 3. Kulisa vloZena v tlmi¢i hluku

Privod vzduchu do systému bude zabezpeceny
pomocou potrubného axiadlneho ventilatora, ktory
bude dopojeny na potrubie s rozmerom
500x500 mm. Dizka pripojného potrubia bude v
tomto pripade 1500 mm. Samotny tlmi¢ hluku je
osadeny v potrubi s rozmermi 1000x1000 mm, ktoré
je z privodnym potrubim spojené pomocou
symetrického prechodu pre Stvorhranné potrubia s
uhlom 45°. Za osadenymi kulisami bude pokracovat’
potrubie s rovnakymi rozmermi aby doslo k
ustaleniu prudenia. Cela skon$truovand zostava je
zobrazena na obr. 4.

4.1 Meranie modelového tlmi¢a hluku

Meranie sa uskuto¢nilo na skutoénom tlmici,
skonstruovanom tak, ako je znazornené na obr. 4.
Experiment pozostaval z merania poklesu tlaku,
teploty a prietoku. Prietok sa tiez meral pomocou
Wilsonovej mriezky s tlakovym prevodnikom
Airflow PTSXR-K, aby sa zvysila presnost’ merania.

Jednotlivé meracie pristroje boli spojené tak, ako je
to znazornené na obr. 5.

Privod vzduchu k meranej klapke je zabezpeceny
pomocou axialneho potrubného ventilatora s
maximalnym  prietokom  vzduchu 9000 m*h7,
Objemovy prietok ventilatora bol regulovany
pomocou frekvenéného menica. Ventilator bol
pripojeny k potrubiu s rozmermi 500x500 mm.
Samotny merany tlmi¢ je namontovany v potrubi s
rozmermi 10001000 mm, ktoré je pripojené k
privodnému potrubiu potrubnym priechodom.

4.2 Postup merania

Boli vykonané jednotlivé merania pre ro6zne hodnoty
objemového prietoku. Regulacia prietoku sa
uskutoc¢novala pomocou frekvencného menica.
Meranie tlakového rozdielu sa uskutoc¢novalo podl'a
obr. 5 v bodoch 1 a2.

Vysledna rychlost’ sa urcila ako aritmeticky priemer
merania na Wilsonovej mriezke a priemernd hodnota

1500 1000 2600 1000 1500
—————
e ——
B
1000 | 1500 I 100

Obr. 4. Pozdizny rez modelovanym tlmi¢om hluku

4 MODELOVY TLMIC HLUKU

Vykonany experiment bol navrhnuty na ziklade
normy STN EN ISO 7235. Na stanovenie koeficientu
lokalnej tlakovej straty je potrebné vykonat
najmenej pat réznych merani pri rdznych
objemovych prietokoch.

Modelovana zostava a zariadenie na meranie strednej
hodnoty statického tlaku na oboch stranach
skuSobného objektu a celého jeho poklesu tlaku
musia byt také, ako je to znazornené na obr. 5. Tlak
v potrubi sa musi merat’ kalibrovanym manometrom.
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namerand pomocou rychlostnej sondy ALMEMO.
Namerané a priemerné hodnoty rychlosti sa vztahuja
na prierez potrubia s rozmermi 500x500 mm.

Z nameranych hodndt rychlosti sa nasledne pomocou
rovnice (7) stanovil objemovy prietok potrubim:

Q=S-v-p (7

Hodnota koeficientu miestnej tlakovej straty ¢ sa
vypocita podl'a rovnice (6). Pretoze samotny tlmic je
umiestneny v potrubi s rozmermi 1000x1000 mm, na
stanovenie koeficientu lokalnej tlakovej straty & pre
tlmi¢ sme museli prepocitat’ nameranu rychlost’ na
hodnotu v danom priereze. Tato premena sa
uskutocnila pomocou rovnice kontinuity:



(8)

Vysledna hodnota ¢initela ¢, ako aj rychlost’
pradenia v $irSej Casti potrubnej zostavy je uvedena
v tab. 1.

Dalsim krokom bolo vyhotovenie rozdelenia modelu
na prvky pomocou metédy konecnych objemov.
Bola zvolena siet pozostavajica z pyramidovych
elementov v kombinacii s prvkami v tvare kvadra
pred aza potrubnym prechodom. Vytvorena siet’

L2

Obr. 5. Schéma merania tlakovej straty podPa STN EN ISO 7235 (1-meranie statického tlaku proti prudeniu pred ski$anym
objektom, 2-meranie statického tlaku po prude za sku$anym objektom, 3-manometer, 4-kulisovy tlmi¢, 5-smer prudenia,
6- meranie prietoku)

Tab. 1. Vysledky merania

Frekvencia V1 V2
ventilatora [Hz] [m.s?] [m.s?] <

20 4.40 1.10 6.2
22 4.85 1.21 5.8
24 5.30 1.33 6.2
26 5.74 1.44 7.2
28 6.16 1.54 8.9
30 6.64 1.66 8.9
32 7.08 1.77 8.9
34 7.44 1.86 8.9
36 7.99 2.00 6.9
38 8.40 2.10 6.9
40 8.82 221 7.5

Aritmeticky priemer 7.48

5 CFD Model

Na zaklade realne zostrojeného tlmica hluku bol
zostrojeny CFD model pomocou softvéru Ansys
Fluent.

Utelom tohto modelu bolo vypogitat’ tlakova stratu
azaroven zistit, aky vypoltovy model je
najvhodnej$i pre dant aplikaciu.

Pre pouzitie numerickych metoéd na vypocet tlakovej
straty bolo nutné zostrojit' trojrozmerny model
redlneho tlmic¢a hluku, na ktorom bolo vykonané
meranie.Geometria bola vyhotovena pomocou
softvéru Ansys Design Modeler.

96

bola zahustena v oblasti vstupu a vystupu z medzier
medi jednotlivymi kulisami tlmic¢a hluku.

Spomedzi  modelov  turbulencie = ponukanych
programom Fluent sme zvolili $tyri modely. Kazdy
zZ tychto modelov turbulencie je zalozeny na principe
Reynoldsového ¢asového stredovania. Ide o modely
k-e RNG, k-¢ Realizable, k-oo Standard a k-o SST
[5].

Pre kazdy zo zvolenych modelov turbulencie bolo
vykonanych jedenast vypoCtov, pre rovnaké
objemové prietoky ako boli zistené pri merani.

Z vypocitanych hodnot pomocou CFD bol vytvoreny
aritmeticky priemer pre koeficient miestnej tlakovej
straty (obr. 6).

6,7
66
6,5
64
63

62

6,1
CFD modely
SST

Realizable Standard

HRNG

Obr. 6. Graf priemernej hodnoty koeficientu &



ZAVER

V sucasnosti sa kladie velky doraz na tlakové straty
komponentov vzduchotechniky. Praca sa venuje
problematike stanovenia tlakovej straty tlmicov
hluku pri urCovani koeficientu miestnej tlakovej
straty. Cast’ prace je venovanad popisu tlakovych
strat. Tieto straty su sposobené bud’ trenim kvapaliny
o steny potrubia, alebo miestnymi odpormi, ktoré st
sposobené bud’ obidenim prekazky, alebo zmenou
smeru prudenia.

Vysledkom tejto prace je overenie vytvoreného CFD
modelu pre stanovenie tlakovych strat pomocou
experimentu. Takto vytvoreny a overeny vypoctovy
model bude mozné pouzit’ aj pouzit’ aj na stanovenie
tlakovych strat kulisovych tlmicov hluku s inymi
rozmermi.

Pod’akovanie

Tato praca vznikla za podpory projektov KEGA
038ZU-4/2019 Potrubné systéemy v zdsobovani
teplom.

97

LITERATURA

[1] CHYSKY, J. (1993): Vétrdni a klimatizace.
Praha, SNTL, ISBN 04-217-73.

[2] GEBAUER, G. - RUBINOVA, O. - HORKA, H.
(2007): Vzduchotechnika. Brno, Vydavatelstvi ERA,
ISBN 978-80-7366-091-8.

[3] SZEKYOVA, M. - FERSTL, K. - NOVY, R.
(2004): Vetranie a klimatizacia. Bratislava, Jaga
group, ISBN 80-8076-000-4.

[4] IDELCHIK, I. E. (2008): Handbook of
Hydraulic Resistance, 4th Edition. New York: US,
ISBN 978-1-56700-251-5

[5] PATSCH M. - PILAT, P. (2018): Simulation of
Combustion Air Flow in the Gasification Biomass
Boiler, 21st International Scientific Conference on
The Application of Experimental and Numerical
Methods in  Fluid Mechanics and Energy
(AEaNMiFMaE), APR 25-27, 2018.
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Possibilities of adjusting the arc welding molten weld area shape in simulation
software SYSWELD

Abstract: The article is focused on modifying the shape of the molten area in the simulation of arc
welding in the Sysweld program. The shape of the molten zone in the Sysweld program, depends on
the set input parameters, namely on the parameters of the Goldak model and the definition of finite
elements through which heat is distributed to the model. The possibilities of changing the shape of the

molten area are illustrated on a single-layer weld made by submerged arc welding technology.

UVOD

Definovanie tepelného zdroja pri simulacii zvarania je
jednym z najdolezitejSich krokov pre dosiahnutie
spravnych vysledkov numerickej simulacie zvarania.
Spravne definovanie tepelného zdroja pre simulaciu
je velakrat zlozitym Casovo narocnym procesom.
Zakladnym krokom kontroly spravnej definicie
tepelného zdroja pre simuldciu je porovnanie
vypocitanej roztavenej oblasti s realnou oblastou
ziskanou z makrostruktiry zvaru.

Pre definovanie tepelného zdroja pre numericku
simuléciu je mozné pouzit’ r6zne typy matematickych
modelov. Pre procesy oblikového zvarania je
vyuzivany Goldakov model zdroja tepla, ktorym je
mozné najpresnejsie popisat’ pohyblivy zdroj tepla pri
zvarani vytvoreny elektrickym oblikom.

Clanok je zamerany na moznosti ovplyviiovania
roztavenej oblasti zvaru vstupnymi parametrami
simulacie ato parametrami Goldakovho modelu,
polohou jeho centra atiez definovanim kone¢nych
prvkov, cez ktoré bude nadefinovana tepelna energia
vnesena do modelu pri vypocte. Proces definovania
zdroja tepla ajeho tvaru je popisana na simulacii
navaru vytvoren¢ho zvaranim pod tavivom.
Simuléacia zvaracich procesov je v dneSnej dobe
beznym prostriedkom vyuZivanym pre analyzy
zvarovych spojov, a to bud pri optimalizicii
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technologickych  postupov, alebo rieSeni

problémov vyskytujucich sa vo vyrobe.

pri

1 SIMULACNY PROGRAM SYSWELD

Program SYSWELD patri medzi moderné simulacné
programy. Je zamerany na oblast’ zvarania a tepeln¢ho
spracovania. Ide o program, pracujici na zaklade
metddy konecnych prvkov (MKP), ¢o dovol'uje riesit’
konstrukéne a technologicky naro¢né tlohy z oblasti
zvarania. Z matematického hl'adiska je metoda MKP
vyuzivana k najdeniu aproximovaného rieSenia
parcialnych diferencialnych a integralnych rovnic
(napr. rovnica vedenia tepla) pomocou PC.

Programom SYSWELD mozno riesit oblukové
(MMA, MIG/MAG, TIG, ZPT), odporové (bodové,
Svové zvaranie), vysokoenergetické (laserovy,
elektronovy luc), trecie spdsoby zvarania, ako aj
tepelné spracovanie materialov. Po vhodnom
zadefinovani vstupnych dat, geometrie a okrajovych
podmienok, mozno po procese simulacie ziskat’
vysledky ako deforméacie, zvySkové napitia, tvrdost
HV, rozlozenie materidlovych faz, velkost a tvar
teplom ovplyvnenej oblasti.

Simulaény program SYSWELD umoziuje definovat’
tri typy tepelnych zdrojov:

e Trojrozmerny dvojelipsoidny Goldakov model.

e Trojrozmerny konicky Gaussov model.



e Dvojrozmerny Gaussov model.

Ako uz bolo spomenutg, pre matematické definovanie
tepelnych zdrojov vznikajucich pri oblikovych
spdsoboch zvarania je najvhodnejSie pouzit
dvojelipsoidny Goldakov model.

Definovanie spravnych parametrov Goldakovho
modelu je potrebné vykonat’ pred spustenim vypoctu
tepelno-metalurgickej analyzy (teplotné polia, zmeny
arozlozenie Struktiry), kde je tepelné zatazenie
jednym zo zakladnych vypoctovych vstupov. Po
teplotne-metalurgickej analyze nasleduje mechanicka
analyza (zvySkové napétia, deformacie) ktorej
presnost’ vysledkov zavisi od tepelne-metalurgickej
analyzy.

Definovanie tepelného zdroja je mozné rozdelit' do
nasledujucich krokov:

1. Definovanie zakladnych rozmerovych
parametrov a pozicie centra Goldakovho modelu
Z makroStruktiry zvaru.

2. Nadefinovanie MKP prvkov pre distribtcie tepla
do modelu.

3. Overenie spravnosti definovania parametrov
pomocou ¢iastkového vypoctu.
Jedinym zatazujucim tUcCinkom pri numerickej
simulacii zvarania je rozloZenie teplotnych poli v
jednotlivych ¢asovych okamihoch. Teplota pri
zvaracom procese je funkciou stradnic a Casu:

T=f(xy.zt) (1)
kde T [°C] —teplota,

X, Y, Z [m] — stradnice,

t [s] — ¢as.
Goldakov dvojelipsoidny model najddveryhodne;jsie
popisuje pohyblivy zdroj tepla, pdsobiaci pri
oblukovych metddach zvarania. Matematicky mozno
tento dvojelipsoidny zdroj tepla popisat dvomi
rovnicami:

2
6-3-f,-Q
Xy, zt)=——-e LI
SR oy o @
ﬁ —B{y—v»z(r—t)]z
2 ag
e .e
_3.%2
q(x’y,Z,t):M.e b2 |
b-c-a -7z (3)
a2 By
2 a?
e < .e r
fo+f =2 4)

kde g [W-m?] - tepelny tok do materialu
ar, ar, b, ¢ [m] — rozmery roztavenej oblasti,
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fr, fr — konStanty ovplyvilujuce rozloZenie
intenzity toku energie do materialu [1],

7 [s] — celkovy ¢as zvarania.

Obr. 1. Goldakov model zdroja tepla

Pre pouzitie dvoj-elipsoidného modelu je treba
poznat’ vel’kosti natavenej oblasti. Tieto parametre su
zistované na zaklade rovnic pre dvoj a troj-rozmerné
teplotné pole alebo na zéklade vykonanych
experimentov. Parametre zistované z realnych
experimentov mozno od¢itat’ z makroStruktiry zvaru.

2 DEFINICIA GOLDAKOVHO
TEPELNEHO ZDROJA V SIMULACNOM
SYSTEME SYSWELD

Ako podklad pre vytvorenie simulécie a poukazanie
na moznosti modifikdcie roztavenej oblasti pri
simulacii v programe Sysweld bol vytvoreny
experimentalny navar technologiou zvérania pod
tavivom na ocelovy plech S355J2G3 s rozmermi
300x300x30 mm. Navar s dizkou 100 mm bol
vytvoreny v strede experimentalnej vzorky. Rychlost’
zvarania bola Vv, =0,4 m'min*, parametre zvarania
U,=30V, I, =400 A. Makrostruktura navaru je na
obr. 2.

Obr. 2. Makrostruktira navaru [5]

Pre proces simuldcie bol vytvoreny polovi¢ny
symetricky 3D MKP model srozmermi reéalnej
vzorky. Rovina symetrie modelu prechadzala cez os
zvaru a bola orientovana kolmo na povrch vzorky. 3D
MKP odel tvorilo 33 542 3D elementov a 31 656
uzlovych bodov.

Pre simul4ciu bola pouzitd materialova databaza ocele
S355, ktora je priamo sucastou systému Sysweld. Pre



odvod tepla zo vzorky bola vytvorena povrchova 2D
siet. Rychlost’ odvodu tepla bola nadefinovana pre
ochladzovanie vzduchom s hodnotou 25,0 W-m2K-,
Schéma 3D modelu je na obr. 3.

Obr. 3. 3D model pre simuliciu

Stanovenie zakladnych parametrov Goldakovho
modelu vychadzalo z merania rozmerov
makrostruktary. V pripade prvotného stanovenia
parametrov je dolezité stanovit' &irku zvaru a hibku
prievaru. Tieto dve hodnoty st parametrami b a ¢
Goldakovho modelu (obr. 1). Dizka modelu as + ar
bola zvolena na 10,0 mm. Tito dizku je mozné tiez
stanovit’ z geometriec koncového kratera zvaru.
Geometrické parametre definuju tvar Goldakovho
modelu asa pomernymi  hodnotami  tvaru
Goldakovho modelu. Znamena to, ze ak budeme
menit’ tepelny prikon, tak pomery jednotlivych osi
modelu zostani rovnaké, zmeni sa iba mohutnost’
zdroja. Mohutnost’ zdroja je definovana tepelnym
prikonom Q [W]. Centrum zdroja bol pri simulacii
posunuty Vv smere hrabky o 1,5mm nad povrch
vzorky.

Pomocou tychto nadefinovanych parametrov je
mozné stanovit’ priblizny tvar simulovanej roztavenej
oblasti, avSak tvar bude pravidelny a bude kopirovat’
tvar elipsy. V pripade aj je tvar roztavenej oblasti
nepravidelny, je potrebné pre definovanie roztavenej
oblasti zdroja pouzit vybrani skupinu konecych
prvkov, cez ktoré bude pri vypote vnesena
zadefinovana tepelnd energia. Této skupina prvkov sa
nazyva ,LOAD“. St to 3D prvky umiestnené
v blizkosti zvaru, cez ktoré sa pri pohybe tepelného
zdroja pri simulacii teplo vnasa do modelu. Podla
rozloZenia tychto prvkov je teda mozné do urcitej
miery ovplyviovat tvar roztavenej oblasti.

Priklad pouzitych prvkov pre nadefinovanie
nepravidelného tvaru roztavenej oblasti pre navar je
na obr. 4.

Overenie  spravnosti  definovania jednotlivych
parametrov je na zaklade vykonania Cciastkového
vypoctu a porovnania vypocitanej roztavenej oblasti
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srealnou  makroStruktarou. Ak sa  vysledky
nezhodujt, je potrebné ich upravit’ a znovu vykonat
vypocet.

Pre simulaciu tepelno-metalurgickej analyzy boli
pouzité nasledovné parametre Goldakovho modelu
as=3,3mm, a, =6,7 mm, b=10,0 mm, ¢ =3,0 mm,
Zo=-1,5mm, v; = 0,4 m-min, Q =980,0 W.
Vysledok vypoctu roztavenej oblasti je na obr. 5.

.
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Obr. 5. Porovnanie vypo¢itanej a skuto¢nej roztavenej
oblasti

Vypocet teplotnych poli pocas zvarania pre
nadefinovany zdroj tepla je uvedeny na obr. 6.
T[C]
1539
|876
§ 727
300

i 100
20
L

Obr. 6. Teplotné polia pocas zvarania

Z vysledkov teplotne-metalurgickej analyzy je tiez
mozné ziskat priebeh teplotnych cyklov pre
ktorykol'vek uzlovy bod, vypocet tvrdosti a zmeny
Struktiry pocas a po zvarani.

