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Seamless steel pipe integrity
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procedure and numerical analysis
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acde Faculty of Mechanical Engineering of University of Zenica, Fakultetska 1, 72000
Zenica, B&H, amna.bajtarevic@unze.ba

b Faculty of Mechanical Engineering of University ‘Dzemal Bijedi¢’ Mostar, Sjeverni logor
bb, 88104 Mostar, B&H, mersida.manjgo@unmo.ba

Abstract

The focus of this paper is the SINTAP procedure based structural integrity assessment of seamless steel
pipe that is subjected to internal pressure. In order to detect geometrical parameters of crack and
intensity of pipe pressure that could be potentially unsafe for construction, numerical, analytical and
experimental methods are applied. Numerical analysis is performed in order to determine stress
intensity factors for considered values of crack dimensions and internal pressure using ANSYS
commercial software. Material mechanical properties are defined experimentally. Failure assessment
diagrams are created for different values of crack dimensions and internal pressure.

Keywords: SINTAP, structure integrity, fracture mechanics, stress intensity factor.

1. INTRODUCTION

Pipelines are systems that serve to transport
various liquid or gaseous fluids and are
indispensable parts of every modern society and
industry. As pipes and pipelines are very
important for industry, there are various
international  standards that treat their
construction, however, their structural integrity
is still often the subject of research [1].

The stability of the pipe system or its
component depends on the mechanical
characteristics of the material, geometry and
loading method. The material of such
constructions, which are used in conditions of
constant internal pressure, should be resistant to
the occurrence of brittle fracture despite the
presence of geometric defects of the pipe or the
occurrence of overloading [2].

In a general sense, the expected values of the
crack stress intensity factor and material

strength are difficult to determine analytically
due to a wide range of structural configurations
of elements, load conditions and crack
geometries, as well as geometric nonlinearities
that depend on the behaviour of the material
under load. In order to assess the structural
integrity of a structure containing defects, it is
necessary to be able to assess the fracture
strength as well as the plastic collapse of critical
elements containing cracks.

Prediction of structural behaviour based on
fracture mechanics parameters (by determining
the crack stress intensity factor, J-integral or
crack tip opening displacement — CTOD) does
not correspond to yield conditions and limit
conditions of plastic collapse. For this reason,
other so-called, two-parameter methods were
developed that take into account two possible
boundary conditions during the calculation, i.e.
plastic collapse and completely brittle fracture.
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One of the procedures that applies the described
methods is the so-called SINTAP procedure
(Structural Integrity Assessment Procedures for
European Industry). According to the SINTAP
procedure, the analysis can be based on a FAD
(Failure Assessment Diagram) or failure curve
diagram — CDF (eng. Crack Driving Force)
[3,4].

2. TECHNICAL DESCRIPTION

2.1. Description of the conducted
research

In the paper [5], the authors considered the
integrity of the element of the connecting
accessories numerically and analytically
through the SINTAP procedure. In [6], an
analytical and numerical calculation of the
crack stress intensity factor was performed on
the example of a seamless pipe in order to check
the deviation of the numerical and analytical
results, without further consideration of the
safety of the structure. The goal of this research
is to determine the dimensions of the crack and
the value of the internal pressure, at which the
crack potentially impairs the safety of the
structure. In this sense, an analytical calculation
was carried out using the SINTAP procedure,
i.e. the FAD method was used for the example
of a crack of critical orientation on the inner
surface of the pipe. The values of the stress
intensity factor were determined numerically.
Fig. 1 shows the geometry of a semi-elliptical
crack (which was considered in the paper) with
marked basic sizes, where "a" and "c" are the
semi-axial cracks, and t represents the wall
thickness of the element with the crack.

Fig. 1. Basic geometric sizes of the crack [7]

The critical orientation implies that the semi-
axis "a" of the crack is perpendicular to the
direction of action of the maximum stresses in
the pipe wall that occur as a result of the action
of internal pressure (Fig. 2).

Fig. 2. A crack in a critical orientation on the inner
surface of a pressure pipe [2]

The analysis was performed for a total of six
different crack dimensions and a total of 4
different pressure values. Table 1 presents the

values of the geometric characteristics of the
crack and the internal pressure of the pipe
applied during the analysis.

Table 1. Analyzed crack geometries and internal

pipe pressures

Internal Internal Internal Internal
pressure pressure pressure pressure
p=1MPa p=5MPa p=9MPa p=12MPa
a=1.125mm  a=1.125mm  a=1.125mm  a=1.125mm
c=1.125mm c=1.125mm ¢=1.125mm c=1.125mm
a=1.125mm  a=1.125mm a=1.125mm a=1.125mm
€=2.25mm €=2.25mm €c=2.25mm  ¢=2.25mm
a=2.25mm a=2.25mm a=2.25mm, a=2.25mm
€=2.25mm €=2.25mm €=2.25mm €=2.25mm
a=2.25mm a=2.25mm a=2.25mm,  a=2.25mm
€=5.625mm  ¢=5.625mm  ¢=5.625mm  ¢=5.625mm
a=3.375mm  a=3.375mm  a=3.375mm, a=3.375mm
c=3.375mm  ¢=3.375mm  ¢=3.375 mm ¢=3.375mm
a=3.375mm a=3.375mm  a=3.375mm, a=3.375mm
€=6.75mm €=6.75mm €=6.75mm €=6.75mm

Therefore, the structural integrity of the pipe
was analyzed through a total of 24
characteristic points whose position in relation
to the FAD curve is defined by the SINTAP
procedure.

2.2. Basic technical characteristics of
the investigated pipe

The analysis was performed on a DN8O steel
pipe with an outer diameter of 87.9 mm and a
wall thickness of 4 mm. The total length of the
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pipe is 800 mm. The material of the considered

pipe is P235GH (EN 10028).

_ MECHANICAL TESTING LABORATORY TEST REPORTN Page:
TEST RESULTS
1. Tensile test
Z.
g
# Specimens data |
Yield Tensile | Elongation F‘:‘r";::’“
Mark of sample Width Thickness Area strength strength “; J z
> H ., 9
(mm) () (min’) N/mm) N/mm?) (%)
Material 1 20,00 4,02 30,40 304 408 395 61
PI}SGH
| | 1 ‘ 20,22 4,02 l 81,28 l 325 l 420 l 360 l 58
Elongation, %
2. Impact test
Data of test pirte Absorbed snargy
EV1s0T
(mm)
Mask of Test tezaparatare Momiral snerpy Avesage (T)
sample Motech (*C) of unker
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Fig. 3. Report on the examination of mechanical characteristics

A

laboratory test of the mechanical

characteristics was performed on the subject
pipe sample made of P235GH material. The test
was carried out in the mechanical laboratory of
the Institute "Kemal Kapetanovi¢" in Zenica.
Tests were performed on the subject sample on
testing machines — an UTM and a Charpy
impact test machine. The achieved results are

presented in Figure 3.

Table 2. The results of the mechanical
characteristics test

Impact
Sample Ren Rm
No. ) nergy
material ~ [N/mm?] [N/mm?] 0
1. P235GH 304 408 23
2. P235GH 325 420 24

The fracture toughness characteristics from [8]

presented in table 3 were used.

Table 3. Critical stress intensity factor and J
integral of steel P235GH [8]

Type of J integral Stress intensity factor,

sample [ki/m?] Kic [MPaym]
P235GH pipe 240,0 233,6
P235GH pipe 239,8 2335

3. NUMERICAL CALCULATION
OF THE CRACK STRESS
INTENSITY FACTOR

The calculation of the required values of the
crack stress intensity factor at the first mode of
failure (K;) was performed numerically with the
help of the software Ansys Mechanical R1
2020.

In according to the fact that an inadequate
setting of the boundary conditions can reduce
the accuracy of the numerical analysis, the
boundary conditions were set analogously [5],
where it was proven that the applied setting of
the boundary conditions does not affect the
accuracy of the results. The load was introduced
in the form of the effect of internal pressure. A
semi-elliptical crack is introduced as in Fig. 2.
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All applied values of internal pressure and crack
geometry are given in Table 1.

Figure 4 shows the results of the numerical
calculation of the crack stress intensity factor
for the case of a crack a=3.375 mm, ¢=3.375
mm under the action of an internal pressure in
the pipe of 5 MPa.

UFS- Canbout 6
P (0.5

6.9 2001, M1
14155 Max
"

- el
Lo E\J‘_m(’
ik i

mn 7

115,66
NN
106.55 M -
e,

Fig. 4. Results of the numerical calculation of the
crack stress factor, a=c=3.375 mm, p=5MPa

4. APPLICATION OF SINTAP
ANALYSIS

4.1. Defining of yield parameter L,

The yield parameter L., according to the
SINTAP procedure, is defined as the ratio
between the applied pressure and the limit
value. The pressure values that were applied for
the purpose of the analysis are already shown in
Table 1.

On the other hand, according to [2], the limit
pressure values in pipes with cracks of defined
geometries were calculated using the
expression:

t
t 21

T ) ()

Dy €Y)

where:

— a-—semi-axis (depth) of the crack,

— ¢ —semi-axis of the crack,

— t— pipe wall thickness,

— Ry —inner radius of the pipe,

— M —an auxiliary quantity that is determined
by expressions:

M =./1+1,255 a%—-0,0135 - a*, (2)
— ©
a= ,
Rl t
C
u= -(12- (1 -0,3%))"*". 4)
W'Rl " t

4.2. Defining the fracture line f(Ly)

To define the fracture line, the basic (Basic)
level was applied in this work. The data on
tensile strength and yield strength, which are
required for the application of analysis at this
level, were obtained by laboratory tests, while
the data on fracture toughness were adopted
from [8].

Expressions were used to define the fracture
line according to [2]:
1
1 2 6
£(L,) = [1 +5 Lz] 03407 %], (5)
for0 <L.<1,
001 -

05
where yu = min Rpo2 » (6)
0,6

N-1
f(Lr) = f(l) . LTZ_N for1 <L, < L;ﬁnax’ (7)

where:
R
N=0,3-[1—£;°'2], (8)
m
1 [Rpoa2 + Ry
Lrax = —. (P22 9
“ > [ Roo )

Based on the data obtained by laboratory
tests, the limit value against plastic collapse was
calculated:

1 1314,5+ 414

pmax — . [
T 314,5

== ] — 1,15, (10)

which represents the end point on the abscissa
of the FAD diagram.

4.3. Defining a parameter K¢

Within this work, the values of the parameter Kr
for the observed points on the FAD diagram are
defined by the expression:

K;

K, =—-,
" KIC

(1D

in which the fracture toughness parameter is
Kic, adopted from the literature (Table 2), while
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the values of the crack stress factor were
obtained by numerical analysis with the help of
Ansys software.

5. ANALYSIS OF RESULTS

As mentioned, a total of 24 observed points
were analyzed, i.e. for 4 different values of
internal pressure and 6 different crack
geometries. The maximum value of the internal
pressure, which was applied in the work, is
defined according to [9], through the
expression:

2-f-z-e
Pmax =D—a' (12)
m
Prax = T = 19,9 [MPa], (13)

where:

— Pmax — maximum internal pipe pressure,
— Dm - the central diameter of the pipe,

— f—permissible stress (f=Ren/1,5),

— ea — pipe wall thickness,

-z — coefficient of the welded joint,

z=(0,7-1) no influence z = 1.

So, with an optimal degree of safety (S =1.5-
2), the maximum allowable pressure in the pipe
according to the mentioned standard and known
mechanical characteristics is 12 MPa, which is
also the maximum analyzed value within this
paper.

When it comes to crack geometry, three
crack thickness values (semi-axes "a") are
defined, according to the ratios: a/t=0.28;
a/t=0.56 and a/t=0.84.

On the other hand, the semi-axes "c" are
defined according to the relations: a/c=1;
a/c=0.5 and a/c=0.4.

A failure curve was created for all analysis
cases. Fig. 5 presents diagrams for all four cases
of analysis.
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Fig. 5. Fracture curve diagrams for p=1MPa, p=5
MPa, p=9 MPa, p=12 MPa

6. CONCLUSIONS

In the first case of analysis, i.e. in the case
when the internal pressure in the pipe is 1IMPa,
all the analyzed dimensions of the crack are not
potentially unsafe for the structure, as can be
seen in Fig. 5.

This is a completely expected result, given
that the pressure value is low for the geometry
and material of the pipe (e.g. circumferential
stress in the pipe wall in that case is about 11
MPa).
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A slightly worse situation for the stability of
the structure is in the case of a pressure of 5
MPa. The observed points are closer to the FAD
line, but still within the stability zone.

Under the effect of a pressure of 9 MPa,
which was also analyzed in [6], cracks with a
larger geometry are potentially unsafe for the
construction, i.e. there is a possibility of brittle
fracture. It is interesting to mention that the
existence of a crack with semi-axes a=2.25 mm;
¢=5.625 almost identical for the stability of the
structure as the existence of a crack with semi-
axes a=3.375; ¢=3.375, according to the
SINTAP procedure.

Finally, for the highest analyzed pressure
value, which was determined in the paper as the
maximum allowable pressure value for this type
of pipe, almost all analyzed crack geometries
are potentially unsafe for construction.

In order to verify the accuracy of the
performed analysis, a diagram of the change in
the position of the characteristic point with the
defined crack geometry (a=3.375mm and
€=3.375mm) was created for different pressure
values (Fig. 6). It is shown that by increasing the
pressure, the point moves along the expected
path.

0 02 04 0.6 08 1 12
Lr

=—f{Lr) p=1MPa e« p=MPa e p=9MPa e p=12MPa

Fig. 6. Displacement of characteristic point with
load change
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Abstract

In sheet metal forming operations, the most common forms of failure are tearing and wrinkling. The
challenge in technology design is to predict and prevent these failure modes. In the field of rupture
failure, a lot of research has been carried out in order to correctly and accurately define the so-called
FLC curves. In this paper, we investigate how to establish a wrinkling criterion using as an input
parameter for process design by examining the deformation field, i.e. the deformation map. A high
strength DP (Dual Phase) steel material under deep drawing process with variable blank holder forces
was applied for monitoring the wrinkling characteristics of the flange area. The physical tests were
also implemented into a finite element software, for subsequent validation. Our results show that the
deformation measuring could be a useful tool for the wrinkling definition, with the proper selection of

the border values of the phenomenon.

Keywords: Wrinkling, Strain measurement, Blank holder force.

1. INTRODUCTION

Dual Phase steels are widely used because of
their excellent mechanical properties. Their
microstructure is ferrite-martensitic, which
allows good formability while maintaining high
strength parameters. Their main applications are
in the automotive industry, where they are used
both in the production of structural elements for
cars and in the manufacture of bodywork
components. Their importance is confirmed by
the number of studies on the subject [1,2].

Studies that explore the limits of formability
include FLC studies, where the failure of the
work pieces is formed under different stress
conditions and then summarised into one

diagram to give the FLC curve, which indicates
the limit of global formability from shearing up
to biaxial failure [3,4]. These studies aim to help
define the FLC curve as accurately as possible.
Merklein, Kuppert and Geiger [5] have
developed a new time-dependent method to
determine the nodal zone as accurately as
possible. The theory is based on the fact that the
strain deformation speed rate accelerates as the
onset of necking occurs. In turn, more accurate
FLC curves facilitate the technology design as
an input parameter in, for example, the finite
element software.

The second most common failure in sheet
metal forming is wrinkling, which is particularly
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problematic on work pieces that require the
aesthetic appearance mentioned above [6].
Besides, wrinkles formed in the first drawing
step can cause unpleasant complications in the
later operations. Some of the parameters
affecting this phenomenon are friction
conditions, initial work piece size and blank
holder force [7,8]. The latter was studied in
Wang and Cao's [9,10] article where they sought
to find the optimal blank holder pressure using
stress based equations [11,12]. Although the
definition of a rupture is still not completely
exact, the onset of wrinkling is also based on
individual subjective  judgement. It was
therefore necessary to define the boundary
condition for wrinkling in the mentioned study.
This was the transition from a semi-sinusoidal to
a sinusoidal characteristic of the surface
wrinkles. In another way, Hutchinson and Neale
[13] developed an equation (not detailed here),
which states that wrinkling occurs when the sum
of the energy members of the equation
representing different stress values is zero.

In the following study, we try to eliminate
wrinkling by varying the blank holder force and
to define a wrinkling criterion from the results
that can serve as a useful input boundary for the
design of the technology. Furthermore, we
investigate the variation of the deformation
field, in order to set up a condition system. In
addition to empirical tests, the investigations are
reproduced in a simulation environment to gain
a deeper understanding of the process.

2. METHODS AND MATERIALS
USED FOR RESEARCH
In this section the description of the details of

the experimental tests and the input parameters
of the finite element software can be found.

2.1. Material

The work pieces used for the test were made
of commercial DP 600 material, with a nominal
thickness of 1 mm. The work pieces were cut

out from table by shearing, and then machined
to the final shape by turning. The initial
diameter of each work piece is @66 mm.

2.2. Grid application

After cutting to size, the surface of the work
pieces was polished to remove contamination
and to ensure an even surface for a good quality
mesh. This was done at a speed of 300 rpm,
while the sandpaper was progressively finer in
the range 200-400-600 then 1200. The work
pieces were then meshed, which was necessary
to perform the digital image correlation
measurements. For this, Sericol (PS001) stain
and its catalyst (PS387) were mixed in 5 to 1
ratio, and 10% diluent (ZE570) and 10%
retardant (ZE574) were added. The mesh size
was chosen to be 2mm? and the drying time was
approximately 5 hours at ambient air
temperature. The pieces were then deep drawn.

2.3. Deep drawing

The deep drawing was carried out on an
ERICHSEN 142-40 universal sheet metal tester
equipment. The deep drawing speed was
constant 20+0.2 mm/min, while the deep
drawing depth was 20+0.2 mm. The blank
holder forces were chosen to be 3-4-5 kN +0.2
kN in series. The end of the measurement was
reached at the desired deep drawing depth. To
achieve optimum friction, sandwich lubrication
was used (oil and polyethylene film) on the die
side of the sheets. The foil layer thickness was
approximately 0.05 mm, and the oil type was
BWS HK-280 deep drawing cold forming EP
level lubricant. The average quantity of oil on
the sheets was 87.85 g/m?. The deformation in
the flange region of the meshed and deep-drawn
work pieces was investigated using the Vialux
in-process® deformation measuring 4-camera
system.

2.4. Simulation

The tests were built and simulated in
Simufact 2021.1 finite element software. The
input parameters used to set up the simulation
were the following: the coefficient of friction
between the sheet and the blank holder was 0.12
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and between the sheet and the punch was 0.20.
This is the reason of that the lubricant was
applied on the die side of the blank only. The
initial element size was 1.4 mm and the
specimens contained 3 layers in the thickness
direction. This resulted in a total of 6696
elements. The temperature was room
temperature (20°C). The flow curve model from
tensile test data series was described by the
Hockett-Sherby equation [14]. Yield Criterion
was determined from Hill'48 model [15], in
which the R values were obtained from tensile
test data. The results obtained in finite element
software showed good correlation with
empirically obtained results.

3. RESULTS AND
ACHIEVEMENTS

In this section, the introduction of the empirical
and the simulation results of the deformation is
shown. Results will depict the images of work
pieces clamped with 3-4-5 kN blank holder
force. The appearance of wrinkles was examined
on the rim of the deep-drawn cup. The different
deformation values represent the appearance of
wrinkles, as the formation of wrinkles on the rim
surface deforms the individual squares of the
recorded mesh at different rates. As shown in
Fig.1., the wrinkles on the rim of the cup are
illustrated by the different colour and the
corresponding deformation value.

Fig.1. True minor strain c;f“c'imeformed work piece
with 3kN blank holder force

In Fig.2., the image of the work piece formed in
the finite element software under the same
conditions is visible.

Fig.2. True minor strain of simulated work piece with
3kN blank holder force

The two images show relatively good
correlation with each other. By changing the
deformation scale to equal of the experimental
scale, it can be seen that the deformation map is
identical in both values and colour. This means
that the blank holder force applied was not
sufficient to prevent wrinkling of the work piece
under the existing conditions.

In the next step, the blank holder force was
increased to 4kN. This is expected to reduce or
even eliminate wrinkling. As Fig.3. shows, the
number of wrinkles reduced as excepted. There
is also a minimal decrease in the range of
deformation values.

Trus Mirer Strain
an

Fig.3. True minor strain of deformed work piece with
4kN blank holder force

The simulation results depicted in Fig.4. is are
compatible with the experimental results again.
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Fig.4. True minor strain of simulated work piece with
4kN blank holder force

After that, we increased the blank holder force
to 5kN. There is a minimal decrease in the range
of deformation values. Fig.5. and Fig.6. show
that as the blank holder force is increased, the
deformation values at the rim of the cup are
almost equal.

Fig.5. True minor strain of deformed work piece with
5kN blank holder force

The experimental and simulation results show
good correlation too. It can also be seen that
there is no marginal difference in the strain map
compared to a cup formed with a 4kN blank
holder force. This suggests that the optimal
clamping force lies between these values,
although further experiments are needed to
determine the optimal downforce
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Fig.6. True minor strain of simulated work piece with
5kN blank holder force

4. CONCLUSIONS

In this article, we investigated the
development of wrinkling by measuring the
deformation map in experimental and simulation
ways. The work piece material was DP600, with
initial diameter of 66 mm and the nominal
thickness was 1 mm. In the empirical test, the
blank was formed by deep drawing and the
simulations were performed using Simufact
Forming 2021.1 version finite element software.
As the perception of the presence of wrinkling is
a subjective human factor dependent issue, the
aim is to further investigate the presence of
wrinkling to see if it is possible to establish a
criterion that can further aid the design of the
technology as an input parameter. It can be seen
that by measuring the deformation, the presence
of wrinkles can be detected and also that when
they disappear. A further aim of the research is
to establish a boundary condition that
determines exactly when a work piece is
considered wrinkled and when the wrinkles
cease to exist, using deformation measuring.
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Abstract

Plastic waste is a major environmental problem and at the same time a great energy potential. One of
the possibilities of disposing of waste plastics is the production of liquid fuel. In this paper,
technological, ecological and economic aspects of liquid fuel production from plastic waste are
analyzed. Analyzes show that the process of obtaining fuel by pyrolysis with a catalyst is a
technologically mature technology, although there is still room for improvement. The most commonly
used catalysts are zeolite based. Up to 800 liters of liquid fuel can be obtained from one ton of waste
plastic, although up to 450 liters are usually obtained in real plants. The quality of the obtained fuel
largely depends on the quality and contamination of the raw material, and its price is slightly higher
than conventional oil-based fuel. The total amount of plastic waste in Croatia is 266,384 tons, which
represents a potential for obtaining up to 213 million liters of fuel per year. Since a large amount of
plastic waste without impurities is needed for commercial production, it is necessary to improve the
existing infrastructure for separate collection of plastic waste in Croatia. The environmental benefits of
disposing of waste plastics by producing liquid fuels are great, including the reduction of greenhouse

gas emissions.

Keywords: plastic waste, biofuel, pyrolysis

1. Introduction

Economic development based on conventional
fossil fuels such as oil, natural gas, or coal will
not be sustainable in the near future due to their
limited resources. In the International Energy
Outlook 2019 [1] is stated that global
consumption of liquid and petroleum products
will increase from 101 million barrels per day
in 2018 to 121.5 million barrels per day in 2050.
If current practices continue, oil and gas
reserves will not be available for 43 and 167
years, respectively. Therefore, more use should
be made of alternative, i.e. renewable, energy
sources such as biomass, hydropower,
geothermal energy, wind energy, solar energy,
etc.
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Plastic waste is also an alternative energy
source from which diesel-like biofuels can be
obtained [2].

The Law on Waste Management (ZOGO)
(2013) stipulates that municipalities and cities
are required to collect plastic waste separately.
However, according to the law, it was necessary
to issue ordinances, so the separate collection of
plastic waste will not be addressed more
strongly until 2019, when the Environmental
Protection and Energy Efficiency Fund
(EPEEF) will allow the procurement of
containers for the separate collection of
municipal waste. The rate of separately
collected plastic waste has increased very
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sharply (300 percent in Zagreb). Plastic waste
soon became a mixture of different types of
plastic. The report of the Ministry of
Environmental Protection and Energy for waste
management in 2018 [3] shows that the
estimated share of plastics in mixed municipal
waste in Croatia in 2015 was 22.9%. These data
lead to an extremely large amount of plastic
waste in mixed municipal waste. Since mixed
municipal waste (from households) is 1.25
million tons, we arrive at 286548 tons of plastic
in mixed municipal waste.

Since different types of waste are collected
separately in Croatia since 2020, the amounts of
separated plastic waste are certainly higher [3].
The amount of plastic packaging waste

collected for recycling has increased
significantly in the EU, and waste sent to
landfills has been reduced by more than 50%,
i.e. to 3.3 million tons in 2018. Much more
plastic waste is recycled and plastic is newly
produced or waste is used for energy production
[4].

Based on 2020 data, the share of separately
collected municipal waste in Croatia (all types
of municipal waste except mixed municipal
waste) was 41% or 694,160 tons. The recycling
rate of total municipal waste was 34%, which is
lower than the planned 50% [5]. In 2020, 66,384
tons of plastic waste were collected (collected
separately), and the share of plastic in this waste
was 9.8% (Figure 1).
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Fig. 1. Amount of waste collected during 2020 [3]

If we assume that about 20% of plastics (200,000
tons) are contained in mixed waste (998807 tons),
the total amount of plastic waste is 266384 tons.
Since up to 800 liters of fuel can be obtained from
one ton of plastic, this results in a potential of 213
million liters of fuel per year.

1.1 Review of previous research

Madhukar et al. [2] describe the process and
experimentally investigate the possibility of
producing fuel from plastic waste - low density
polyethylene (LDPE) and polypropylene (PP) -
by thermal pyrolysis without catalysts. Physical
analysis revealed a viscous liquid with a
yellowish colour and an unpleasant odour. The

14

However, if we take into account that not every
type of plastic is suitable for obtaining liquid fuel,
the production of 400 liters of fuel from one ton
of plastic results in the amount of about 107
million liters of fuel per year.

flammability test showed: easily flammable and
completely burned without formation of deposits.
The main rheological properties are the flash
point 22 °C, the flash point 29 °C and the calorific
value 43796 kJ / kg.

Dai and et al. [6] studied the pyrolysis process
applying different types and tandem catalysts.
Susastriawan et al. [7] analysed the effect of
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zeolite size on the low temperatures pyrolysis of
LDPE plastic waste. Hazrat et al. [8] conducted a
study on thermocatalytic processes for the
conversion of plastic waste. The experiments
compared different types of plastics and showed
the process of fuel production. The optimum
production temperature for diesel and gasoline
was between 390 °C and 425 °C.

Patil et al. [9] described the impact of plastics on
soils, oceans, animals, and humans and
conducted an experiment to produce fuels from
plastic waste. The experimental plant consisted
of a reactor, a condenser, a pipeline, a regulator,
and a heater. It was concluded that production can
be simple. One kilogram of plastic can be used to
produce 0.8 liters of fuel. The diesel obtained
from plastic waste has better properties than
kerosene and almost the same properties as
conventional diesel, so it can replace both
kerosene and diesel.

The production of diesel from plastic waste and
used lubricating oil was described by Phetyim
and Pivsa-Art [10]. The study was conducted
with different oil ratios and different types of
plastics (oil: high density polyethylene - HDPE:
polypropylene - PP: polystyrene - PS) and by
measuring the properties, it was found that the
ratio 50: 30: 20: 0 has most of the properties of
standard diesel according Thailand Ministry of
Energy, except for the ignition point, which is
lower than the standard. In addition, this ratio was
used at different temperatures of the pyrolysis
reactor (below 400 °C, from 400 °C to 425 °C and
from 425 to 450 °C) and the properties of the oil
obtained were analyzed. The oil at temperatures
from 400 °C to 425 °C has the most similar
properties to diesel [10].

Garib et al. [11] analyzed solid waste at a landfill
site in Khartoum State (Sudan) and found that it
contained 12.7% plastic. Studies show that oil
recovery from thermal pyrolysis of plastic waste
ranges from 80% to 90%. Modifications were
made according to the Aspen Hysys thermal fuels
program that increased process efficiency.
Sarker and Rashid [12] conducted a study in
which they tested different types of plastics used
separately and mixed in a stainless-steel reactor.
In the study, the plastics were mixed in different
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random proportions before fuel production. The
result of mixing plastics is a more productive
process with a higher percentage yield compared
to the process where the plastics are separated.
A study by Machirai et al. [13] showed that
pyrolysis with a catalyst can produce a fuel with
similar properties to conventional fuels. Pyrolysis
is an ecological and economical method. One
kilogram of plastic waste is converted into 0.75
kg of usable liquid hydrocarbon fuel without
releasing any pollutants. At the same time,
hazardous plastic waste is reduced and the import
of crude oil is reduced. The resulting fuel is most
similar to diesel and can be used to start diesel
engines. The composition of the obtained biofuel
is pyrolysis oil 48.6%, wax 40.7%, pyroplin
10.1% and carbon black 0.6% [13]. A study by
Brindhadevi et al. [14] showed the results of
catalytic ~ decomposition  of  low-density
polyethylene by synthesized catalysts in a solid
reactor. The expected products of the experiment
are gasoline and liquid fuel rich in hydrocarbons,
coke and gas. The optimum yield of liquid fuel
obtained with the TiO, catalyst occurs in the first
reaction and decreases significantly as the
reaction proceeds. During cracking in the
presence of the TiO, / AISBA-15 catalyst, a
significant increase in gasoline content from
45.6% to 85.4%, liquid fuel efficiency (89.1%)
and conversion (98.4%) was observed. The liquid
fuel produced with the composite catalyst had a
calorific value of 47.8 MJ/kg, which is higher
than that of standard petroleum.

2. Materials and methods

There are different types of plastics, but not all of
them are suitable for the production of plastic
fuels. They must be classified and separated.
Plastic waste is mainly composed of low density
polyethylene (LDPE), high density polyethylene
(HDPE), polypropylene (PP), polyvinyl chloride
(PVC), polystyrene (PS) and polyethylene
terephthalate (PET) [15]. HDPE and PP account
for the majority of plastic waste [15].

Plastics are also classified according to their
chemical structure of the polymer chains. Some
important groups are acrylates, polyesters,
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silicones, and
plastics.
LDPE is used for its toughness, flexibility and
relative transparency to make bottles. To take
advantage of its strength and toughness, it is used
to make commercial and garbage bags, dropper
bottles and films. It is also used for toys, tank lids
and various packaging.
PP has high melting point and is ideal for storing
hot liquids that need to be cooled in a bottle (e.g.
ketchup, juice, syrup). It can be made as a flexible
or rigid part. PP is used for production of
containers for yogurt, margarine, and take-out
foods. It is also used for medical bottles, bottle
caps, ... [2].
There are different types of recycling or reuse of
plastic waste, which can generally be divided
into three types:

e mechanical recycling

e energy recovery or incineration

e chemical recycling

polyurethanes, halogenated

Landfilling waste or incinerating plastics leads to
the following problems:

e Toxic fugitive emissions are released
during the polymerization process.

e Open burning of plastic waste is very
common phenomenon in cities / towns that
produces toxic gases such as, chlorine,
hydrochloric acid, carbon monoxide,

amines, nitrides, styrene, benzene,
butadiene and acetaldehyde.

¢ Non-recycled plastic waste such as multi-
layer and metalized bags and thermally
bonded plastics such as SMC / FRP etc.

pose various disposal problems.

This paper will analyze the chemical recycling of
waste plastics in the production of liquid biofuels
similar to diesel.

2.1 Pyrolysis

When we talk about chemical recycling, we are
actually talking about pyrolysis. Pyrolysis is
defined as the controlled heating of an oxygen-
free material. During the pyrolysis of plastics, the
macromolecular structure of a polymer breaks
down into smaller molecules or oligomers and
sometimes into monomeric units. Further
decomposition of these molecules depends on a
variety of conditions, including the presence of
catalysts, residence times, temperature, and other
process conditions. The pyrolysis reaction can be
carried out with or without the presence of a
catalyst. Furthermore, the reaction may be a
thermal or catalytic pyrolysis. Since most of the
plastics used are polyolefins, extensive research
has been carried out based on this polymer, which
is described in more detail below [2]. The main
pyrolysis processes are listed in Table 1. The
values for conventional, fast and flash pyrolysis
at different parameters are given.

Table 1. Main process parameters for the pyrolysis process [16]

PARAMETERS: CONVENTIONAL FAST FLASH
Pyrolysis temperature (K) 550-900 850-1250 1050-1300
Heating speed (K /s) 0.1-1 10-200 > 1000
Particle size (mm) 5-50 <1 <0.2
Solid state time (s) 300-3600 0.5-10 <0.5

In slow pyrolysis, the resulting liquid is usually
fatty and not waxy. Qil yields can reach 93wt%
when LDPE is processed at 550 °C, providing
excellent yields and a wide range of applications.
Plastic oil is versatile and can be used either
directly in steam boilers for power generation or
as a chemical platform for other applications such
as transportation fuels, remediation monomers
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and carbon nanotube (CNTS) production. The
solid residue yield is much lower than that of coal
from biomass, which is due to the fact that plastic
waste contains less solid carbon and more
volatile components compared to biomass [17].

Fast pyrolysis is carried out in continuous
systems, while slow pyrolysis is usually
carried out in batch reactors. In continuous
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processes, faster removal of carbon from the
reactor space occurs. This prevents
undesirable catalytic effects that lead to
excessive vapour cracking, which, along
with short vapour residence times, results in
higher liquid production. In fast pyrolysis, up
to 95% of the mass of the plastic waste can
be converted to liquid/wax and a larger
amount of liquid/wax is obtained than in
slow pyrolysis [17].

Flash pyrolysis (milliseconds) is a suitable to
avoid excessive cleavage reactions that
occur in fast pyrolysis, especially above 700
°C, resulting in the conversion of a
significant amount of liquid to gaseous
products. In contrast to the faster pyrolysis of
biomass, which produces the highest yield of
bio-oils, the flash pyrolysis of plastic waste
produces more gases than liquids, the most
important of which are ethylene and
propylene. The by-product in the form of oils
can be used to provide the energy needed for
the process [17].

Important steps in the pyrolysis of plastics are:

e Uniform heating of plastic waste in a
narrow temperature interval without major
temperature fluctuations.

o Removal of oxygen from the pyrolysis
chamber.

e Management of the carbon by-product
before it becomes a thermal insulator and
reduces the thermal conductivity of the
plastic,

e Condensation and pyrolytic water vapour
fractionation to produce distillates of good
quality and consistency [16].

Noncatalytic or thermal pyrolysis of polyolefins
(POF) is a high-energy, endothermic process that
requires a temperature of at least 350 °C to 500
°C. In some studies, high temperatures of 700 °C
to 900 °C are important to achieve higher
production yields. The extent and nature of these
reactions depend on the reaction temperature and
the presence of products in the reaction zone,
which is primarily influenced by the reactor
design.
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In addition, the reactor design also plays an
important role, as it must overcome the problems
associated with the low thermal conductivity and
high viscosity of the molten polymer. Various
types of reactors are described in the literature,
but the most commonly used are fluidized bed
reactors, series reactors and screw reactors.

The characteristics of thermal decomposition of
heavy hydrocarbons are:

e Olefins are less branched.
e High production of C; (methane) and C»

(ethane).

e Some olefins are formed at high
temperatures.

e (Gasoline selectivity is poor, i.e.,
petroleum  products have widely

distributed molecular weights.

e High production of the gas and coke.

e The reaction is slow compared to the
catalytic reaction.

The main product of pyrolysis is pyrolysis oil,
which is an excellent source of biofuels. Unlike
oils obtained from biomass, pyrolysis oils have a
high calorific value, nearly three times that of
bio-oils. Pyrolysis oils are more similar to diesel
fuels because they do not contain highly
oxygenated compounds or water. The acidity of
pyrolysis oils is much lower than that of bio-oils,
so additional processes to produce biofuels can be
avoided. A by-product of pyrolysis is coal, which
can be used as an adsorbent, and gas, which can
be a source of energy for the pyrolysis process. A
small amount of pyrolysis by-products are coke
and ash [17].

The oil obtained by pyrolysis may be liquid
or waxy. Liquid oil consists of aliphatic
compounds, mono and polyaromatics. In
addition to fuel production, pyrolytic oil can
also be used as an intermediate for the
production of ethylene and propylene.

2.2 Catalytic decomposition

By definition, a catalyst is a substance that can
initiate, slow down, and/or control a chemical
reaction without changing its own structure at the
end of the chemical reaction. The catalyst is used
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to enhance the cracking reaction. The type of
catalyst has an important role in the pyrolysis of
plastic waste and the characteristics of oil yield
and quality [18].

The availability of catalysts reduces the reaction
temperature and reaction time and increases the
yield of gaseous products [16]. The process cost
is lower, which makes this process more
attractive from an economic point of view. The
reuse of catalysts and the use of efficient catalysts

Table 2. Overview of catalysts used [16]

in smaller quantities improve this option. This
process can be developed into a cost-effective
commercial polymer recycling process to solve
the environmental problems of plastic waste
disposal. Moreover, in this way, the ability to
break down plastics is higher and the
concentration of solid residues in the product is
lower. Table 2 gives an overview of the catalysts,
pore sizes and trade names used.

CATALYST PORE SIZE (mm) COMMERCIAL NAME
usy 0.74 H- Ultrastabilized, Y- zeolite
ZSM-5 0.55x0.51 H-ZSM-5 zeolite
MOR 0.65x0.7 H- Mordenite
ASA 3.15 Synclyst 25 (silica-aluminum)
MCM-41 42-52 -
SAHA 3.28 Amorphous silica-alumina
FCC-R1 - Equilibrium catalyst
Silicate 0.55 x 0.51 Synthesized in house

The zeolite catalysts showed excellent
catalytic efficiency in cleavage,
isomerization, and aromatization, and the
gas production is significantly higher.
Although a similar mechanism occurs in clay
(e.g., calcium bentonite [19]), less attention
is paid to clay-based catalysts for these
processes [20], although Fe-acidified clay
showed excellent yield of the diesel fraction
[21]. Being abundant in nature, both clay and
zeolite materials can be found as cheap
minerals [22, 23].

Pyrolysis in the presence of ZSM-5 catalyst
produces significantly more aromatic and
polycyclic aromatic compounds compared to
uncatalyzed pyrolysis, which improves the
biofuel production process [24]. When ZSM-
5 catalyst and corn stalks were used in the
co-pyrolysis of HPDE, it was found that with

3. RESULTS AND DISCUSSION

The plastic fuel production plant is shown
schematically in Figure 2.

After the waste is separated and classified, the
plastic must be crushed to the desired granularity
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increasing biomass / HDPE ratio, higher
hydrocarbon yield and better H/C ratio were
obtained while decreasing coke content [25].
SAHA catalysts contribute significantly to
the production of light olefins without
significantly changing the aroma. USY
catalysts enable the formation of both
aromatics and branched chain hydrocarbons,
with a significant increase in the content of
gaseous hydrocarbons. Catalytic cracking of
the MCM-41 catalyst contributes to the
production of gasoline, with less impact on
the production gas, probably due to the
weaker acidic properties and larger pores of
the catalyst [17].

Bimetallic catalysts are already widely used
for the pyrolysis of plastic waste into biofuel
[18], but are less popular than zeolite-based
catalysts.

so that it can go onto the conveyor belts and then
into the remelting machine. To achieve the
desired granulation, various machines such as
mills, shredders and crushers are used.
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Figure 2 shows that, depending on the type of
system, it is possible to melt plastic granules in
furnaces and feed the melt into the reactor, or to

feed the plastic granules into the reactor in solid
form.
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Fig. 2. Schematic representation of a plant for the production of plastic fuels

Injection of plastic in molten or solid form is done
by a metering system that regulates the required
amount of plastic injected into the reactor. It
should be impermeable to ensure exclusion of
oxygen supply.

In the reactor, the plastic is heated to a certain
temperature at which the pyrolysis process takes
place. In pyrolysis with catalyst, a catalyst is
added to the reactor. The temperature of the
process depends on the properties of the desired
fuel and the pyrolysis process, but in most cases
the process takes place at 400 °C to 500 °C
without the presence of oxygen. The pyrolysis
products are gaseous, liquid and solid, and the
percentage may vary depending on the
temperature and the raw material. At the end of
the screw reactor there is an opening for the
discharge of the combustion residues and a steam
line to the heat exchanger (condenser). The solid
product of combustion is soot, which occurs in
very small quantities - less than 1% [26].

In the heat exchanger, the steam is cooled, i.e., a
condensation  process takes place. The
condensation products are the gas and liquid
phases. The gas is a mixture of the lightest
organic substances and often returns to the
process of heat generation. These gases are
propane, ethane and methane. They make up
about 10 to 15 percent of the mass of the
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processed plastic [25]. These gases burn in a
similar manner to natural gas. This is not the
combustion of plastic raw materials, but the use
of non-condensable gases to reduce the need for
external energy.
The liquid phase is a crude liquid fuel and a
further distillation phase is always required to
obtain a high-quality transportation fuel such as
gasoline or diesel.
In order to perform the condensation process
well, i.e. to separate all the vapour from the
reactor into gas and liquid, several heat
exchangers (2-3 pieces) are usually connected in
series. After condensation, the resulting liquid is
directed to the liquid separator. The fuel collected
in the collection chamber is usually impure, with
admixtures of wax, grease and other impurities.
The following procedures are performed to
remove impurities [27]:

e Gravity separation (liquid separator).

o Filtration (fuel purifier).
The purpose of the liquid separator is to separate
fuel by type and remove gross impurities.
Colloidal substances can be removed during the
filtration process. The filter paper allows
molecules to pass that are smaller than its pores.
Thus, different sizes of smaller pores result in a
purer fuel [27].
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To determine the quality and properties of the
obtained fuel, various tests are performed in
laboratories. The tested properties are: Colour,
density, viscosity, heating value, flash point, ash
content, time of appearance of the first crystals in
the fuel cloud, end point of oil and fuel, gas

Table 3. Ranking of fuels for commercial use [27]

chromatography and mass spectroscopy, Fourier
transform infrared spectroscopy (FTIR test) [27].
From the test, the fuel has a broad spectrum of
hydrocarbons from C-Cso, which is similar to
the spectrum of hydrocarbons in diesel. This fuel
has worse or better properties than diesel, which
are listed in Table 3.

FUELS LPG Petrol

Kerosene Diesel Heavy Fuel Qil

HYDROCARBONS Csto Cy CstoCyp2

CptoCus C12to Cos C2to Cro

Comparison of PP and conventional diesel fuels.
e The color of polypropylene oil is
reddish-orange and its density of 711

kg/m?® is lower than that of diesel and

gasoline.

e The fuel is flammable at room
temperature, which is 23 °C according to
the test.

e The temperature (point) of the

appearance of the first crystals in the fuel
cloud and the temperature (point) of
cessation of oil and fuel are -37.3 °C and
-43.8 °C, an indicator of the possible
work with this fuel and in extremely cold
weather conditions.

e PP fuel has no ash content compared to
diesel, which has a content < 0.01.

e The heating value of the fuel is 49163
kJ/kg, which is better than diesel and
gasoline, so this fuel can be used in heavy
diesel engines [27].

3.1 Impact of fuel from waste

plastics on the environment

Pure plastic fuels have low sulfur content
compared to conventional fuels. The sulfur
content can be less than 10 ppm, while the sulfur
content in other fuels ranges from 35 ppm to 50
ppm. A higher cetane value may also mean that
synthetic diesel produced by pyrolysis has lower
hydrocarbon and CO, emissions due to higher
fuel efficiency.

Synthetically produced diesel also has higher
lubricity, which can reduce wear on engine parts.
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This may ultimately have an impact on the longer
life of engine parts [28].

3.2 Impact of waste plastic fuel
production process on the

environment

Plastic waste is a major threat to the environment.
Apart from the aesthetic damage to the
environment caused by disposal in inappropriate
places in nature and the long time required for
decomposition (about 500 years), the contents of
various tanks (e.g. tank oils) can also endanger
the environment by polluting watercourses and
springs. Water, flora and fauna. In this way, the
recycling and production of fuel from plastic
waste reduce the impact on the environment.

In the production of fuels in plants, there is no
greater way to pollute the environment. During
production, soot escapes from the reactor, which
is not harmful to the environment. When the
steam coming out of the reactor cools, gas and
fuel are produced. In most cases, the gas is used
to heat the reactor, and if it is a small amount that
cannot be used to heat the reactor, it is burned
with a flare. When gas is burned, combustion
gases are produced, which are not very harmful
because it is a very small amount.

The water used to cool the heat exchanger does
not come into contact with the gases or fuel, so
there is no water pollution. If there is a medium
that cools the water from the heat exchanger, it is
not released into nature, just like the heated
water, but it circulates in a closed process.



Proceedings of the 10th International Scientific and Expert Conference TEAM 2022
September 21-22, 2022, Slavonski Brod, Croatia

3.3 Economic aspects

In conventional methods, to extract the raw material
(crude oil), various investigations must be carried out,
such as drilling test holes, drilling in the ground or on
the seabed, setting up and building a platform. Once
the crude oil reaches the platform, it must be
transported to the refinery for further processing.
When plastic waste is processed into fuel through
pyrolysis, the raw material is first sorted by
composition if it is mixed waste. In most cases, sorting
facilities are located near the plants. If the plant
produces enough waste gas that is not recycled, it
heats the reactor, so there is no cost other than the
electricity needed to start the pumps and conveyors.
Plastic fuel is still more expensive than conventional
fuel, but it is much more environmentally friendly.
The price of plastic fuel is expected to decrease over
time as process efficiencies increase and the
technology for plant construction becomes cheaper.
On the other hand, the price of conventional fuel is
constantly rising.

The trend of clean technologies and new
regulations related to greenhouse gas emissions
and the petrochemical industry create great
potential for the development of the PTF
(plastic ~ fuel) industry. The production
technology is developing rapidly and the
payback time for the market is generally
between two and five years [29]. A growing
number of manufacturers in the USA and
Europe owe their production to a well-
developed waste management infrastructure.
However, the current scenario of processing
waste into fuels is not as cost-effective as that
of conventional fuel production. Most
manufacturers have found that the quality of the
feedstock has a major impact on the quality of
the fuel. In addition, the collected waste is often
contaminated with food, organic or other types
of chemicals, which increases the production
cost [29]. Also, the commercial sustainability of
production largely depends on end-user
requirements, choice of depolymerization
technology, and type of feedstock. Such trends
are likely to hinder the growth of the PTF
industry. The estimated growth of global
industrial production of plastic biofuels until
2026 is more than 2.5% CAGR (Compound
Annual Growth Rate) and will increase from
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$572.7 million in 2019 to $590 million in 2026
[28].

The European PTF market is expected to
account for over 45% of the total production.
This share is due to the higher presence of
plastic-to-fuel conversion plants, which offer
high recycling rates and energy recovery from
plastic waste. Indirectly, the target is to reduce
greenhouse gas emissions by 40% compared to
1990 [29].

4. CONCLUSION

The paper analyzes the problem of fuel
production from plastic waste. The fuel produced
by the pyrolysis process with a catalyst is better
than without the use of a catalyst because it is
cleaner and the reactor operates at lower
temperatures and less heat is needed to heat the
reactor. The obtained fuel can have different
properties depending on the composition of the
plastic waste.

Advantages:

e Biofuel can have better properties than
conventional because if it is produced
with quality, it has a higher cetane value
and produces less COx.

e Biofuel can be used to start heavy diesel
engines.

e It has lower fuel density, does not contain
ash, and can be used at lower operating
temperatures.

e The amount of waste in nature and
landfills is decreasing.

e Pyrolysis products can be used in other
industries or for independent work
(reactor heating).

e Low energy consumption for the plant
from external sources (electricity).

Disadvantages:
e Waste separation required.
e Complex technical system, so you need
more trained personnel for maintenance.
e Required to build a facility near the
landfill to reduce transportation costs.
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It can be concluded that this method of fuel
production should be used more in
underdeveloped countries, which have a big
problem with plastic waste, in order to protect the
environment of people, plants and animals.