ZAVER

Clanok  popisuje  problematiku  definovania
a modifikacie tvaru roztavenej oblasti pri simulacii



zvarania oblikovymi technoldégiami v programe
Sysweld. V ¢lanku je popisany postup definicie
teplotného  zdroja za  ucelom  dosiahnutia
uspokojivého tvaru roztavenej oblasti pri simulacii
zvarania.

Presnost’ definovania tepelného zdroja pri procese
simulacie zvarania je jednym z najvyraznejSich
faktorov ovplyviujucich presnost’ vysledkov nielen
tepelno-metalurgickej, ale aj nadvidznej mechanicke;j
analyzy.
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Advanced propulsion systems of electric vehicles

Abstract: The paper deals with the propulsion system, respectively electric motors, which are used in modern
electric vehicles. The introductory part of the article briefly deals with the reasons for the introduction of
electromobility and shortly describes the most used electric motors and their main requirements. The aim of this
article focuses on individual types of electric motors, describe different concepts and specify advantages and
disadvantages. In the final part, the paper focuses on integrated electric drives used in today's modern electric
vehicles. The output is a comparison, evaluation of the issue and possible prospects for the future.

UVOD

V poslednych desiatich rokoch sa automobilovi
vyrobcovia pod tlakom verejnosti Coraz viac
priklanaju k alternativnym zdrojom energie akym je
napriklad aj elektricky pohon.  Popularita
elektromobilov sa postupne zvysuje, a to nielen vd’aka
snahe znizenia Skodlivych emisii unikajucich do
ovzduSia, ale hlavne kvOli zniZzeniu zavislosti od
fosilnych zdrojov energie. Kazdorocne pribudaju
nové a nové modely a vznikaju nové spolo¢nosti
zaoberajlce sa vyvojom a vyrobcov elektromobilov.
Jednoznac¢ne ide o zaujimavé technologie, ktoré vsak
zatial trpia mnohymi nedostatkami, akymi st
napriklad neprimerane kratky jazdny dosah, vysoka
kipna cena a nedostatoény pocet dobijacich stanic
vyrazne spomal’ujucich ich roz$irenie. Najma z tychto
dovodov je pocet elektromobilov na Slovensku a aj v
Ceskej republike minimalny. Na druhej strane majt
mnozstvo vyhod, o ktorych nie vSetci bezny l'udia
vedia. Medzi ich jednozna¢né vyhody patria nizke
prevadzkové naklady, tichost’ chodu, dobry priebeh
to¢ivého momentu a d’alSie. lde o niekol'ko stoviek
kusov, takze stretnut’ elektromobil na naSom uzemi je
v stcasnosti pomerne zriedkavy jav. Je zrejmé, ze
elektromobily v dne$nej dobe, aj napriek Statnym
dotaciam, predstavuji drahtl a luxusnu zéleZitost'.
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1 ELEKTROMOTORY

Elektromobily sa skladaju zo S$tyroch zakladnych
Casti, ktorymi su elektricky motor, regulator, batérie a
systém dobijania batérii. Elektromotor je elektrické

zariadenie, ktoré na rozdiel od konvenéného
spalovacicho motora vyuziva na vytvorenie
mechanického pohybu elektromagnetické javy.

Velkou vyhodou elektromotora je fakt, Ze ide 0 vel'mi
jednoduché zariadenie, ktoré sa sklada iba z dvoch
vzajomne integrujucich prvkov. Tymito prvkami sa
stator a rotor. Dal3ou vyhodou elektromotora je jeho
vlastnost’, Ze svojim spravanim pripomina generator,
z ¢oho vyplyva moznost’ tzv. rekuperacie. Princip
rekuperacie sa uplatituje pri brzdeni a spomal’ovani
vozidla a umoziuje navracat’ energiu spat’ do batérie,
atym ju dobijat. Hlavnym rysom elektrického motora
v automobiloch je schopnost’ dosiahnut’ maximalny
kratiaci moment takmer od nulovych otacok a vd’aka
velkému rozpéatiu pracovnych otacok nepotrebnost
konvencnej viacstupniové prevodovky, ktora nahradza
reduktor [1]. Elektromotory moézeme delit do
viacerych kategorii podl'a druhu privadzaného pradu
na jednosmerné a striedavé. Striedavé motory d’alej
delime na synchrénne a asynchronne (indukeéné) [2].



Obr. 1. NajpouZivanejsie elektromotory (a) indukény motor
(b) reluktanény motor (c) synchrénny motor s
permanentnymi magnetmi [3]

Medzi najobl'ibenejsie motory (obr. 1) patria motory
s permanentnym magnetom, ktoré dominuji svojimi
vlastnostami. Problém pri tomto type motora nastava
v obmedzenom mnozstve vzacnych permanentnych
magnetov na zemi. RieSenim sa zdaju byt indukcéné a
reluktanéné motory, ktoré neobsahuju permanentné
magnety a v sticasnosti st najviac vyvijané [4, 5].
Hlavné poziadavky elektromotorov:

e Vysoky okamzity a merny vykon.
Vysoky  kratiaci  moment

rychlostiach.

o aj Vv malych
Rychly nastup vykonu.
Vysoka spol'ahlivost’ a uc¢innost.

Priazniva cena.

1.1 Synchrénny motor

Synchréonne motory sa pouzivaju najcastejSie v
kombinacii s permanentnymi magnetmi (PMSM),
ktoré st umiestnené bud’ na povrchu alebo vo vnutri
rotora (obr. 2).

@ ()

permanentn magnet

Obr. 2. Prieény rez motorov s permanentnymi magnetmi
(rozne uloZenia magnetu) (a) permanentné magnety na
povrchu rotora, (b) permanentné magnety vo vnitri rotora

[7]

Magnety pouzivané v synchréonnych motoroch su
prevazne neodymové [4]. Tieto motory, ako uz nazov
napoveda, su charakteristické pre synchronny pohyb
rotora a statora. Konstrukcia bez magnetu obsahuje
rotor s budiacim vinutim, ktoré vyzaduje staly privod
pradu pre vytvorenie magnetického pola. Stator sa
sklada z plechov, v ktorého drazkach je ulozené
trojfazové vinutie produkujice magnetické pole pod
striedavym napétim [6, 7]. V statore sa pomocou
striedavého trojfaizového pradu tvori rotujlice
magnetické pole. Konstantné magnetické pole rotora
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sposobené permanentnymi magnetmi integruje s
indukovanym polom statora, a tym sa motor otaca.
Pre rozbeh tohto typu motora sa Casto pouZziva tzv.
Rozbehova klietka, ktord je hlavnou castou
indukénych motorov [7].

Vyhody PMSM:

e Rotor nepotrebuje privod napitia.

e Vysoky merny vykon vd’aka silnym magnetom.

e Nizka hlu¢nost a vibracie.

e Vykonnejsi nez indukény motor.

Nevyhody PMSM:
e Vysoka cena magnetov.

e Citlivé na pracovnu teplotu.

1.2 Asynchronny (indukény) motor

Indukény motor bol vynajdeny v roku 1882 Nicolom
Teslom a je to najpouzivanejsi elektromotor skrz
vSetky oblasti priemyslu. Jeho oblibenosti prispieva
fakt, Ze je mozné tento motor napajat’ striedavym
pradom bez menica, a tym dodavat’ konstantné
otaCky. V elektromobile sa k zmenam rychlosti
otacok pouziva menic. Tento typ motora sa sklada zo
statora s trojfazovym vinutim a rotora v tvare klietky

(anglicky squirrel-cage) (obr. 3) [5].

Obr. 3. Trojfazovy asynchrénny motor Audi [9]

V statore sa pomocou striedavého trojfazového priadu
tvori rotujuce magnetické pole, ktoré indukuje prad
na uzavretej klietke rotora. Tento indukovany prad
vyvola v rotore magneticky tok, ktory integruje so
statorom a spdsobi ziaduce otaCania rotora. Toto
otaCanie sa vSak nikdy nemdze vyrovnat rychlosti
otacania magnetického pol’a v statore [6, 7, §].

Vyhody asynchronneho motora:
e Vysoka spolahlivost’ a nizka cena.
e Minimalne naroky na udrzbu.
¢ Nie je obmedzeny teplotou.
Nevyhody asynchrénneho motora:
e Maly rozsah otacok.

e Maly krutiaci moment zo Startu.



1.3 Spinany reluktan¢ny motor

Dal§im zo slubnych kandidatov pre pouZitie v
elektromobiloch je spinany reluktanény motor
(SRM). Ako uz modze nazov napovedat, pre svoj
princip vyuziva magneticky odpor - reluktanciu.
Tento motor ma relativne dlha histériu a prvé
zmienky o niom mdzeme najst’ uz v roku 1923, kedy
J.K.Kocky v ¢lanku "Polyphase Reaction
Synchronous  Motors"  predstavuje  koncept
reluktanéného motora a jeho potencial [10]. Aj
napriek velkému potenciondlu tohto typu motora v
minulosti nebol pouzivany kvoli jeho naro¢nosti pri
riadeni frekvenénymi meni¢mi. Medzi hlavné
prednosti reluktancného stroja patri jednoducha
konstrukcia, nizke vyrobné naklady, velké rozpitie
otacok a vyborny vykon. Prave tieto vlastnosti robia z
reluktancného motora vhodného kandidata na
pouzitie v elektrickych vozidlach. Naopak, medzi
hlavné nevyhody mézeme zaradit’ vyssiu hlucnost’ a
nutnost’ pouzitia elektroniky na sledovanie polohy
rotora. Za d’al$iu nevyhodu mozno tieZz povazZovat
pouzitie menica pre spravne napdjanie vinutia na
statore [8].

SRM ma na rozdiel od konvencnej synchronnej verzii
tohto motora poly na rotore aj statore. Stator nesie na
kazdom pole vinutie, zatial Co rotor je bez
akéhokol'vek vinutia ¢i permanentnych magnetov. Na
rotore sa pri zavedeni pradu do zodpovedajicich
polov statora tvori magnetické pole. Nasledne sa rotor
snazi dostat’ na miesto s ¢o najmens$im magnetickym
odporom a tym sa roztoéi. Dalej je prad posielany do
dalsich polov na statore a tento proces sa opakuje.
Pocet polov na rotore byva spravidla mensi ako na
statore (obr. 4) kvoli zamedzeniu tzv. mftveho bodu,
t. j. poloha pri ktorej by motor nemal ziaden kritiaci
moment [3, 11].

fazaC fazaA

stator (6 pdlov)

__ vinutie na statore

= rotor (4 pdly)

~ rotor v pozicii A

Obr. 4. Schéma reluktanéného motora [12]
Vyhody reluktanéného motora:
e Jednoducha konstrukcia.

e Nizke vyrobné naklady.
e Vysoky merny vykon.
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o Ucinnost’ az 95 %.

e Pracuje aj pri vysokych teplotach.

e Siroké rozpitie otacok.
Nevyhody reluktanéného motora:

Vyssia hlucnost’.
Zlozité riadenie.

e Narocné na presnost’.

e Cena.
2 INTEGROVANE ELEKTRICKE
POHONY

E-axle (electric axle) je kompaktné a nakladovo
atraktivne rieSenie  elektrického pohonu pre
akumulatorové elektrické vozidla a hybridné
aplikacie. Elektromotor, vykonova elektronika a
prevodovka st spojené v kompaktnom celku, ktory
priamo pohana napravu vozidla. To poméha robit
elektrické pohony menej zlozitymi a jednoduchSimi.
Okrem toho sa pohonna jednotka stava lacnejSou,
kompaktnejSou a efektivnejSou. Medzi hlavné vyhody
tychto kompaktnych pohonnych jednotiek mdzeme
zaradit' prijatelnd cenu, nizku hmotnost’ a
univerzalnost’ pre rézne pouzitie [13]. Priekopnikom
vo vyvoji tejto technologie sa stala spolo¢nost’ GKN,
ktora ako prva v roku 2014 zacala so sériovou
vyrobou v spolupraci s automobilkou BMW. Prave
BMW pouzilo ich E-axle v hybridnom automobile
BMW i8. Toto rieSenie je pre automobilky vel'mi
atraktivne z dévodu l'ahkého zabudovania E-axlu a
moznosti  prepracovat’  existujuce modely na
elektrické verzie.

Najnovs§im produktom vyrobcu GKN (obr. 5) je E-
axle eTwinsterX  disponujici  dvojstupiiovou
koaxialnou prevodovkou, synchronnym motorom s
permanentnymi magnetmi, diferencidlom a dvoma
spojkami. Tento systém bol predstaveny v spolupraci
s automobilkou Jeep na modeli Renegade. Prevodové
pomery st 17 a 9,5, vykon elektromotora 120 kW,
kratiaci moment az 3 500 Nm a maximalne otacky
18 000 min?. Zna¢ku GKN a jej verzie E- axle je
mozné najst’ napriklad v automobiloch BMW, Volvo
alebo Porsche [14].

Obr. 5. E-axle GKN eTwinsterX [14]



Dalsim silnym hra¢om na poli elektromobility je
nemecky gigant Bosch so svojim rieSenim (obr. 6)
obsahujucim elektromotor, prevodovku a vykonovu
elektroniku. E-axle znacky Bosch je vel'mi variabilny
a zakaznik si moze vybrat’ r6zne vykonné motory od
50 kW pre malé automobily alebo hybridy az po
300 kW pre Cisto elektrické automobily. Krutiaci
moment je v rozmedzi 1 000 az 6 000 N-m [15].

Obr. 6. E-axle spolo¢nosti Bosch [15]

Nemecky vyrobca Schaeffler predstavil svoj variant
E-axlu (obr.7). Za zmienku urcite stoji E-axle
spoloc¢nosti  Schaeffler a pouzitie planétového
diferencidlu, ktory nahradza tradicny kuzelovy. Toto
rieSenie je velmi kompaktné a jeho malé rozmery v
radialnom smere nechavaju viac priestoru pre motor
samotny. Prevodovka je tiez planétova a jej
prevodovy pomer je 15. Elektromotor je synchronny
s permanentnymi magnetmi disponujuci vykonom
150 kW, maximalnym  kritiacim momentom
3 750 N-m a maximalnymi otackami az 18 200 min™.
Hmotnost’ celého systému v spominanej konfiguracii
je 75 kg [16].

Obr. 7. E-axle spolo¢nosti Schaeffler [16]

ZAVER

Elektromotory st nenahraditelnou  sucastou
elektromobilu, na druhej strane, ich jednoducha
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konstrukcia sa uz zrejme nedocka, na rozdiel
napriklad od batérii, Ziadneho velkého prelomu.
Elektromobily pouzivaju najcastejSie synchronne
motory s permanentnymi magnetmi, ktoré ponukaja
idealny pomer medzi dodavanym krutiacim
momentom a ucinnostou. Hlavnym problémom
tychto motorov a dovod pre hl'adanie inych rieseni je
nutnost’ pouzitia drahych permanentnych magnetov.
V stcasnej dobe su jedinou moznou alternativou
indukéné motory. Jednosmerné motory (DC) patrili
medzi oblibené, avSak v sucasnej dobe sa uz v
elektromobiloch ¢asto nepouzivaji. Zaujimavou
moznostou moze byt pouzitie reluktanénych
motorov, ktoré maju, vdaka svojim vlastnostiam,
vel'ky potencial presadit’ sa a nahradit’ pouZzivané
elektromotory v sucasnosti.
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Abstract: Buducnostou, teda moznym a predpokladanym budicim vyvojom trhovej ekonomiky, sa mézeme
a vieme do urcitej miery zaoberat,, odhadovat’ vSak tento mozny buduci vyvoj je vel'mi, skutocne vel'mi naro¢né,
0 tom ani nik nepochybuje. MdZeme sa o to pokusit’ napr. na zaklade poznania doterajSicho vyvoja v predmetnej
oblasti a na tomto zaklade vieme do ur¢itej miery predpovedat” alebo predpokladat’ budici vyvoj, pozorovanim
situacie vieme odhadnit’ mozny buduci vyvoj, dokladnym sledovanim, analyzovanim a hodnotenim jednotlivych
symptémov v ekonomike, v spolo¢nosti a pod. tiez vieme predpokladat’ budici stav. V tomto prispevku sa na
vymedzenom priestore zaoberam buducnostou podnikov v globalnom charaktere, v globalnej trhovej
ekonomike, vyvojom ktory sa v budicnosti predpoklada, Ze sa uskutoc¢ni, tiez sa zaoberam trendami pri riadeni
podnikov, to je nie menej ddlezita Cast’ mdjho prispevku. Je to vel'mi tazkd tloha pisat’ o buducnosti, je to tazka
a zlozitd téma. Ved’ uz P. Drucker povedal: ,,Pokusat’ sa predpovedat’ budicnost’ je ako pokusat’ a Soférovat’ po
polnej ceste s vypnutymi svetlami pozerajuc sa len cez zadné okno.*

UVOD
V  poslednych rokoch sa vo  vyspelych
aj rozvojovych  krajindch, hlavne v odbornych

a podnikatel'skych kruhoch intenzivne diskutuje
aktudlna zdvazna a potrebnda téma - budicnost’
manazmentu. Hl'adaju sa odpovede na otazky typu -
Aky vlastne bude manazment v budiicnosti?
Ako sa budi podniky riadit' v 21. storo¢i? Akymi
metédami a postupmi budeme riadit podniky
v 21. storo¢i? Aké budi podniky v 21.storoci?
Ktymto témam sa vyjadruyji mnohé vplyvné
osobnosti z viacerych oblasti, ktori piSu o zmenach
v manazmente v 21.storo¢i. Vela vyznamnych
autorov, vicsina autorov sa v§ak zhoduje na urcitych
zaveroch, napr. na tom, ze manazment v 21. storoci
bude odlisny, skuto¢ne odlisSny, bude =zalozeny
nainych principoch, ako mal manaZment v
20. storo¢i. V manazmente vznikaju nové trendy,
paradigmy, ako reakcia na vyvoj v ekonomike,
v globalnej trhovej ekonomike. Tieto zmeny si
vyzaduju zmenu pristupu manazmentu a vSetkych
zamestnancov v podniku, ato z délezitého dovodu,
aby podnik aj wvmeniacich sa podmienkach
globalnej, trhovej ekonomiky, aby podnik v suc¢asnej
turbulentnej globéalnej ekonomike ostal aj nadalej
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konkurencieschopny, Zivotaschopny. Uvedomujem
si pritom, ked’ chcem pisat’ na tomto vymedzenom
priestore o0 budicom vyvoji atrendoch v globalnej
ekonomike redlnu nemoznost' uplne, dostatocne
a komplexne predpovedat a popisovat buducnost’
vonkajsieho ekonomického a spolocenského
prostredia.