The paper analyzes the amount of plastic waste
generated in Croatia that could be used for
biofuel production. The amount of plastic waste
is large and 213 million liters of fuel per year can
be obtained from it.

However, separate waste collection in Croatia is
not yet at a high level, which is a prerequisite for
economically viable biofuel production.
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Abstract

The paper analyses the influence of parameters of interrupted turning process on workpiece
oscillations. Alteration of undeformed chip cross section area is obtained on OD turning of slotted
shaft as a source of impact on cutting tool and workpiece which could lead to deterioration of
workpiece surface quality and dynamic process behaviour. The experiments were carried out on Ck
45 steel with conducting 14 oscillation setups. Measurement results are excluded from the time scale
video of analogue sensing micrometre obtained during camera process recording. An analysis of the
obtained results shows the influence of processing parameters on oscillations.

Keywords: workpiece oscillation, turning, camera recording, cutting parameters.

1. INTRODUCTION

Cutting process with single point tools on
lathe encompasses a relatively wide range of
applications. Cutting edge is exposed to high
mechanical and thermal loads with mostly
continuous  (uninterrupted)  nature.  The
workpieces with cylindrical geometry and
groove over the outer diameter during
machining are associated with alternated
(interrupted) cutting conditions. Interrupted
conditions arise as a result of different cross
section area over the work piece. These
conditions can be achieved by cutting tool
oscillation (in the literature known as a
modulation cutting processes) either by
workpiece surface irregularities (remained by
previous machining process or to ensure some
functional demands). Uninterrupted turning
brings many of long chips continually and the
chips get entangled to the workpiece or tools.
Interrupted turning produces chips into small
pieces and prevents the appearance of long chips
from getting tangled up. Interrupted cutting
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conditions generate vibrations because of
discontinuity  (variability) of the loading
conditions during chip forming process.
Examples of such processing which some easily
can find in regular production are the processes
with periodic variation of the cross section of
the cutting area, interrupt cutting during the
processing of the geared/grooved surfaces, the
processing of the asymmetrical or eccentrically
mounted shaft or the internal processing of the
asymmetric hole.

Influence of oscillation (deflection) either the
cutting tool either the workpiece on workpiece
quality is of great importance for researcher and
has been extensively reported in the literature
[1]. Even the majority of research reports are
focused on cutting tool oscillation and its
implications, workpiece oscillation is also of
great importance specially in the scope of errors
compensation [2].

Obeidat and Raman [3] investigate the
measurement location in order to determine the
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position were maximal error of workpiece
deflection can be determined.

Li and Du make step forward in workpiece
error compensation showing that the new
method can reduce the workpiece error by as
much as 75% (average workpiece error is
reduced to 8 um from 14 um) [4].

Too much oscillation can lead to chatter
appearance and catastrophic failure on the tool
and lead to workpiece surface roughness
increase [5].

The cutting-induced oscillations plays a
dominant role in process setup. It can be
estimated in vitro based on selected cutting
condition (speed, feed and depth of cut). During
the cutting process (estimation in vivo) it can be
used the motor currents (main spindle motor
current and feed spindle motor current).

Our approach in this paper is to measure the
workpiece oscillation in vivo and make a
correlation of oscillations with cutting condition.

2. METHODS AND MATERIALS
USED FOR RESEARCH

Interrupted cutting conditions have been
achieved by OD turning where the cylindrical
surface with groove (Figure 1). Ratio of grooved
area and area to be cut is about 5%.

oscillatio
measuyring >
location worpiece
tool
|

Fig. 1. Workpiece geometry
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During the tool/workpiece contact it can be
registered workpiece deflection, while tool is
passing over the grove deflection is zero (Fig.2).
Deflection values were recorded with camera
and micrometre watch (Figure 3).

oscillation

Fig. 3. Oscillation measurement method

The work piece on which the tests were
performed is made of the hardening steel Ck 45
with mechanical properties as follows: hardness
max 255 HB, strength (Rm) 630-780 N/mm?,
elongation (As) min 17%.

The test sample was heat-treated by
quenching at 860 °C and annealed at 660 °C.
The test sample was a slotted rod of 70 mm in
diameter and 150 mm long with a grove of 8
mm wide and 10 mm deep (Figure 4) [6].
Groove had the purpose of obtaining so-called
"discrete turning" during machining.

The measurements were performed with the
help of an analogue vibrometer, the probe of
which was constantly in contact with the test
sample during the turning process. Vibration
values were read from the measuring scale.
When  experimentally  determining  the
oscillations/vibrations of the workpiece, we
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changed the values of the processing parameters
(cutting speed, feed and cutting depth) and then
read the results from the measuring scale.
Workpiece was machined with different regime
setups. Each regime setup influence has been
analysed separately as a single measurement. In
total 14 measurements were made.

A workpiece was selected as the object on
which the oscillation measurements will be
carried out. There is a groove on the workpiece
that makes an interrupting cut in the turning
process and additionally stimulates the
vibrations of the workpiece. The technique of

analogue measurement of oscillations of the
workpiece was used, where a comparator
(measuring micrometre watch) was used (Figure
5), and the sampling and measurement of
vibrations was carried out by analyzing the
video of the comparator, which contains a large
number of images per second (30 fps).

The results of two chosen measurements with
highest oscillation are additionally analysed with
FFT and the results are presented in this paper.

150

Fig. 4. Test sample geometry

Fig. 5. Measuring setup

3. RESULTS

The results of measurement are given in
Table 1 and Figs 6, 7 & 8. Each measurement
has been performed 3 times and used oscillation
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values are the averaged values of measurements.
Measurements nr 1 and 8 were performed
without loading (cutting condition (a,=0mm)) in
order to validate measurements.
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Table 1 Measuring results

Measurem Spindle Feed per Cutting depth, ampﬁ\tljcrjzggf
ent nr. speed, 1/min revolution, mm/s mm oscillation, ym
1. 560 0 0 0
2. 560 0,075 1 1,1
3. 560 0,15 1 2
4, 560 0,3 1 3,9
5 560 0,075 2 2,5
6. 560 0,15 2 3,7
7. 560 0,3 2 5,3
8. 800 0 0 0
9. 800 0,075 1 1,1
10. 800 0,15 1 2
11. 800 0,3 1 4
12. 800 0,075 2 2,5
13. 800 0,15 2 3,8
14. 800 0,3 2 54
Amplitude, pm Oscillation results
6
— -1
4 n=560 min’! 7=800 min
1
0
l. 2. 3. 4 5. 6. 7. 8. 9. 10. 1. 12. 13. 14.
cutting depth, mm average amplitude, pm feed, mm
Fig. 6. Graph of measuring results
6 n=560 min-1 . 6 n=800 min-! .
5 5
E4 €4
é , ° g , °
1 ap=1 mm 1 ap=1 mm
0 e ap=2 mm 0 ®ap=2 mm
0 0,1 0,2 0,3 0,4 0 0,1 0,2 03
feed fn, mm feed fn, mm

Fig.7. Influence of parameters on oscillations - 1
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Fig.8. Influence of parameters on oscillations — 2
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By increasing the feed (which is doubled for
each pass in this example), and the depth of
cutting there is a noticeable increase in
oscillations amplitude (Fig.7). Very similar
dependence can be found for higher spindle
speed (Fig.8).

3.1. FFT analysis

FFT analysis (application of fast Fourier
transformation) is based on data presented in the
time domain as a relationship between time and
amplitude and in the frequency domain as a
relationship between amplitude and frequency.
FFT analysis is carried out using computer
algorithms, the results of the analysis give an
insight into the correctness of the machine and
possible deficiencies (looseness of joints,
appearance of cavitation, resonance, imbalance,
etc.). This analysis is performed on
measurements with highest oscillation amplitude
results (test nr.7 &14)

FFT analysis (n=560 min-t, a,=2mm, f,=0,3mm)

S
N

[N
o

g
g 8
<
£
< 4
2
0
0 05 1 15 2 2,5 3
Frequency, Hz
Fig.9. FFT results for measurement nr 7
FFT analysis (n=800 min-, a,=2mm, f,=0,3mm)
10
9
8
e 7
6
R
g 4
<3
2
1
0

0 0,5 1 15 2 2,5 3
Frequency, Hz

Fig.10. FFT results for measurement nr 14

FFT analysis was performed on 64 measured
values of workpiece oscillations  (for
measurements 7 and 14) and shows higher
expected amplitudes of oscillations for lower
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numbers of revolutions (n=560 min™) compared
to processing with higher numbers of
revolutions (n=800 min™?).

The expected value of the largest oscillations
of the workpiece should be in the period when
the cutting blade passes over the groove made in
the workpiece. Considering that there is only
one groove on the circumference of the
workpiece, the largest oscillations of the
workpiece should occur at the frequency f= 13.3
Hz at n=800 min'= 13.3 s, i.e. f = 9.33 Hz at
n=560 min 1 =9.33 s%.

Since the FFT analysis showed that the
oscillation  amplitudes appear for both
measurements in the area of up to approx. 2.5
Hz, it can be concluded that the highest values
of workpiece oscillations as a result of variable
processing conditions (variable cutting depth
due to the existence of grooves on the
workpiece) were not recorded. In order to
measure  these  oscillation  values, the
measurement should be carried out with a much
larger number of measurements (larger number
of images per second) in order to increase the
probability of recording the deflection of the
workpiece when the cutting blade passes over
the groove.

4. CONCLUSIONS

The analysis of the influence of the turning
processing regime on vibrations was carried out
through fourteen different regimes. All
measured values of vibration amplitudes were
below 10 pm.

From the measured values of workpiece
oscillations, it was determined that all three
elements of the processing mode (cutting depth,
feed and cutting speed) affect the value of
oscillations (vibrations) of the workpiece.
Increasing the feed rate and cutting depth almost
linearly affects the increase in vibrations (Figs. 7
and 8), while the influence of increasing the
cutting speed on the vibration amplitude is
relatively small.
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From these data, it follows that the change in
the number of revolutions minimally affects the
maximum values of oscillations. More detailed
conclusions could be established if several
hundreds of frames per second were taken. It is
also considered that the measurements do not
show the absolute value of the actual oscillations
that take place during the turning process
(rectilinear oscillations in the direction of the
force action) due to the position and orientation
of the cutting force components and the
measurement location (the angle between the
load point and the measurement point on the
circumference of the workpiece is 90°). Namely,
in the measurement conditions of this
experiment, there is a bending load (measured
linear oscillations) and a twisting load (which
were not measured). By positioning the
comparator in a different way, i.e. on the part of
the workpiece that is opposite the cutting blade
(the angle between the load point and the
measurement point on the circumference of the
workpiece is 180°), vibration amplitude values
that are closer to the values of total oscillations
would be measured.

The conducted frequency analysis (FFT
analysis) for the vibrations of the workpiece
with the highest amplitude values (the largest
feeds and cutting depths) showed that the
frequency of vibrations is below 3 Hz, while the
expected value of vibrations in the event of a cut
interruption should be 9.3 i.e. 13.3 Hz ( for n=
560 and 800 min?). This means that the
amplitudes of the vibrations during the
interruption of the cut were not recorded by this
measurement  technique, even though the
frequency of taking the image of the comparator
was 30s?t (more than 2.5 times higher than the
expected frequency of the vibrations of the
interruption cut). It is considered that a larger
number of comparator shots per unit of time (eg
more than 300 fps) would surely record this
phenomenon and be able to analyze it later.
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Abstract

This paper describes a software solution for managing student service data on a high school level. The
goal of this solution is to facilitate the work of the student service and reduce paperwork by using
database and web technologies. Moreover, the current state of the student service data management is
also being analyzed in this paper. Furthermore, a web form has been created through which all
information is stored in a database for easier use. Finally, the creation of accounting reports is shown.

Keywords: PHP, web application, student service

1. INTRODUCTION

Keeping a good care of the complete student
service documentation sometimes requires a lot
of time and effort from employees. In this paper,
a software solution is proposed to facilitate the
work of the student service of a high school that
is a mediator for the employment of minors.

Because we are dealing with employment of
minors, special legal provisions apply to them.
Underage students may perform jobs only under
the previously determined conditions by the
Labor Act («NN» br. 93/14.)[1] and Regulation
on jobs in which a minor may not be employed
(«NN» br. 89/15.)[2], Regulation on jobs in
which a minor may work and on activities in
which he may participate («NN» br. 62/10.)[3]
and the Regulation on the performance of
activities related to employment («NN» br
28/19.)[4].
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Due to the above regulations, it is stated that
schools and dormitories may be a mediator for
their full-time students for occasional work in
the country, and exceptionally for full time
students at other high schools located in the
same regions/county, based on a written
agreement which they are obligated to submit to
the ministry of labor. Also, mediation for
occasional work of full-time high school
students is only allowed during winter, spring,
and summer holidays. Furthermore, in order to
mediate for the work of an underage full-time
student, high school institutions must have the
written consent of his/her legal guardian or
representative.

The price of an hour of work is determined
according to the price list of the intermediary or
according to the agreement of the client or
executor, provided that the agreed price of the
hour of work cannot be lower than the
determined price of the hour of the intermediary.
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2. ANALYSIS OF THE CURRENT
SITUATION OF DATA
MANAGEMENT

When developing a specific and new
software solution, it is first necessary to get to
know the way things are currently working and
the needs of the student services.

Student data is collected in a way that
students fill out the necessary paperwork
through the student services, given that they
already know where they will work. It is
important to emphasize that in this case school
is only an intermediary for issuing contracts and
not in job search. Moving forward, the
documents that students need to fill out are the
student service enrollment form, signed
statement from the student and signed consent of
the parent that the student can work on the
previously founded job. In addition to that,
students also must fill out a copy of a contract,
sign it in the provided space (both the student
and the parent/guardian) and send it by e-mail.
After the student sends, via email, all the
necessary documents listed in the enrolment
form, the school first checks the documents,
enrolls the student in the student services, and to
the same email, sends him a membership card in
the PDF format as well as completed, signed,
and certified contract.

From everything mentioned above, it is clear
that there is room to create a web application
where new users (students) could register and
enter all the required data for creating forms and
having data saved in the database. Based on the
entered user (student) data, the above-mentioned
forms would be generated. In addition to new
users, the web application could also be
accessed by users with administrator privileges
for managing user data, for example, accounting
often needs payment data.

What is also worth noting when creating a
web application is that the website is responsive,
is. adapted for mobile devices, especially
because the younger generations use mobile
devices for everything nowadays.
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3. DATABASE DEVELOPMENT

For database development MySQL RDBMS
was chosen, which is one of the most well-
known database development and management
systems. It is also free to use, scalable, and can
run on different platforms (Windows, Mac,
Linux...)[5]. On top of that, it is relatively easy
to link it up with PHP language. The mysqgli
extension and database function are used to link
up PHP language to the MySQL database. A lot
of focus should be on security, as user’s
personal data is being handled. When
registering, users enter their passwords, so for
password protection we can use the built-in PHP
function  password_hash() and use the
CRYPT_BLOWFISH algorithm get a
compressed password.

to

Figure 1. Shows a physical database data
model containing all the necessary tables and
their relationships. When developing a model, it
is necessary to know what data is available and
what data is important. In continuation, it is
necessary to know how the entered data is stored
and how is it used later while running the
student service.

The main table in the model is the user
representing the student who registers via the
web form. All links from user to other tables are
many-to-one. The “user” table contains all the
necessary data for making a student card
(student ID) and payment data needed for
accounting.

In this specific case, the user (student) can
have only one employer as well as work on one
type of job and an account in one bank. Due to
the relatively short duration of work of the user
(around 2 months) mentioned data usually does
not change. Even if some change is needed, it is
relatively easy to make it.

When physical database data model is done,
it is necessary to start creating a web
application.
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< iban VARCHAR(21)
>
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Figure 1. Physical database model

4. WEB APPLICATION
DEVELOPMENT

As the internet is available to almost
everyone today and most schools have their own
Wi-Fi networks, a web application was selected
as the solution. The PHP programming language
together with HTML, CSS, and JavaScript was
used to create the web application. PHP is a
dynamic object-oriented programming language
that is primarily used to create dynamic web
pages [9]. It is also one of the first programming
languages implemented directly in HTML.
Visual Studio Code was chosen as the integrated
development environment. Visual Studio Code
has additional extensions installed that make it
easier to work with above mentioned web
technologies.

The frontend was created using HTML, CSS
and JavaScript, while the backend was done in
PHP. When creating the frontend, a lot of
attention was put into the appearance and
responsiveness of the website as well as
functionality.

When opening the website, the user has the
option of registering or logging in, if he has
previously registered (Figure 2. and Figure 3.).

LOGO SKOLE

Ugenigki servis IME SKOLE

B

Nemao$ ra¢un? Registriraj se

Figure 2. Login to the system

Registracija novog korisnika

Ime Prazima

L _ ] L J

Ernail = Mobitel =
J [ )

loginke Potyrdi lozinku

( ) ( ]

Registrira] se

Figure 3. New user registration
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During the registration, the user enters their
personal information. When entering the data, in
PHP, it is necessary to perform code
remediation to prevent XSS attacks. After the
user successfully registers, he accesses the
website and completes the process by entering
more work and account information. All this

LOGO SKOLE

Korisnik: Ivan Horvat

Osobni podaci
lzjava

Suglasnost roditelja
Ucenicka iskaznica

Ugovor

Ucenicki servis IME SKOLE

information and data is permanently stored in a
database. The data can also be updated if any
changes occur. The user also has access to
additional documents that still have to be filled
out. (Statement, consent, contract) (Figure 4.)

Figure 4. User interface layout

The administrator has an overview of all the
data entered by the user and its web interface
looks different from other users (Figure 5).

LOGO SKOLE

Home  Izvjestaji

Popis korisnika

Ime i prezime Datum registracije

Marko Markovié 06/28/2018

Ive lvié

Ivan Horvat 06/28/2018

Marko Markovié 0612812018

o i

an Horvat 06/28/2018

Marks Markovié

vo vié

fvan Horvat

Uéeniéki servis IME SKOLE

Uéeniéka iskaznica

Figure 5. Admin interface layout
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After all the data has been checked, the user (Figure 6).
administrator sends a signed student card to the

LOGO SKOLE
IME SKOLE

IVAN HORVAT

Skola iz koje dolazi

Figure 6. Student card (ID)

After that, a contract is generated that the of the contract to the employer who fills it out
user can download (Figure 7). The contract and brings it at the end of each month for
already contains information about the user and billing.
the employer. The user takes the printed version

35



Proceedings of the 10th International Scientific and Expert Conference TEAM 2022
September 21-22, 2022, Slavonski Brod, Croatia

UGOVOR
0 POVREMENOM RADU REDOVITOG UCENIKA/CE br. /2022,
NARUCITELT: (poslodavac)

Naziv: UPISATI NAZIV POSLODAVCA
Adresa: UPISATI ADRESU POSLODAVCA
OIB: UPISATI OIB POSLODAVCA

TZVRSITEL: { utenik)

Ime i Prezime WO IVIC

Broj élanske iskaznice / OIB (12343678910

Datum i mjesto rodenja 1.1.19%1, Slavonski Brod

IBAN: Ovdje upisati broj Zire rafuna u banci.

POSAO JE OBAVLIEN VESTAPOSLA

Trajanje posla Ukupno | Cijena sata NETO IZNOS Ovjera posledavca,

(od-do) sati ZARADE potpie i pedat .
UPISATIKOII POSAQ CE
1.7.-31.7.2020. TE OBAVLIATIKOD

POSLODAVCA

UVIETI UGOVARANJA
1.Uzovor sklapa uéenik (u daljnjem tekstu: izvrsitel) i megov zakonskd zastupnik ukolike je maledoban s poslodavesm (u daljnjem tekstu:
naruitelj) uz posredovanje IME SKOLE (u daljnjem tekstu: posredn).
2 Narugitelj osigurava rad u skladu sa propisima i im wjetinaa p dnilca koji su sastavni dio ovog ugovera.
Izvrsitel] | narubitel) svojim potpizom na ugovorn potvrduju da su upozmati s navedsnim uvjetima poslovania
3 Malljeen fenici mogu obavljat poslove samo pod mje\:\mz wtvrdenizn Zakonom o radu ({100 br:83/14.) i Pravilniks o poslovima xa kojinza

se smije zaposliti maloljetnik (NN br -89/15 ) i Pravil na kojima maloljetnik mose raditi i o aktivnostima u kojima smije
sudjelovati (xNM» br.-62/10).
4 Cijena sata rada utvrduja se prema cjeniku posrednika (sastavni dio wijeta poslovanja posrednika) ili prema dogovorn nanfitelja ili izvritslja s

tim da dogovorena cijena sata rada ne mozs biti niza od odredene cijens sata posrednika (20 kuma/sat).
5 Izvritelj 2 obvezujs da ée upovorans poslove obaviti saviemo i prama uputama naruéitalia
6 Nakon obavljsnog posla naruéitelj ovierava i dopunjava ugovore sa stvamim brojem sati rada i imosom nato zarade izvrsitelja u roku od 15 dana
nakon obavljencg posla, odnosno nakon Sto mu uéenik po obavljenom poslu dostavi ugovor.

7 osredsiicna temalju dopunjanog i ojarenog ugovor ispostavla atun (aeto zarads ivaditela wedana 22 5 % sakonslalh doprings 2 MIO, 0.5

% possbmog zakonskog doprinosa za 70 i 10% naknada 22 posredika

8 Naruitsl]j sa obvezuje doznatiti iznos rafuna na #iro ratun posrednika u roku od § dana od dana ispostavljanja rafuna
9 Izvriitelj ostvaruje pravo na isplatu neto zarade nakon ito naruitelj podmiri svoje cbveze iz totke §. ovog uzovera.
10 Naruitelj potpisor i pedatom, kao i izvriitelj, odnosno njsgov roditel/slabnik svojim potpisom na uzovers potvrduju da je izvrditel] dje jo
ime navedeno u ugovorn obavie navedani posao.
11.8vake preinadavanjs i precriavanje ugovora mera biti ovierano pedatom i potpisom narufitelja.
12 Puno radno vrijeme maloljstnog redovitog udenika koii je navrdio 15 godina Eivota, moze biti 8 sati dnevno i 40 sati tisdno. Ukelike ugenik
dnevno radi vide od 4 sata i 30 minuta ima pravno na odmor od najmanjs 30 minuta, izmedu 2 uzastopna radna dana ulenik ima praveo na duevni
odmor od najmanjs 14 sati neprakidno, tjsdni odmor od najmarje 48 sati neprekidno
12 Uzavorne strans su suzlasns rjefavati nastals sporove mimim putem, 3 ukoliko ne uspiju sporove é rijetiti nadletni sud. Ovaj ugovor
sastavljen je o 3 (i) istovjetna primjerke, po jedan z2 narutiteljz, izviditalia i posre
13. Uvieti poslovaniai cienik rada nalage se na web stranici Skole: www.skolahr

NARUCITELJ: IZVRSITELJ: RODITELJ/SKRBNIK: POSREDNIK:
POTPIS UCENIKA POTPIS RODITELJA
potpis i pedat potpis poipic. pofpis oviaitene ozobe i pecat

SIVI DIO — ispunjava udenik
ZUTI DIO - ispunjava poslodavac na kraju svakoeg mjeseca rada

Figure 7. Contract example

User data can be exported as an excel file PHPSPREADSHEET was inserted into the
which is needed by accounting for easier project. This library offers a set of classes that
calculation. It would be an aggregate data on all allow you to read and write various spreadsheet
users. PHP itself does not have the ability to file formats such as excel and LibreOffice. An
read and write from this type of file and example of one such table is shown in Figure 8.
therefore a library written in PHP called

IME SKOLE - POPIS KORISNIKA UCENICKOG SERVISA
id ime prezime  datum_rodjenja ime_skole oib poslodavac  vijeme rada iban
1 v Ivic 2.6.2006. TSSB 12345678900 Hlad d.o.0. 1.7.2022- 31.7.2022. HR
2 Ivan Horvat 23.4.2006. ESSB 12345678900 Hlad d.o.0. 1.7.2022- 31.7.2022. HR
3 Marko  Markovic  2.7.2006. TSSB 12345678900 Hlad d.o.0. 1.7.2022- 31.7.2022. HR
4 Josip Josipovic  3.4,2006. |055B 12345678900 Hlad d.o.0. 1.7.2022- 31.7.2022. HR
5 Pero Perovic 21.6.2006. TSSB 12345678900 Hlad d.o.0. 1.7.2022- 31.7.2022. HR

Figure 8. Report example

5. CONCLUSION work and do business. Information technology
penetrates all spheres of economy, science,
social and private life, and brings certain
changes. Information technology is changing the

The development of information technology
has greatly facilitated and simplified the way we
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ways people live and work as well as the
structure and way of doing business.

The aim of this paper was to facilitate and
simplify the business and work of the student
services through the development of a web
application for user data management. Benefits
from this application are numerous; users do
mostly everything on computers, unnecessary
paperwork is reduced, and accounting gets all
the necessary information. Also, any changes
needed are relatively easy to make.

The next logical step is to gather the
experience of users and administrators in the
work and responsiveness of the application and
the possible modification and expansion of the
software solution.
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Abstract

Healthcare information systems (IS) collect, analyse and process a large amount of diverse data,
which enables healthcare professionals to make faster, easier and more efficient decisions related to
the treatment and care of patients. Each data or part of the data collected during treatment is stored in
one of the many databases that exist in one health information system. Efficient and fast data
exchange has a great importance in the daily work of health professionals. Therefore, ensuring the
availability and efficiency of databases is one of the main tasks of IT staff. Database administrators
(DBAs) need to be aware of the causes and symptoms of reduced server performance and the
database itself in order to minimize their impact on IS performance in a timely manner. IT staff
monitors, analyses and optimizes the operation of individual databases on a daily basis through a
database management system (DBMS). Monitoring the performance, general condition (health) and
use of the database is crucial for maintaining optimal database operation and enables timely action
with the aim of adjusting performance and other system parameters. By using the Windows
Performance Monitor to collect specific performance counters, we can quickly learn about server
performance degradation caused by insufficient hardware resources.

Keywords: performance, databases management, health institution.

1. INTRODUCTION

The rapid growth of the use of technology in
the health sector, consequently generates large
amount of data, which creates the need for their
further  structuring and comparison  of
information for easier and faster decision-
making. To make the data always available to
users, they are stored in databases. The most
common definition of database is a collection of
data arranged in accordance with its intended
use. It is a storage of information in which
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logical and physical data are associated with
each other.[1]

The healthcare database enables an
appropriate system for storing, organizing and
managing the information generated in the
healthcare information system. Everything a
healthcare professional collects from a patient
forms a part of a database. Patients datasets and
their health records, treatment and care
outcomes data, laboratory data, radiological and
other diagnostic tests, finance data and much
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more should be confidential to the public, but at
the same time easily accessible to healthcare
professionals who use them during the treatment
and care of patients.[2] The whole purpose of
the database is to ensure that information is
secure, up-to-date when needed to be easily
accessible to anyone who may require it during
the patient care process. The importance of
efficient and timely access to database data must
not be neglected because it is crucial that
healthcare providers can access the necessary
information quickly and without errors. All
processes in healthcare, from individual to
complex, depend on the accuracy, efficiency,
and availability of the database. [2]

A database system includes a set of different
hardware and software resources with a large
number of configuration parameters that affect
and control the performance of database
systems.[3] It’s recommended to monitor these
parameters proactively in order to prevent any
potential performance degradation. If the
performance degradation happens, the first step
towards the resolution is to determine the
problem, find out the cause, and resolve the
issue.[4]

Every database mechanism exists within the
server operating system, so if the operating
system does not work well, the database itself
will have problems. It is crucial that the
operating system has sufficient working memory
and processing power that can be allocated to
database processes. Therefore, it is important
that the database administrator, in addition to the
database metrics, monitors the metrics related to
the system.

A performance bottleneck occurs when a
component in a system is under load above its
capacity which further prevents other resources
from operating at their full capacity. The most
common problems with database performance
degradation are usually due to memory
problems, 1 / O subsystems or CPUs. Although
it is not easy to determine whether database
performance problems are due to a lack of
hardware resources or something else, database
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administrators can first look at common
symptoms of database performance congestion:
SQL Server hogging the processor, Longer
execution times on queries, Excessive | / O,
Application log showing out-of-memory
messages, Extreme activity on the disks, Long
wait times per I/ O. [5]

During the preparation of this paper, we
established a system for monitoring system
performance indicators of a medium-sized
hospital database (computer network with about
500 workstations) in order to try to identify
potential problems regarding the degradation of
its performance by monitoring and analysing the
obtained data. The relational database Microsoft
SQL Server 2012 installed on a virtual server
Microsoft Windows Server 2012 R2 with 2 CPU
Sockets with 12 logical virtual processors and
92 GB RAM was used. The SQL Server
database engine manages 8 instances with a total
size of 500 GB. SQL Server is a relational
database server that supports the well-known
Structured Query Language (SQL) database
language. As a publicly known Database
Management System (DBMS), SQL Server has
the advantage of being streamlined installation,
enhanced performance, lower cost of ownership,
and better security features. However, it also has
several shortcomings in terms of complex
performance tuning, no native support of source
control, and expensive cost for the enterprise
edition.[6]

To monitor the performance of the SQL
Server database, we used the Windows
Performance Monitor (PerfMon) software tool
built into the Microsoft Windows operating
system since its old version 3.51. [7] PerfMon
enables monitoring of the performance of
various system components in real time, but also
the creation of analytical data collections for
later analysis. PerfMon utility allows selection
of different counters for monitoring server
performance which measure specific system
activity or state, for example the amount of
available physical memory. From Windows
Server 2008 version PerfMon allows the
creation of data collector sets, which makes
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easier the exchange of performance counters
sets between stakeholders. With hundreds of
standard performance counter sets such as CPU
and memory utilization, when SQL Server is
installed, an additional collection of monitor
counters is added to enable database
administrators to monitor the performance and
status of SQL Server instances. [8] As is already
widely known, computer performance is a
measure of his ability to perform the tasks
assigned to it and is actually only noticed when
it is found to be insufficient. By monitoring
these performance counters during a test run, the
database administrator can establish which
hardware or software resources are causing a
possible bottleneck.

2. METHODOLOGY

Database administrators most often use the
methodological approach of bottom-up analysis
of information obtained by collecting
cumulative system indicators from all hardware
and software components during database
performance monitoring using administrator
tools and scripts that are built into the database
mechanism by default. Administrators often do
not know which specific indicators should be
monitored, which are the most important and
where they are located. Therefore, they cannot
react in a timely manner to the occurrence of
database  process congestion.  Significant
problem arises when users complain that the
database is slow or even unavailable. We
believe that, in order to save time and effort, a
better analytical approach would be top-down,
where the collected information about the
performance of the base is divided into smaller
parts until a possible problem is detected. By
using this approach, administrators monitor the
system while it is running, and the behavior of
all its components and resources at different
load levels and, in this way, identify critical
performance degradation faster and better.
Unfortunately, this approach can also be time-
consuming and difficult to implement,
especially when a significant degradation of the
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database system performance suddenly occurs
during the operation of the database in the
production environment. [9]

According to Schwartz, J. A. [9] database
administrators would be more efficient in
finding problems if they use a combination of
both previously mentioned analytical
approaches. Therefore, in the continuation of
this work, we tried to base ourselves on the
collection of the most important metric data of
hardware and software resources, which are
crucial for the quick identification of the cause
of database performance degradation. Windows
Performance Monitor has proven to be a
practical tool since it enables the simultaneous
analysis of several different indicators, but also
the possibility of adding and removing
individual indicators (metrics) in real time and
as needed. It also has the ability to store the
collected indicators, which enables their later
analysis, as well as the creation of graphic
displays that further enable various -clearer
visual comparisons of the collected data.
Windows Performance Monitor enables local as
well as remote data collection, so it is possible
to monitor multiple servers and their databases
from one place.

As we pointed out earlier, there are three
basic points where performance degradation
usually occurs, and these are memory, 1/O
subsystem (physical and logical disk) and CPU.
In order to establish what is happening with our
database, it is necessary to monitor and collect
performance metrics over time in order to isolate
processes that take up too many resources based
on our own knowledge of the usual state of
database operations.

Congestion or CPU load is most often the
result of insufficient hardware resources, and it
is relatively easy to identify this problem by
monitoring a few counters:

e % Processor Time,
e SQLServer:General
Connections,

e SQLServer:Memory Manager — Memory

Grants Pending,

Statistics -  User
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¢ SQLServer:SQL  Statistics -  Batch
Requests/sec,

e SQLServer:SQL Statistics -
Compilations/sec,

e SQLServer:SQL Statistics -

Recompilations/sec,

e System — Processor Queue Length

Memory counter - Available Mbytes is the
amount of physical memory that is available for
allocation to a process or for system use. Low
amount of available memory might indicate
external memory pressure. SQLServer:Memory
Manager - Total Server Memory (KB) and
SQLServer:Memory Manager - Target Server
Memory (KB) show ideal amount of memory
the server is willing to consume or total amount
of dynamic memory the server is currently
consuming. Both  counters  should be
approximately 1.[11]

Another counter to monitor is Memory -
Pages/sec which shows the rate at which the
pages are written from disk to RAM and read
from RAM to disk. The values higher than 50
show intensive memory activity and possible
overhead and memory pressure that can lead to
SQL  Server  performance  degradation.
SQLServer:Buffer Manager - Checkpoint
pages/sec and SQLServer:Buffer Manager -
Lazy writes/sec indicate whether dirty pages are
flushed to disk too often. Dirty pages are
automatically flushed to disk at a checkpoint. If
the available free space in the buffer cache
between two checkpoints is low, a lazy write
will occur to flush the pages from buffer to disk
and free up memory. The Lazy Writes/sec value
should be below 20.[4]

I/0 subsystem related bottlenecks are caused
by excessive reading and writing of database
pages from and onto disk which is than
manifested through long response time,
application slowdowns and tasks time-outs. So
SQL Server database engine might not get
enough disk resources for its normal operation
and would have to wait to be able to read and
write to disk. The most important I/O subsystem
counters related to database process are:
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Physical Disk: Avg. Disk Queue Length
»  Physical Disk: Avg. Disk Sec/Read
e Physical Disk: Avg. Disk Sec/Write
*  Physical Disk: %Disk Time
»  Physical Disk: Disk Reads/Sec
e Physical Disk: Disk Writes/Sec

The PhysicalDisk Object: Avg. Disk Queue
Length counter shows you the average number
of read and write requests that were queued on
the selected physical or logical disk. The higher
the number the more disk operations are
waiting. It requires attention if this value
frequently exceeds a value of 2 during peak
usage of SQL Server. If you have multiple
drives you should take this number and divide
by the number of drives in the array to see if the
number is above 2.[12] Aug. Disk Sec/Read and
Avg. Disk Sec/Write counters show the average
time required to read data from the disk and the
average time to write data to the disk. An
average time of up to 8 ms is considered
excellent, while anything over 20 ms indicates a
major problem regarding the performance of the
1/0 subsystems. The values of this counter do
not depend on the number of disks, known as
spindles, behind the physical drive.[17]
According to Newton T., the slow response time
indicates that the disks trying to process the
operation are too busy to respond
immediately.[18] This counter should have a
high priority, especially when the number of
disks behind the physical disk unit is unknown,
for example when using a virtual server.

Physical Disk: %Disk Time is the ratio of
elapsed time when the disk drive was busy with
read or write requests. This counter should be
less than 50%. The counters Disk Reads/Sec and
Disk Writes/Sec show the ratio between read
and write operations on the disk. It is important
that this ratio is less than 85% of the disk
capacity, otherwise the disk access time
increases exponentially.

It is important to point out that, when
measuring 1/O performance, attention should be
paid to the fact that each production server has
physical disks arranged in RAID arrays for
redundancy and data security, which means that
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data is simultaneously written to several disks.
Therefore, when monitoring the Disk Read/Sec
and Disk Write/Sec counters, this calculation
should be taken into account: [13]

Raid 0: I/Os per disk = (reads + writes) /

number of disks

Raid 1: I/Os per disk = [reads + (writes*2)] /

2

Raid 5: 1/Os per disk = [reads + (writes*4)] /

number of disks

Raid 10: 1/Os per disk = [reads + (writes*2)]

/ number of disks

For example the disks on the database server

are stacked in a RAID 10 array so the 1/O

calculation would be:

Disk Reads/sec = 100, Disk Writes/sec = 85

RAID-10 I/Os per disk = [reads + (writes*2)]

/2 or [100 + (85*2)] / 2 = 120 1/Os per disk.

According to  Windows Performance
documentation, suggested measurement interval
is 15 seconds for the typical test run length
between 1 and 8 hours.[7] We set the duration of
the data collection process to 3 hours with a
measurement interval of 15 seconds. We
performed 3 test runs at different times of the
day:

»  during peak business activity between 7 and
12 in the morning,

e during the late afternoon when business
activity is significantly lower,

e after midnight when there are almost no
registered users and the database is used by

rrmance Monlion |

various backup and analytical automated
scripts.

The use of the PerfMon tool is known to
every system and database administrator and is
well documented, so due to the length of this
paper there is no need to analyse every step
during the creation of the measurement
procedure. As we said earlier, 3 Data Collector
Sets were created (for each individual hardware
component — memory, CPU and /O subsystem)
with defined performance counters,
measurement interval of 15 seconds and
PerfMon log file in binary format (Figure 1).
The log format of the output file can also be set
as a Text File (Comma delimited), which
facilitates import into Microsoft Excel for
possible further detailed processing of the
collected data. In this article, we chose the
binary format of the Log file in order to analyse
the measurement results using the Performance
Analysis of Log (PAL) tool developed by Clint
Huffman. PAL enables the creation of
overviews that can be analysed more easily and
quickly (Figure 2). [14,15] Another reason for
using the PAL tool is the considerable size of
the log files generated by the Performance
Monitor utility, which after several hours of
measurements contain a respectable amount of
data. The PAL tool will read the Performance
Monitor log and create a report in HTML form,
applying the established counter value
thresholds to determine if performance

degradation exist.

Figure 1. Screenshot of the Windows Performance Monitor Data Collector Set with Performance Counters
(Source: Made by author).
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Welcome Counter Log Threshold File Questions QOptions Reports Queue Execute
®
=
& Welcome!
3
This wizard will guide you through the process of analyzing a
performance counter log file.
i
8
3
About the Author
GitHub project
License Information
Support
Next
Figure 2. Screenshot of the PAL tool main page [14].
3. RESULTS periods during the day, several log files were

The performed measurements resulted in
over 30MB of Windows Performance Monitor
log data in binary .blg format. As the
measurements were carried out in 3 different

created that we needed to combine for easier
analysis through the PAL tool. Relog tool which
is a command line utility for manipulating
PerfMon output files was used to merge several
log files into one (Figure 3).

# relog MemDataCollector@l.blg MemDataCollector82.blg MemDataCollector83.blg -f BIN -o MemData.blg

Input
File(s):
MemDataCollectorei.blg (Binary)
MemDataCollectore2.blg (Binary)
MemDataCollectore3.blg (Binary)

Begin:
End:

Samples:

The command completed successfully.

44




Proceedings of the 10th International Scientific and Expert Conference TEAM 2022
September 21-22, 2022, Slavonski Brod, Croatia

Figure 3. Screenshot of the relog command line utility when merging multiple log files (Source: Made by
author).

The log files created by the Performance
Monitor were read with the PAL tool in order to
create reports that could be more easily
analysed. All threshold values configured in the
PAL were lower than or equal to those
mentioned earlier in this paper, which

e Administrator; Windows PowerShell

s P tm
IsOutputiml False
Overall progress...
PAL 2.8.2 Progress: 24¥... Preparing counter log(s)
[oo000000000060000000000000
Importing counter data into memory...
Progress: 302 (Counter 682 of 2163)
[00000000000000000000000000000000

Userla 2048
AmlO0utputFileName

Creating session working directory.

guarantees that the readings to be considered
will be highlighted in the report. Figure 4 shows
the execution of scripts that analyse and
consolidate data obtained from Windows
Performance Monitor (Figure 4).

[LogFileMame] PAL_AMALYSIS [DateTimeStamp].xml

Creating directory "E:\Users\zdrauk;iﬁpnﬂata\Lutal\TEnp\5\83e?Tl6?—256n—ﬂ3r5—?ﬁ63—n53313239"18"
1 1 "C:\Users\zdravko\Documents\MemData PAL_AHALYSIS 20220623190702.htm"
Creating directory "C:\lUsers\zdravko\Documents‘\MemData_PAL_AHALYSIS_202206231%0702\"

Threshold File Load History (im order of priority):

C:\Usersizdravko\AppData\local\Temp\5\PalAutoDetect ThresholdFile_82893¢23-064a-4705-be68-9240e231871e.xml

QuickSvstemlverview.xml
S0LServer2012.sml
Systemlverview.xml

Generating the counter list to filter on...Dene

Removing duplicate counter expressions from counter list...Done

relog.exe "T:\MemData.blg™ -f csv -o "C:\Users\zdravko\fippData\local\Temp\5\83e77167-25aa-43e5-9463-aa3e132e901e\_Filter

edPerfmonLog.csv"” -y

File(s):
T:\MemData.blg (Binary)
T 23.6.2022 0:05:01
23.6.2022 18:00:01

C:\Users\zdravko\AppDatal\Local\Temp\5\83e77167-25aa-43e5-9463-aale132e901e\_FilteredPerfmonlog.csv

23.6.2022 0:05:01
23.6.2022 18:00:01
2163

The cormmand completed successfully.

M1l counter stats is set to true. Loading all counters in perfmon log i1nte the threshold file as new analyses. This may

take several minutes.

Importing the counter list as mew thresheld analvses...Done!

Figure 4. Screenshot of executing PAL scripts during the creation of reports.

Given that a significant amount of data was
collected it is not practical to show all indicators
especially as most were within normal limits.
We will focus on just a few counters whose
values indicate performance degradation issues.

The figure below shows the PAL reports of
CPU-related performance counters where we see

that despite the individual high values for the %
Processor Time counter, other counters give no
reason to suspect CPU performance degradation
(Figure 5). It is common for SQL Server
database process to reach high CPU values
during data processing because random peaks of
CPU activity is common in Windows, as can be
seen in the figure below (Figure 6).

Condition |\chessur[*)\% Processor Tllne” Mirl”Avg‘ Max |H0urlv Trend”sld Deviatiun” 10% of Qutliers RemuvedHZO% of Qutliers Remuved”.il]“fo of Outliers RemuuedH
o thm 80% oo st T [ = Em i s g u

Londition ASQLS | s

[an increasing trend of greater than 10 user ennnections per hear|[ VRESTRD]

[1ain][ava | max [mourty Trend|[std Deviation | 1096 of Outliers Removed | 209 of Duthiers Removed 30w, of Dutliers Removed
|31 |[372 [1.050][1a |EX [307 228 204
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Condition ‘\SQI_'-?erver:Memurv Manager\Memory Grants Pending||Min ||Avg|| Max ||Hourly Trend ||Std Deviation|| 10% of Outliers Removed ||20% of Outliers Removed||30% of Outliers Removed
|8k [vetspeor o o o e 0 0 0 o
Condition |\5QL5erver:5QL Statistics\Batch Requests/sec||Min || Avg||Max||Hourly Trend || Std Deviation||10% of Outliers Removed|| 20% of Outliers Removed |[30% of Outliers Removed
[BE ] [veisoeo: 2 |[118][ses ||t 105 ] 73 &
Condition |\SQIServer:5QL Statistics\ SQL Compilations/sec||Min||Avg||Max |Hourly Trend|| Std Deviation || 10% of Outliers Removed|| 20% of Outliers Removed||30% of Outliers Removed
(B [versoso1 N ERER 50 44 37 30

Min ||Avg||Max |Hourly Trend ||Std Deviation|| 10% of Qutliers Removed || 20% of Outliers Removed||30% of Outliers Removed

Condition ‘\SQLServer:SQI. Statistics\SQL Re-Compilations/sec
[ee ) [versoea:

1 3% |0

4

o

0

0

Figure 5. Conclusion reports for CPU performance counters

\Processor(*)\% Processor Time

60

40 4 |

20

2022.06.2300:4 102
2022 06.2301:17:17
2022 06.2301:.5332+
2022.06.2302:2947
2022 06.2307:0051+
2022 0623073706
2022.06.2308:1321-

‘warning ™ Critical = VEISDBO1/_Total

2022 06.23-16:14:17

2022 06,23-16:50732.

2022 06,23-17.2647

Figure 6. Graphical report of % Processor Time

performance counter

The figure below shows the PAL reports of
memory performance counter Available Mbytes
which represent the amount of physical RAM, in
megabytes, immediately available for allocation
to a process or for system use (Figure 7). If this
counter is low, that is an indication that the
operating system may start lacking memory.
Windows may be paging out your application to
disk in order to keep some free space for the OS.
Also memory problems can trigger disk
problems. If a database process doesn’t have
enough memory, then disk activity may be
artificially high on the page file drive. Other
measurements related to memory resources
showed results within normal limits, so we will
not mention them separately.

Overall Counter Instance Statistics

Condition [\Memory\Available MBytes|[Min|[ Avg || Max |[Hourly Trend][Std Deviation|[10% of Outliers Removed]|[20% of Outliers

|[30% of Outliers

Less than 5 percent of RAM is available or less than 64 MB of RAM is available ‘VB]SDBDl

42 .70 D

|[225 |[z.226 |[1.088 J[2.051

2000+

;
5

2022 06 23.00:4101

=5
g
&

2022 06 2301533

202206 230229 46-
2022.06 2307.0051
202206 23073706

‘Warning wu Critical == VBISDBO1

]
&
@
2
&

2022.06 2315:01 46.

2022.06 23-1!

Figure 7. Report for the Memory — Available Bytes Performance Counter
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Below in Figure 8, the physical drive used by
the database (VBISDBO01/5 G:) is either very
overloaded, because the average queue length on
a disk is as high as 279, or that logical drive
actually consists of more than one physical disk
(Figure 8). As it is a virtual server, the amount
of physical disks is unknown, which makes this

performance counter practically  useless.
However, performance counters that measure
disk response time are still useful, as
overloading of the physical components of the
hard disk would show through increased
response time, regardless of the number of
physical disks within the logical disk unit.

Overall Counter Instance Statistics

| Condition \PhysicalDisk(*)\Avg. Disk Queue Length Min |Avg | Max  |Hourly Trend |Std Deviation | 10% of Outliers Removed | 20% of Outliers Removed | 20% of Outliers Removed
[Mara than 2 1/0's are walting on the physical disk | VRIS0R01/3 T: o 1 fasz o 13 o a o
[Mare than 2 10’ are waiting on the physical disk | veIsoR01/2 Lo o o [ |0 2 [ 0 o
|Ml|m than 2 /0% are waiting on the physical disk | VBISDBO1/S G .(l 279 |61.504 |-78 2.033 51 1 0
[Mare than 2 1/0's are waiting on the physical disk | VBISDBO01/0 C: o Jo [z o o [ a [0

Figure 8. Report for the PhysicalDisk: Avg. Disk Queue Length counter.

Overall Counter Instance Statistics

Condition

[\PhysicalDisk( *}\Avg. Dlsk sec/Read [Min

Avg | Max [Hourly Trend

std Daviation | 1006 of Outllers Removed | 20% of Outliers Removed 300 of Outllers Removead

Greater than 25 ms physical disk READ respanse times o |[.003 0 01 o [ o
Greater than 25 ms physical disk READ respen o o [0 004 o ] o
Graater than 25 ms physical disk READ respanse times [[Qoea gl (O] .o=7] 2104 [ |[.7& 019 [.oos [ .007
Greater than 25 ms physical disk READ respanse times [ e et TR o |01 EEEMe [[.043 002 ooy |.001

Figure 9. Report for the PhysicalDisk — Avg. Disk sec/Read Performance Counter

Overall Counter Instance Statistics

Condition

[vehysicainisk(* }\avg. Disk sec/writa

Min | Avg | Max |Hourly Trend Std Deviation | 10% of Outliers Removed

0% of Outliers Removed | 30% of Outlers Removed

|'.’u|b|)|su\-'_1 T o |

061 a0z (01 001

011 |.o01 (001 001

LE6L 021 003 002

008 |.o0s 001

.oo1

Figure 10. Report for the PhysicalDisk — Avg. Disk sec/Write Performance Counter

Figures 9 and 10 below shows the average
disk response times for read and write
operations during our measurements.