Stucasnej globalnej ekonomike mozeme dat’ tento
privlastok - turbulentna, a preto jednou
z najdolezitejSich,  rozhodujucich  uloh  pre
manazmenty v podnikoch, v organizaciach aj v
roznych inStiticiach je monitorovat’ prostredie
a adaptovat’ sa na zmenené, na neustale sa meniace
prostredie, byt, ostat’ aj vnovom, zmenenom
prostredi konkurencieschopny. Treba to zddraznit,
lebo plati nasledovné - manazment v podnikoch by
mal mat tak( intern(i stratégiu, aby sa dokazal
adaptovat na zmenené a neustile sa meniace
vonkajSie ekonomické prostredie (zmeny s napr.
hyperkonkurencia, narast neurCitosti na trhu,
diskontinuita vyvoja trhu, atd’.), pricom plati, ze
frekvencia zmien narastd. Mnohi vyznamni autori
pisali a piSu aj v omnoho SirSich stvislostiach nielen
0 buducnosti manazmentu, pisu o d’alekosiahlejsich,
historickych ~ zmenach v spolo¢nosti,  ktoré



sa postupne rysuju a su nevyhnutné, zmeny su
nevyhnutné a nemaju alternativu. Mnohi autori o tom
pisu, ale taka je aj nalada v spolo¢nosti, myslim si,
som o tom presvedceny. Autori piSu o transformacii
Vv spoloc¢nosti, SirSej transformacii v spolocnosti, je to
reakcia, prirodzena reakcia na nevyhovujuci
dlhodobo uz neudrzatelny stav sti€asnej spolocnosti
vo viacerych oblastiach v mnohych demokratickych
krajinach. Ano, je to reakcia na dlhodoby, dlhoro&ny
vyvoj Vv spolo¢nosti v mnohych krajindch. Autori
sa venuju témam ako st napriklad kritika politickych
a ckonomickych elit, mordlna kriza, kritika
previazanosti politiky a biznisu, priama demokracia,
obrovskd majetkovd nerovnost, ktord je realitou,
silnejica neddvera obcanov k politickym elitdm,
k vladam, k politickému systému, kritika su¢asného
ekonomického a spoloc¢enského zriadenia. Pomaly
ale neustdle silnie tlak verejnosti na zvySovanie
transparentnosti v politickom a spolo¢enskom Zivote,
ale neustale silnie tlak jednotlivcov, rdéznych
zdruzeni, zoskupeni, treticho sektora aj verejnosti
na dodrziavanie moralnych principov v politike,
v ekonomike, v §tatnej alokalnej sprave, narastd
odpor verejnosti vo¢i korupcii. Ja tieto zmeny
podporujem, tiez si myslim, ze st nevyhnutné.
Nebyvaly rozmach zaznamenavaji socialne siete
a diskusie k témam, ktoré som uviedol vysSie.
Totosu samozrejme len niektoré spomenuté
kvalitativne zmeny, trendy v spolo¢nosti, ktoré
sadeju amyslim si, Ze sa budi aj nadalej diat
a budu pokracovat’. VyraznejsSie zmeny sa prejavuju
a budi sa dalej uskutochovat aj v manazmente
samotnom. V minulom storo¢i sa povazovali
za nevyhnutné predpoklady konkurencnej uspesnosti
podniku -  kapital, investicie, technologie,
produktivita, kvalita. V 21. storo¢i nastava zmena,
vyznamna zmena, tazisko sa od uvedenych
predpokladov  konkurencieschopnosti  podnikov
presiva, presiva sa napr. ku ,eckonomike
vedomosti, ku inovaciam. A toto su zadsadné zmeny.
Toto konStatovanie ma SirSie suvislosti  aj
zdovodnenie. Globalizacia neustdle postupuje,
globalizacia  predstavuje v sacasnosti  spolu
s informacnymi a komunika¢nymi technoldgiami,
technologiami ako takymi aich rozmachom tie
najdolezitejSie trendy, mega trendy vo svetovej
civilizacii, prirodzene so vSetkymi svojimi vyhodami
a nevyhodami, aj hrozbami. Pre 21.storocie je

mnohymi  odbornikmi  z oblasti  manazmentu
predpovedané obdobie kriz, latentnych kriz
v globalnej ekonomike, si tu  neurCitost,

nerovnovaha, neustale zmeny na trhu, ktoré sa eSte
zrychl'uja. To st znaky sucasnej a budicej trhovej
ekonomiky, tak ako to predpovedal P. Drucker
»prichadza vek diskontinuity.” V sucasnom obdobi
ma Coraz vac¢si vyznam pre podniky prekonavanie
prekazok na rychlo sa meniacom globalnom trhu.
Stanovovanie strategickych cielov manazmentom
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zohl'adnit’ stcasny a predpokladany
zmeny Vv podnikatel'skom modeli
zmeny vyvolavaju tlak na podniky
inovacie vyrobkov ale aj inovacie

podniku musi
vyvoj, prijat
podniku, tieto
napr. tlak na

manazérskych metod a stratégii. Ano, nehovorme
Cisto len oinovaciach vyrobkov, zaiste s0
nevyhnutné a prirodzené, to je fakt, ze su

nevyhnutnou podmienkou, ak si chce podnik udrzat’
svoju  konkurencieschopnost, o tom nikto
nepochybuje. Ale tak isto je nevyhnutné tiez hovorit’
0 inovaciach manazmentu, a to z toho dovodu, lebo
zmena samotnd sa stava zakladom, jadrom
manazmentu. Preto musi manazment inovovat’ svoje
pristupy ku riadeniu podniku. Turbulentné zmeny
Vv globalnej ekonomike, narast rizik a neurcitosti Si
inovacie v manazmente jednoducho vyzaduji, st
nevyhnutné, ak chce podnik dlhodobo konkurovat
a dlhodobo  prosperovat v prostredi  globdlne;j
konkurencie. Manazment podniku musi tento fakt
akceptovat’ a stotoznit’ sa s nim. Tak, ako sa meni
vSetko okolo nas, menia sa aj ciele, principy, zasady,
metody a nastroje riadenia podnikov, to je pravda, je
to dané vyvojom trhu, ekonomiky a celkovym
vyvojom spolocnosti. Ku inovicidm manazmentu
mézeme priradit zmeny funkcii samotnych
manazérov, zmeny organizacnych Struktar, nové
uzito¢né¢ manazérske systémy aplikované v podniku
a pod. St to mnohokrat prave inovacie manazmentu,
ktoré zmenili na nepoznanie uz stagnujuce podniky
apremenili ich na prosperujiice. Je potrebné
zvySovat’ tempo inovacii manazmentu v podniku,
zvySovat tempo uplatiovania novych doteraz
nepouzivanych manazérskych stratégii a systémov,
zvySovat tempo celkovej obnovy v podniku.
Nemdzete riadit podnik v 21. storo¢i stale tymi
istymi metédami, ako ste ho riadili v 20. storoci.
VysSie sme pisali o sucasnom svete a otrendoch
viiom, napr. o globalizacii, o = zmenach
v manazmente ktoré sa deji a budu diat, o zmenach
na trhu, zmenach v podnikoch, v spolo¢nosti a pod.
Tiez piSeme, ze mnohi autori piSu SirSie
0 d’alekosiahlejsich zmenach, 0 postupnej
transformacii v spolo¢nosti, ktora je na pulze doby.
Jednou ztychto zmien je transformacia a prechod
ekonomiky na znalostni ekonomiku, tak ako o tom
pisal napriklad P. Drucker, vyznamny americky
a celosvetovy odbornik na manazment.

1 TRANSFORMACIA AKO PRECHOD
K SPOLOCNOSTI ZNALOSTI

Podla P. Druckera je prebiehajica transformacia
dalsou zradu transformacii, ktoré pravidelne
nastavaju v historii zapadu v priebehu niekolkych
storo¢i. Takuto transformaciu charakterizuje proces,
ked pocas niekol’kych kratkych desatroci spolo¢nost’
pretvara samu seba - meni sa jej pohlad na svet,
zakladné hodnoty, socialna a politicka Struktara,



umenie, kI"a¢ové institicie a po 50-tich rokoch je tu
celkom novy svet. My sami, hovori Drucker, teraz
Zijeme v Case takejto transformacie, ked sa tvori
post-kapitalisticka spolo¢nost’. Prebiehajtca
transformacia vsSak nie je obmedzena iba na zapadni
spolocnost, ale ide o transformaciu celej civilizacie.
Tato dnes$na transformdcia sa neskon¢i skor ako
vroku 2010 alebo 2020, ale uz dokazala zmenit
politicka, ekonomicku, socidlnu a mravnil tvar sveta.
Podla Druckera je v podstate isté, ze prvotnym
zdrojom budt znalosti.

To, Ze znalosti su dnes aplikované na poznanie, je
treti a mozno aj posledny krok v transformacii
poznania. Manazment je potom poskytovanie
znalosti o tom, ako mdze byt dne$né poznanie Co
najlepSie  vyuzité, aby prinaSalo vysledky.
Okrem toho st znalosti vyuzivané na systematické
inovovanie. Tuto tretiu zmenu v dynamike poznania
nazyva Drucker manazérskou revoliciou. Rozsirenie
manazérskej revolticie po celom svete trvalo menej
ako 50 rokov, kym revolucii produktivity to trvalo
70 rokov a priemyselnej revolucii 100 rokov.
Prinos, ktory urcita krajina alebo firma ziskava zo
znalosti, sa nepochybne musi v stale vyznamnejsej
miere stavat’ urcéujucim faktorom
ich konkurencieschopnosti. A o ich ekonomickom
a socialnom uspechu a ich celkovej vykonnosti bude
Coraz viac rozhodovat’ produktivita znalosti. Mnohé
krajiny, ktoré maju nizku produktivitu znalosti, maji
aj ekonomické problémy a naopak, krajiny, ktoré
maju  vysoka produktivitu znalosti, si vysoko
konkurencieschopné [1].

2 SUCASNE TRENDY V TEORII A PRAXI
MANAZMENTU

Stcasné trendy v tedrii a praxi manazmentu.
Ako ich mézeme struéne opisat'”? Treba povedat’, ze
zatial' ¢o 80.roky 20. storo¢ia boli poznamenané
najmi snahou ucinne reagovat’ na japonsku vyzvu,
dalsie roky boli silno poznamenané nastupom
globalizacie a jej dosledkami. Vo vyspelych
krajinach nasytenost’ trhu spomal’uje rast potrieb, to
vyvolava potrebu prechodu od ,,trhu dodavatel'ov k
,trhu zékaznikov. Rastie tlak na
konkurencieschopnost’, tlak na potrebu vyrabat
lacno a kvalitne, rychlo inovovat, poskytovat
vysoki turoven sluzieb. Rychlo sa rozvijaja
informacné technologie aneustale rasti moznosti
ich vyuzitia. Globalizacia trhu prinasa nové vyzvy a
nové moznosti, no na druhej strane rozpory a
ohrozenia. Posiliiluje sa vplyv nadnarodnych
spolo¢nosti, ktoré najmd po padu socializmu
expanduji do novych krajin. Zmena dynamiky
externého prostredia prinaSa okrem prilezitosti aj
necakané rizika a hrozby. Z toho vsetkého vyplyvaji
nové problémy a nové poziadavky na ich riesSenie.
Do popredia manaZzérskej tedrie a praxe sa dostavaju
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také témy, ako nové koncepcie v strategickom

manazmente, manazment zmeny, reinZiniering,
projektovy  manazment, manazment kvality,
benchmarking, rozvoj marketingu, informaény

manazment, informatizacia spolo¢nosti, lean (Stihly)
manazment, zvySenie hospodarnosti a efektivnosti,
déraz na pridanu hodnotu, nové trendy rozvoja
a vyuzivania l'udskych zdrojov, zmeny v pristupe Kk
vedeniu l'udi, a pod.

Zdroje avychodiskd sucasného manazmentu su,
myslim si vel'mi vystizne, popisané na nasledovnom
obr. 1.

nova ekonomika

~

globalizicia

~

ManaZment
podnikov

7

narast prileZitosti

™~

narast rizik

Obr. 1. Vplyvy na si¢asny manaZment [2]

Nepochybne je faktom, ze v globalnej ekonomike
pozorujeme zmeny vonkajSieho prostredia, niektoré
znich som struéne na vymedzenom priestore
popisoval vyssie. Tieto zmeny sa zakonite prejavuju
aj v mikroekonomike. Treba na tomto mieste tiez
podotknut’, Ze pochopenie rozsahu a rychlosti
vonkaj§im zmien sa prejavuje rdzne v jednotlivych
podnikoch a organizaciach. Aj adaptacia podnikov
na tieto zmeny sa prejavuje rozdielne v jednotlivych
podnikoch, toto ma potom prirodzene za nasledok aj
roznu uroven konkurencieschopnosti jednotlivych
podnikov a organizicii. Napriklad inovacie su
chapané ako nevyhnutny predpoklad
konkurencieschopnosti podniku, inovacie produktov,
ale aj inovacie v manazmente podnikov, to su
dolezité oblasti zmien v podnikoch. Sucasnost’ a este
viac buducnost si bude vyzadovat, aby vSetci
zamestnanci mali byt upovedomeni a stotoZneni s
tym, Zze podnik sa zbavuje zabehnutych navykov
a stereotypov. Takto, tymto smerom by mala byt
nastavena podnikova kultira. Je to filozofia
manazmentu, filozofia manazmentu zmeny a cielom
tychto zmien je zlepSenie systému riadenia
v podniku  audrzanie, pripadne zlepSovanie
konkurencieschopnosti podniku. Plati nasledovné,
zamestnanci maji schopnost’ uvazovania nad ramec
zabehnutého  systému riadenia v podniku.
Tvorivost’ ainiciativa s prirodzené  T'udské
vlastnosti, to je nespornym faktom. Je vSak Uplne
bezné v podnikovej praxi, Ze podniky pracuju stile
rovnako. Ale situacia sa pre podnikanie meni, pre
21. storo¢ie je charakteristicka - zmena, zmeny,
narastajtica rychlost’ a frekvencia zmien, ako som uz
pisal. A preto budid musiet podniky ucit’
zamestnancov a podporovat ich aby uvazovali



nad ramec sucasnych, zabehnutych pomerov, boli
iniciativni a  inovativny. Pri  zlepSovani,
pri zdokonalovani v podniku, ni¢ nie je posvitné
a nedotknutel'né. Podnik je inovativny, inovuje
nielen vyrobky, ale aj pouzivané manazérske
stratégie a metddy pri riadeni podniku, lebo nemenia
sa len vyrobky, ale aj principy v riadeni podnikov
a pouzivané manazérske systémy, ktoré reflektuji
dynamiku vyvoja externého prostredia, reflektuju
zmeny na trhu a pomahaju podnikom tspesne sa na
tieto zmeny adaptovat. Ak pouzivate autoritativny
pristupu vriadeni, je to prezitok, nahradte ho
spolupracou, participaciou na riadeni lebo
autoritativny pristup v riadeni podniku sa nevyplaca,
na druhej strane nechajte zamestnancom dostatocnt
autondémiu pri plneni uloh, vyplati sa. Akokol'vek
schopny je majitel’ alebo manazér, jednoducho nie je
schopny obsiahnut' vSetky potrebné vedomosti
nevyhnutné pre efektivne riadenie podniku. Hlavny
zmysel akejkol'vek inovacie v manazmente je zmena,
uzitoéna zmena v systéme riadenia v podniku alebo
nova manazérska stratégia s cielom zvySit
efektivnost’ procesov a zvysenie
konkurencieschopnosti podniku. Doteraz nebyvaly
rozvoj a rozmach vedy, techniky a novych
technologii je iba jednym (i ked’ vel'mi vyznamnym)
z mnozstva d’alSich faktorov ktoré rozhoduju a buda
rozhodovat o tspechu ¢i netspechu podniku
v konkurenénom boji. Tymi dal§imi faktormi su
napr. inovacie, inovacie ¢i uz vyrobkov alebo
Vv systéme riadenia podniku.

3 KONKURENCIESCHOPNOST
A ROZVOJ PODNIKU V BUDUCNOSTI

Stucasny podnik, jeho konkurencieschopnost’, jeho
schopnost’ inovacii, jeho prosperita a celkovy rozvoj
si podmienené aj jeho schopnostou spravne,
adekvatne a rychlo reagovat interne v podniku
na externé prostredie a zmeny v tomto externom
prostredi na trhu, ktoré su, ako som uz pisal v tomto
¢lanku, stale vacsie a rychlejsie. Podnik, ak chce byt
obchodne a ekonomicky tspes$ny, musi sa adaptovat’
na trh, zmeny na trhu, musi sa adaptovat, spravne
reagovat’ na tieto zmeny. Tieto zmeny s vyzvou
pre podnik. Toto treba podnikom zdéraznit’, toto si
musia manazéri, ktori riadia podniky uvedomit,
s tymto faktom sa musia stotoznit. Podniky musia
prejst  prechodom, musia sa vydat na cestu
organizaéného rozvoja. Tak, ako otom pise
napriklad M. AntoSova: ,,Organizacny rozvoj ako
reakcia na zmeny je sucastou prechodu
od priemyselnej spolo¢nosti do spolo¢nosti zaloZenej
na znalostiach, ktorej ekonomickou zakladiiou je
tvorba a vymena tovarov nemateridlnej povahy
a sluzieb® [3].
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3.1 Organiza¢ny rozvoj podniku

Organiza¢ny rozvoj sa tyka planovania a realizacie
programov zlepSovania efektivnosti fungovania
organizacie a jej reakcii na zmeny. Cielom je
zabezpeCit  planovity a premysleny pristup
k zlepSovaniu efektivnosti organizacie. Za efektivnu
mozno povazovat’ taku organizaciu, ktord plni svoj
ucel tym, ze uspokojuje priania a potreby vSetkych,
ktori su na nej zainteresovani, prisposobuje svoje
zdroje  prilezitostiam, pruzne sa  adaptuje
na zmeny prostredi a vytvara kultaru, ktord zvysuje
oddanost, kreativitu a vzdjomnu doéveru. Ak
chapeme organizacny rozvoj ako proces, nie
Struktiru, rozhodujiicou otazkou je postup - t.j.
AKO, nie CO robit. Proces sa tyka sposobu, akym
ludia konaju a navzajom na seba pdsobia. Je to
zalezitost’ roli, ktoré I'udia hraju, aby zvladli udalosti
a situdcie, ktorych sa zucastiiuji ini l'udia a aby
sa adaptovali na meniace sa okolnosti.

Organiza¢ny rozvoj je rozsiahly a vSeobecnejsi
termin pre pristupy smerujuce k zmene procesov,
kultary a spravania sa v organizacii ako celku alebo
v niektorej jej Casti. Tieto zmeny sa sustred’uji
na spravanie sa skupin a jednotlivcov, ale vzdy
Vv stvislosti s organizaciou a s tym, ¢o je potrebné
urobit’ pre zlepsenie jej efektivnosti [3].

Podl'a M. Armstronga tieto pristupy zahiiaju:

e Rozvoj organizacie.
Riadenie zmeny.

e Transformaciu organizacie.

Komplexné riadenie kvality.

Riadenie pracovného vykonu zamestnancov.
Profesijné vzdelavanie a rozvoj zamestnancov.
[ ]

Podnikovt kultiru a jej zmenu.

Reeingineering podnikovych procesov [4].

Rozvoj organizacie je chapany ako stcast
organiza¢ného rozvoja a je najcastejSie reakciou
nazmenu, stratégiou zameranou na zmenu

presvedcenia, postojov, hodnét ludi a Struktary
organizacie tak, aby sa mohla lepSie prispdsobit
novym technolégiam, trhom, vyzvam a rychlosti
samotnej zmeny. Je to plénovany systematicky
proces. Organizacia je casto donitenda k svojej
transformacii v dosledku vzniknutych problémov,
novych vyziev, ¢i vonkajsich tlakov.

Riadenie zmeny predpoklada proces, ktory zacina
uvedomenim si potreby zmeny. Analyza takejto
situacie a faktorov, ktoré ju spdsobili, vedie
k diagnoze jej Specifickych charakteristik a k ur¢eniu
smeru, ktorym budi podniknuté¢ dalSie kroky.
Dalej je nutné rozhodnut' aké cesty buda zvolené,
aby sa organizacia dostala do ziaduce;j situacie. Prave
obdobie prechodu je kritickou fazou procesu zmeny,
ked sa objavuju problémy zavadzania zmien



tykajuce sa napr. odporu niektorych I'udi k zmenam,
nizkej stability, vysokej miery stresu, energie
zameranej nespravnym smerom, vzniku konfliktov,
straty podnetov a podobne. Ti l'udia v organizicii,
ktori chcii zmenu, musia byt dostato¢ne pevni vo
svojich cieloch, ale aj dostatocne pruzni, ak ide
o0 prostriedky.