As mentioned earlier, Avg. Disk sec/Read is
the average time, in seconds, of reading data on
disk and Avg. Disk sec/Write is the average time
to write data to disk. If the response times for
both counters are greater than 0.025 (25
milliseconds), then the disk subsystem is likely
to be overloaded. [17,18]

Our results show that the counters for read
latency are within normal limits, except for the
disk where the database files are located, where
a constant average value of 97 ms of response
time should be a cause for alarm, as this
significantly exceeds the 25 ms threshold.
However, by removing the 10% outliers, we
obtain an acceptable, though still elevated, value
of 19 ms.
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Looking at Figure 11, we see that the highest
values for read latency are achieved at night
when backup and data consolidation procedures
are performed, as well as index adjustment
procedures.
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Figure 11. Graphical report of Avg. Disk
sec/Read performance counter

On the other hand, the indicators for write
latency for the disk (VBISDBO01/5 G:) on which
the database resides are slightly worse (average
value of 114 ms), although even here the
removal of 10% outliers gives an acceptable
result (< 25 ms). Looking at Figure 12, we
notice that the largest writing delays are also
achieved at night when various service
procedures are active, but there is also the
smallest user activity.

\PhysicalDisk{*)\Avg. Disk sec/\Write

396,500

207206 23417
073,00 3
7206 23T 47 )

2
5
-]
&

g
£ g
b o g o

Warning = VEISDBO1OC VEISDBO1ZL:  =-= VBISDBONAT: =-=- VEISDBOLSG

Figure 12. Graphical report of Avg. Disk
sec/Write performance counter

Disk latency should be below 15 ms and disk
latency above 25 ms can cause noticeable
performance issues. Latency above 50 ms is
indicative of extremely underperforming
storage. [19] These results indicate that the disk
drive used by the database (VBISDBO01/5 G:) is
probably a bottleneck affecting the performance
degradation of the database engine.

4. CONCLUSIONS

From our collected data, we can conclude
that the traffic coming from clients from
application servers and workstations to the
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database server is very intense, meaning that
most operations are condensed into peaks of
heavy write operations with long periods of
relative inactivity in between. Hard disk
performance during these peaks is clearly a
bottleneck, with a response time exceeding the
25 ms threshold. There are sequential response
lag spikes during the test run that clearly
indicate a considerable response lag during
periods of high activity.

Finally, this paper is based on the idea of
using software available to all to perform tasks
related to monitoring the performance of
database servers, which is due to the nature of
the work under heavy load and its constant
availability and functionality is extremely
important. Quickly identifying problems with
the performance of server hardware components
can lead to significant savings in time and
operation and ultimately to lower costs caused
by downtime.

Regular data collection using Windows
Performance Monitor can provide a relatively
quick insight into the performance status of
database servers and respond promptly to
improve them. We have shown that, for the first
time, it is sufficient to monitor a few basic
performance counters through which a specific
problem regarding performance degradation can
be easily isolated.
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Abstract

Business reporting is continuously changing — not only by means of report structure, but even more in
technical characteristics in favor of standardization and better availability of business reports.

In EU, there is an ongoing introduction of unique electronic format for producing annual financial
reports. This article describes participants that are either conducting changes or are referred to by
changes - IT technologies, specific terminology and significance used in unique electronic format.

At this moment, changes are applied on small number of relevant business subjects, and article shows
dimensions of a group for which there is a realistic expectation of same solutions with added and new

taxonomies.

Keywords: financial reporting, ESMA, ESEF, XBRL

1. INTRODUCTION

Business organizations, regardless of their
size or form are complex systems that consists
of several subsystems. They are building blocks
of superior social systems in which they operate
with influence from their environment on
business organization, and on the opposite side,
they are mostly partners to other business
organizations from which they buy goods and
services, making them their creditors. Business
partners can be those from same national
economy, and in EU terms, business relations
are simple even between partners from different
EU members. Every business relation comes
with certain risks, but those risks can be reduced
by getting to know business partners through
financial reports. Making of financial reports is
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in a domain of reporting subsystem that is
usually referred to as accounting. In modern
economic environment, the goal of financial
reporting is assembly of useful information for
investors and business partners [1].

Business organizations, besides influence on
economy also make influence on society,
environment, social and human rights as well as
health of a community in which the business
organization  operates.  Regarding  that,
organizations are obliged to make non-financial
reports that contain data related to those society
domains.

Every data is not an information. In order to
convert extremely valuable data into an
information, it is important, among other things,
to make it available to creditors or regulators of
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certain areas in some kind of defined structure
and defined format which should be open and
standardized, if possible.

Business  organization reporting is
continuously changing under the influence of
new technologies and organizational solutions
that ensure effectiveness.

Regarding that, in the article are listed actual
changes in financial reporting domain in EU
member countries, with focus on Republic of
Croatia.

2. FINANCIAL REPORT
DIGITALIZATION

Process of making and usage of business
reports can be presented in a form of value-
added chains through groups of processes that
don’t change for years, as shown in picture 1.
Business process execution changes mostly
under the influence of business process
digitalization that ensure automated relation
between business process and accounting
function in real time, which reduces costs while
at the same time enhances quality of internal and

external reporting
External Analyse
Business Regulation
porting

Fig 1. Business reporting supply chain.

Internal
Business
porting

Business
operations

The influence of telematic changes is seen
also in method of submitting and format of
financial reports [2].

3. INSTITUTIONAL FRAME OF
FINANCIAL REPORTING

Financial report consists of a series of data
with time dimension. Data types about overall
financial status of business subject and structure
of standard financial reports in Republic of
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Croatia is determined by Financial reporting
standards committee according to Accounting
law. [3]. Other Committee obligations are also
determined by an Accounting law.

Everything else connected to financial report,
as submitting media, electronic format,
timeframes, etc. are regulated by institution in
charge that implements the obligation of
reporting by specified regulations. In this way, it
is possible, and it happens, that the technical
characteristics of financial report are not the
same, which implies increased costs of report
making for those who are obliged to make
reports.

3.1. ESMA

Through  the  Transparency  directive
(2013/50/EU) [4] of EU parliament, European
Securities and Markets Authority (abbr. ESMA)
as an independent EU body, it is in charge of
making schemes for regulating technical
standards that will specify electronic reporting
format that will on one hand facilitate report
making, and on the other hand provide
availability, analysis and comparability of
annual financial reports.

In 2015. to 2019. period, in determined
procedure  ESMA has made an expected
specification called European Single Electronic
Format (abbr. ESEF) which should have been
implemented since 01.01.2020.

Main purpose of ESMA is to ensure stability
of financial structure of European Union by
strengthening of investors protection and
emphasizing stable and systematic financial
market in EU area so that applying of ESEF
refers to annual consolidated financial reports of
entrepreneurs listed on stock exchange.

4. ESEF SPECIFICATION AND IT
TECHNOLOGIES

ESEF Is a technical specification that defines
use:

a) EXtensible HyperText Markup

Language (abbr. xHTML) reporting
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format that ensures report readibility
both for computer and human;

b) consolidated financial statements in the
annual financial report must be tagged
with unique XBRL tags.

4.1. XBRL

XBRL is a language developed for purpose of
electronic reporting that is based on its character
of open international standard for business
reporting. It has origins in XML and uses
advantages of technologies related to XML, as
XML schema, XLink, XPath and Namespaces.

Development and managing of XBRL is done
by XBRL International, consortium that consists
of more than 600 partner organizations in more
than 50 countries [5].

¥BRL
Architecture

| XBRL
Specifications

XBRL
Taxonomy

XBRL
Instance

4.2. XBRL taxonomy

ESEF specifies formats of annual financial
report, but also tags used in such reports.
Taxonomy is published [6] and maintained
through set of xsd and xml files.

XBRL taxonomy can be considered as
hierarchical dictionary that describes certain
parts of the report, as “net income”, “net profit”,
etc. Taxonomy is shown in picture 2. and
contains three basic elements:

XBRL specification, XBRL taxonomy and
XBRL instance. XBRL specification defines
guidelines for preparing XBRL taxonomy.
XBRL taxonomy is “marking library” which
contains marks that are specific to taxonomy.
Third element of XBRL is an electronic report
itself, prepared according to XBRL taxonomy
and specification.

| XBRL Elements
Schema
| Label
Linkbase
|| Reference
XBRL || Linkbase
Labels

Presentation
Linkbase

Calculation
Linkbase

Definition
Linkbase

Fig 2. XBRL taxonomy relation according to XBRL specification.

However, XBRL taxonomy is not unique.
According to data available on XBRL
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Consortium web pages [7], it can be seen that
different national economies of EU countries
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have their own national XBRL taxonomies
maintained between XBRL Consortium on one
side and governments and business associations
on the other side. This taxonomy is superset of
necessary elements of superior taxonomy.

4.3. Annual financial report according
to ESEF specification

Annual financial report according to ESEF
specification is not set of financial reports on

{ 2022_05_06-853614_zip.zip

>1 | 2022_05_06-853614_zip File folder

META-INF
reposts '
mvw.l'lsapa"r_?ia.hr

I| )
| \ |2 catalegaml

2| taxonomyPackagexml

| &) 7478000063MY7I7TH3N08-2021-12-31-hr.xhtm|

T4TE000063MYTITHINGE-2021-12-31-hr
File folder
File folder

File folder

paper, xIs and/or pdf files on file system, or data
entered through web form of institution that
collects annual financial reports.

Annual financial report according to ESEF
specification is compressed (zip) file that has
defined structure of directories and files in those
directiories, as shown in picture 3.

Compressed (zipped) Folder

File folder

XML File

AML File

{HTML Document
xbirl File folder
L 2021 File folder

|| 7478000063MYTITH3N08-2021-12-31.xsd {SD File
2| 7478000063MYTITH3INDS-2021-12-31_cal xml XML File
2| 7478000063MYTITHINOS-2021-12-31_defxml XML File
e| 7478000063MY7ITHINDS-2021-12-31_lab-en.xml XML File
e| 7478000063MY7ITHIN0E-2021-12-31_lab-hr.xml XML File
|2| 7478000063MY7ITH3IN0S-2021-12-31_prexml KML File

Fig 3. Annual financial report according to ESEF file structure

IMPLEMENTATION OF
REPORTING ACCORDING TO
ESEF SPECIFICATION

After the ESEF specification has been
adopted, ESMA has regulated the obligation of
applying the specification for all business
subjects that are listed on stock exchange,
starting from 01.01.2020. which means that
reports for 2020. should have been available in

5.
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2021. However, considering the outbreak of
COVID-19 disease, the application of ESEF
specification has been postponed for the next
year, so that in this year business subjects
affected by this obligation have submitted
reports for the first time in the Prescribed
information register that is held by Croatian
agency for supervision of financial institutions
(abbr. HANFA).
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Use of ESEF specification presents change in
business organization. Most of this change goes
to adapting of existing IT systems to ESEF
specification. It turned out that during the
implementation stage of ESEF specification,
business subjects have more options listed
below. For implementation of the specification
both internal or external resources can be used.

5.1. Application of additional tool

This approach most often does not change
existing IT system, but instead develops or gets
additional tool that extracts marks and elements
from existing report and forms reports according
to ESEF specification.

5.2. Addition to existing IT system

In this type of solution, existing IT system is
extended namely for functionality of forming
annual financial reports according to ESEF
specification.

5.3. Built-in support for XBRL in IT
system

In this approach, existing IT system is
upgraded by support for forming annual
financial ~ reports according to ESEF
specification, but in this case XBRL is
integrated in IT system even on other reports
that don’t oblige to specification and don’t have
to be assembled by using XBRL.

6. CONCLUSIONS

Obligatory application of XBRL in financial
reports of business subjects that are listed on
stock exchange is a novelty in the EU and by
extent in Republic of Croatia, although that
technology is nothing new for China, USA,
Canada, even Spain, Denmark, etc. where
XBRL is in use for some time, not only for
financial reporting but for much wider purpose.

Observed through absolute numbers, ESEF
specification in Republic of Croatia is applied
by approx. 200 business subjects listed in stock
exchange market. Annual financial reports in
Republic of Croatia are disclosed for public for
those 200 business subjects but also for
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additional 130.000 profit tax payers which are
potential candidates for XBRL reporting. If we
consider other uses for financial reports, like
income tax or non-financial reporting, usage
area of XBRL is even wider.

ESEF and XBRL specifications are technically
much more complex than reporting in xIsx or txt
format. Cost of implementation is inevitable and
is between 6.000 and 10.000 EUR [8] in one
business organization according to the model
described in this article in chapter 5.1., but it is
to be expected, based on the experience of
countries with long tradition of XBRL usage,
that the benefits are much larger.
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Abstract

Lithium-ion batteries are widely used in diverse devices, which resulted in a high demand on their
testing. Battery tests are potentially hazardous and safety critical as well as technical events can easily
occur. Therefore, a fast preliminary risk analysis is essential before carrying out the tests. In this paper,
seven potentially applicable methods are presented and analysed.

Keywords: Lithium-ion battery, risk evaluation, battery test, FMEA, TERPN, fuzzy, STABALID, HORA.

1. INTRODUCTION

Nowadays, lithium-ion batteries are inevitable
parts of our lives: laptops, handheld tools, electrical
devices, and even e-mobility devices: like e-bikes, e-
scooters, hybrid and electric cars are equipped with
them. The number of applied cells is at least one in
case of handheld tools, and it can reach even
thousands in case of electric cars.

The demand for lithium-ion batteries is high as
their application is widespread in the manufacturing
sector. During the COVID 19 pandemic, the need for
lithium-ion batteries increased as the shift to home
office triggered household handicraft works, and the
demand for portable electric devices, such as laptops,
etc. In the following years, a shortage of lithium-ion
battery supply is forecasted [1][2], due to material
shortage because of the excessive time of mining,
and exploitation.

The technological and market aspects have a
significant impact on battery testing facilities, as the
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demand for their services is not balanced; there are
expansive peaks in workload. This accelerates the
battery testing projects that leads to the decrease of
preparation times. This way, the test intervals are
approaching the technological time needs. Under the
given circumstances, testing safety gains more and
more importance, as lithium-ion battery tests are
potentially hazardous and safety critical.

As battery manufacturers are not necessarily cell
manufacturers, there is a relative lack of information
about the used cells (only the mandatory information
is given on material data sheets and cell certificates).
As even cells differ in their material and
construction, their safety level is different as well.
The situation is even more complicated if contract
manufacturers order battery testing services, as they
only have high level information about the batteries.
From testing perspective, batteries must be
considered as ‘black boxes’ due to their mostly
unknown differences in material, structure, and
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safety options (presence of battery management
systems, battery thermal managements systems, etc.)

Therefore, it is essential to have procedures and
policies that support the estimation of the risks
associated to the tests and can be carried out in a short
amount of time. In this paper, we present and analyse
six methods that can be applied for this purpose.

The rest of this paper is organized as follows. The
risk evaluation methods are presented in Section 2
and the conclusions as well as the analysis of the
methods are presented in Section 3.

2. RISK EVALUATION METHODS

2.1. Traditional Failure Mode and
Effect Analysis

Failure Mode and Effects Analysis (FMEA)
was invented in the 1940’s [3][4] and it was
standardized by the US military (MIL-P-1629
military standard) in 1943. Later it was used and
implemented by the NASA as well. Since the
second half of the 20th century FMEA gained
importance in design and process analysis as
well, and nowadays it is an inevitable part of
applied quality assurance/quality management
systems.

FMEA focuses on identifying and evaluating
failure chains (potential failure — potential effect
— cause) and defining actions that can reduce the
identified risks. It is an iterative process built up
from the following steps.

1. Identification of the building blocks/items of
the subject of the analysis (e.g., steps of a
process or parts of a product, etc.).

2. ldentification of the potential failure modes
for each item.

3. ldentification of the effects for each failure
mode.

4, |dentification of the causes of each failure
mode.

5. Rating the severity (S) of each effect, the
occurrence (O) of each failure mode, and
detection (D) of each failure mode (how
likely is the failure detected with the current

58

control measures). The three risk factors are
rated usually with values from the [0,1]
interval based on ranking catalogues.

6. Risk Priority Number (RPN) calculation.

RPN =0-S-D (1)

7. Definition of preventive and control actions
that can reduce the risk. This step is done
only for failure chains with RPN values
greater than a predefined threshold. Failure
chains are processed in a descending order
of RPN values.

8. Reassessing the risks.

2.2. Vanyi and Pokoradi’s
hierarchical FMEA method

Vanyi and Pokoradi introduced a hierarchic
Failure Mode and Effects Analysis (H-FMEA)
approach [5] for risk assessment. Their method is
based on the hierarchic structuring of FMEA with
the wusage of multidisciplinary elements
(hardware-software-mechanical aspects). The
aim of this model is to provide a general
understanding of system modelling with the
proposal of specific system elements. At the
highest level of analysis, the system elements are
taken into consideration, and they are connected
to lower-level design elements. The proposed
model is based on the automotive R&D
approaches and uses special characteristics to
define the specific factors with high importance
(e.g., safety critical components). The middle-
level analysis elements are connected to the
hardware and mechanical analysis.

The H-FMEA consists of four different levels
(EL: Effect level, SL: System Level, DL: Design
Level, CL: Cause Level). When carrying out a
hierarchic FMEA the main restriction is that
different levels carry the same meaning and
severity in the whole analysis. In this case, it
means that the failure mode refereed at the
hierarchy level is connected with the net
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Fig. 1. Top to bottom effect linking in Vanyi and Pokoradi’s hierarchical FMEA approach

represented by the lower-level failures. (Failure
net: failure effect-failure mode-failure cause).

The aim of Vanyi and Pokoradi’s H-FMEA 1.

model

is to minimize the risks of a certain

product. The novelty of their idea lays in the 2
schematization and the inheritance of risk priority '

numbers.

The authors use a qualitative analysis method

with fault-tree analysis and propose a sensitivity
investigation to improve the traditional FMEA
approach. For softening of the original FMEA the
Action Priority (AP) categories are used during

the analysis.

2.3. Di Bona et al.’s Total Risk
Priority Number (TERPN)

approach

The TERPN approach [6] is a combination of
the Safety Improve Risk Assessment (SIRA)

method. Di Bona et al.’s method consists of nine
steps:

Identification of risk areas (focusing on
tasks, machines, products).

Identification of risks (related to safety and
health of workers, management
organizational aspects, product quality).

FMECA evaluation for each area of analysis
(tasks, machines, products) by determining
the probability (P), severity (S), detection
(D) values with values from the interval
[1,10] as well as risk priority numbers (RPN)
related to each failure chain of each area:

RPNXi = Oxi'Sxi'DXi; i=1.. Ny,

)

where x identifies the area of the analysis
(tasks-t, machines-m, products-p), and ny is

method, the Failure Mode, Effect and Criticality
Analysis (FMECA) method, and the Association
Internationale de la Securite Sociale (AISS)

the number of failure chains on that area.
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Determination of an Efficient Risk Priority
Number (ERPN) index for each failure chain
of each area of analysis.
ERPNyi =(RPNyi-Pyi-Exi)/Cxi , )
where Py, E.i, and Cy denote the evaluation
of the aspects related to the protection,
effectiveness of safety strategies, and cost,
respectively. Similar to the O, S, and D
factors the Py values are determined by the
expert team carrying out the analysis based
on recommendations given in form of
catalogue tables. For example, P,i=1 if no
prevention action is possible, and Py=10
when a lot of prevention actions are possible.
The effectiveness of safety strategies (Exi) is
determined by the amount of reduction of
accidents as a result of prevention and
protection measures. The authors propose a
checklist-based scoring technique for the E
values. The cost factor is also determined
using a rating catalogue, which assigns
values between 1 and 10 based on the
percentage of the total annual budget fixed
by the company for safety strategies.

Evaluation of the global TRPN index
TERPN'.

TERPN, =3 ERPN,,, @
i=1

Evaluation of the Global TRPN index for the
whole company
TERPNG=TERPN{+TERPN,+TERPN, (5)

Identification of the new values taking into
consideration the adopted corrective actions.

TERPN*,=TERPN"+TERPN"+TERPN", (6)

Calculation of the total of cost of
intervention, which should be less than or
equal to the actual safety budget.

C'y=(C"++C"n+C",) < SafetyBudget  (7)
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9. Identification of the improved risk priority
number (IRPN).

IRPN*=(TERPN,-TERPN",)/TERPN, [%] (8)

Di Bona et al.’s method is an improvement of
the traditional FMEA/FMECA methods, as it
uses significant number of influencing factors
and it is easy to apply and provides accuracy in
risk analysis.

2.4. Zlateva et al.’s fuzzy based risk
assessment

Zlateva et al. introduced a hierarchical fuzzy
logic based approach [7] for risk assessment.
Their model was originally developed for the
estimation of social risks from natural hazards in
Bulgaria. The problem itself is defined as a multi-
criterial task and it evaluates several input
variables, such as indicators for natural hazards
and social vulnerability. Their model contains a
fuzzy logic based system that uses five input
factors and has one output (Fig. 2).

The input linguistic variables are defined as
follows: Inputl (Extreme temperatures), Input2
(Floods), Input3 (Seismic hazard), Input4
(Population  density) and, Input5 (Socio-
economic status). The system wuses three
intermediate linguistic variables that connect the
fuzzy subsystems.

In case of each linguistic variable (except the
final output partition) three linguistic terms and
related fuzzy membership functions are used
(Low, Middle and High). All membership
functions of the model are trapezoid shaped
(except the final output partition), and their
partitions cover the interval [0, 10].

The first level of the model includes one fuzzy
logic subsystem, the second level consists of two
fuzzy logic subsystems, and the third level
includes only one subsystem. The outputs of the
subsystems (intermediate language variables) are
identified as follows: Outputl (Climatic risk),
Output2 (Environmental risk), Output3 (Social
vulnerability), Output4 (Social risk).
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The whole system’s output is considered as a
complex risk value. The final output partition
contains five fuzzy linguistic terms: Very low,
Low, Middle, High, and Very High. Their
membership functions are triangular shaped, and

Input 1

the output (social risk from natural disasters) is
evaluated in the interval of [0,100].

Extreme temperafureé; Fuzzy Logic

Input 2 _ || Subsystem 1 § Climatic risk
Floods i

Input 3

\ 4

Seismic hazard

Input 4

Fuzzy Logic I

Subsystem 2 I Environmental risk L

Output 2

Qutput 4
Social risk

Fuzzy Logic
Subsystem 4

Population density
Input 5

Y

Fuzzy Logic
Subsystem 3

-

Qutput 3
Social vulnerability

Socioeconomical status

Fig. 2. Three-level hierarchical fuzzy system [7]

The system uses Mamdani type fuzzy
inference which is based on only nine rules.

2.5. Multilevel fuzzy approach of risk
and disaster management

Takédcs [8] proposed a methodology for
creating a fuzzy inference based hierarchical
model for risk evaluation. According to Takacs,
the risk management model is built up as a
hierarchy of risk factors, actions and directions.
The methodology is presented using a case study
for travel risk-level calculation.

The suggested hierarchical multilevel risk
management model follows a top-down
approach. First the high-level risk factor groups
are identified, like natural disasters and man-
made disasters. Next, each of them is unfolded
into further subgroups. For example, the man-
made events can be grouped into unintended and
wilful events. This process continues in a
recursive manner until all those elementary
factors are identified for which a quantitative
evaluation can be given. They will serve as input
linguistic variables of the system. For example,
in case of geographical disasters the frequency of
earthquakes, tsunamis, etc. is the quantitative
measure.

Having all the input variables identified fuzzy
partitions are defined for them. For example,
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their linguistic terms can be defined as ‘low’ (low
risk), ‘normal’ (standard risk), and “high’ (high
risk), etc.