Transformacia vSeobecne predpoklada zmenu
tvaru, Struktiry, ¢i povahy niecoho. Transformacia
organizacie je procesom, ktory zabezpeCi, zZe
organizacia moze vytvarat a realizovat’ programy
hlavnych zmien s cielom strategicky reagovat’
nanové poziadavky a trvalo efektivne fungovat
vV dynamickom prostredi, v ktorom pdsobi. Aktivity
transformacie organizacie sa mozu tykat’ radikalnych
zmien Struktary, kultiry a procesov v organizacii.
Predpokladom jeho uspesnej realizacie je lider, ktory
dokaze aktivizovat’ a ziskat’ ostatnych zamestnancov,
aby sa usilovali o dosiahnutie spolo¢nych vyssich
cielov.

Komplexné riadenie kvality je intenzivne,
dlhodobé usilie smerujuce k vytvoreniu a udrZzaniu
vysokej urovne kvality vyrobkov a sluzieb, ktort
ocakavaju zdkaznici. V organizdcii moze mat
znacny vplyv na vytvaranie kultury a procesov v nej.
Cielom je vyznamne zvySit povedomie vsetkych
zamestnancov o tom, ze kvalita je zivotne dblezita
pre uspeSnost organizicie a jej buducnost.
Podnik musi byt premeneny na nieco, ¢o existuje
preto, aby uspokojovalo potreby zakaznikov c¢o
najlep$im spdsobom.

Riadenie pracovného vykonu zamestnancov V
modernej organizdcii Sa povazuje za dolezité
vychodisko na zdokonalenie jej fungovania.
Pracovny vykon vzdy bol a je podstatnym
ukazovatelom  efektivnosti a  konkurencnej
schopnosti. Neodmyslitelnymi faktormi v tomto
procese su pracovné, resp. zamestnanecké vztahy
asnimi suvisiaci Styl vedenia uplatiovany
na pracovisku, ako aj prvky komunikacie. Moderny
pristup manazmentu ludskych zdrojov zdoraznuje
potrebu vytvarania pracovnych tloh a pracovnych
miest tak, aby ¢o najviac vyhovovali schopnostiam
a preferenciam kazdého zamestnanca. Riadenie
pracovného vykonu sa tak tyka navzajom stvisiacich
procesov prace, riadenia, rozvoja a odmenovania.
Je nastrojom  dosahovania  lepSich  vysledkov
podniku, timov a jednotlivcov pochopenim
ariadenim  vykonu v dohodnutom  ramci
planovanych cielov, noriem a pozadovanych
kompetencii. Na tomto zaklade su vytvarané
pracovné tulohy, hodnoteny zamestnanec a jeho
vykon, prebicha odmenovanie, realizuje
sa vzdelavanie a rozvoj personalu [5].

Profesijné vzdelavanie a rozvoj zamestnancov je
dalsim z predpokladov zvladnutia novych tloh
naro¢ného podnikatel'ského prostredia. Vzdelanost
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patri dnes k zakladnym cielom, ale zaroven aj
k dosledkom modernej spolocnosti. Poziadavky
na vedomosti a zrucnosti Cloveka v modernej
spolocnosti sa neustdle menia a aby ¢lovek mohol
fungovat ako pracovna sila, musi neustale
prehlbovat’ a rozSirovat’ svoje vedomosti a zruc¢nosti.
Dnes uz nezijeme v dobe, ked’ Clovek pocas svojej
ekonomickej aktivity vystacil s tym, ¢o sa naucil
v priebehu pripravy na povolanie. Vzdelavanie
a formovanie pracovnych schopnosti sa v dnesnej
modernej spolocnosti stdva celozivotnym procesom,
musi byt permanentné a zohladiovat vsSetky
aktualne potreby vyvolané realitou zmien. A v tomto
procese zohrava stale vacsiu ulohu podnik a nim
organizované vzdeldvacie aktivity. Dnes si uz ¢oraz
viac zamestnavatelov uvedomuje, ze zakladom
uspechu v kazdom druhu podnikania je spravne
vybraty a odborne zdatny persondl. Ked'ze vyvoj,
vztahy v spolo¢nosti, podmienky trhu a dalSie
faktory vyrobného a obchodného procesu, vratane

sluzieb  podliehaji  neustdlym zmenam, je
nevyhnutné v predstihu, ¢i priebezne s tymito
zmenami pocitat a vSetkych zamestnancov

systematicky vzdelavat. Plnenie tloh organizacie,
ktorej cielom je uspokojenie potrieb zikaznika
v akejkol'vek oblasti podnikania predpokladd mat’
dokonale pripraveny personal [5].

Podnikova kultira prestava uz byt pre slovenskych
manazg€rov neznamym pojmom, mnohi ju chapu ako
dolezity faktor vykonnosti a konkurencieschopnosti
organizacie, stava sa neoddelitelnou sucastou
moderného manazmentu. Predstavuje nieco zjavne
existujuce, o sa nedd nariadit, casto ani vysvetlit,
ale vyrazne ovplyviluje fungovanie subjektu.
Podchytit’ a vyuzit’ tito problematiku v riadeni vSak
nie je jednoduché. Zakladom kazdej podnikovej
kultary je adekvatny kvalitny pracovny potencial,
t.j. dostatocny pocet zamestnancov vo vyhovujicej
Struktire, ale aj ich talent, vedomosti a schopnosti.
Kvalita personalu, jeho strategicky podporované
pristupy, postoje, aktivita, spdésoby konania
a spravania su predpokladom vytvarania a rozvijania
silnych ~ stranok a  konkuren¢nych  vyhod.
Organizacny rozvoj predpoklada riadené formovanie
podnikovej kultury, resp. jej pripadnti zmenu, co
mozno realizovat napr. modelom klucovych
kompetencii organizicie, ktory spaja tri urovne -
strategicku, Groven vedenia a rozvoja l'udi a uroven
vysledku u zakaznika. Takyto model umozni presne
Specifikovat’ meratelné premenné a teda aj
vyhodnocovat  rozvoj podnikovej kultary.
Nevyhnutnostou je pridizat’ sa jasne formulovanych
kIi€ovych kompetencii a ich prejavov na vSetkych
tychto urovniach, ako aj podporit’ cely proces
kvalitnou internou, aj externou komunikaciou.

Reeingineering  podnikovych  procesov je
V sicasnom manazmente jedna z najradikalnejSich



metéd zmien. Znamend zasadné prehodnotenie
a radikalnu rekonstrukciu podnikovych procesov tak,
aby mohlo byt dosiahnuté dramatické zdokonalenie
z hladiska kritickych mier vykonnosti, ako su
néklady, kvalita, sluzby a rychlost. Uvodom je
potrebné hladat’ novy zmysel a ucel prace celého
podniku (rethinking), zdsadne prehodnotit model
podnikového riadenia (redefinition) a preprojektovat’
klaicové a pomocné podnikové procesy (redesign).
Reeingineering vyuzivaju podniky, ktoré¢ maju vel'ké
problémy a nemaji ini moznost’ prezitia, t. j. maju

vysoké naklady, nizku troven kvality, odliv
zakaznikov, a pod. [6].
V novom svete podnikania sa konkuruje

podnikatel’skym modelom. Toto konstatovanie Ash
Maurya je zavazné, ale myslim si ze pravdivé
a spravne, pretoze, ked’ sa zamyslime a pochopime
podnik ajeho fungovanie v trhovom prostredi,
V sicasnom trhovom prostredi, potom odsthlasime
tento vyrok, pretoze produkt je v skutocnosti
vystupom  z kvalitnych, dobre  nastavenych,
riadenych a neustdle zlepSovanych podnikovych
procesov, podnikatel'sky model spolo¢nosti ma také
atributy ako napr. efektivnost' vsetkych procesov
a c¢innosti, inovacie a manazérstvo zlepSovania,
kvalita ako spokojnost’ zidkaznika a ostatnych
zainteresovanych stran atd’., ktoré v celku tvoria
podnikatel'sky model podniku.

ZAVER

Ciel tohto prispevku bol nasledovny,
na vymedzenom priestore sa zamerat’ na budicnost’
v suvislosti s podnikmi, podnikanim, riadenim
podnikov, zameral som sa stru¢ne aj na trendy, ktoré
v tychto oblastiach uz pozorujeme dlhodobejSie,
trendy ktoré sa naplnili, trendy, ktoré su
predpokladané 7e sa budu napliiat. Je to dolezita
problematika, trendy vyvoja ekonomiky, globalnej

ekonomiky, vplyv vyvoja v ekonomike
na manazment. na riadenie podnikov, na podniky
samotné, na ich konkurencieschopnost’,

na ich perspektivu. Informacii a literatary o trendoch
v podnikani v globalnej ekonomike je naozaj vela
asa pristupné, vela je kvalitnych autorov
aich hodnotnych diel, ktoré sa venuju tejto
problematike. Tieto fakty ohlladne buducnosti
ekonomiky atym padom prirodzene aj podnikov
naberaji na vyzname ako postupuje globalizacia
rastie vonkaj$i vplyv na podniky, rastie prave
Z hl'adiska stdle vdc¢Sich zmien, neurditosti
aturbulencii na trhu v globalnej ekonomike.
Tieto zmeny su zavazné, tak hlboké, ich frekvencia
stale narasta a to do takej miery, Ze zmena samotna
sa stava jadrom manazmentu. Podla P. Druckera:
,Existujeme v turbulentnom prostredi neustalych
zmien... a Druckerovou odpoved’ou je, Ze ,,Treba
riadit’ inovativne.* Inovacie st motorom, ktory bude
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hnat' firmy dopredu. Zmeny, ktoré sa v globalnej
ekonomike a spolo¢nosti deji, znamenaju nové
podmienky pre podniky aich adaptaciu na tieto
zmeny, je to pre podniky rozhodne vyzva, vyzva
adaptovat’ sa na meniace podmienky v globalnej
ekonomike. Tieto zmeny okrem iného znamenaji, ze
jednotlivé krajiny budu tvorit’ v buducnosti a nie tak
vzdialenej hyperkonkurenény globalny trh, kde buda
mat’ dolezitdt Ulohu informa¢né a komunikacné
technologie. Struktira novej globédlnej ekonomiky
vyspelych krajin sa vyvija a bude vyvijat' v priamej
zavislosti na  vyvoji  novych  technologii.
Nova ekonomika sa postupne vytvara a mozeme
povedat, ze bude sietova, digitdlna, informacna
a znalostna, bude turbulentna aplnd neurcitosti.
Globalna sietova ekonomika je uz dnes realitou,
globalna sietovd ekonomika vytvara novy
konkuren¢ny priestor. Konkurenénti vyhodu budia
mat’ ti, tie podniky, ktoré budi schopné vyuzivat
arozvijat Tudsky kapital (znalosti, schopnost
realizacie, kreativitu, inovacie a pod.), podniky,
ktoré budu vediet rychlo, pruzne reagovat na trh
a jeho potreby, jeho zmeny. Dominantnou $truktirou
globalnej ekonomiky budu nadnarodné korporacie.
Zmeny v organizovani a riadeni podnikov, vyvoja
a vyroby vedu postupne k tomu, Ze sa buda vytvarat
virtualne podniky, ktoré budi schopné s malym
mnozstvom zamestnancov dosahovat obrovské
obraty. Ekonomicky rast vyspelych krajin v
21. storo¢i, tak ako to potvrdzuje vyvoj z konca
20. storo¢ia az doteraz, mdze pochadzat Ilen
zZ rasticeho vyuzitia jediného zdroja, v ktorom maji
tieto Staty eSte stale konkuren¢nt vyhodu - znalosti
resp. novych znalosti, resp. vyuZitie vedomostnych
pracovnikov, teda zamestnancov, ktori st vybaveni
potrebnymi znalostami a tieto vedia prakticky
pouzivat’ pre rozvoj podniku.
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Application of CAD programs for making a computer model aimed at lowering

gearboxes sound emissions

Abstract: Noise emissions in automobile gearboxes are affected by a significant degree by vibration in
gearboxes. Modern methods for investigating vibrations include the finite element method. The FEM is a
numerical method for solving a wide range of engineering problems. The first step is to create a geometric model

of the investigated gears.

UVvoD

Medzi  popredné  problémy  automobilového
priemyslu patri hluk. Tie sa konStruktéri snazia
odstranit’ a hluénost’ znizit' na mozné minimum. Cim
je mensSia hlucnost’, tym je jazda v aute prijemnejsia.
V niektorych kladnych pripadoch ma takéto usilie za
nasledok aj zvySenie vykonu motora, zniZenie
spotreby paliva ale hlavne zniZenie emisii hluku.

Negativny vplyv dopravného hluku a ochrana proti
nemu naberaju celosvetovo na vaznosti. Dopravny
hluk nie je len ruSivym javom, ale je Statisticky
dokdzana priama suvislost celkovej nemohucnosti
obyvatel'ov s hlukovymi pomermi ich obydli. Emisie
hluku zasahuju okolité prostredie, ale aj osoby
nachadzajuce sa vo  vnOtornom  prostredi
automobilov. Podla zakona Narodnej rady SR
povolend hladina hluku automobilov je 74 dB.
Konstruktéri musia dbat’ na to, aby pri zachovani
zvysenej vykonnosti automobilu pri zniZenej emisii a
spotrebe paliva klesla aj hladina hluku, a to pod dany
limit. Zaroven je nutné dodrziavat' limity hluku
podla predpisu EHK (Eurdépska hospodarska
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komisia) ¢. 51. Predpis sa zameriava na podmienky
udelenia homologizacie z hl'adiska externého hluku.
Zvysenym legislativnym tlakom vystupuje do
popredia hladisko ekoldgie tykajuce sa hluénosti
automobilov. Této skutocnost’ vedie k potrebe
identifikacie zdrojov hlu¢nosti a ich kvantitativnemu
ohodnoteniu.  Znaény podiel na  hluc¢nosti
automobilov  tvori  hlu¢nost  automobilovych
prevodoviek. Za najvyznamnejSiu pri¢inu hlu¢nosti
je povazovana tzv. chyba prevodu (Transmission
Error), ktora suvisi s tuhostou ozubenia a S
kinematickou presnost’ou.

Prevodovky, ktoré fungujii niekol’ko rokov s
relativne nizkymi vibraciami, mézu zacat’ vykazovat
vysoké vibracie. Tento narast vibracii je casto
vCasnym varovanim, ze porucha prevodovky moze
nastat’ za niekol’ko tyzdnov. Vibracie vo vozidlach
alebo lietadlach nie si vitané - aj ked su prevody
schopné fungovat dlho bez poruchy. Vibracie
indukované v 1uzko prepojenom mechanickom
systéme mdzu sposobit’ pred¢asné zlyhanie krehkych
stdasti, ako su pristroje, ovladacie mechanizmy,
malé motory alebo dokonca skrutky (pri niektorych



skrutkovych
skrutiek) [1].

spojoch moéze dojst k uvolneniu

1 VIBRACIE A ICH MERANIE

Ak sa vibracie zmeraji v jednom zo Styroch rohov
prevodovej skrine, tak vysledkom merania bude
maly pohyb kmitajici tam aspdt pri vysokej
frekvencii. Charakter tohto pohybu ma tvar sinusove;j
viny. Obrazok 1  zobrazuje sinusovy charakter
vibracie v ur¢itom okamihu. Na obr. 1 je radialny
posun vektorova vzdialenost d. Velkost tohto
vektora je ur€ena bodom pohybujicim sa po kruznici
rychlostou w, pre radidny za sekundu.
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Obr. 1. Schéma vlny vibracie

Meranie vibracii zahfia snimacie zariadenie, ktoré
detekuje amplitddu, zdznamové zariadenie, ktoré
zaznamenava signaly zo snimacieho zariadenia a
zariadenie na spracovanie udajov, ktoré prevadza
prvotné udaje na analytické udaje vo forme
mnozstva vibracii pri roznych frekvenciach. Pristroj,
ktory snima, sa VSeobecne povazuje za prevodnik.
Vystupom menica je elektricky signal, ktory
prechadza vodi¢mi do datového zdznamnika.
Zaznamnik dat moze tieto signaly zaznamenavat' na
magnetickl pasku. TaktieZ je mozné mat’ zaznamnik

udajov, ktory okamzite spracuje prichadzajice
signaly a poskytne tudaje o intenzite vibracii.
Zariadenie na spracovanie udajov mdze zaznamenat’
zaznamenané udaje a poskytnit’ maximalne vibracie
napriklad pre kazdi tretinu oktavového pasma.
Spracovatel'ské zariadenie bude mat zvycajne
schopnost’ prijimat’ signal v jednom z troch
vibratnych rezimov (amplitida, rychlost a
zrychlenie) a prevadzat’ tento signal na d’alSie dva
rezimy. Pri premene na tudajov na zvy$né dve
nemerané veli€iny sa predpokladd, ze vibra¢na vina
ma jednoduchy harmonicky pohyb.

Pri merani vibracii na prevodovke sa zvykne zvolit’
viacero miest. Na zaciatku sa bezne meria v troch
smeroch. Tie st zvy¢ajne horizontalne, vertikalne, a
axialne. Neskor, ked’ je namerana historia vibracii, je
mozné vykonat’ merania iba na jednom alebo dvoch
miestach, a iba v jednom alebo dvoch smeroch a
stale si byt dostato¢ne isty, ¢i su vibracné
charakteristiky uspokojivé alebo nie.

Udaje o vibraciach st obzvlast uzitoéné pri
monitorovani prevodoviek v prevadzke, ktoré moézu
byt nachylné na zlyhanie. Zavazna chyba v
geometrii alebo kvalite metalurgie sa méze prejavit
aj po rozsiahlych apresnych kontrolach kvality.
Kontrola vibracii v prevadzke je poslednou Sancou
na zistenie chyby skor, ako dojde k zavaznej poruche
[1, 2].

2 ZDROJE HLUCNOSTI PREVODOVKY

Vo v§eobecnosti je prevodovka akusticky uzatvoreny
systétm, z ktorého sa hluk S$iri najméd vibraciami
povrchu skrine alebo pripojenymi agregatmi, vratane
zakladnej konstrukcie. Za najvyznamnejsiu pric¢inu
hlu¢nosti je povazovana tzv. chyba prevodu
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Obr. 2. Nazorna ukaZka merania vibracii od ozubenych kolies, Healthy — nepoSkodené kolesa, Chipped — hlava zuba je
poskodena, Worned 10 % - odobratych 0,5 mm hrubky zuba, Worned 5 % - odobratych 0,3 mm hribky zuba [4]
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(Transmission Error), ktora savisi s tuhostou
ozubenia a s kinematickou presnostou ozubenia [3].

Pri zabere ozubenych kolies st vibracie prenaSané na
obal prevodovky st najvyznamnejSim zdrojom
hlu¢nosti. Z fyzikalneho hladiska je pri¢inou vibracii
dynamicka sila, ktord méze menit’ svoju amplitidu,
smer alebo pdsobisko. V evolventnom ozubeni je
najvyznamnejSia zmena amplitudy, ktorej hlavnou
pri¢inou je premenlivd tuhost ozubenia a razy pri
vstupe zubov do =zaberu vplyvom deformacii,
odchylok rozstupu a profilu zubov voci teoretickymi
rozstupmi. Na obr.2 je mozné vidiet ako
opotrebenie zubov vplyva na hlu¢nost’ prevodovky.

V zébere ozubenych kolies vplyva na vibracie

pridavnymi dynamickymi silami, ktoré maju za
nasledok zvySovanie vibracii).

Obsahom prevodovky st komponenty, ktoré mozu
byt samy o sebe zdrojom hluku a vibracii, alebo
vibracie vybudia, pripadne prenaSaji a zosiliuju.
Patria sem napriklad pomocné prvky, ako napriklad
prvky riadenia, loziska a hriadele. Najvyraznejsie sa
z tychto prvkov prejavuju loziska, ktoré su druhym
najvyznamnej$im zdrojom hluku po ozubeni.
Vibracie vznikaju odvalovanim valivych prvkov
loziska po wvnutornej a vonkajSej drahe. Ich
frekvencia je dand nerovnostami povrchu (pitting)
alebo nepravidelnostou funkénych pléch, ktoré
vznikaju opotrebovanim alebo pri vyrobnom procese

mnoho dalSich skutoénosti, napriklad vibracie (deformacie vplyvom upnutia).
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Obr. 3. Ukazka merania vibracii na pouZitej prevodovke [5]

prenasané¢ do ozubenia z hnacicho alebo hnaného
agregatu, kmitanie hriadelov a lozisk. VSetky
uvedené javy sa podielaji na zvacSovani amplitady
v ozubeni. Celkova energia vyzarovaného hluku sa
postupne zvysuje.

Medzi Specifické zdroje hluku patri vznik razov
vplyvom axialnej a bo¢nej (zubovej) vole ozubenych
kolies so §ikmym ozubenim. Vznika predovsetkym u
malo zat'azenych ozubenych kolesach (napriklad pri
volnobeznych otadckach spalovacieho motora), alebo
naopak pri vel'mi zatazenych ozubenych kolesach s
malymi otackami. K tomu prispieva nepravidelny
chod hnacieho agregatu a dochadza k torznému
kmitaniu (zmena uhlového zrychlenia behom jedne;j
otacky) [6]. Tento hluk je oznaovany ako rin¢anie a
klepkanie (zvonenie, chrastenie, ...). V tejto dobe sa
motory modernych aut vybavuju dvojhmotovym
zotrva¢nikom a spojky zase s timi¢mi zaberu.
Dal§imi javmi sposobujicimi hluk pri  zabere
ozubenia patri tzv. Air Pocketing (suvisiaci so
vzduchovymi kapsami v mazive) a Lubricant
Entrainment (vplyvom malych vo6li nie je prebytocné
mazivo vytlaené zo zaberu a namaha ozubenie
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Velkym podielom na hlu¢nost’ prevodovych skrin
ma vSak skoro vzdy budenie vibracii v zabere
ozubenych kolies. Na obr. 3 je priklad celkového

hodnotenia hluku pouzitej automobilovej
prevodovke [3].
3 METODA ODOBRANIM

Dalsia metoda modelovania v CAD programoch
pouziva Booleovské operacie ako napr. Vyrezanie na
odstranenie materialu, v tomto pripade sa odstrani
z obrobku objem atvar nastroja v zavislosti na
vzajomnom pohybe, prebichajicom po malych
krokoch, ktorym sa simuluje skuto¢na vyroba
ozubeného kolesa. Tato metdoda vyuziva postupy,
ktoré sa pouzivaju v realnej vyrobe a preto pri jej
pouziti vznikaji modely, ktoré moézu byt aj
neanalytického typu. Zaroven vzhl'adom na relativne
pozicie ozubeného kolesa anastroja, sa pri
modelovani mozné akékol'vek typy posunov profilu.

Nevyhodou tejto metddy je Ze potrebuje vel'a ¢asu na
vytvorenie modelu, ato aj pre jednoduché profily.
Generovanie ozubenych kolies takouto metodou
mdze na obyCajnych pocitatoch trvat hodiny
a v niektorych extrémnych pripadoch aj dni. Avsak



ak nie je potrebnd vysoka preciznost’ generovanych
CAD modelov, tak je mozné znizit' ¢as generovania
na minaty. CAD modely ozubenych Kkolies so
znizenou preciznostou mézu byt kl'udne pouzité vo
vizualnych simulaciach, pre sledovanie pohybu, ale
na presné skumanie kontaktov, tvorbu siete
kone¢nych prvkov a naslednu simuléciu zatazenia sa
tieto modely takmer nepouziteI'né.

Cervené ¢asti na obr. 4 boli ziskané pri 2° krokoch
otacania, ZIté Casti pri 1°, modré pri 0,5° a azirové
(najvysSia presnost, avSak ich nevidno, lebo sa
nachddzaju pod zvySnymi troma) boli ziskané pri
0,2° krokoch ot4fania. Ztoho vyplyva Zze pri
zniZzovani stupnov otac¢ania pre kazdy krok sa
zvySuje presnost’ tvaru evolventy ozubenia a tym
padom aj plochy ktoré vytvori. Pricom generovanie
ozubeného kolesa trvalo pre 2° kroky 21 s a pre 0,2°
kroky 2900 s [7].

Obr. 4. Profil zuba metédou odobranim [7]

4 ZLOZENA METODA

Dalsou metédou modelovania ozubenych kolies je
zlozena metdda modelovania (mixed modeling
method), a t4 zacina diskretizovanim reznych
profilov nastroja, rozdel'ovanim profilov do priamok
aobluikov vo vzdialenostiach S$pecifikovanymi
uzivatel'om (pozri obr. 5).

Obr. 5. Schéma nastroja a ozubeného kolesa

Nasledne su dané profily nahradené 3D entitami
(obr. 6), svrcholmi ktoré obsahuju rozdelovacie
body. Pri modelovani sa hybe len nastroj
a modelované ozubené koleso je fixované. Metdda
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spofiva vtom ze nastroj vytvori podla svojej
geometriec body na ktorych sa nasledne vytvoria
plochy profilov ozubenia. V d’alsom kroku st
Ztelesa odstrdnené¢ objemy vytvorené plochami
medzi zubami atym vznikd presny arychlo
generovany tvar ozubenia a ozubeného kolesa.

Obr. 6. Body tvoriace zubové medzery [7]

5 PARAMETRICA METODA

Tato metdda je pouzitelna ako pre ¢elné ozubenie
tak aj pre kuzel'ové ozubenie a zaroven aj pre rovné
a sikmé zuby. Principom tejto metédy je v prvom
rade vypocet hodndt ozubeného kolesa a ozubenia
anasledne na to sa vytvori evolventna krivka
a prechodova krivka v. CAD programe pomocou
funkcie parametricka krivka. Ozubenie sa vytvori tak
ako pri ostatnych metodach formou odobrania
profilu, ktory tvori zubovlli medzeru. Néaslednym
skopirovanim tohto profilu po obvode ozubeného
kolesa Vv rovnakych rozstupoch vznikne celkové
ozubenie.

Rozstupova kruznica tvori zaklad pre vytvorenie
ozubenia. Je to myslena kruznica, ktora sluzi na
vypocet modulu ozubenia a rozstupu medzi dvoma

bodmi susednych zubov. Zaroven rozstupové
kruznice pastorka a ozubeného kolesa vytvaraji
pomyselné valce, ktorymi sa v Kkinematike

nahradzaju prislusné ozubené kolesa a vd’aka tomu
je zachovana podmienka staleho prevodového
pomeru.

Zakladna kruznica je myslenou kruznicou, z ktorej sa
pri parametrickej metode odvadzaji rovnice pre
evolventu, ako aj pre prechodovu krivku.

Uhol a je zaberovy uhol definovany ako uhol
nachadzajuci sa medzi zaberovou priamkou, ktora je
kolma na rozstupovii os a spolocnou doty¢nicou
rozstupovych kruznic. Pre nekorigované celné
ozubenie je tento uhol normalizovany, a to o = 20°.

V CAD programoch ktoré disponuju nastrojom na
tvorenie rovnic je mozné zadat' vstupné parametre
a nasledne napisat’ v§eobecné rovnice s premennymi.
Tieto rovnice vypocita program a do modelu sa
vkladaji uz len oznaCenia rovnic. Takyto nastroj



umoziuje uzivatel'ovi 'ubovolne a rychlo upravovat
dany model len zmenou vstupnych parametrov.
V pripade ak CAD program takymto nastrojom nie je
vybaveny je potrebné do modelu vkladat’ vypocitané
hodnoty.

Pri modelovani sa zacina s hlavovou kruZnicou a ta
je nasledne vytiahnuta do priestoru v danej hrubke
ozubené¢ho kolesa. Je vhodné aby bolo teleso
vytahované do priestoru symetricky, ¢im sa umozni
lah$ia manipulacia s modelom v procese skladania
zostavy, pohybovej Studie alebo metody konecnych
prvkov. Tymto krokom sa ziska prvotné 3D teleso,
ktoré bude d’alej formované do pozadovaného tvaru.
Dalsim krokom je vytvorenie evolventy zuba. V
tomto pripade sa Skicuje na jednej z rovnych ploch
3D telesa a vychddza sa zo zékladnej kruznice.
Avsak v tejto skici budi v d’alsich krokoch potrebné
aj rozstupova kruznica a patna kruznica.
Parametricka krivka méze byt teoreticky vytvorena
ako je na obr. 7. Ciastoény vysek B je pripojeny
k valcu A, okolo ktorého je obtoCena myslena $nura
def. Ta je vbode f pevne pripevnena. Bod b na
myslenej S$nire znazoriuje bod, ktory lezi na
evolvente aobtacanim alebo odta¢anim myslenej
Snary ma jeho draha tvar evolventy. Krivka
evolventy je vtomto pripade dana bodmi AC.
Polomer zaoblenia evolventy sa priecbezne meni
podl'a mnozstva odtoCenia tento myslenej $Snury a to
tak ze v bode a je bod b totozny s bodom a a polomer
zaoblenia je nulovy. V bode ¢ je polomer zaoblenia
maximalny avSak bod c¢ je od stredu valca
A vzdialeny v hodnote polomeru hlavovej kruznice,
atym padom je dalSie vySetrovanie evolventy pre
tvorbu zuba zbytocné. Z tohto obrazku vyplyva Ze
bod b stale rotuje okolo bodu e a tym padom priamka
de je kolma na evolventu v kazdom bode b a zaroven
stale doty¢nicou valca A.

P
g
e

Obr. 1 Schéma tvorby evolventy

d
B

Zvolenim funkcie krivka dana rovnicou a naslednym
upresnenim danej rovnice na parametricki a nie
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explicitn, sa namodeluje evolventa, a to
nasledujucimi rovnicami (1) a (2) podl'a [2]:

x=r,-[cos(t)+t-sin(t)], (1)
y=t,-[sin(t)—t-cos(t)]. )

Obr. 8. Parametrické modelovanie evolventy

Na obr. 8 je priklad parametrického modelovania
evolventy. Pre parametre t; at; je vhodné zvolit’ 0
amn/2.

Profil evolventného ozubenia je tvoreny nielen
evolventou, ale aj prechodovou krivkou, avsak ta uz
nie je potrebna pre spravny zaber ozubenych kolies.
Geometria tejto krivky ma znacny vplyv na ohybové
napitie zuba. Vznikd ako nasledok vyrobného
procesu, kde priamkova ¢ast’ nastroja kon¢i tvorbu
evolventy a zaoblena Cast’ pri otacani kolesa zacne
vytvarat’ prechodovu krivku (obr. 9), a to v mere od
pitnej kruznice. Primarna trochoida je totozna
s drahou relativneho pohybu stredu nastroja obr. 9.
Prechodovd krivka sa vytvori zo sekundérnej
trochoidy, ¢o je rovnakd krivka ako primarna
trochoida, avsak je od nej vzdialend v konstantnom
rozostupe, ktory je polomer zaoblenia nastroja, CiZe
je ekvidiStantna. Z tohto vyplyva Ze geometria a typ
nastroja udava tvar prechodovej krivky. Pri
prevadzkovom pouziti je v mieste prechodovej
krivky koncentrované maximalne napétie, CiZze tvar
a rozmery tejto krivky ovplyviuju ohybovu pevnost
zuba.

sekundarna trochoida

('\.Tcw T ) ¥

Obr. 2 Schéma prechodovych kriviek [8]



Stradnice bodov primarnej trochoidy st vyjadrené
rovnicami (3) a (4):

X =—F-SiN@+(rp+X,)-cosp+Yy,,-sing,  (3)

y; =r(1-cosg)—(ro+x,)-sinp+y, -cosp  (4)

Nasledne sa sekundarna trochoida vyjadri rovnicami
(5) a (6) ako:

X. =% +p[sin(y-o)], (5)

Ve = ¥r +p[cos(y—9)], (6)

kde y je dana vztahom (7):

y =arctg [Lj .
ro+ X,

Dalsim krokom je odstranenie prebytoénych kriviek
funkciou Trim, a to tych, ktoré netvoria boény profil
zuba.

Medzi posledné kroky patri odzrkadlenie krivky
boc¢ného profilu zuba cez polovicu zubovej medzery,
¢im vznikne profil zubovej medzery. Ten sa nasledne
pouzije vo funkcii Cut alebo Lofted Cut (podla
modelovaného  ozubeného kolesa). Vzniknuta
zubova medzera sa namnozi po celom obvode
v danom pocte zubov.

(7)

ZAVER

ZvySovanim vykonov a zlepSovanim zat'azeni
strojov s ozubenym prevodom vedie k rastu
technickej trovne strojov, ale to vedie k zhorSovaniu
kvality  zivotného prostredia. Medzi takyto
kvalitativny faktor, ktory zhorSuje zivotné prostredie
patri prave hluk.

Pre konstruktérov je dolezité, aby mohli vopred
navrhovat azlepSovat navrhnut¢ komponenty
prevodoviek s poziadavkou na zniZenie hluku.
Takyto proces sa za¢ina uz pri tvorbe geometrickych
modelov, ktoré musia byt presné arychle, o
umoziuje uzivatelom kvalitnejSie kontroly danych
Zasti. Cim viac sa model pribliZi geometrii redlnemu
vyrobku, tym bude kontrola na vibracie pomocou
MKP uzitocnejsia.
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Design of a computational model for the analysis of the state of stress on the

weld surface with real geometry

Abstract: The paper presents the procedure of creating a geometric model of the weld surface from 3D scan
data. The geometric model is used to calculate the stress concentration on the real weld surface. The stress
concentration on the weld surface affects the fatigue properties of the welds and the initiation of damage from
the weld surface. In MATLAB, the 3D scan data of the weld surface is processed and the file with geometry for
program ADINA is created. Next step is stress concentration analysis in the weld in the software ADINA.

UVOD

Pri zvarani dochadza k lokdlnemu roztaveniu
materidlu v mieste zvaru. Pri jeho opdtovnom
tuhnuti dochadza k vzniku charakteristického
povrchu zvaru. Na povrchu zvaru moézu vzniknut’ aj
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tvary, ktoré su charakterizované ako chyby zvaru.
Mikroskopicky a makroskopicky tvar povrchu
konstrukcie je jednym z dolezitych kritérii, ktoré
urcuje unavové vlastnosti konstrukcie. Geometrické
imperfekcie na povrchu spdsobuju koncentraciu



napéati. Miesta so zvySenymi hodnotami napéti na
povrchu su spravidla oblasti inicializacie trhlin. V
prispevku prezentujeme postup vytvorenia readlneho
geometrického modelu povrchu zvaru a nasledne;j
analyzy stavu napitosti v zvare. Vytvorené
algoritmy su implementované v programe Matlab,
ktoré generujii geometricky model pre program
Adina [1]. Pre testovanie vytvorenych algoritmov je v
programe Matlab vygenerovany tvar povrchu
definovanim bodov na povrchu. Pri skenovani
readlneho povrchu zvaru pouzitim laserového
skeneru ziskame stradnice bodov na povrchu.
Vytvorené algoritmy je teda mozné pouzit na
generovanie geometrie ziskanej 3D skenovanim
povrchu zvaru [2-5].

1 VPLYV POVRCHU ZVARU
S REALNOU GEOMETRIOU
NA UNAVOVE VLASTNOSTI
MATERIALU

Mechanické vlastnosti konstrukéného materialu su
vysledkom sofistikovaného vyrobného rezimu,
ktorym sa riadi kinetika metalurgickych procesov
[6,7]. Nech aplikujeme do tohto procesu akykol'vek
dodato¢ny tepelno-deformaény proces, tento akt sa
jednoznacéne prejavi na vyslednych vlastnostiach
materidlu. Dnes uz vieme, Ze zvarovy spoj je
tvoreny zvarovym kovom, ktory predstavuje
skrystalizovanu taveninu zakladného a pridavného
materialu. Zvarovy spoj je d’alej tvoreny aj teplom
ovplyvnenou oblastou, kde sa teplom aktivoval
jeden alebo viacero mechanizmov spevnenia a
zaroven tato oblast’ izko nadvézuje na povodny
(zakladny) materidl. Vo vsSeobecnosti sa da
povedat, ze zmena metalurgického stavu materialu
po zvarani je tym vyraznejSia, ¢im zlozitejsi bol
rezim vyroby zvarového spoju.

A prave v zavislosti od realnych podmienok
namahania mozu nadobudat’ z pohl'adu hodnotenia
bezpecnosti resp. Zivotnosti takejto konstrukcie

kriticka oblast’

N

vyznam jednotlivé oblasti teplom ovplyvnenej
zony.

Kvalita povrchu zvaranych konstrukcii ma pri
cyklickom zat'azovani vel'mi ¢asto zasadny vyznam
pre zabezpeCenie pozadovanych Unavovych
charakteristik [8]. Je zrejmé, ze vytvorené zvarové
spoje maji velki nevyhodu v porovnani so
zakladnym materidlom a to v podobe zmeny svojho
tvaru s Castym prevySenim oproti hrubke prierezu
zvaraného materialu. Tato zmena pri zatazovani

sposobuje v miestach prechodu zakladného
materidlu  so  zvarovym  kovom = zvySenu
koncentraciu  napédti. T4  dalej spoOsobi

nerovnomernost’ v rozlozeni zatazenia v priereze
zvaru. Z tohto je mozné usudit, Zze kazda zmena
tvaru prierezu konStrukcie bude spdsobovat
vrubovy téinok [9,10]. Okrem tohto geometrického
uc¢inku  vrubu musime bratt do uvahy aj
technologicky vplyv vrubu. Ten sa prejavi vo forme
metalurgického spojenia zvarového kovu S0
zakladnym materialom, o je znadzornené na obr. 1.

Z tohto pohladu by zvéacSenie absolutnych
rozmerov prieéneho prierezu vo zvarovom spoji
malo podstatne znizit medzu tnavy. Z pohladu
sucasného vnimania tohto javu sa za idedlny
zZvarovy spoj povazuje spoj bez prevysSenia, kde je
splynutie zvaru so zdkladnym materidlom plynulé.
Tento sposob spajania materidlov je mozny len pri
niektorych mechanizovanych sposoboch zvarania,
¢o pri ruénom spdsobe zvarania nepripada do
uvahy. Rovnako pri narocnejSich spdsoboch
zvarania je nerealne ocakavat, aby zvar
nespdsoboval vrubovy ucinok. Da sa povedat, ze
chyby vo zvarovych spojoch st neoddelitelnou
sucastou vyhotovovania tychto zvarov. Na proces
vytvarania zvaru vplyva mnozstvo faktorov, ktoré
sa podiel’aji i na vzniku defektov. Jednym z kritérii
rozdelenia chyb zvarovych spojov je situovanie
chyby na povrch zvarového spoja alebo do jeho
vnutra. Podla toho mdzeme rozdelit' chyby na
vonkajsie a vnttorné.