Next, a bottom-up process starts where each
subgroup-components relation is mapped into a
fuzzy subsystem, where the identification of the
output partition and linguistic variable is
followed by the definition of fuzzy rules
describing the connection between input and
output. For example, in case of the above-
mentioned earthquake case the output linguistic
variable is called Natural disasters, the fuzzy
subsystem has three inputs, ie.
hydrometeorological disasters, geographical
disasters, and biological disasters. The output of
this subsystem expresses the risk of the
occurrence of a natural disaster. At the top level
the last fuzzy subsystem determines the final risk
value. All subsystems use Mamdani type fuzzy
inference.

The usage of the decision-making system
starts with entering crisp evaluation for each
input variable. Next, the fuzzy subsystems at the
lowest levels are activated and their output is
passed on to the upper levels until the final risk is
calculated.
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Fig. 3. Hierarchical structure of the risk components

The presented methodology has similar
elements to the Fault Tree Analysis (FTA).
However, here the connection between groups
and their component is not described by and/or
type gates like in case of FTA, as well as the
probability/risk of the parent event is calculated
in a different way using fuzzy rules that ensure a
greater flexibility for the system.

2.6. Risk analysis of stationary Li-ion
batteries for power system
analysis

Soares et al [1] proposed a methodology for
risk analysis of stationary Lithium-ion batteries
focusing on hazards and dangerous situations.
Their approach consists of five steps as follows.

1. Identification of the risks, i.e. carrying out
internal problem analysis and an external
peril analysis. The authors categorized the
potential risks into seven categories:
mechanical, chemical, electrical,
thermodynamic, radiation, biological, and
environmental risks. Their identification
was carried out based on human expertise.

2. ldentification of the stages (steps) of the
analyzed process. Their investigated process
was the life cycle of the batteries, which
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consists of six stages: production, storage,
transportation, installation/
decommissioning, operation, and
maintenance/inspections. The results were
summarized in a table called hazard map.
Each main column of the table corresponds
to a stage and has two subcolumns one for
the internal risks and one for the external
risks. The individual risks appear as cells of
the respective subcolumn. The heights of the
columns (number of cells) can be different
since different number of risks are
associated to each stage.

Risk evaluation, i.e. determination of the
probability of occurrence and the severity in
case of each risk. The authors defined four
probability categories: improbable event
(P<10-9/h), remote event (10-9<P<10-7/h),
occasional event (10-7<P<10-5/h) and
probable event (P>10-5/h). In case of the
severity four levels were defined: minor
severity level (represents slight degradation
of battery performance, etc.), major severity
level (represents considerable degradation
of battery performance, etc.), hazardous
severity level (battery is out-of-service),
catastrophic severity level (the battery is
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out-of-service, major damage on the
battery). Finally, three risk levels are defined
(acceptable, tolerable, and intolerable). The
actual value can be obtained from a table
based on the current probability and severity
levels. For example, the combination of
Probability level 3 and Severity level 2 is
evaluated as a tolerable risk level.

4. Definition of the recommended mitigation
measures.

5. Risk re-evaluation

The key message of Soares et al.’s model is
that batteries, as potential hazardous products
have a strong impact on the surrounding
environment, but indeed environmental
conditions are strongly influencing its risk level.

2.7. Hierarchical Overall Risk Analysis
(HORA) Model for the Preliminary
Risk Analysis of Lithium-lon
Battery Testing Laboratories

The HORA [9] model has been developed as
a preliminary risk analysis method for Lithium-
ion testing facilities. It was intended to
complement the generally applied fire and safety
evaluations, which do not cover all risk aspects of
Lithium-ion battery testing. HORA implements a
hierarchical approach. It defines three connected
levels, i.e. product, process, and system related
risks, respectively. The lower-level risks
combined with some evaluated factors contribute
to the upper-level risks.

Each risk value (product, process, and system)
is determined using fuzzy rules and Mamdani
type inference. In case of all three fuzzy
subsystems the input values are crisp ones, i.e. the
output of the lower-level system is defuzzified
before being fed as an input to the upper-level
fuzzy system.
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Fig. 4. Hierarchical Overall Risk Analysis (HORA)
Model

HORA uses five factors for the determination
of the risk level related to a battery test. The
factors are Protection (P), Controllability (C),
Occurrence (0), Effectiveness (E), and a
combined one called System/Cost (S/C). The first
factor (C) evaluates the controls that are built in
the battery itself. The value of the O factor is
based on the experience related number of events
or assumed occurrence of events. The Protection
(P) factor evaluate the existence of the laboratory
safety solutions, while the Effectiveness (E) tells
how effective the current safety solutions are.
The last factor (S/C) combines three aspects, i.e.
laboratory environment related effects due to
standardized tests (severity related to laboratory),
laboratory personnel related effects (severity
related to personnel), and the cost of damages.
All factors (C, O, P, E, S/C) are evaluated with
numbers from the [1,10] interval based on
predefined rating catalogues. The output of the
system is a value between 1 and 10 obtained by
the last defuzzification.

3. CONCLUSIONS

Although FMEA is a well-established and
widely used analysis tool, it suffers from some
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shortcomings [3][9] in case of risk evaluation of
Lithium-ion battery tests as follows.

1. Subjectivity (Applicability issue): as the
inputs for analysis (Design FMEA) come
from different sources (partners, customers)
the level of method understanding is
different, even in term of evaluation
(Severity, Occurrence, Detection ratings).
The differences in ratings cannot be avoided
even if using standardized rating catalogues.

2. Time consuming activity (Applicability
issue): either the inputs are missing, or
excessive amount of time is needed to do the
linkage of non-standard Design-FMEA
(battery related) and Process-FMEA
(laboratory related).

3. Information management issues
(Applicability issue): due to the fact that not
all battery manufacturers are cell
manufacturers as well, not all technical
information is available. For battery level
tests the cell level IEC 62133-2 [10]
certificate is needed. Unfortunately, not all
technical information is available on the
certificate  sheet (product definition,
manufacturer, ratings, type reference,
trademark, factory locations are available).
Relevant information can be gained from the
Material Safety Data Sheets (MSDS)
provided from the cell supplier. The
electrolyte, anode and cathode material can
be identified, but the Bill-of-Materials
(BoM) data, or detailed technical
specification is not provided, and often there
is no information about cell level safety
options. Based on this there is high level of
uncertainty in case of battery testing, as there
is no information available about the battery
cells themselves.

4. Management of  complex  systems
(Applicability issue): as a battery is
considered to be a complex system, in
practice it often occurs that the mechanical,
electrical and software aspects are handled
in different analysis. The merging and

providing of this information are insufficient
in most cases.

5. High expenses (Applicability issue): both
from manufacturer and service provider side
the involved resources are outstanding, as
there are no standardized methods. The time
spent on analysis increases the time need of
the tests, which influences the project
expenses.

6. Failure mode description (Cause and effect
issue): due to the lack of guidelines, and
standardized analysis activities the borders
of failure modes and effects are blurred,
which results in unclear analysis.

7. Risk measurement (risk analysis issue): the
lack of specific criteria and common
quantification result in non-comparable
results in analysis outcomes, although the
same laboratory Process FMEA needs to be
linked.

8. Results' reliability (risk analysis issue): the
planned countermeasures for risk reduction
are often inconsistent for risk evaluation,
and the deadlines of  measure
implementation are not synchronized in
time.

The above presented shortcomings could be
alleviated by applying a hierarchical approach,
including new factors, as well as by using fuzzy
techniques.

Vanyi and Pokoradi introduced the
hierarchical approach. The novelty of their idea
lies in the schematization and the inheritance of
risk priority numbers.

Di Bona et al. have defined several new
factors in their analysis (Severity, Occurrence,
Detection, Prevention, Effectiveness, and Cost).
For Lithium-ion battery testing purposes the
usage of multiple factors is favourable, as it aids
multilevel analysis.

Zlateva et al. created a three-level fuzzy
approach for social risk estimation. The input
parameters can be divided into ecological
(climatic, environmental) and social (social
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vulnerability) parameters. These factors can be
considered as either system or process related, in
contrast to HORA’s multilevel (system, product,
process level) approach.

Takadcs suggested the usage of fuzzy
Analytical Hierarchy Process (AHP) for the
pairwise comparison of objectives, criteria,
constraint, and alternatives.

Soares et al. define Risk Mitigation Measures
(RMM) in their paper. The implementation of
these measures results in new probability
(PRMM) and severity (SRMM) levels, as the
method is based on continuous improvement. In
case of HORA, the application purpose differs,
since it is used for decision-making support in
case of standardized tests with the preliminary
assumption that proper laboratory environment is
present (based on existing fire and explosion
safety analysis).

The HORA model uses the hierarchical
structure of FMEA. The difference between
Vanyi and Pokoradi’s approach and the HORA
model lies in the fact that the aim of the later is to
provide a laboratory related preliminary analysis,
not a product level safety analysis. The usage of
Action Priority (AP) categories in Vanyi and
Pokoradi’s approach is similar to HORA's fuzzy
approach.

While Di Bona et al. uses Prevention as a
related factor, HORA has replaced it with
Protection, combined with Effectiveness (related
to the second fuzzy subsystem). With the
replacement a complex process- level analysis
can be provided.

Further research will focus on supporting the
risk evaluation process by different machine
learning and artificial intelligence techniques
[11][12][13][14][15].
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Abstract

Beam structures are common in engineering practice, and with the growing complexity of the
structures, beam finite elements sometimes are not sufficient to achieve accurate results. This paper
aims to show the possibilities of using different finite element types and to see what kind of possible
impact those elements will have on similar structures. This paper analyses the stress and the
displacement of a structure supporting the piping system of the boiler water supply inside a thermal
power plant. While sustaining piping loads, the designed structure intends to carry piping hangers and
supports. Numerical analysis of the finite element method is performed using the software Ansys
Workbench. Meshing methods with different finite elements are tested, and the solutions are obtained.
The tested finite elements are beam, solid, shell, and solid-shell finite elements, respectively. One of
the results is the displacement convergence diagram for each type of used finite element, with the
appropriate time needed for obtaining solutions for that element. With reduced time, more accurate
solutions for overall analysis are achieved.

Keywords: Finite element analysis, structure, piping, supports

1. INTRODUCTION investigation of stability, strength and rigidity is

- . examined.
The finite element method is used regularly

in the field of structural design. With the help of Paper by Erke Wang, et all [1] covers a
the finite element method and modern comparison of hexahedral and tetrahedral
computers, it is possible to calculate structures ~ elements on the example of linear static
of very Comp]ex geometry which is an mechanical problems. Paper describes the
advantage compared to other calculation ~ advantages and disadvantages of using both
methods, especially if it's challenging to achieve ~ types of elements. Hardware limitations were

an analytical solution. also covered while using quadratic elements in
. e large models.
For the analysis of structures, solid finite
elements are most commonly used and do not Erke Wang [2] covered thin-walled structure
require additional geometry preparation, but are ~ analysis, where a comparison of solid-shell and
not resource-effective. shell elements versus solid elements was made.

These types of elements were used on the same
geometries with linear and nonlinear material
properties.

When designing structures it is important to
know structure loading. In the process the
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The structure analysed by this paper will
spend its life cycle inside the combined cycle
thermal power plant. The structure's function is
to carry the pipe supports of the boiler water
supply system. The capacity of the thermal
power plant is 490 MW, and the power plant
itself is characterized using combined cycle
technology.

To support the pipe system for the
distribution of the boiler water supply, a
construction was designed to carry four hangers
and four clamp supports (Figure 1.).

Fig. 1. Model of observed structure with the
associated pipe supports

The profiles belonging to the primary
structure, which is the fundamental part of the
thermal power plant, are marked brown. The
profiles marked grey, are parts of a subsequently
added structure and its purpose is to support the

pipes.
2. METHODS AND MATERIALS
USED FOR RESEARCH

The structure analysis was performed within
the Ansys Workbench 18.0 software package

[3].

For analysis and comparison of results, beam
(Beam188 and 189), three—dimensional solid
(Solid185, 186, 187), shell (Shell181 and 281),
and solid-shell elements (Solsh190) were used.
Elements were compared according to [1, 2].

2.1. Material

Structural steel S355J2 is used in the primary
structure of the power plant, while S235 is used
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in the secondary structure to which supports are
attached. The properties of these materials must
be entered into the Ansys Workbench material
database according to appropriate material
standards, EN10025-2:2019, EN1991-1-1:2002,
and EN 1993-1-1:2005/A1:2014.

Table 1. S235 Material properties [4,5,6]

Material property Value
Young's modulus of
elasticity (E) 200 000 MPa
Yield strength (Re¢) 235 MPa
Ultimate strength (Rm) 360 MPa

Table 2. S335 Material properties [4,5,6]

Material property Value
Young's modulus of
elasticity (E) 200 000 MPa
Yield strength (Re¢) 335 MPa
Ultimate strength (Rm) 470 MPa

The area of interest in this paper is the
structure designed with material S235, for which
the allowable stress is equal to 157 MPa using
the safety factor of 1,5. For ductile materials
where the vyield strength is exhibited, the
allowable stress is calculated by dividing the
value of the yield strength (R¢) by the safety
factor. Safety factor of 1,5 is used when
structure is made of reliable material and where
loading and environmental conditions are not
critical [7].

The allowable deflection of the beam or
cantilever according to EN1993-1-1, suggests,
that inside UK National Annex for Eurocode 3
is equal to Length/200 [8].

2.2. Geometry

The analysis should include the part of the
primary structure to which the secondary
structure with supports is attached. The area of
interest in this analysis is only the load-bearing
structure.
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Fig. 2. Geometry for analysis
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Structure is made of HEB100, HEB120 and
HEB160 profiles type along with the supporting
IPE8O, IPE100 and SHS80 profiles.

2.3. Boundary conditions

Profiles of secondary structure, as the
profiles of the primary structure, are connected
by welding technology in the same way as the
rest of the power plant. For this reason, on the
marked locations of the free ends of the beams,
marked in Figure 3, fixed support is set as a
boundary condition, and the contact between
each profile is defined as "Bonded", which
indicates an inseparable connection. Bonded
contact is used because this location is not a
place of interest for this paper, and does not
affect the main solutions, but makes simulation
faster as it is linear contact.

Fig. 3. Marked Iocatiohs of fixed support

The support loads have been obtained from
pipe stress analysis. In pipe stress analysis the
supports from the observed structure are set as
boundary conditions, and the pressure and
temperature of the pipeline are set as loads. As a
result, pipe stress and displacement, as well as
support reactions are obtained. Supports reaction
loads are also action loads on the construction of
the same value but in the opposite direction. The
forces in Figure 4. marked with the letters B, D,

69

F, and H refer to the movable supports, and the
forces marked C, E, G, and | to the spring
hangers, which are suspended on square profiles

between which the pipeline extends.
E;')..\.n. s

- 0066

Fig. 4. Support loads acting on the structure

Table 3. Support loads

Force components

Support

Fx NI Fy [Nl F.[N]
B -162 2311 709
C 0 1 -2047
D 213 -1912 602
E 0 1 -2024
F 4 -1764 529
G 0 3 ~2500
H 20 -1749 524
| 0 3 ~2500

3. RESULTS OF THE ANALYSIS

In this chapter, the displacements, and
equivalent stress solution of the observed
structure will be presented. Since more analyses
have been performed with different finite
elements, only the analysis with solid elements
will be visually shown. The results of the other
finite elements, used in this comparison, will be
shown only in the diagram.

3.1. Stress and deformations

Figure 5. shows the field of equivalent von-
Mises stress. The maximum amount of
equivalent stress is 289,26 MPa. In the detail
shown in Figure 5, occurred singularity at the
point can be observed. With each further
refinement of the mesh, the stress value would
be higher and closer to infinity. This
phenomenon occurs due to the sudden
discontinuity of the geometry at the joint
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location. The profiles are rarely joined in this
way, but if welds were modelled, a smoother
transition would be achieved between the
contact surfaces of the joined profiles. For more
accurate results at the joint, an additional
analysis of the weld is required, which will not
be performed in this paper but may be
considered as a continuation of the investigation.
In the rest of the structure, where there are no
singularities, the stresses do not exceed the
allowable values.

A 30 chement - Hebedl o v e
[Py

om0 10000 10000 (n

m0 a0

Fig. 5. Field of equivalent von-Mises stress for
SOLID186 element

Figure 6. shows the field of total displacements.
The maximum value of total displacement is
equal to 3,72 mm.

et - Heksed i gr oo reds

200G e

Fig. 6. Field of total displacement for SOLID186
element

The allowable deflection for profile with
maximum deflection is equal to [8]:
L 1310 - 1
Wallow = 200 200 _ @ mm (D)

Whax = 3,72 MM < Waaw
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where wWmax Stands for maximum deflection,
Waiow Stands for allowable deflection and L
stands for profile length.

From equation 1 we can conclude that maximum
deflection has lower value than allowable
deflection.

3.2. Comparison of finite elements

The performed analysis showed that the
results varied using different finite elements but
without significant deviation. The total values,
elements size, and duration of the analysis were
used as reference values.

From the diagram in Figure 7. it can be
seen that second-order finite elements, already at
the element size of 15 mm, will create a mesh
which reaches the displacement value, almost as
accurate as those independent of the mesh
density. It's concluded that a mesh consisting of
second-order finite elements will need a lesser
amount of finite elements than a mesh consisting
of first-order finite elements. The degenerated
Solid185 does not reach the values for the
displacement independent of the mesh density
with available used resources. Beam finite
elements show the fastest convergence of
results, whether they are first or higher-order
elements.

Mesh convergence

SOLIDIES

SOLIDISS

——SOLIDISS (deg.)

—SOLIDSET

Displacement, mm

—SHELLIE]

\

—SHELL 281

Deefault 25 15 10
Element size. mm

—OLSH 190

Fig. 7. Comparison of the different finite element
convergence

Table 4. shows mesh statistics for each type of
element in the convergence state as an addition
to the diagram in figure 7.



Proceedings of the 10th International Scientific and Expert Conference TEAM 2022
September 21-22, 2022, Slavonski Brod, Croatia

Table 4. Mesh statistics for each type of finite
elements

Element  Number Number
Element type . of
size of nodes

elements

BEAM188 5mm 26455 16595

BEAM189 5 mm 51045 16595
SOLID185 5 mm 1596891 1056563
SOLID186 10 mm 1468843 227357
SOLID187 5 mm 1716677 825108
SHELL181 5 mm 756459 748823
SHELL281 10 mm 577469 189990
SOLSH190 5 mm 1403479 567981

The individual groups of finite elements
show very similar displacement results. The
diagram in Figure 8. shows displacements for
different finite elements compared in this paper.
The beam elements showed the stiffest
behaviour in combination with the shell
elements. Three-dimensional finite elements,
except for the degenerate Solid185 finite
elements (first-order tetrahedral elements),
achieved very similar results. Solid185 even
with very dense mesh settings could not achieve
the independence of the mesh density. Acquiring
accurate results with SOLID185 finite element
may be possible, but will need a lot more
computational resources, and thus is not relevant
for further testing.

§.2334 4.2436

2.8195

Maximum displacement, mm

mBEAMISS & SHELL181 mBEAMI8% & SHELL28] m SOLIDISS

SOLIDIEG mSOLIDI8S mSOLIDIST

B SHELLI1S] B SHELL281 B SOLSHI90

Fig. 8. Comparison of maximum displacement for
different types of finite elements

The diagram in Figure 9. shows a
comparison of the time required to solve each
analysis (elapsed time). Three-dimensional finite
elements need the most time to solve, while
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analysis with beam elements has the shortest
duration needed for solving the analysis. The
comparison was created by solving the analysis
with mesh settings using the elements size of 15
mm. This finite element size is selected so not
all computational resources are utilized, and
relevant comparison is possible.

Analysis duration

I:, 491 mBEAMISS & SHELLIS]

10K mBEAMI89 & SHELL281
SOLIDISS
; 300 SOLIDIS6
8 2 BSOLIDISS
-"_'" 155 ®SOLIDIST
: 87 _ il WSHELLIS]
- 32 18 44 3  mSHELL2S]
2 B ! -.- WSOLSHI90

Fig. 9. Comparison of time duration for each

analysis

Table 5. shows the number of elements, nodes,
elapsed, and CPU times for each analysis as an
addition to the diagram in figure 7.

Table 5. Mesh data for each analysis in respect to
time duration

Element Number Number Elgpse C.PU
tvoe of nodes of dtime time
yp elements (s) (s)

BEAM188 7533 4221 3 2.453

BEAM189 13097 4221 4 3.109

SOLID185 192078 104468 87 40.32

SOLID186 670563 103232 491 67.20

SOLID187 469182 211108 155 57.28

SHELL181 89647 87291 48 20.35

SHELL281 265034 87303 44 40.08

SOLSH190 214793 86095 30.234 30

4. CONCLUSIONS
Often in  engineering  practice, a

compromise between the duration of the
analysis and the accuracy of the results has to be
achieved.

The displacement solutions do not deviate
significantly from each other, but some elements
show more flexible behaviour, while others have
stiffer behaviour. The stiffest behaviour was
observed from Beaml188 combined with
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Shell181 finite element and Beam 189
combined with Shell 281 finite element. Most
flexible behaviours were observed from Shell
181 and Shell 281 finite elements.

Degenerate Solid185 finite element, which
is a first-order tetrahedral finite element, do not
reach an accurate result for this kind of problem,
and by applying those finite elements, it was not
possible to achieve a displacement value
independent of the mesh density. It's concluded
that the use of Solid185 finite element in similar
calculations is not recommended.

With the respect to duration, convergence
and the obtained solutions of the analysis, it's
concluded that the use of Solsh190 (solid-shell)
finite elements for calculating similar steel
structures may be promising and also beneficial
for those kinds of analysis. Solsh190 is used for
shell structures with a wide range of thickness.
Element has solid element topology with eight
nodes and three degrees of freedom at each
node, translation in x, y and z direction. The
element has stress stiffening, creep, plasticity
large deflection, hyperelasticity and large strain
capabilities. Connecting Solsh190 to other
elements doesn’t requires additional effort [9].
The flaw Solsh190 elements have is that they
require geometry preparation to make meshing
possible, which sometimes can be a very time-
consuming task that also needs to be taken into
consideration while choosing the right type of
finite element for the analysis.
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Abstract

Scientists pursuing applied sciences use NI LabVIEW for scientific measurements, but usually they
have to use some other software to analyze data. Goodness of Fit is a data analyzing tool for found the
distribution type and the parameters of the distribution of a given random variable. The aim of this
paper is present a Goodness of Fit LabVIEW implementation. We have used an Object-Oriented Pro-
graming approach and the latest LabVIEW features to implement D’ Agostinos normality test, Kolmo-
gorov-Smirnov test for Student distribution test and also Kolmogorov-Smirnov test for tricontaminated
normal distribution. We prove that the Object-Oriented Programing design and the new LabVIEW fea-
tures like multiple inheritance and map datatype handling allows us to create a flexible and scalable
implementation. With proper design it is easy to expand the implementation with new test types or with
new distributions. With this Goodness of Fit software package it is possible to do some data analysis in
the measurement software. Then the result can be applied directly in controlling systems. More sophis-
ticated control systems can be made with the help of this software package. There are some design

conceptions and an accelerating trick are also presented.

Keywords: LabVIEW, Object Oriented Programing, Goodness of Fit, D’ Agostino test, Kolmogorov-Smirnov test

1. INTRODUCTION

LabVIEW is a graphical programing envi-
ronment which helps to develop G codes. Ob-
ject Oriented Programing (OOP) is a program-
ing design methodology which helps to make
flexible, reusable codes in a multi programmer
environment [1, 2]. Research about real-time
control algorithms includes several steps, like
data acquisition, data analyse, decision making,
and act [3, 4, 5, 6]. Scientists pursuing applied
sciences use custom software solutions of vari-
ous development teams to build up a testing en-
vironment for their scientific experiments [7, 8].
The different communication interfaces be-
tween multiple platforms can increase the com-
plexity of the code in a greater extent than is re-
quired by the control algorithm.

We have made a Goodness-of-Fit (GoF) im-
plementation in LabVIEW respect to OOP de-
sign for that reason, to make it possible to create
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effective codes in one platform where data ana-
lyse tasks are exist. The GoF implementation al-
lows us to make a decision on the distribution
of observations at a given significance level, i.e.
to perform a goodness-of-fit analysis.

Our research hypothesis is that, the new Lab-
VIEW features after LabVIEW 2021 makes
possible to create a flexible and scalable GoF
programing package for our selected distribu-
tions. We have selected the classic normal dis-
tribution, the Student distribution what is ex-
tended by a p parameter and the tricontaminated
(TriCo) normal distribution to implement. We
used D’ Agostinos test for testing the normality.
We used the Kolmogorov-Smirnov (KS) test for
the other two tests.

The second section gives a theoretical over-
view of KS and the D’ Agostino GoF techniques
and describes the used distributions. The third
section contains the description of the imple-
mentation. The fourth section shows the testing
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cases and the experimental result s. The fifth
section is about the conclusions of this research.

2. THEORETICAL OVERVIEW
2.1. GoF techniques

One important task of statistical tests is to
identify the distribution of observations. Of
course, a claim about the distribution can be
made only at a given level of significance. Thus,
the aim of GoF testing procedures is to decide,
for a given significance level o, on the null hy-
pothesis that the sample comes from a given dis-
tribution or family of distributions. In this sub-
section, there are two GoF techniques intro-
duced.

Let xq, x5, ... , x;,, denote the sample, i.e. a set
of independent, identically distributed random
variables X. The sample average is

f=%ixi @

i=1

the sample standard deviation is given by

1Tl
— . — )2
ENCRE)
i=1

Also let x; 4, X2, ... ,Xnp, b€ the ordered
sample, what is needed for calculating test sta-
tistics.

)

2.2. KS-test

The KS-test belongs to the Empirical Distri-
bution Function (EDF) class of GoF tests.[9]
The basic idea of these tests is to measure the
discrepancy between the hypothetical distribu-
tion function Fy(.) and the empirical distribu-
tion function F, (.) calculated from the sample,
and to decide whether the distribution function
is identical or different on the basis of the mag-
nitude of this difference. The KS-test uses the
functional distance from the supremum norm.

The null hypothesis H, is that the distribu-
tion function of random variable X is Fy(.).
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The alternative hypothesis H, is that this is not
true.

KS test have been used for Student and
TriCo distributions detailed in section 2.4 and
section 2.5.

The GoF tests procedure consist of three
steps, specialised for the case of the KS-test,
these are:

1) The value of the test statistic can be deter-
mined from the sample. The first step in this test
is to order the sample. The next step is to com-
pute the distance of the distributions:

Dy, = supyer|Fa(x) — Fo(x)| =
max(D*,D7), 3)

where

l
D* = max; {; - F, (xl_n)},
(4)
— -1
D™ = max; {FO (xl_n) - T}

In calculating D* and D, the fact have been
used for that the transformation F(X) results in
a random variable with uniform distribution on
the interval [0,1], if the random variable X is a
distribution function F( .).

2) For a given significance level a, the criti-
cal value D, have been specified and hence the
nonrejection region of the test, i.e., the values of
the test statistic at which the null hypothesis is
accepted. The critical value is calculated from
the distribution of test statistics under the null
hypothesis:

a = P(D,, > Dy|H,). (5)
3) The null hypothesis have been decided. If
0 < D,, < D, then the null hypothesis at signif-
icance level a cannot be rejected. Otherwise, it
is rejected, i.e. the alternative hypothesis is sat-
isfied.

The decision can also be made by calculating
the p-value. The p-value is the significance level
at which the null hypothesis just accepted. If it
is greater than the predefined significance level,
the null hypothesis cannot be rejected, if it is
less than o, it has rejected.
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The implementation of KS-test can be
shown in section 3.3 under KS engine title. KS
hyperengine contains the exact implementation
of formula 4.

2.3. Normality test using the
D'Agostino-test

This test belongs to the class of regression
and correlation tests and is a modified version
of the much used Wilk-Shapiro test (used be-
tween 3 and 50 sample sizes). The modification
is necessary because of the large sample size
(more than 50 observations). While the KS-test
checks whether the sample is from a given dis-
tribution, this test checks whether the sample
belongs to a given family of distributions,
namely the normal family [9].

If the sample is from the normal family, that
means that it comes from a random variable X
with any expected value 4 € R, any standard
deviation o > 0 and the density function

x—p1)2
fuo(x) = JJE e%, x € R. ©)

Again, the first step in this procedure is to
order the sample. Next comes D'Agostino-test
statistic:

D=1 Xy * (l -= -zl_ 1)

D, =
4 Oy * N2
for which the critical values are denoted by
Dy/2 Di_ /5. The nonrejection region of the
test is

(7

)

Dyjz < Dy < Df_o ). (8)

The implementation of D'Agostino-test can
be sown in section 3.3 under D'Agostino engine
title.

2.4. Student distribution checked by
KS-test

When it is decided from the sample whether
it has a student distribution, the hypothetical
distribution function F, in the KS-test is the Stu-
dent distribution with parameter p, degree of
freedom k and the density function
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L), e

f&) = fem r(’i) (1+52) ©)
keN,p>0ésxe€R,

)

where the Gamma function is
I'(y) = fom tY"letdt,y > 0.

The hypothesis testing procedure described
in subsection 0 is applied with this pre-fixed pa-
rameter distribution function F,.

2.5. Verification of TriCo normal dis-
tribution by KS-test

For proving that the sample is TriCo normal,
the KS-test with the hypothetical distribution
function F, with the parameters

(w1, 1y, 09, wz;ﬂz'az'w3;ﬂ3'033;
U1, Uz, U3 E R, 09, 05, 03 ERT,
and the density distribution

)

= W1fuy,0,(X)
+ W2 fu, .0, (X)
+ 03 fug,05 (%),

(10)

where

w+tw,+tw3;3 =105 w,wy, w3 <1
and normal density functions f, . ,f, s, and
fus,0, have to be used. Then the KS-test de-
scribed in subsection 0 with this distribution has
performed.

2.6. Generation of simulated signals

In LabVIEW, there exists a vi for the gener-
ation of a normal distribution sample with an ar-
bitrary expected value ¢ € R and an arbitrary
standard deviation ¢ € R*. The other two sam-
ples of distribution are programmable.

For a Student distribution with parameter
p € R* and degree of freedom k € N the sam-

ple

F7H (), F(g), . ™ (u) (11)

can be obtained by applying the quantile
function F~1(.) of the Student distribution built
into LabVIEW to each member of the sample
Uy, Uy, ... , U, With uniform distribution on the
interval [0,1].
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The i-th order of the TriCo distribution of a
sample with parameter

(w1, 1y, 01, W3, Uz, O3, W3, i3, 03)

I{OSUswl} * Xul,al + I{w1<U5w2}

* X#z:dz (12)
+ 1—w,<us1)

* X

U303

requires the generation of four independent
random variables: a uniformly distributed U on
the interval[0,1], a normally distributed X,,
with parameter uq,0,, a normally distributed
X with parameter u,,0,, and a normally

HU2,02!
distributed X, 5,, Wwith parameter us, o3,
where

[ = {1, if A event occurs
4} 710, if A does not occur

denotes the indicator function of event A.

(13)

3. IMPLEMENTATION
3.1. LabVIEW OOP

LabVIEW is an object-oriented program-
ming environment, that uses concepts from
other object-oriented programming languages
such as Java and C++, including class structure,
encapsulation, and inheritance [3]. The most
modern features have been used to design and
implement the GoF functionality for scientific
purpose.

3.2. Design

FIT class handles the parameters of fitting
and result data of the goodness of fit tests. SIG-
NAL class handles the time series generation
with a given distribution. DISTRIB class is a
parent class of the distribution classes. STUD,
GAUSS, TRICO classes are handling Student
distribution, Normal distribution and TriCo dis-
tribution, respectively. Their behaviour depend
on the parental class and also the parental inter-
face. TESTS is the parent interface of the test
interfaces. KS interface handles the KS-test spe-
cific functions. DAGOST interface handles

some functions of normality test. Multiple in-
heritance available on LabVIEW since 2020.
The hierarchy of the above classes and inter-
faces can be seen on figure 1.

.

.

e E

w

[ks ] [paGosT| %
w v

[ST0b | T

o s |8

Figure 1. Hierarcy of classes and interfaces

Each statistical test has the same structure in
all cases, can be seen in figure 2. Dynamic dis-
patch used to make test, because all kind of dis-
tribution are inherited from DISTRIB parent
class.

Test

IR TF
ENGINE STAT RESULT |2 E r] Res‘llt
A= it lerror out

Figure 2. Universal distribution testing code

Once the statistic value have to be calculated
with the given distribution engine.vi. Then the
distribution of test statistic should have been
calculated by the stat.vi. This has the same code
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for every distribution. After that the result of
GoF test can be calculated in different way of
each test method. So result calculation has im-
plemented once in each test type.

3.3. Engines

Each test type has an own engine.vi, what
contains a sort function and a parallelized loop
for calculating the statistical value. Engines are
inherited from Tests.class. The ordered signal is
connected to the parallelized loop in each case.
The implementation ask the number of logical
processors from the operation system, and set
the number of maximum parallel loops to it. So
this code use the maximum computation re-
sources in all kind of computers where it runs.

D’AGOSTINO ENGINE

This implements formula 7, it can be seen on
figure 3-4. This method can be used only for
normal distribution testing.

Figure 3. First part of D’Agostino-test engine

>

Figure 4. Second part of D’Agostino-test engine

The standard deviation have been computed
from the same sample, what have been con-
nected to incoming tunnel of the loop.

KS ENGINE

KS Engine should work with a different dis-
tributions, that’s way it is more complex. It has
two subVI-s. Figure 5 shows the usage of the
subVI-s in a parallelized loop.
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Ty Z

I ooF ENGINE

[

Figure 5. KS engine parallelized loop

Ke || KS
HIFER: .
J:"I=

Of course KS test has also a non-parallelized
part, what can be seen of figure 6.

=EH3 g 5

Figure 6. Implementation of formula 3.

Custom Cummulative Distribution Function
(CDF) subvi-s have been used, because our im-
plemented distributions are unique and Lab-
VIEW not contains the CDF functions for them
basically.

CDF of Student distribution extend the inter-
nal Student t CDF function with p parameter, it
can be seen on figure 7.

>

X *

;
n
I
I.L::-} —

TR N
cDrLf

CDF{)

Studentt ~

Continuous CDF.wvi
Figure 7. CDF of Student distribution

A

Trico CDF generation uses three normally
distributed CDFs and a pooling algorithm, can
be seen on figure 8.

CDF{X}

=NiC

Continuous CDF.wi

Figure 8. CDF of TriCo distribution
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KS hyper engine contains the part imple-
mentation of formula 4. what is common in all
KS test methods. It can be seen on figure 9.

M

-
|

=350 .
LDF{:'.I |} [; D "

D2
B>
Figure 9. KS hyper engine

3.4. Stat

Generating the distribution of test statistics
has the most computing demand. Time Series
generation VI-s are generating vectors with
Length element. This means N times Length
pieces of random number generation respect to
the given distribution. Increasing the N value
will improve the precision of the test. Engine
VI-s calculates only one StatValue, what is
stored in the outgoing indexing tunnel. As it can
be seen on figure 10.

B =¢ Fitdvclass Bh i
intervals M
N
Length 4

Figure 10. StatValue calculation by engines
GENERATING TIME SERIES

Each distribution has an own time series
generator method. Time series with normal dis-
tribution can be generated, by LabVIEW inbuilt
Gaussian White Noise.vi function. It can be
seen on figure 11.

Lenght ||
B, @ Timesen
||._., o 'lme ries

Gaussian White Naise v
Figure 11.
Generating time series with normal distribution

There is not exist built-in time series gener-
ator vi for Student distribution, so a custom vi
had to be implemented. Uniform White Noise
VI generates values between - 0,499 and
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+0,499. 0,5 had been added to set 0-1 range ex-
cluding 0, because Continuous Invers CDF
gives a NaN value for 0 input. The implementa-
tion can be seen on figure 12.

aia:
e | N
Lenght |05 P Time Series
T30 [d== |> Aon— b
0499 % 'i_"d
Uniform White Noise.vi || [Student t ~
K

[Continuous Inverse CDF .vi

Figure 12.
Generate time series with Student distribution

TriCo distribution is mixture of three sepa-
rated normal distribution. Its parameters are the
parameters of the three normal distribution, and
two probability parameters, alpha and beta.
Generating time series with TriCo distribution
can be seen on figure 13.

Uniform White Hoise

Figure 13.
Generate time series with TriCo distribution

DISTRIBUTION OF TEST STATISTICS

Distribution of test statics means that the cal-
culated StatValues are collected from the paral-
lelized loop and a histogram has been created
from that. Creating cumulative normalized his-
togram from the calculated data. It can be seen
on figure 14.

TR
il

@“4“
g [

Figure 14. Distribution of test statistics
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The last icon is a subVI that converts histo-
gram data points for proper evaluations in result
vi-s. It can be seen on figure 15.

Nlyvpaints
Histogram ; Histogram point pairs
[ijfz==]
==
== [, | =
a-+ E‘ﬂ

Figure 15. Converting histogram points
STORE OF HISTOGRAM POINTS

Distribution of test statistic generation has a
very high computation demand as it has been
mentioned above, but it is totally independent,
from the signal and the signal parameters. It de-
pend only from fit parameters and containing
distribution parameters. Significance parameter
is needed to generate result of GoF. Histogram
points are stored instead of p values or critical
values, because recalculation of test statistic is
not needed for different significance levels in
this way.

Test statistic store in map structure, it can be
seen on figure 16. Map data structure is availa-
ble from LabVIEW 2019.

ker [
exr |

i
i
1
(=4
| —|{m]
=5
Fit

Figure 16. Loading map

The given distribution parameter key is con-
catenated with the fit parameter key. The key
structure of distributions are different so all pa-
rameter sets are unique.

Store the calculated new histogram points
can be seen on figure 17. The first icon insert
the new histogram point vector and the concat-
enated parameter key to the map. The second
icon set the file pointer to beginning of the file
to overwrite the old map. The third icon makes
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the file writing. The fourth icon closes the file
reference.

=5 — X r B ] X
L O‘;.D Ilr start VII u[?[ﬁ ] @ - D

Figure 17. Store map

Key calculation of Fit parameters can be
seen on figure 18.

Il

h =t Fitlvelass §
intervals M

Length M
M '1'—

Figure 18. Fit key

Key calculation of Normal Distribution can
be seen on figure 19.

i

i

LS =% o I I :
B e Pibe |

=

Key

e

$1miiim

{EF

Figure 19. Normal distribution key

Key calculation of Student Distribution can
be seen on figure 20. The datatype of the first
parameter is differs from normal distributions
first parameter.

|.L-'-p K _3533 O+ r
a et ] B+ [ Fibc ||| ey
ﬂ_ 3 Jhe_
g5 |
L I T T
W

Figure 20. Student distribution key

Key calculation of TriCo Distribution can be
seen on figure 21.
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Bibc] Key

Figure 21. TriCo distribution key
3.5. Result

Each test type has a unique result calcula-
tion. Both result.vi gets the calculate statistic
value, the calculated and converted histogram
points and the needed significance level in per-
centage. It calculates the decision limits, the P
value and makes the decision.

In the case of Normal distribution the result
code implemented to the DAGOST interface for
that reason to be similar to the other distribution
codes. It can be seen on figure 23.

E= Fbvclass

[Histogram pont pais Threshold 10 Array II"
1] - F]\ ijl °
;?',,g: - CEE
Dy > rmal

Interpolate 10 Array = R‘;;
Figure 23. D’Agostino result calculation

Student and TriCo distribution uses the same
result calculation inherited from KS interface,
what can be seen on figure n. It makes the sec-
ond and third steps of KS-tests. It can be seen
on figure 22.

{5 = Fithvclass 5]

e

:_P! =% Fitlvclass

& & B}
a = Fitlvclass ;[

[ | efy Is it_

¥ »

Histogram point pairs
oo} 2> B

Interpolate 1D Array
] l!‘ 1
>

Figure 22. KS Result calculation

3.6. Distribution classes

Each distribution has unique parameters and
unique wire colour, what can be seen on figure

23, 24, 25. Their methods CDF, Engine, Result,
Key, Time Series are described in above sec-
tions.

E » =0 Gaussian.lvclass 5
Mean b

STD L L

Figure 23. Attributes of Gaussian.lvclass

E 5 = Student.lvclass §
[ (7L b K

Ra L »

Figure 23. Attributes of Student.lvclass

TRICO
i 5 =z TriCo.lvclass g
ZeAlpha

“oBeta

mean |

L A8 S8 2

mean 2
mean 3
std 1
std 2
std 3

T ¥ | T | T | wT| F| *| ¥

. S5 J|E 3|8 3 E .

Figure 23. Attributes of TriCo.lvclass

4. TESTING RESULTS

In the implemented program, that can be
checked whether the sample xq, x5, ... , x,be-
longs to the normal distribution family, using
the D'Agostino test; whether it is Student dis-
tributed, using the KS-test; or whether it is
TriCo distributed, also using the KS-test. Simu-
lated signals were used to check the perfor-
mance of the program.

4.1. A Testing the operation of the
D'Agostino-test

To be able to decide on the null hypothesis
at the end of a hypothesis testing procedure, the
distribution function of the test statistic is
needed. Simulated distribution functions has
been used, where the sample size of the test sta-
tistic was determined by the fact that the critical
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value calculated from the empirical distribution
function does not change to 4 decimal places
when a new sample is taken. Thus, a sample of
N = 10000 items was used to generate the em-
pirical distribution function of the test statistic.
The cumulative histogram was given broken
down into 25 intervals.

The program also gives the critical values for
a given significance level and the test statistic
for a given sample, as well as the
p-values, since the decision can be made based
on these.

The performance of the D'Agostino test was
checked for normal, Student and TriCo samples
with different parameters and a significance
level of 1% in each case. In all cases the sample
size was 10000 items. Tables 1 and 2 show the
related results.

Table 1. Decision of the D'Agostino test for normal
and Student samples with different parameters.

Distri- | The first The sec- Deci-
bution | parameter | ond pa- sion
rameter
Normal 0 1 N
Normal 0 1000 Vv
Normal 0 0.0001 Vv
Normal 1000 1 Vv
Normal | -1000 1 Vv
Normal | 0.0001 1 Vv
Student 1 3 X
Student 1 4 X
Student 1 10 X
Student 1 30 Vv
Student 1 35 Vv
Student 1 100 Vv

The results obtained are in agreement with
the theory. Since the D'Agostino test can test for
membership in a normal distribution family, it
classifies a normal distribution sample with any
parameter as normal with a first-order error of
0.01. Since the asymptotic distribution of Stu-
dent's distribution is the normal distribution,
while the degrees of freedom goes to infinity,
that has been expected the null hypothesis to be
accepted for "large” degrees of freedom. Fur-
thermore, there is an example of a TriCo normal
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distribution becoming a normal distribution for
certain parameter values.

Table 2 Decision of the D'Agostino test for TriCo
distribution samples with different parameters.

Parameters
Description——2——#2 1 91| pecision
w3 Uz )
w3 Us 03
Classi 033 | 4 1
assic
TrCo 0.33 0 1 X
0.33 4 1
Configured| 033 | 0 1
tobe [033| 0 1 Vv
Normal | 033 | 0 1
Configured 012 '06 25
to be 0.76 0 0.9 X
Student | 0.12 | 06 | 25

4.2. Testing the KS-test for the Stu-
dent distribution

The KS-test was tested for the Student dis-
tribution with 1 parameter and 3 degrees of free-
dom at 1% significance level. The empirical dis-
tribution function of the test statistic was calcu-
lated on a sample of 1000 items, with the range
of interpretation divided into 10 intervals. Fur-
thermore, the sample size and the distribution of
the alternatives were not changed, so checking
the distribution of samples has been continued
with 10,000 items, i.e., whether they were Stu-
dent distributed with 1 parameter and 3 degrees
of freedom. The results are presented in Tables
3and 4.

The null hypothesis was accepted for three
alternatives in the test. When the sample was
from the Student distribution with parameter 1
and 3 degrees of freedom, this had a 99%
chance of being true; when the alternative was
the Student distribution with parameter 1 and 4
degrees of freedom, as it was similar to the null
hypothesis distribution; and for a TriCO sam-
ple, when the parameters of the distribution
were chosen to give a distribution similar to the
null hypothesis.



Proceedings of the 10th International Scientific and Expert Conference TEAM 2022
September 21-22, 2022, Slavonski Brod, Croatia

Table 3 Decision of the KS-test to check the Student
distribution for normal and Student samples with dif-
ferent parameters.

Table 5 Decision of the KS-test to check the
TriCo distribution for normal and Student samples
with different parameters.

Table 4 Decision of the KS-test for the Student dis-
tribution for TriCo samples with different parame-
ters.

Parameters
Description—2——FH1 | 91| pecision
w» Uz 03
w3 Uz O3
Classi 033 | -4 1
assic
TriCo 0.33 0 1 X
0.33 4 1
Configured| 0.33 | 0 1
to be 0.33 0 1 X
Normal | 0.33 0 1
Configured 0.12 | -0.6 2.5
to be 076 | 0 0.9 N
Student | 0.12 | 0.6 2.5

4.3. Testing the performance of the
KS-test for the TriCo distribution

The performance of the KS-test was tested
for the TriCo distribution with parameter (0.33;-
4;1;0.33;0;1;0.33;-4;1) at 1% significance level.
The simulated distribution function of the test
statistic was calculated with the same precision
as in the Student case. Furthermore, the sample
size or the distribution of alternatives has been
not changed, so testing the distribution of sam-
ples with 10000 elements could be continued.
The results are presented in Tables 5 and 6.

Distri- | Thefirst | Thesec- | Deci- Distri- | Thefirst | The sec- Deci-
bution | parameter | ond pa- sion bution | parameter | ond pa- sion
rameter rameter

Normal 0 1 X Normal 0 1 X
Normal 0 1000 X Normal 0 1000 X
Normal 0 0.0001 X Normal 0 0.0001 X
Normal 1000 1 X Normal 1000 1 X
Normal -1000 1 X Normal -1000 1 X
Normal 0.0001 1 X Normal | 0.0001 1 X
Student 1 3 Vv Student 1 3 X
Student 1 4 Vv Student 1 4 X
Student 1 10 X Student 1 10 X
Student 1 30 X Student 1 30 X
Student 1 35 X Student 1 35 X
Student 1 100 X Student 1 100 X
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Table 6 Decision of the KS-test for TriCO distribu-
tion for TriCO samples with different parameters.

Parameters
Description——1——#1 1 %1_pecision
) Uz )
W3 Uz 03
Classi 033 | -4 1
daSSIC
Toico 1033 ] 0 1 v
0.33 4 1
Configured| 0.33 0 1
to be 0.33 0 1 X
Normal | 0.33 | 0 1
Configured 0.12 | -0.6 2.5
to be 0.76 0 0.9 X
Student | 0.12 | 0.6 2.5

The null hypothesis is accepted only for
samples with the null hypothesis. The other al-
ternatives differ significantly from the null hy-
pothesis distribution.

5. CONCLUSIONS

The development of the LabVIEW OOP
GoF software package was successful, so our
research hypothesis is accepted. We have pre-
sented all parts of the source code in this paper
and some test cases for validation. We have
made implementation for D’ Agostino normality
test, KS-test for Student distribution and KS-



Proceedings of the 10th International Scientific and Expert Conference TEAM 2022
September 21-22, 2022, Slavonski Brod, Croatia

test for TriCo distribution. We have checked
that the implemented functions are working cor-
rectly.

With this solution it is possible to make real
world measurements and data analysis in one
programing environment, LabVIEW. More so-
phisticated control algorithms can be imple-
mented in this way.

OOP is not needed for scientific programing,
but can be a good strategy to develop a modular
software. For further work we would like to ex-
tend the engines with y? test method and the list
of distributions with Gamma and Weibull dis-
tribution with the help of multiple inheritance,
what is a new feature of LabVIEW 2020.

Now, we are able to test signals from real
world measurements with this LabVIEW GoF
program package.
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Abstract

Is given in the paper mathematical representation of friction. Bowden-Tabor Theory for cold forming and Bowden-
Tabor Theory for hot forming Friction is sometimes helpful. For example, high friction on the punch surface helps
increase reductions in deep drawing and ironing. In a few instances it has to have at least some small value, as in
rolling where it assures entry of the workpiece into the roll gap and helps maintain rolling without skidding of the
workpiece. However, in most instances friction is preferably reduced to zero by the introduction of a lubricant.