Obr. 1. Oblast’ nepriaznivého tvaru zvaru
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Na unavovu zivotnost’ zvaranych konstrukcii majt
spravidla vyznamny vplyv aj nedokonalosti tvaru
zvarového spoja, d’alej makro vruby napriklad vo
forme krycich husenic zvaru alebo vel'ké koreniové
neprievary. Prostrednictvom napitovej analyzy
priecneho rezu kutového spoja bolo dokazané, ze
suCinitel’ koncentracie napitia v upiti zvaru pri
zatazovani naprie¢ zvarom je priblizne rovnaky
ako suCinitel zodpovedajuci osamelej diere v
platni. Malé rozdiely su spdsobené len zmenou
geometrie Upitia zvaru, ktora je zlozitejSia ako
jednoducha diera. V upéti zvarov sa tieZ nachadzajt
zapaly vo forme nadmerného prevysenia povrchového
profilu zvaru, ¢o spdsobi lokdlne zvySenie
koncentracie napétia v tomto mieste [11-13].

Okrem toho sa v upiti zvaru casto nachadzaju
drobné nespojitosti, ktoré svojou povahou
predstavuju pritomnost’ trhlin respektive vtrisenin.
Opakovana pritomnost’ tychto porach po dizke
zvaru znemoznuju presnejSie stanovit hodnotu
sucCinitela napitia. V praxi to predstavuje este
vicsie zniZzenie Unavovych vlastnosti celej
konstrukcie akoby bola tiato konStrukcia bola
hodnotend len z pohladu pritomnosti zvarov.
Dal3ou pri¢inou zmien v lokalnej koncentracii napiti
je pritomnost neprievarov zvarovych spojov v
oblasti korena zvaru. V zavislosti od velkosti a
geometrie neprievaru koreila zvaru mézu byt tieto
vruby ovela nebezpecnejSie ako predchadzajtice
uvedené chyby [14,15].

Dnesnou ulohou konstruktérov a technologov je
snaha zmiernit vrubovy ucinok tychto chyb vo
zvaroch. Nie je to vzdy jednozna¢na uloha.
PrevySenie v mieste zvarového spoja ako krycich
tak aj korenovych husenic zapri¢ini na jednej strane
zvacSenie prierezu zvaru a tym narast koncentracie
napétia ale na druhej strane sa tym zvysi aj pevnost’
zvaraného dielca. Tento problém je v dnesnej dobe

0.5-

-0.5

vyrieSeny spravnou volbou pridavného materialu
tak, aby pevnostne zodpovedal Grovni zékladného
materialu.

Existencia zvarovych spojov suvisi s takmer
bezpodmiene¢nou pritomnostou koncentratorov
napéti, co sposobuje lokalne zvySovanie napétosti v
prierezoch, ktoré su kritické pre vznik lomovej
plochy. Ak k tejto skutoCnosti pripocitame este aj
posobenie rezidudlnych napiti za predpokladu, ze
material uz nema prebytok plastickych vlastnosti,
alebo patri medzi tazkozvaritelny material,
pritomné zvySkové napédtia moézu vyvolat’ vznik
prasklin. Okrem toho zvySkové napitia, ktoré
posobia na tah vyvolavaji aj rozmerovi nestabilitu
zvaranych dielcov a tym nepriaznivo ovplyviuju aj
unavovu zivotnost takejto konstrukcie. Je potrebné
ale podotknut, ze je mozné vytipovat aj také
oblasti zatazovania, kde sa tieto napdtia mézu
prejavit’ aj pozitivne [16, 17].

2 PRIPRAVA GEOMETRICKEHO
MODELU POVRCHU ZVARU

Pri  vytvarani algoritmov sme vychadzali z
predpokladu, ze tvar realnej geometrie zvaru bude
popisany prostrednictvom suradnic bodov na
povrchu zvaru. Suradnice bodov na povrchu zvaru
je mozn¢ ziskat 3D laserovym skenovanim
povrchu zvaru. V c¢ase pripravy vypoctovych
modelov neboli k dispozicii data zo skenovania
redlneho tvaru povrchu zvaru, preto sme ich
nahradili vygenerovanim stiradnic bodov v programe
Matlab. Na generovanie bodov sme pouzili funkciu
PEAKS. Vygenerované suradnice bodov sme v
smere kolmom k rovine x-y 10-nasobne zmenSili a
vytvorili maticu bodov, v ktorej riadok zodpovedal
bodu na povrchu a stipce obsahovali postupne X, y a
z sturadnicu bodu (obr. 2).

Obr. 2. Tvar vygenerovaného povrchu zvaru



Pri vytvarani modelu budeme pouzivat v MKP
programe Adina modul Adina-M. Modul Adina-M
je modelar, ktory pracuje s grafickym formatom
parasolid. Umozituje import geometrie v formate
iges, a import mraku bodov. Pri importe mraku
bodov sme ziskali geometricky model, kde kopce aj
kratery tvorili objemové telesd, a preto import
bodov  rozmiestnenych na  povrchu  bol
nepouzitelny.

Modul Adina-M umoziiuje vytvorenie uzavretej
hrani¢nej ciary plochy a nasledné vygenerovanie
plochy pouzitim hranice. Pri tomto vytvarani ploch
je obmedzenie, vytvarana plocha musi byt
priamkovou plochou. Nasledne je mozné vytvorené
telesa s jednou plochou zIucit' do jedného telesa s
velkym poctom pléch pre zjednoduSenie prace s
takymto telesom.

Pri vytvarani programov pre generovanie geometrie
pouzivame vysSie uvedeny moznosti modelovania v

module Adina-M. Postup generovania
geometrického modelu redlnej plochy je
nasledovny:

e Vytvorenie siete trojuholnikov v rovine X-y.
Na vytvorenie siete pouzijeme delaunay triangu-
larizaciu v programe Matlab. Pri
triangularizacii pouZijeme iba X a y stradnice
bodov. Ziskame siet' trojuholnikov, ktora
vytvara trojuholniky zo susednych bodov bez

toho, aby sa niektoré trojuholniky navzajom
prekryvali.

e Vygenerovanie prikazu programu Adina, v
ktorom su zapisané suradnice vSetkych bodov na
vytvaranej ploche.

e Vygenerovanie prikazov ~na  vytvorenie
jednotlivych  hraniénych Ciar segmentov
vytvaranej plochy. Vytvoria sa Ciary typu
polyline.

e Vygenerovanie prikazov na vytvorenie ploch z
jednotlivych hrani¢nych ¢iar. Pri generovani
ploch sa pouziva vytvaranie telesa typu sheet.

e ZluCenie jednotlivych telies, ktoré tvoria
segmenty vytvaranej plochy do jedného telesa
typu sheet. Pouziva sa vytvaranie telesa
metodou sewn.

Vytvoreny algoritmus generovania modelu reéalnej
plochy je rychly. Generovanie modelu pre plochu
popisani bodmi v rastri 50x50 trvd radovo
niekol'ko sekund. Nacitanie vytvoreného modelu do
programu Adina je vyrazne Casovo narocnejSie a
trva niekol’ko minut. Vytvorené teleso typu sheet je
zobrazené na obr. 3.

Po vytvoreni telesa je potrebné doplnit’ ostatné
plochy, ktoré budi vytvarat geometricky model
zvarového spoja (obr. 4).

A TIME 1000

»Z=0

Obr. 3. Vytvorena geometria povrchu zvaru

3 ANALYZA STAVU NAPATOSTI

Vytvorené algoritmy boli testované na modeli s
maximalnou hibkou kratera 0,65 mm. Celkova
hrabka materidlu bola vo vytvorenom modeli
4 mm. V mieste kratera je hribka materidlu mensia
0 cca 16 %. Vytvoreny geometricky model zobrazeny
na obr. 5 ja zat'azeny jednoosim stavom napétosti v
smere osi X. Velkost zat'azenia je 100 MPa.
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V mieste tvarovej zmeny povrchu su pouzité
elementy velkosti 0,1 mm a v ostatnych castiach
modelu st elementy velkosti 0,3 mm. V modeli je
pouzitych cca 1 milién elementov a cca 180 tisic
uzlovych bodov. Siet’ kone¢nych prvkov je tvorena
linearnymi  tetrahedronmi. Pre  zrealizovanie
vypoctu bol pouzity elasticky materidlovy model
Youngov modul pruznosti s hodnotou E =210 GPa,
aplikovana hodnota Poissonovho ¢isla bola x=0,3.



Maximalna vypocitana hodnota napéti pre napitia v

smere zat'azenia je 203 MPa (obr. 5).

A TIME 1000 z
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2
Obr. 4. Geometricky model zvarového spoja s geometriou povrchu zvaru
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Obr. 5. RozloZenie napiti v smere zat’aZenia v smere osi x

ZAVER

Navrhnuté vypoctové modely a algoritmy umoziuji
analyzu stavu napétosti na povrchu reélnej
geometrie zvaru. Redlnu geometriu tvaru zvaru je
mozné ziskat 3D laserovym = skenovanim.
Prezentovany vysledok testovacieho prikladu
ukazuje, ze pri 16 % zmenSeni hrabky materialu v
mieste zvaru doslo k 100 % zvySeniu napdtia. Tieto
vysledky poukazuji na potrebu hlbsieho vyskumu
v oblasti vplyvu tvaru povrchu realneho zvaru na
rozloZzenie napitosti v zvare. ZvySené hodnoty
napitia v mieste zvaru s redlnou geometriou
povrchu zvaru mézu mat zasadny vplyv na
unavové vlastnosti zvarového spoja.
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NDT skuaska umelych srdcovych chlopni BSCC
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NDT test of artificial heart valves BSCC

Abstract: The subject of investigation is a set of four artificial heart valves made of electrically conductive
material, namely the alloy Ti-6Al-4V. Notches of defined geometry with gradually increasing depth were formed
on these BSCC (Bjork-Shiley Convexo-Concave) valves. These defects are created on the so-called output strut,
which serves as a support mechanism for the controlled movement of the so-called occluder disc and they have
been investigated. The method which was used is ultrasonic infrared thermography, where the object was excited
by the UTVIS EDEVIS ultrasonic system and the response was detected by the FLIR SC 7200 infrared camera.

The postulate for the use of this method is that the excitation signal may be periodically pulsate or in any other
way modulated by certain amplitude frequencies, called "lock-in frequency". Lock-in thermography is a type of
active lock-in method. The results of damage detection on these relatively complicated objects are compared and

discussed.

UVOD

V systéme riadenia kvality vyrobného procesu
zohrava doéleziti ulohu nedestruktivne skuSanie
materialov (NDT). Umoziuje vcasné odhalenie
vnutornych chyb vyrobku alebo polotovaru, ktoré by
mohli po urCitej dobe prevadzky =zabranit jeho
efektivnemu pouzitiu alebo sposobit’ nehodu. Na
detekciu a kvantifikdciu zistenych chyb v oblasti
nedestruktivneho testovania pouzivame mnoZzstvo
metdd vyuzivajucich rozne fyzikalne principy.
Vyhodou nedestruktivnych metdd oproti
destruktivnym je skutocnost’, Ze produkt po testovani
zostane nezmeneny amodze sa dalej pouzit.
Skusobné metédy NDT pre jednotlivé druhy
polotovarov a vyrobkov su predpisané v prislusnych
normach a predpisoch. Z tohto hl'adiska je obvykle
rozhodujuca poziadavka zakaznika, ktora urcuje,
podl’a ktorej normy alebo predpisu ma byt vyrobok
posudzovany pre NDT.
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1 LOCK-IN TERMOGRFIA

Predpokladom pre pouzitie tejto technologie je, Ze
budiaci signal moze periodicky pulzovat alebo byt’
akokol'vek inak amplitidovo meneny urcitou
frekvenciou, nazyvanou “lock-in frekvencia® fiock-in.
V niektorych pripadoch je tato zmena sucastou
experimentu, napriklad experimenty s cyklickym
mechanickym  zatazovanim.  NajelegantnejSim
sposobom ako tento amplitidovo meneny signal
vytvorit’ je ovladat' generator elektronicky, vol'bou
vhodného trigrovania.

Proces digitalnej lock-in korelacie pozostava z
priemerovania vysledkov nameranych hodnét Fy a zo
sustavy vahovych faktorov Ky az do celkového poctu
nameranych hodnot M:

1

M

S= F -K , 1
VRN 1)
potom S je vystupny signal.

Ked je budiaci signal harmonicky, potom je
najvyhodnejsou korelacnou funkciou tiez



harmonicka (sinusova, kosinusova) funkcia. Tento
typ lock-in korelacie sa nazyva sin/cos alebo
uzkopasmova korelacia. Dalo by sa to dosiahnut
bud’ zazenim Sirky pasma zaznamenaného signalu,
alebo vyuzitim mnozstva harmonickych funkcii pre
Kk vo vzorci (1) [1].

Hlavnou vyhodou korelacie sin/cos je to, ze
umoziuje uzivatelovi zohladnit' fazu signalu po
vyhodnoteni (off-line), ked’ sa pouzije dvojkanalova
korelacia. Zamerom dvojkanalovej korelacie je, ze
boli pouzité dva druhy vahovych faktorov, jeden
aproximuje funkciu sin a druhy aproximuje funkciu
cos. Korelacia sa prenasa dvakrat paralelne s oboma
druhmi vahovych faktorov [1-5]:

K'(t)=2-sin(2-7-f,, . -t), )
). 3)

Prvy kanal d’alej meria zlozku vo faze s funkciou sin
a druhy kandl meria zlozku vo faze s funkciou cos,
ktora je m/2 fazovo posunuta k funkcii sin [13].

Ak sa do vzorca (1) zadaju vzorce (2, 3), potom je

vysledok dvoch korelacii za cely pocet snimkov [5-
10]:

K™ (t)=2-cos(2 7 - f,

lock—in

(4)
®)

kde je S sa nazyva fazovy signdl a S? je zvySajne
oznaCovany ako amplitidovy signal. Oba signaly
mézu byt pozitivne alebo negativne [10-18].

2 UTVIS EDEVIS

Ultrazvukova lock-in  termografia je ucinnou
metddou merania na zistovanie indikacii trhlin,
nehomogenid alebo delaminacii.

UTVIS je =zalozeny na digitdlnych vysoko
vykonnych  ultrazvukovych  generatoroch a
prevodnikoch ako zdrojov excitacie a pouziva
vysoko citlivl infra¢ervenu kameru.

Ultrazvukova termografia (alebo vibrotermografia)
vyuziva na detekciu materidlovych chyb interakciu
mechanickych a tepelnych vin. Ak porucha v
stciastke absorbuje vysoko-energetické viny vysokej
energie, ohreje sa lokalne (selektivna metoda
defekéného tmavého pola). Vysledny teplotny
gradient na povrchu vzorky sa meria pomocou
infraervenej kamery, ktora vizualizuje rozptylent
energiu. V zavislosti na aplikacii existuju dve
moznosti tejto metddy: vel'mi rychla analyza fazou
rozpadu a citliva Lock-in metéoda. V obidvoch
pripadoch hodnotenie pocita casové oneskorenie
medzi priatou energiou a tepelnou odozvou, co vedie
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k robustnej a spolahlivej technike, ktora je
konStantna vo¢i povrchovym vlastnostiam alebo
ultrazvukovej distribucii [19].

)

graf. karta
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konvektor
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[

termalna odozva generator
ultrazvuku
trhlina ﬂ' ;‘ we—
konvektor

objekt elasticka vina

)

lock-in frekvencia

Obr. 1. Schematické znazornenie principu UTVIS, skratka
DST znamena diskrétna Fourierova transformacia [19]

2.1 Meranie

Ako vzorky boli vybrané 4 umelé srdcové chlopne
vyrobené z elektricky vodivého materialu, konkrétne
zo zliatiny Ti-6Al-4V. Tri vzorky boli poskodené
rezanim, boli vytvorené =zirezy S postupne sa
zvacsujicou hibkou. Vzorka bola umiestnena pod
ultrazvukovy budi¢ a je podlozena vhodnym tvarom
drziaka (obr. 2).

-

Obr. 2. Vzorka pod ultrazvukovym budi¢om

Potom bola vzorka vybudena zvolenou modulovanou
frekvenciou, pokial' nebola zobrazena chyba. Cely
priebeh budenia bol zaznamenany infracervenou
kamerou (obr. 3). Nastavenie infracervenej kamery
bola rovnaké pre kazdé jednotlivé budiace
frekvencie. Na infraCervenej kamere bola zvolena
snimkovacia frekvencia 50 Hz. Hodnota emisivity
bola v softvérovom prostredi zvolena ako 1, pretoze
tato veli¢ina neovplyvniuje vysledok merania.



Program, ktory sa pouzival na vyhodnotenie kazdého
jedného obrazka, sa nazyva Displaylmg a bol dodany
spolu s budiacim zariadenim. Tento program vyuziva
teoretické zaklady techniky lock-in, ako je
vysvetlené v prvej Casti tohto ¢lanku.

Obr. 3. Proces zaznamu infracervenej kamery na excitaciu

vzorky

Ako prva forma excitacie bola zvolend plynuld
excitacia. Toto je typ budenia, ktoré prechadza celou
oblastou modulovanych frekvencii. Predpoklada sa,
ze vykona cely proces budenia a potom zvoli
najvhodnejs$iu modulovanu frekvenciu, pri ktorej sa
zistia poskodenia meraného subjektu.

Obr. 4. Prva vzorka po excitacii, frekvencia excitcie je
0,03 Hz

Dalej sa hodnotili iba zobrazenia vo faze. V prvej
vzorke mozno pozorovat poSkodenie zobrazené
svetlou oblastou s budiacou frekvenciou 0,03 Hz
(obr.4). Na druhej vzorke je mozné vidiet
poskodenie, ked’ je budiaca frekvencia 0,006 Hz
(obr. 5). Tretia vzorka bola excitovana frekvenciou
0,065 Hz, pri ktorej sa zobrazilo poSkodenie (obr. 6).
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Obr. 5. Druha vzorka po excitacii, frekvencia excitacie je
0,006 Hz

Obr. 6. Tretia vzorka po exciticii, frekvencia excitacie je
0,065 Hz

ZAVER

Za ucelom tohto merania sa uskutocnilo
nedestruktivne testovanie materialu. Ako vzorky boli
vybrané Styri umelé srdcové chlopne vyrobené z
elektricky vodivého materidlu, konkrétne zo zliatiny
Ti-6Al-4V. Na chlopniach  boli  vytvorené
poskodenia definovanej geometrie. Tieto poSkodenia
majt oraz vacsiu hibku. Ako budiace zariadenie na
testovanie vzorieck sa pouzilo zariadenie S
ultrazvukovym budenim UTVIS. Najskor sa
uskutoCnilo ultrazvukové budenie cez celu oblast
modulovanej frekvencie, pomocou ktorého sa
nasledovne vybrala modulovana frekvencia, ktora
dokézala n4jst’ chyby na vzorkéch.

Za dolezity fakt mozno povaZzovat poznatok, Ze
vplyvom kmitania (ak je modifikovana frekvencia
budiacej oblasti, potom ked’ zodpoveda frekvencia
budenia vlastnej frekvencii objektu  vznika
rezonancia) a tohto druhu budenia (ultrazvuk) je
reakcia v infraervenom poli zavisld od okamzitych
premennych signalu excitacie.

Na interpretovanych obrazkoch bol defekt zobrazeny
svetlymi polami ¢o bolo spdsobené obmenou
radiacnej Struktiry. Tato metdda sa da povazovat’ za
vhodni metédou na rieSenie testovania NDT na
identifikaciu chyb srdcovych chlopni.
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Influence of eccentricity of welding trajectory and
and residual stresses of aluminium alloy welded by e

Preheating on deformation
ectron beam

Abstract: The aim of this paper is to investigate the influence of technological parameters of the welding process
on the level of the residual stresses, distortions, and phase proportions. The preheating temperature and the
eccentricity of the weld path are taken into account. The Visual Weld tool from ESI Group was used for

lasera komplexny problém

simulation.

UVOoD zvarania. Autori v praci [1] simuluju pri ohreve
Vykonanie numerickych simulécii zvarovych spojov rvl?atepalu pomocou las . ,
ndm umoziiuje zistif vplyv technologickych Sirenia tepla aprudenia materidlu v roztavenej

parametrov zvarania na velkost’ zvySkovych napéti,
percentualneho zastipenia faz a velkosti pretvorenia
vyrobkov. To je spojené so zniZovanim nakladov
spojenych so spravnym navrhom technologie
vyroby zvarového spoja. Simulacie tvorby zvarovych
spojov je mozné vykonavat srdznym stupfiom
zohl'adnenia prebiehajucich fyzikalnych dejov pocas
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oblasti zvarového spoja. Je to zlozity fyzikalny
problém vyZzadujaci vela vstupnych parametrov
azlozit¢ numerické metddy pre simulovanie
pohybujiceho sa rozhrania tavenina-kov. Preto si
mnohé softvéry zjednoduSuji simulacie procesov
zvarania tak, ze realne simuluji len procesy
prebiehajuce v tuhej faze. Takto postupuje aj



program Sysweld, ktory sa pouziva ako rie$i¢
v prostredi Visual Weld. Program Sysweld umoziuje
simulovat zmenu skupenstva pomocou zadané¢ho
skupenského tepla ateplotnej zavislosti vSetkych
vstupnych  materidlovych  vlastnosti.  Dalsie
zjednoduSenie a zrychlenie simulacie v prostredi
Visual Weld je mozZnost’ rieSit najskor tepelno-
metalurgickii analyzu aaz nasledne Strukturalnu
analyzu. Tento postup je presny, ked moZeme
zanedbat’ teplo vzniknuté pri plastickej deformacii
materialu, ¢o plati pre drvivii vicSinu technologii
zvarania. RieSenie tepelno-metalurgickej analyzy je
vyrazne rychlejSie. To sa velmi Casto vyuziva na
naladenie zdrojov tepla pre dany spdsob zvarania,
rozmery atvary zvarovych husenic ako aj rozmery
atvary zvaranych dielcov. Na kvalitné naladenie
tepelného zdroja  je potrebné vykonat’
experimentalne meranie az neho ziskat' ,,makra*
zvarového spoja a merat teplotné cykly procesu
zvarania. Takto naladeny tepelny zdroj potom bude
zabezpeCovat, ze velkost atvar roztavenej oblasti
zvarového spoja, ako aj velkost atvar tepelne
ovplyvnenej oblasti sa  budid  zhodovat
sexperimentom. V [2] je uvedeny spOsob
modelovania tepelného zdroja pre laserovy luc
pouzity na rezanie materidlu avplyvu jeho
parametrov na kvalitu rezovych ploch ako aj na
teplotné namahanie materialu. Rozmery roztavenej
oblasti atepelne ovplyvnenej oblasti spolu
steplotnymi  cyklami  vplyvaji na  velkost
arozlozenie zvySkovych napiti, pretvoreni a zmene
percentudlneho zastipenia faz v blizkosti zvarovej
htsenice. V [3] autori skimaji vplyv zvarového
spoja na mechanické vlastnosti zliatiny hlinika.

1 MODELOVANIE ZVARANIA
HLINIKOVYCH ZLIATIN TRIEDY 5000

Pri  zvéarani hlinikovych zliatin triedy 5000
simulujeme fazové zmeny prebichajuce medzi Styrmi

fazami. Faza Cislo jeden predstavuje povodny
material dielcov. lde 0 mechanicky spevneny
material.

Faza ¢islo dva ma vel'mi nizke mechanické vlastnosti
arealne tepelné vlastnosti. PouZziva sa na pociato¢nu
nahradu zvarovych husenic, lebo konecnoprvkova
siet’ musi uz na zaciatku analyzy obsahovat’ aj prvky
modelujuce husenice, ktoré vSak vznikaji az
vV procese zvarania. Pocas procesu zvarania sa
ucinkom prechadzajaceho tepelného zdroja tato
pomocna faza premeni na realnu fazu s realnymi
tepelnymi aj mechanickymi vlastnostami. Tato
premena je popisana pomocou ARA diagramu
zliatiny, ktory je sucastou materialovych dat.

Faza cislo tri ma vlastnosti hlinikovej zliatiny
s danym chemickym zlozenim, ktora bola roztavena.
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Faza ¢islo Styri predstavuje rekryStalizovany material
— material s niz§imi pevnostnymi vlastnostami ako
mala faza ¢islo jedna — povodny material dielcov.
Fazové transformacie su popisané pomocou
Leblondovho modelu fazovych transformacii.

2 POPIS NUMERICKEHO MODELU
ZVAROVEHO SPOJA

V ¢lanku uvadzame priklad zvarového spoja tvaru T,
ktorého geometria spolu s pouzitou sietou
kone¢nych prvkov je na obr. 1.

|I 38 mm

Obr. 1. Geometria simulovaného zvarového spoja typu T

Hlinikové platne tvoriace T spoj su pred samotnym
procesom zvarania spojené pomocou bodovych
zvarov na obidvoch koncoch a v strede platni. Pocas
prvych 200s je zvarovy spoj uchyteny ako je
uvedené na obr. 2. Uchytenie simuluje upevnenie
hrubSej platne v celustiach zverdku. Toho je
dosiahnuté odobratim vsetkych moznych posunuti
uzlov kone¢noprvkovej siete Vv miestach oznaéenych
Cervenymi bodkami.

BN

Obr. 2. Uchytenie zvarového spoja pocas prvych 200 s
zvarania

Nasledne je zvarovy spoj uvolneny zo zverdka
avolne polozeny na pracovnom stole az do



vychladnutia, t.j. do ¢asu 7200s. Tento spdsob
uchytenia je modelovany pomocou staticky ur¢itého
uchytenia ako je uvedené na obr. 3.

X

Obr. 3. Uchytenie zvarového spoja v ¢asovom intervale 200 —
7200 s (do vychladnutia)

Pouzita siet’ kone¢nych prvkov pozostdva z 302 684
prvkov a278886 uzlov. V roztavenej oblasti
zvarového spoja a Vv tepelne ovplyvnenej oblasti je
pouzitd jemna mapovana siet’ osemstenovych prvkov
zdovodu zachytenia tu vznikajucich gradientov
zvySkovych napiti, teplotnych gradientov a S tym
suvisiacimi zmenami faz. V ostatnych oblastiach je
z dovodu efektivity vypoctu pouzitd hrubsia siet’.
Percentualny obsah legujtcich prvkov v simulovanej
hlinikovej zliatine je uvedeny v tab. 1.

Tab. 1. Chemické zloZenie legujucich prvkov hlinikovej
zliatiny

Chemicky prvok Percentualny podiel
Si 0,25
Fe 0,4
Cu 0,1
Mn 0,5-1,0
Mg 2,4-3,0
Cr 0,05-0,2
Zn 0,25
Ti 0,2

Pre simulovanie zvarania pomocou elektrénového
luca bol pouzity konicky tepelny zdroj kombinovany
s tepelnym zdrojom Gaussovho typu.

Pri simuléacii bola predpisand vnesena tepelna
energia na jednotku dizky Q = 650 J-mm, rychlost
zvarania V=8 mm-s?, vrchny priemer konického
zdroja tepla 2,2 mm, spodny priemer konického
zdroja tepla 2,0 mm a penetracia zvaru 23 mm.
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END NODE
START ELEMENT
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Obr. 4. Tvar poutzitého tepelného zdroja

Pri  vypoctoch boli simulované tri hodnoty
excentricity trajektorie zvarového spoja: 0,1 mm,
0,2mm a 0,3mm. Rovnako boli simulované tri
hodnoty predohrevu a to 50 °C, 100 °C a 150 °C.

3 VYSLEDKY SIMULACII

3.1 Vplyv excentricity trajektorie zvaru

Obrazok 5 ukazuje, Ze excentricita trajektorie zvaru
nemd vplyv na maximalne a minimalne hodnoty
posunuti zvarenca po vychladnuti. Tieto hodnoty
vymedzujii objem, v ktorom sa bude zvarenec
nachédzat’. Ich zmena je v tisicinach milimetra.

Excentricita vSak vplyva na hodnoty zvyskovych
napéti vo zvarenci (obr. 6). Hodnota redukovaného
napdtia podla Misesa s excentricitou rastie.
VyraznejSie pre excentricitu vacSiu ako 0,2 mm.
Maximalna hodnota prvého hlavného napitia vSak
s excentricitou rastie vel'mi nevyrazne. Prvé hlavné
napitie predstavuje maximalne tahové napétie, ktoré
bude vo vzorke pdsobit’ @ mohlo by byt’ hnacou silou
Sirenia trhlin. Hodnota tretieho hlavného napitia pri
excentricite 0,2 mm poklesne voéi hodnote pri
excentricite 0,1 mm, ale potom opét’ vyrazne stipne
pri excentricite 0,3 mm.

3.2 Vplyv teploty predohrevu materialu

Obrazok 7 reprezentuje vplyv teploty predohrevu na
maximalne a minimalne hodnoty posunuti bodov
zvarenca. Maximalna hodnota posunutia v smere 0Si
y mierne klesd a minimalna hodnota posunutia
v smere osi zV absolutnej hodnote rastie: Ostatné
posunutia sa menia nevyrazne. Obrazok 8 znazoriuje
vplyv predohrevu zvarenca na pokles jeho
zvyskovych napiti.
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Obr. 8. Vplyv teploty predohrevu zvarenca na hodnoty zvy§kovych napéti

ZAVER

Z prezentovanych vysledkov vyplyva, Ze s rastiicou
hodnotou excentricity rastie hodnota zvyskovych
napati vo zvarenci aSrastuicou hodnotou
predohrevu hodnota zvySkovych napéti vo zvarenci
klesa. Pokles zvySkovych napiti vo zvarenci so
zvySujucou sa hodnotou predohrevu je sposobeny
poklesom percentudlneho zastipenia fazy Ccislo
jeden vo zvarenci.
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Comparison of methods of positioning measuring system using optical lock-in

thermography

Abstract: Optical lock-in thermography is a non-destructive testing method. The surface of the sample is excited
using the thermal waves and the response is recorded by the thermal camera. This image thermal sequence is
processed using the image processing method named lock-in method. Optical lock-in thermography can be used
to detect cracks and damages in metal or composite material. Two position modes are used: the reflection and the
transmission mode. In this paper, are compared these two modes. An experiment is carried out on a printed
composite plane with the square blinded holes placed in the different depths below the surface. The phase images
are created using the lock-in method for both position modes. The results are compared, and the advantages and

the disadvantage of these position modes find out.

UVOD
Za poslednych 20 rokov sa termografia rozvinula na
dva hlavné smery: na aktivnu a pasivnu termografiu.
V sucasnosti sa vedci zameriavaju hlavne na vyvoj
novych metod v oblasti aktivnej termografie. Aktivna
termografia sa 1iSi od pasivnej termografie tym, ze
merany objekt musi byt excitovany externym
zdrojom, napr. pomocou tepelnej viny. Nasledne sa
odozva na dané Dbudenia meria pomocou
termokamery. Aktivna termografia sa vyuziva na
rozne typy merani ako napr. nedestruktivne testovanie
(NDT) pomocou termografickych systémov [1-4],
termoelasticka napdtova analyza [5-9], metody na
hodnotenie inavy materialov [10-16] atd’.
Najznamejsie metddy v oblasti aktivnej termografie
st

e Termoelasticka napitova analyza TSA.

e Pulzna termografia.

Lock-in termografia.
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¢ Vibrotermografia.

e Rychla metoda stanovenia medze tinavy.

1 LOCK-IN METODA

V pripade modulovaného ohrevu povrchu telesa
frekvenciou f sa v podpovrchovej oblasti §iri timena a
rozptylena tepelna vlna. V rovinnych vrstvach telesa
je mozné pomocou vztahu (1) vyhodnotit’ teplotu T v
hibke z pod povrchom telesa a v &ase t [17]:

2-w-2

)

T(z,t):TO-e“-cos( —2-7r-f-zj,

kde  u je hibka prieniku tepelnej viny, pri ktorej

1
teplota klesne na oy

To je povrchova teplota telesa.
Rovnica pre vypocet u je nasledujaca [17]:

Kk
z-f-pc,’

(2)



kde  x je sud. tepelnej vodivosti [W. m?, K1],

p je hustota [kg. m3],

Cp je merna tep. kapacita [J. kg™t. K],
/ je tepelna vinova dizka [m],

f je frekvencia [Hz].

Lock-in termografia je zaloZena na tepelnych vinach
generovanych vo vnutri meraného objektu pomocou
periodického  (sinusového) budiaceho signalu.
Periodicky budiaci signadl ma frekvenciu nazyvani
lock-in  frekvencia f.. Tepelnd vina (zvycajne
sinusova) prenika do meraného objektu a pri anomalii
v Strukture sa odraza spat’ smerom k povrch. Na
povrchu  objektu  dochddza k interferencii
vyzarovaného a dopadajuceho infrac¢erveného
ziarenia. Vdaka tomu su snimané termogramy na
danom mieste modifikované vracajiicou sa tepelnou
vlnou z vnutra meraného objektu. Odozva sa pre
vybrané fi ziska z hibky u pod povrchom meraného
objektu. Tymto spdsobom je teoreticky mozné ziskat’
odozvu v celom rozsahu hrubky materidlu pomocou
roéznych hodnot fi.

Hlavnou myslienkou lock-in  termografie je
predpoklad, ze ked” ma budiaci signal sinusovy
charakter s frekvenciou f_, zaznamenana odozva bude
mat’ tiez sinusovy charakter s rovnakou frekvenciou.
Z toho vyplyva, ze rovnicu 0dozvy je mozné napisat’
nasledovne:

s(t)=A-sin(2-7- f_-t+¢)=

=A-cosp-sin(2-7z-f_-t)+ 3)
+A-sing-cos(2-7z-f_-t)=

=a-cos(2-7z-f -t)+b-sin(2-7z- f_-t)

Odhad parametrov a, b je urceny odhadmi aces, bsin

pomocou vztahov diskrétne;j Fourierovej
transformacie nasledovne:
N
a, =25 -cos(2-z-f -t),. (4)
i=1
N
b, =>S,-sin(2-7- f_-t),. (5)
i=1
kde N je pocet snimkov z termokamery,

Si je i-ty snimok,
ti je Cas, kedy bol i-ty snimok nasnimany.

Nasledne pre fazu harmonickej funkcie s(t) plati
rovnica:

(6)

@ =arctan

sin

2 EXPERIMENTALNE MERANIE

Experimentalne meranie bolo vykonané v spolupraci
so spolo¢nostou TMVSS s.r.0. Spolo¢nost’ zapozicala
pre dané meranie opticky budiaci systém OTvis,
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potrebntl termokameru InfraTec ImagelR a priestory
v jej budove.

Pred meranim bolo potrebné navrhnut a vyrobit
testovaciu vzorku. Vzorka bola navrhnuta ako
platnicka s rozmermi 120x120 x5 mm. Bola vyrobena
z Kkompozitného materialu  Onyx pomocou 3D
tlaciarne Mark TWO. Vzorka obsahoval 9 defektov so
Stvorcovym prierezom so stranami 10x10 mm
(obr. 1). Defekty boli navrhnuté ako slepé diery s
roznou hibkou (od 0,5 do 4,5 mm, s prirastkom
0,5 mm).

A-A B-B

Obr. 1. Rozmery skii$obnej vzorky

Testovacia vzorka sa merala pomocou optickej lock-
in termografie. Pouzité boli dva sposoby rozlozenia
meracej techniky: reflexnda metdda a transmisna
metdda. Ako zdroj budenia bola pouzitd halogénova
lampa s vykonom 2,5kW. Na zaznamenavanie
odozvy bola pouzita termokamera InfraTec ImagelR
s rozlisSenim 640x480 pixelov. Na spracovanie
nameranych udajov a vyhodnotenie fazovych obrazov
sa pouzil softvér DisplayIMG.

Pre reflexnu aj transmisni metéodu bolo nameranych
desat’ zaznamov. Boli pouzité rdézne lock-in
frekvencie s cielom ziskat odozvu na desiatich
roznych miestach pod povrchom. Lock-in frekvencie
sa vypocitali pomocou materidlovych vlastnosti
nasledovne:

K [24

L ﬁ.p.cp.ﬂz ﬂ.ﬂz'
Pretoze sug. tepelnej vodivosti k & merna tep. kapacita
Cp nie su definované vyrobcom materialu Onyx, ich
hodnoty bolo mozné priblizne vyjadrit pomocou
zmieSavacieho pravidla (pretoze bol znamy
percentualny pomer jednotlivych zloziek). Onyx sa
sklada z 93 % nylonu a 7 % uhlika, a preto je mozné
K a Cp vyjadrit’ nasledovne:

f (7)

Cp—onyx = O’ 93 ' Cp—nylon + 0' 07 ' Cp—uhll’k = (8)
=0,93-1510+0,07-717=1454,5 [J-kg* -K* |’
Ko = 0,93 K100 + 0,07 - K =

y; yl hlik (8)

=0,93-0,23+0,07-1,7=0,33 [W-m‘l-K'l] '

V tab. 1 su vypocitané lock-in frekvencie pre zadané
hibky x pod povrchom.



Pocas merania bola testovacia doska pripevnena k
polystyrénovej doske 1000x1000x50 mm, na ktory sa
aplikoval  Cierny  emisny  sprej.  Uprostred
polystyrénovej  platne  bol  urobeny  otvor
100x100 mm. Testovana vzorka bola pripevnena tak,
aby na kazdej strane vzorky bolo 20 mm prekrytie s
polystyrénovou doskou. Cielom tohto riesenia bolo
homogenizovat’ prostredie okolo testovacej platne.

Tab. 1. Lock-in frekvencie zodpovedajiice prisluSnym
hlbkam x pod povrchom

1. 2. 3. 4. 5.
u[mm] | 025 05 0,75 1,0 1,25
fL[Hz] | 0968 | 00242 | 0108 | 006 | 0,039

6. 7. 8. 9. 10.

wlmm] | 15 1,75 2,0 2,25 2,5
fL[Hz] | 0027 | 002 | 0015 | 0012 | 001

Termokamera a halogénova ziarovka boli umiestnené
vo vzdialenosti 1 m od meranej vzorky v uhle
priblizne 40°. Vykon ziarovky bol nastaveny na 50 %
vykonu a dizka zaznamu bola nastavena na Styri
budiace periody.

3 REFLEXNA METODA

Reflexna metdda spociva v tom, Ze termokamera a
zdroj budenia (halogénova lampa) st umiestnené

vedla seba aoproti je umiestneny merany objekt
(obr. 2).

Obr. 2. Reflexna metéda

Na obr. 3 st znazornené fazové obrazy pre jednotlivé
odozvy z hibky u pod povrchom vzorky. Vzorka bola
navrhnuta tak, aby prvy defekt (defekt v Tavom
dolnom rohu) bol umiestneny 0,5 mm pod povrchom
a kazdy d’alsi defekt bol umiestneny o 0,5 mm nizSie.
Zaroven takéto umiestenie defektov umoziovalo
overit  spravnost’  vypocitanych  materidlovych
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vlastnosti s¢. tepelnej vodivosti x (8) a mernej tep.
kapacity cp (9).

Pretoze, ak by boli hodnoty x a ¢, boli vypocitané
spravne, defekty by sa mali zobrazovat’ postupne pri
2. (u=05mm), 4. (u=1mm), 6. (t=1,5mm), 8.
(«=2mm), 10. (u = 2,5 mm), fazovom obraze (6 a
7).

Na obr. 3 je vidiet, ze prvy defekt (v F'avom dolnom
rohu) je zobrazeny v hibke x = 0,5 mm a druhy defekt
je zobrazeny v u = 1 mm. Tretia chyba sa zobrazuje v
hibke = 1,5 mm. Stvrty defekt sa mierne zobrazuje
uz v hibke 12 = 1,75 mm. Piaty defekt sa zobrazuje iba
minimalne v hibke x = 2,5 mm.

Z danych vysledok merania sa da predpokladat, ze
vypocitané materidlové vlastnosti suc. tepelnej
vodivosti k¥ a merna tep. kapacita Cp boli vypocitané
spravne.

41 =025 mm

Obr. 3. Reflexna metoda: fazové obrazy

4 TRANSMISNA METODA

Transmisna metdda sa 1i8i od reflexnej metody v tom,
ze merany objekt je umiestneny medzi termokamerou
a zdrojom excitacie. Termokamera meria odozvu na
prednej/meracej ploche objektu a zdroj excitacie
excituje jeho zadnt stranu (pozri obr. 4).

Obr. 4. Transmisna metéda

Termokamera bola umiestnena vo vzdialenosti 1 m
tak ako pri reflexnej metdde a halogénova lampa sa
umiestnila 1 m od zadnej plochy polystyrénovej
platne. Nastaveny vykon na 50 % a dizka zaznamu
Styri periody zostali nezmenené.



Na obr.5 sa znazornené fazové obrazy z daného
merania. Je vidiet, ako sa vysledky danych metdd

vyrazne liSia.
-
" i L
i | -

s »0.25 mm o = 0.5 mow

b5 mm .= 178 mm =2 mm =228 mm p=28mm

Obr. 5. Transmisna metéda: fazové obrazy

7Z nameranych udajov je zrejmé, ze je mozné
detegovat’ poruchy skor, ako by sa mali zobrazovat’
podla tedrie tepelnych vin. Z fazovych obrazov
mozno pozorovat, ze je mozné zistit' pritomnost
vSetkych devdt defektov. Kvalita zobrazenia
fazového obrazu sa postupne zvysuje az do hibky
u = 1,5 mm. Nasledne kvalita obrazu klesa a v hibke
1 =2,25mm je fazovy obraz poskodeny v dosledku
saturacia detektora termokamery.

ZAVER

Z nameranych udajov je zrejmé, ze kazda z metod
(reflexia aj transmisnd) ma svoje vyhody a nevyhody.
Vyhodou reflexnej metody je, Ze sa riadi tedriou
tepelnych vin. Z tohto dovodu umoziuje ziskat
informacie o pritomnosti defektu v meranom objekte
a najmi v akej hibke pod povrchom sa nachadza. Na
druhej strane nevyhodou je, 7e hibka, z ktorej je
mozné ziskat' odozvu, je pre kompozitny material
Onyx priblizne 2,5 mm. Z tohoto dévodu bolo mozné
pri experimentalnom merani zistit’ pritomnost’ iba pat’
z deviatich defektov na testovacej vzorke. Nevyhodou
taktiez bolo, 7e fazovy obraz ziskany z vi¢sej hibky
pod povrchom mal zhor§ent schopnost’ zobrazovat
skuto¢ny tvar defektov.

Transmisna metoda nedodrziava Standardné pravidla
teorie tepelnych vin, pretoze defekty sa zobrazovali
skor, ako mali. Preto nebolo mozné ziskat’ odozvu z
konkrétnej hibky pod povrchom meraného objektu
(nebolo mozné definovat’, v akej hibke pod povrchom
sa defekty nachadzaji). Vyhodou oproti reflexnej
metdde je vSak to, Ze bolo mozné zistit' pritomnost’
vSetkych devit’ defektov.

Transmisna metéda ma vyssiu schopnost’ detegovat’
pritomnost” defektov (kvalitativne hodnotenie), zatial
¢o reflexna metdoda poskytuje informacie o
morfologii/tvare a polohe defektov (kvantitativne
hodnotenie).

Dalsim cielom prispevku bolo overit’, &i boli hodnoty
materidlovych parametrov x a Cp vypocitané spravne
pomocou zmieSavacieho pravidla (8) (9). Z vysledkov
merani pomocou reflexnej metody mobdzeme
pozorovat, ze poruchy sa zobrazuju pri lock-in
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frekvenciach, pri ktorych by sa mali zobrazovat
podl’a teorie tepelnych vin. Preto moéZeme povazovat’
vypocitané materialové parametre x a Cp za spravne.
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Kinematic analysis of a spatial multibody system

Abstract: The aim of this paper is to present a method of computer formulation and solution of equations of
kinematics of spatial mechanical systems. The method of the vector closed loop is generally known way how to
build the constraint equations. This method is recommended for planar kinematics. This paper shows the way
how to take advantage of the vector cross product, vector magnitude and scalar product of two vectors for getting

the constraint equations for spatial mechanism.

UVOD

Cielom  vypoétovych metéd v  kinematike
a dynamike mechanizmov je vytvorit metodiku
rieSeni avhodny pocitaovy  softvér, ktory
inZinierovi umozni zadavat’ udaje, ktoré Specifikuju
mechanické vlastnosti viazanych mechanickych
systémov. Mali by tu byt automaticky formulované
vézobné rovnice kinematiky, automaticky rieSené
nelinearne  rovnice  kinematickej odozvy a
poskytovany pocitatovy graficky vystup vysledkov
simulacii a to na analyzu, vyhodnotenie i
komunikaciu vystupov s konStruktérom alebo
analytikom. Podstatou tohto ciela je maximalne
vyuzit’ vykon digitalneho pocitaca na rychlu a presni
manipulaciu s datami a numerickymi vypoctami, ¢im
sa inzinier zbavi zdihavych rieseni nachylnych na
chyby [1, 2]. Ako naznacuji pokroky v pocitacovej
analyze pruznych telies, pomocou metddy
kone¢nych prvkov a analyze elektronickych
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obvodov, na implementaciu  vypoctov Vv
pouzivatel'sky orientovanom pocitaovom programe,
je potrebny systematicky pristup k formulovaniu a
rieSeniu  rovnic  kinematiky a  dynamiky
mechanickych systémov [3-6 ].

Na konci 60. a zaciatkom 70. rokov [7-9] bolo
vyvinutych niekol’ko pocitatovych programov pre
kinematicki a dynamicki analyzu pouzijuc medzi
telesami relativne suradnice. Tieto programy st
vhodné pre mnohé aplikécie. Koncom 70. rokov bola
predstavena alternativna metoda formulovania
viazobnych obmedzeni a pohybovych rovnic z
hladiska globalnych kartezianskych suradnic [10-
12], ktora obisla topologicku analyzu a ulahcila
pouzivatelovi dodavat obmedzenia a vdzobné
rovnice. Tento pristup vedie k univerzalnemu
pocitacovému programu, ktory prakticky nema
nijaké obmedzenie tykajice sa typu mechanizmu
alebo stroja, ktory je mozné analyzovat. Nevyhodou



je vSak rozsiahlejs$i systém rovnic, ktoré sa maji
vyriesit' [13, 14]. V tomto ¢lanku su v oblasti
vypoctovej kinematiky uvedené konkrétne moznosti
alternativnych a kompromisnych opatreni.

1 TEORETICKE VYCHODISKA

1.1 Vlastnosti geometrickych vektorov

Geometricky vektor @ zalinajuci v bode A a
konciaci v bode B je definovany ako orientovana
usecka od A do B. Velkost vektora a je jeho dlzka a

je oznaCena znakom a alebo |a|. Jednotkovy vektor,
to znamena vektor s vel'’kost'ou 1 jednotky.

Nésobenie vektora a skalarom ¢ >0 je definované
ako vektor v rovnakom smere, ale s vel'kost'ou c-a.
Nasobenie vektora a skalarom c¢<0 je vektor
s vel’kostou c-a, ale opacnym smerom ako a.

Skalarny su¢in dvoch vektorov @ a b je definovany
ako sucin absolutnych hodnét vektorov a kosinusu
uhla medzi nimi (1):

a-b=a-b-coso(a,b). (1)

O dvoch nenulovych vektoroch sa hovori, ze st
ortogonalne, ak je ich skalarny stcin nulovy. Pre
skalarny sucin platia nasledovné vzt'ahy:

a-i=a,
a'jTZay, (2)
a-k=a

i, j a k st jednotkové vektory, ktoré lezia v
smere pozdiZ osi X, y a z:

a-b=a,-b +a, b, +a,-b,,

3)
(4)

Vektorovy sadin dvoch vektorov @ a b je

definovany ako vektor €, ktory spiiia nasledujice

podmienky:

a=+a-a.

e Nositel’ka vektora T je priamka kolma na rovinu
ktoru tvoria vektory vektorov 2 a b .

e Velkost’ C je sicinom absolutnych hodnét a a
b asinusu uhla @ tvoreného medzi a a b .

Mame teda c=absind. Orienticiu vektora T
pozname tak, Ze osoba nachadzajuca sa na Spicke T
bude pozorovat’ roticiu predpokladaného pohybu
prvého vektora k druhému po kratSej ceste v proti
smeru hodinovych ruciciek.

Vektorovy sucin dvoch vektorov je reprezentovany
matematickym vyrazom:
axb=(a, b -a,-b) i+

+(a, b, —a,-b,)-J+(a,-b,—a,-b )k

C

()

140

2 KINEMATICKE VAZOBNE ROVNICE

Poloha a orientacia telesa v priestore moze byt
definovana troma bodmi A, B a C, respektive dvoma
vektormi T, a ., (Mozné su aj dal$ie kombinacie).
Akakol'vek mnozina premennych, ktora jedinecnym
spdsobom urcuje polohu a orientaciu vsetkych telies
v mechanizme, to znamena konfiguriciu
mechanizmu, sa nazyva mnozina zovSeobecnenych
suradnic. ZovSeobecnené suradnice moézu byt
nezavislé alebo zavislé. ZovSeobecnené sturadnice su
v tomto &lanku oznagené stipcovym vektorom:

qE[qlqul“'iqnc]Tv (6)

kde n-c je celkovy pocet zovSeobecnenych suradnic
pouzitych na opis konfiguracie systému.

Telesd mechanizmu st vzdjomne prepojené vizbami
a existuju obmedzovacie rovnice, ktoré sa tykaju
zovSeobecnenych suradnic. Ked su tieto vézobné
podmienky vyjadrené ako algebraické rovnice v
zmysle zovSeobecnenych suradnic, nazyvaju sa tieto
holonomne vdzobné kinematické rovnice. Systém
holonémnych kinematickych vdzobnych rovnic,
ktory nezavisi vyslovne od ¢asu, mozno vyjadrit
ako:

@ (q)=[@" (). (a).. @5 (a)] - ™

Rovnice obmedzenia prezentuju geometriu vizby.
Ak su vdzobné rovnice 7 konzistentné a nezavislé,
potom sa hovori, Ze systtm ma n-c-n-h stupnov
volnosti DOF. Ak st pre kinematicki analyzu

Specifikované obmedzenia nezavislych DOF,
oznacia sa:
@°(q.t)=0. (8)
Potom je mozné urcit konfiguraciu systému ako
funkciu Casu. To =znamena, 2ze kombinaciou
obmedzovacich rovnic 7 a 8:
@ (a)

D(q,t)= =0 9

(o) [W(q,t) ?

mozno vyrieSit kinematické parametre pre q(t).

Hovorime, ze takyto systém je kinematicky
pohanany [14].
3 KINEMATICKA ANALYZA

PRIESTOROVEHO MECHANIZMU

3.1 Viazobné Kkinematické rovnice vo forme
pouzitel’'nej pre MATLAB

Jeden zo spOsobov, ako ziskat  rovnice
kinematickych  védzieb (9), je wuvedeny v
nasledujuicom priklade. Vyuzivame vlastnosti
geometrickych vektorov.

Obrazok 1 zobrazuje trojrozmerny StvorClenny

mechanizmus RSCR (Revolute-Sferical-Cylindrical-
Revolute) modelovany s prirodzenymi stiradnicami



[14]. Tento mechanizmus ma tri pohyblivé Upe Tl — 12, -Cos@, =0. (17)
jednotkové vektory; to znamena dvanast’ zavislych

kartezianskych stGradnic a jeden stupefi volnosti. * Uy jejednotkovy vektor:

Tiez bol zavedeny vstupny uhol y ako d’alSia externe

T -
pohanana stradnica. Uy - Upe —1=0. (18)
e Vstupné konStanty: ¢ Vzdialenost’ bodov D a E je konstantnd | :
lenr legr loes @20 @5, @, @ (-pS a jedr_lOtkOVé e -rgE — ||§E =0. (19)
vektory u, a u.. Vektor r,, je v rovine xy. .
Stradnice bodov A a E. ¢ Rotacny klb, uhol ¢4 je konstantny:
Upe " Ioe — 12¢ -Cosg, =0. (20)

e Rota¢ny kib, uhol ¢s je konitantny:

U - — 12 -cosg, =0. (21)
e Rota¢ny kib, uhol ¢s je konitantny:

Ug -1 — 12, -cosg, =0. (22)

e Cylindrické spojenie, vektory u,. a ry. su

zavislé:
Foc X Upe =0 (23)
Obr. 1. Trojrozmerny $tvorélenny mechanizmus RSCR Vektorovy sucin (23) predstavuje tri skalarne

rovnice, z ktorych iba dve su nezavislé.

Vektory v rovniciach (10 - 23) mozno formulovat’
pomocou troch bodov B, C a D (9 neznamych
e Iba dve nezname konStanty: premennych) a jedného jednotkového vektora upc
Mo :(erero ,O). (10) (tri  nezname  premenné). Mame  dvanast

/ nelinedarnych  rovnic  pre  dvandst neznamych

Najskor napiSeme rovnice pre jednotkovy vektor

Mo -

e Vektor r,, musi byt kolmy na u, : premennych.
r,-ul =0. (11) Rovnica (9) ma pre nas priklad tvar (24):
e r1,, jejednotkovy vektor: -~
Fao  Tan — | 4o - COSY
(M (12) S
. BA BA
Mame dve rovnice pre dve nezname zlozky r,, . U, -r, —1,,-COSQ
A BA BA 2
Prvok 2 sa otaca okolo osi opisanej vektorom u, . [ree ] = 1ee
Jeho pohyb je uplne definovany: Upe “ Ieg — I g - COS @,
e Vizobna rovnica y: ”rDc ” -1 (24)
D(g,t)= r-|[—1 =0
T, —1,,-Cosy=0. (13) (a.1) roe = Voe
Upe “ Toe — IDE COS @,
e Rotacna vézba, uhol ¢; je konstantny: Ug -y — | -COS@
Uy - r;A -cosg, =0. (14) Ug - Uy —COS @,
r ‘UZy. —rZ . -U
e Vzdialenost’ bodov A a B je konst. |,,: Yoo - Woc oc *Woc
IZ,c -UXpe — MXpe -UZ.
rBA'rBTA_IéAZO' (15) i l//—l//(t)

Pohyb prvkov 3 a 4 je uplne definovany:

e Vzdialenost’ bodov B a C je konStantna |, :
Ies 'rcTB - I(Z:B =0. (16)

e Clen 3 je zalomeny, uhol ¢3 je konstantny:
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Obr. 2. Polohy mechanizmu
4 MATLAB subory

4.1 Main script

)

% vstupné parametre

1 =101,0.05,0.4,0.1571; % vektor
konstantnych dizok, [1 A0, 1 Ba,

1 CB, 1 DE]

gfi = [0,90,90,90,95,15]1*pi/180; %
vektor konstantnych uhlov, [blank,
fi 2, fi 3, fi 4, £f1i 5, fi 6]

om psi = 30; % [rad/s] uhlova
rychlost &¢lena 2

xA=[0,0,01;

xE=[0.3,0,-0.11; % suradnice
bodov A, E

u A=[-0.13,0,11;

u A=u A/norm(u_A); % Jjednotkovy
vektor - os rotacie v bode A

u E=[0.1,0,1 1;

u E=u E/norm(u E);% jednotkovy

vektor - os rotacie v bode E
if u A(2)==0

r A0=[0,1,0];
else

r A0O=[1,-u A(1l)/u A(2),0]; %
jednotkovy vektor - nulova priamka
- nulova priamka pre uhol <;/

r A0=r AO/norm(r AO);
end
% prva aproximadcia neznamych
stUradnic pre nelinedrne riesSenie v
prvej polohe
xB0=[0.00, 0.05,
xC0=[0.30,-0.16, 0.007];
xD0=[0.35,-0.12, 0.11];
ubDC0=[-0.10,-0.16,171;
uDCO=uDCO/norm (ubDCO0) ;
x 0=[xB0,xC0,xD0,ubC0]; %
vektor pre rovnicu 20
v _psi=(90:3:450) *pi/180; %
vector nezavislych premennych rp
pre rieSeny interval
sp=size (v_psi);
S _psi=sp(2); %
mechanizmu

0.001;

neznamy

riesené pozicie
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[o)

for kp = 1:s psi %
rieSenia psi (kp);
xp=fsolve (@mech3Dr,x 0, [],psi,r A0,
xA,xE,u A,u E,1,gfi);
xB(kp,1:3)=xp(1:3);
xC(kp,1:3)=xp(4:06);

xD(kp,1:3)=xp (7:9);

u DC(kp,1:3)=xp(10:12);

x 0=xp; % aproximacia neznamych
stiradnic pre nasledujlcu hodnotu
psi
end

hlavnad slucka

4.2 Function fsolve

function
y=mech3Dr (x,psi,r AO,xA,xE,u A,u E,
1,gfi)

% vyjadrenie vektorov pre rovnice
9-19

-r BA*r AO'-cos(psi)*1(2);
= r BA*r BA'-1(2)"2;
= u A*r BA'-cos(gfi(2))*1(2);
= r CB*r CB'-1(3)"2;
_DC*r CB'-1(3)*cos(gfi(3));
DC*u DC'-1;
DE*r DE'-1(4)"2;

DC*r DE'-1(4) *cos (gfi(
)=u E*r DE'-1(4)*cos (gfi(5
(10)=u_E*u DC'-cos (gfi(6));
yp=cross (r DC,u DC);
y(11:12)=yp(1:2);

u
=u_
r_
u_ 4)) 7
));

ZAVER

Zaverom treba povedat, ze rovnice 10 a 11 mdzu
byt nahradené jednou rovnicou, ktord explicitne
ur¢uje vektor. Rovnice 12 a 14 je lepSie nahradit’
explicitny vztah pomocou rotacnej transformacnej
matice. Tieto zlepSenia ndm prindSajli zniZovanie
poc¢tu nelinearnych rovnic.
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