In the vast majority of metalworking processes the workpiece is deformed by means of a contacting die. The
pressure required for deformation generates a normal stress to the die surface, and movement of the workpiece
relative to the die surface generates a shear stress at the interface. Thus a classical tribological situation arises, with
friction at the die-workpiece interface, and with potential for wear of both die and workpiece materials. Mitigation
of these effects then calls for the introduction of a lubricant. In contrast to nonmetalworking situations, deformation
of theworkpiece results in a sometimes very substantial enlargement of surface areas. Thus new, fresh metal
surfaces are exposed, and the lubricant must protect not only the old but also the new surfaces. The success or
failure of such lubrication has important consequences on the quality of the issuing product, and also on pressures,
forces, energy requirements, and often the very possibility of plastic deformation itself. For these reasons, the field

of friction, lubrication, and wear (tribology) in metalworking has been the subject of many investigations.

Keywords: friction, the coefficient of friction, the factor of friction
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1. INTRODUCTION 2. YIELD CRITERIA  AND

Factors entering the tribology of space STRESS-STRAIN

needed numerous, and their interactions are RELATIONS
exceedingly complex. . . . .
Friction is the resistance to motion encountered In the one-dimensional tension-compression

when one body slides over another. In test, yielding (flow) takes place when the stress
metalworking processes it arises from sliding of 0= F/S reaches the value o. This condition can
the workpiece against the die. The die-workpiece D€ considered to be a yield criterion,

interface Fig. 1 (on the macro scale) [1] to [12].

F
|kf|:§. 1)

For multiaxial stress states, the onset of yielding
is not dependent on a single stress (for example,
|- the largest tensile or compressive stress), but on
a combination of all stresses. From the many
yield criteria which have been proposed, two
have shown good agreement with experimental

AT TR results. These are:
— 1. Maximum shear stress criterion (Tresca,
, Mohr) [1-12]
2. Distortion energy criterion (von Mises,
ax Hencky) [1-12]
Fig.1. Die (1)-workpiece (2) interface — on the
macro scale They have served as the basis for most of the

work in the field of plasticity. Both contain the
The die-workpiece interface Fig.2 (on the micro one- dimensional criterion, Eq. 1, as a special
scale). case.

The maximum shear-stress criterion states that
the material at a point in the workpiece receives
permanent deformation when the largest of the
shear stresses at this point reaches a critical value.
It can be expressed as

|Tmax| =k (2)

Here k is the material-dependent shear yield
strength which, for example, can be determined
from a torsion test. It is to be recalled that the
stress state like the deformation state possesses
principal axes. These axes, which are mutually
perpendicular, represent the directions of the

. principal stresses o1, o2 and os.

Fig. 2. Die (1)-workpiece (2) interface — on the . L.
micro scale, 3-matrix, 4-hard phase, 5-adsorbed A planar state of stress with principal stresses o1

film, 6-reaction (oxide) film, 7-surface layer, 8- (the largesy and o5 (the smallest) can be
disturbed enriched/depleted, 9-bulk represented by Mohr’s circle, as shown in Fig. 3.
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Fig. 3. Representation of plane state of stress by
Mohr’s circle

This circle, which represents the stress states at a
point in the material for any rotation of the axes,
has for its radius the maximum shear stress zmax.
The latter can be expressed as

_01703 3
T = (©)
o, —0oy=2K 4)
Stress  states  which  induce  permanent

deformation in the material are thus represented
by Mohr's circle of radius k.

In the uniaxial tension test o2 = o3 = 0), one has,
at the moment of yielding Fig. 4.

o, =2k )
Z T
S Trax =k
.
273 P 6; o
F
Z

Fig. 4. Mohr’s circle for uniaxial tension
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F
alzgzkf:Zk (1)
2k =k, (6)
This yields
k
k=-—L 7
. 7)

(4)and (6)= o, -0, =k, .

The maximum shear-stress criterion, as a result,
can be written as
o, -0, =k 8
An examination of Fig. 3. furthermore indicates
that the position of the circle, or rather that of its

center, in o-t space has no influence on the onset
of yielding. The mean normal stress

_0ito, + 0y 9

n= T2 (©)
whose negative value

p=o, (10)

is known as the hydrostatic pressure, therefore,
does not influence yielding. This agrees with the
experimental observation that when a workpiece
is subjected to a uniform pressure, creating a
hydrostatic stress state everywhere

0,=0,=03=—p

then no permanent deformation results Fig. 5.

/‘\ O3 = k=0
|

e
3

Fig .5. r=f(o,)
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In determining whether or not a particular stress
state has caused flow to occur, the maximum
shear-stress criterion takes into account only a
part of the stress state (for example, the largest
and smallest principal stresses).

In comparison, the criterion of von Mises, which
involves the energy of distortion, considers the
entire stress state. It can be stated in the following
way. The onset of flow must depend on a
combination of normal and shear stresses whose
magnitude does not change with a change in
coordinate system. The latter is so because a
coordinate system, and thereby the orientation of
a material element, should have no influence on
the yielding process.

Hubert 1904., von Mises 1913., und Hencky
1924.

W =W, +W, (11)
W :Sl'el
! 2
W _sl«e1+sz~e2
2 2 2
Wszsl'e1+sz'ez+ss'e3 (12)
2 2 2
Hooke's law

€ :%[Sl_n(SZ "'53)]
ezzé[sz_n(sa*'sl)] (13)

&, ==ls,—rls +s.)]

(12) and (13) =

IETENENER .

(14)

W, = Sm & :lsl+sz+s3(

R R e+e+e)

& =6+6+6 :é{[s1_n(52+33)]+[32_r(53+31)]+[53_n(51+52)]}

1-2n
& = E (s:+5s,+5,) (15)

(14) and (15) =

88

_LSitSprsy l-2ng ooy 120
6E

(s,+s,+5s,)

v 2 3
(16)
WQ:lgén@f+sf+s§+25§2+25§3+25§J
7)
1) =
W (18)

(15), (16) and (18) =

- et et si)e o e

_1;Ezn<slz+55+S§+20102+25253+25331)
1+n 2 ? i
W, == l(s: =8 f (s, =55) + (03 - or) )
(19)
02 =03 = 0>
1+n
Wol:6+_E2S12 (20)
W01=W°
257 =(s,-5,) +(s,—s,) +(s5-3,)

kf = %(sl _Sz)z +(Sz _53)2 +(33 _51)2]
(21)
_ S;+S,+S;
mo 3
O N
(22)



Proceedings of the 10th International Scientific and Expert Conference TEAM 2022
September 21-22, 2022, Slavonski Brod, Croatia

(23)

This criterion also contains as a special case the
yield criterion for one-dimensional tension or
compression Fig. 4.8. For with

Then von Mises criterion becomes

l'O'lzkf

Both criteria also yield the same expression for
the maximum shear stress at the onset of yielding,

1
Trmax = Eal = O!Skf

For other states of stress, the distortion energy
criterion produces larger maximum shear stresses
than the Tresca criterion. The largest difference
between them occurs for the case of pure shear
Fig.6.

]‘_ Tmax

o

7

Fig. 6.Mohr s circle for pure shear

o,=0

According to the shear-stress criterion, one
obtains

S;-S;3 :kf

S, =-5,

S1 _(_31): K

2s, =k,

s, =0,5k;

t e =S, =05k, (24)

while the von Mises criterion yields

(si—5,) +(s,—s5f +(s5—5,) = 2K
cz3=-ci1and 6, =0=
(31 _0)2 +(0_31)2 +[31 _(_51)]2 = 2k{
6s? = 2k/

Ky
s, =—==0577k;

V3

Toax = 01 = 0577k, (25)

max

The differences in the maximum shear-stress
prediction are thus seen to lie between 0 and 15%.

Experiments [12] Fig. 7.

0.8
%‘H
o6l o
X v. MISES
J\‘\x :
TRESCA
04
o1
0,2 *2
x3
0 02 04 06
a/kf

7

Fig. 7. Experiments [12] (1-St37, 2-Cu, 3-Al)
Special cases

a) S; =S, #S,
2k{ = (51 _52)2 +(Sz _33)2 +(53 _51)2
2k{ = (31_51)2 +(51_Ss)2 +(Sl _53)2

kf =S;—S;

b) S;>S,=S5,
2kf2 :(31_53)2 +(33_S3)
ke =S, —S;

i +(31_53)
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S, —S, =K.

After the yield strength is reached, the material
starts to flow under the influence of the stress
state. In the plastic regime there exists no one-to-
one correspondence between stress and strain as
there is for elastic behavior. Rather, the same
deformation can result from different stress states
and vice versa. The following, however, is true in
all cases:

1. If the material starts to flow at a
particular point of the workpiece, then
the stress state there must have reached
the yield strength.

2. The manner of flow is dependent on the
character of the stress state.

3. Normal strains cannot be directly related
to the stresses.

The relation between the strain rates and the
stress state is known as the flow rule. Expressed
in terms of principal directions and incorporating
the von Mises yield criterion, it can be written as

(rbl = ﬂ’(al - O-m) (263.)
¢, = Mo, —0oy) (26b)
@y =Aoy—0oy). (26¢)

Flow rule general
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j'z = I °S, :}."(Gz_cm)
. 1 :
J Xy :ngy :Itxy

. 1 :
. =—=0,=1t
J % 2gxz Xz
. 1. ;
Jyz:Egyzzlty

4

I' =%\/§(j'i+j'§+j'§)+§(giy+g; ).

These relations express the fact that the principal
strain rates are proportional to the difference
between the corresponding principal stress and
the mean stress ,,. The right-hand side of these

equations (26) incorporates the fact that under
hydrostatic pressure no deformation takes place.
The quantity A is isotropic and can be assumed to
depend on the material, temperature, strain, and
strain rate.

3.MATHEMATICAL
REPRESENTATION OF FRICTION

For purposes of predicting interface pressures,
deforming forces, and energy requirements, the
magnitude of tr must be known. However,
analysis is usually made simpler if the effect of
friction is expressed by some non-dimensional
parameter. To date, two such parameters have
found wide acceptance.

Following Coulomb's classical definition, the
coefficient of friction u is simply the ratio of
frictional force to normal force, or of frictional
stress to normal stress (die pressure), Fig 8.

(27)

‘

Fig.8. Variation F, from F,

It is possible that z, increases linearly witho,,
and then & may reach any constant value Fig. 9.
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Fig. 9. Variation z, from o, for different u

This is the case, for example, in the blankholder
zone of a deep-drawing operation. However, u

cannot rise indefinitely because sticking friction
sets in when u-o,>k. In many bulk

deformation processeso, ==k, and because k
remains constant, the calculated ux actually
drops, Fig. 10.

3

05+

04 fdmax
03
0.2 R
01 =

\ \ \ |

ke 2k 3k Ak

7

Fig.10. Variation x from o,

The maximum value g, is obtained from yield
criteria of pure shear, Fig.11.
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|

|

o ‘
|

%

Fig. 11. Mohr s circle for pure shear
Here

03 =-0;

o,=0

According to the shear-stress criterion, one
obtains

S; =S5 =k

S3 =-S5,
51_(_31)=kf
2s, =k;

s, =05k,

t o =51 =05k,

max

Tmax

_ Tmae _ 05Ky _
IleaX kf kf

05 (28)

while the von Mises criterion yields

(5y-5,) +(s, -85 +(s5 -5, ) = 2K
cz3=-ci1and 6, =0=
(31 _0)2 +(O_ 31)2 +[31 _(_31)12 = 2k{
6s? = 2k?

Ky
s, =—==0577k;

V3

Toax =0y = 0,577k,

T 0577k,
ke Ky

Hiax = = 0’577 (29)

Lighter is the shift in Fig. 12. then in Fig.13.
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Fig. 12. Friction, 1-die, 2-workpiece, 3-
increased

Fig. 13. Pure shear

Since k=0,5k, (or 0,577k, according to von

Mises), it is sometimes said that umax = 0.5, but
this is true only when o, =k, . It is much more

accurate to say that the coefficient of friction
becomes meaningless when uo, >k, since there

is no relative sliding at the interface. The possible
misinterpretation of x has led to the introduction

of the frictional shear factor m defined as

(30)

T, =75 =Mk

0<m=>1 (31)

Since 7 is now linked to a workpiece material

property k, which is a priori known (rather than
to o, which must be calculated), the use of m

greatly simplifies calculations, especially those
based on upper-bound theory or numerical
techniques.

4. BOWDEN —TABOR THEORY

Fig. 14 shows a friction pair.

92

Fig.14. Friction pair, 1-die, 2-workpiece, 3-
increased

Bowden — Tabor theory differs:

1. Cold forming and
2. Hot forming.

4.1 Bowden—Tabor Theory for cold
forming

In selected image, Fig.9 (3) it increases; it
gets the friction model cold forming, which is
shown in Fig. 15.

Fig.15. Friction model for cold forming /237

Al=A2 = y =const.
Al# A2 = 1 =not const.

It is important in this model shown in Fig. 10,
that the two bodies are in contact only at certain
locations where the tool touches the projection
with the projection of the workpiece. The
encountered in forming forces are 2000 to 3000
MPa distributed to some stochastic present
contacts bulges. This creates the local pressures
at these points very large with overlays clean
metal surfaces in places like contact, and there is
a local cold welding parts tools and the
workpiece. In order to make the material flow
between the two bodies (tool and workpiece),
there must be a relative movement, which means
that it must be the local change of the cold
welding Disconnect.

Breakthrough will inevitably happen on tool
wear and workpiece. If the frictional contact
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between the pair declined, thereby reducing the
frictional force, is necessary to lubricate Fig. 16.

Fig. 16. Lubrication of the friction pair, 1-
lubraction

Number of local cold welds depends on the
lubrication and friction x in the cold metal

forming, when good lubrication is 0,05-0,1.
Lubricants:

MoS;
graphite
emulsion
PbS

fats
soap.

4.2 Bowden — Tabor Theory for hot
forming

In selected image, Fig.14. (3), it increases; it
gets the friction model hot forming, which is
shown in Fig. 17.

Fig. 17. Friction model for hot forming /127

Al=A2 = y =const.
Al# A2 = y = not const.

It is important in this model shown in Fig. 17,
that the two bodies are in contact only at certain
locations where the tool touches the projection
with the projection of the workpiece, and
distributed to some stochastic present contacts
bulges. This creates the local pressures at these
points very large with overlays clean metal
surfaces in places like contact, and there is a local
hot welding parts tools and the workpiece. In
order to make the material flow between the two

93

bodies (tool and workpiece), there must be a
relative movement, which means that it must be
the local change of the hot welding Disconnect.

Number of local hot welds depends on the
lubrication and friction x in the hot metal

forming, when good lubrication is 0,1 1-0,3.
Lubricants:

MOSz

Graphite.

Fig. 18. shows the lamellar structure of the
graphite and Fig. 19. presents the dependence of
the friction x from stress.

Fig. 18. Lamellar structure of the graphite

Since the graphite is composed of a lamellar
structure, wherein said start with low force to a

lubrication with the graphite is x =0.

i 1
v
MoS2
700 MPg a
1. Graphite
Fig. 19. Depending friction of the stress
5. WEAR

Layer structure of metallic surfaces by
Schmaltz, Fig. 20.
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Fig. 20. Layer structure of metallic surfaces,
Schmaltz Schema (1), 2-hard phase, 3- adsorbed
film, 4-oxide film, 5-distortion field, 6-bulk, 7-
outer boundary layer, 8-reaction layer of the
inner boundary layer surrounding atmosphere,
as well as with surface-active substance, 9-
inhomogeneity in hardness, strength,
deformation, texture, 10-intriol boundary layer

2]

Wear in general causes change in the size, shape,
weight or state of the surface. It is an undesirable
loss of metal particles for mechanical reasons, but
also duet to chemical effects. Friction and wear
in metal forming are occurring on the contact
surfaces of friction, i.e. between a tool and a
workpiece.

6. CONCLUSIONS

For multiaxial stress states, the onset of
yielding is not dependent on a single stress (for
example, the largest tensile or compressive
stress), but on a combination of all stresses. From
the many vyield criteria which have been
proposed, two have shown good agreement with
experimental results (Tresca and von Mises).
Friction is sometimes helpful. For example, high
friction on the punch surface helps increase
reductions in deep drawing and ironing. In a few
instances it has to have at least some small value,
as in rolling where it assures entry of the
workpiece into the roll gap and helps maintain
rolling without skidding of the waorkpiece.
However, in most instances friction is preferably
reduced to zero by the introduction of a lubricant.
The paper presentans the difference between:

The coefficient of friction u( o, =K;)

and the factor of friction m( o, 2 k).
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Abstract

During many years, injection molding of the polymer molds has been proven as a quick way to make
products for medium to high series production. In order to produce a quality product, all stages of the
process must be controlled (ex. tool, material, injection molding machine, etc.). During the last two
decades additive technology regarding prototype production and, more recently, regarding finished
products has been developing intensively. The biggest disadvantage of additive technology is a limited
choice of polymeric materials and different mechanical properties when compared to products
manufactured by injection molding technology. Creating the mold for the injection molding process is
time-consuming and expensive process, also unprofitable for smaller series. By making injection molds
using additive technology, we accelerate the process of production of finished products. One of the
disadvantages of making molds using the mentioned technology is the durability of the molds. In order
to increase the durability of the mold, the area regarding application of the coating to the mold will be

examined.

Keywords: additive technology, application of protective coatings, polymer mold

1. INTRODUCTION

Additive manufacturing (English Additive
Manufacturing) is a part of production
engineering that deals with the production of
objects by applying particles in thin layers. The
production process begins with the construction
of a three-dimensional model with computer
CAD modeling programs, or with the digitization
of the spatial form of an already existing object
with three-dimensional scanners.

The model is then transformed into a series of
horizontal cross-sections that are printed layer by
layer with a machine until the final product is
finished. With this process, prototypes, molds
and tools of high precision can be made just as
successfully as ready-to-use functional parts.
However, the speed of production, the choice of
materials and the dimensions of the model are
currently limited. [1]
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Through research and through practical work
on devices for additive technology, shortcomings
were recognized and they will continue to be an
obstacle for the full implementation of additive
technology in the production process. One of the
major disadvantages of additive manufacturing is
that the material that is limited to a certain type
of polymer developed exclusively for additive
technology.

Since manufacturers continuously change the
material for additive technology, scientists often
have no motivation to examine the properties of
the material. Another problem of technology is
dimensional accuracy when manufacturing a
large number of similar products (dimensional
traceability). Figure 1. shows the optimal area for
the use of additive technology.

Mostly, the field of application of additive
technology is limited to individual production
with greater geometric complexity.
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Fig. 1. Diagram of application of additive
technology [2]

Very little research has been conducted on the
topic of making molds from polymer materials
using additive technology. New markets demand
faster delivery of the finished product as well as
personalization according to the client's wishes.
The Croatian market usually has small-scale or
serial production. Thanks to that, the costs of
making metal molds represent a rather expensive
and time-consuming process.

Previous studies of molds made of polymer
materials using additive technology go in the
direction of very small series of some 100 to 300
cuttings. [3] [4] There is no emphasis on making
hundreds of products in such a way. In the
following text, the research in the field of
application of protective coatings, which was
carried out as part of the preliminary research for
the doctoral dissertation, will be presented.

2. RESEARCH EQUIPMENT
AND MATERIALS

2.1. Additive devices used in the

research

Two types of technologies were used for the
production of the test bodies: depositional joining
- FDM (Figure 2) and Hybrid process of 3D
printing and stereolithography (Figure 3.).
Additive device Makerbot's has two heads, i.e.
nozzles, and can simultaneously make parts from
two different materials or from the same material
only in different color. It can also be completely
closed, which prevents heat loss, which favors

the 3D creation of objects, and is therefore
extremely suitable for the polymer material ABS.
It can also work with PLA, PS-HI and TPE
materials.

/-

—_

MakerBot: Replicator-2

Fig. 2. Maker Bot Replicator 2x [5]

Another device that was used to create the test
bodies was the Objet350 Connex. Device enables
simultaneous printing of several different types
of materials, thus removing the need for
subsequent joining of individual parts.

Fig. 3. Objet Connex 350 on Faculty on engineering
and naval technology in Zagreb
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2.2. Types of materials used for
making test bodies

The additive device Maker Bot Replicator 2x
uses the polymer material ABS (Acrylonitrile
Butadiene Styrene). ABS is the most common
material in FDM additive devices. Some of the
significant characteristics of the material are: its
price, suitability for various purposes, as well as
simple finishing by sanding, in order to achieve
smooth surfaces and remove jagged edges, as
well as painting. [6]

Figure 4. shows the test bodies made from
ABS polymer using the Maker Bot Replicator 2x.
In the first phase, the test bodies were made
according to the ISO EN I1SO 527:2012 standard.

Fig. 4. Test bodies made on FDM device

The additive device Objet Connex 350
offers a wide range of materials. Three types of
materials were chosen: Digital ABS, Tango
Black Plus and Vero Clear. Figure 5. Shows the
test bodies after production on the additive device
Objet Connex 350. Since in the first phase
different types of spreads or protective coatings
are being examined, it was decided to change the
dimensions of the test bodies from the ISO EN
1SO 527:2012 standard to 24x80x7 dimensions.

Fig. 5. Test bodies a) Digital ABS b) Vero Clear c)
Tango Black Plus
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3. EXAMINATION OF COATING
APPLICATION

The Nova Chem company provided us with
two temperature coatings based on metal
coatings. The first was based on zinc and
temperature resistant up to 400 °C (novasil zinc
400), while the second was based on aluminum
with temperature resistance up to 600 °C (novasil
al 600).

Figure 6. shows the coating applied to the test
body according to ISO EN 1SO 527:2012, made
of ABS material using FDM additive technology.
Before applying the coating, both test bodies
were coated with an acrylic coating for the
purpose of better adhesion of both coatings
(novasil zinc 400 and novasil al 600).
[

NovaslL,
Cink 400
200 gram?

Fig. 6. Application of a) novasil cink 400 i b) novasil
al 600

Figure 7. shows the absorption of Novasil zinc
400 (left side) which was not well absorbed into
the surface. Novasil al 600 was well absorbed
into the surface and the research was continued
with it.

Fig. 7. Absorption of Novasil cink 400 i Novasil al
600 coatings
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Another method of applying the metal coating
was vacuum metallization in the

KOOGLE workshop by vaporizing aluminum on
the test body, which is done for decorative
purposes (Figure 8.). Aluminum metallization
was performed on test bodies made on the
additive device Objet Connex 350, and the
material of the test body was Digital ABS.

At the top of test bodies one hole were made
for easier acceptance of the test bodies. Since the
polymer is metallized using aluminum for the
purpose of a decorative nature, after each
metallization process the application of a
colorless varnish is necessary.

Fig. 8. Aluminum metallization

In the company Tiplon d.0.0. copper
electroplating was carried out on all three test
body materials. The company has three
electroplating systems: CHEMCUT, ATOTECH
and LANTRONIC.

Since the scope of the company is the production
of printed electronic boards, all systems are
intended exclusively for this purpose. Figure 9
shows copper plating, i.e. electroplating of test
bodies made of a) Digital ABS b) Vero Clear c)
Tango Black Plus.

Fig. 9. Copper plating on a) Digital ABS b) Vero
Clear c) Tango Black Plus.
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The copper coating was not well absorbed into
the surface on any of the three test bodies. A
copper sheath was made. However it was not
sufficient to apply any other material using
electroplating. In order to achieve that, it was
decided to apply an electrically conductive
primer that is usually applied during electrostatic
painting in the automotive industry.

AD Plastik came to meet us and applied a
layer of electrically conductive primer to the
three test bodies. In the company Tiplon, the
copper layer was applied once again using
electroplating.

Figure 10 shows three test bodies. Two stages
of applying the copper coating were made: The
first stage was the installation of an electrically
conductive  primer for the electrostatic
application of paint. The second stage was the
application of copper. Figure 10. b) shows the test
body after it was directly connected to the
electrode.

Due to the need for high current,
electroplating did not occur. Figure 10. ¢) shows
the subsequent application of paste for electrical
conductivity, after which a labile copper layer
was obtained.

Fig. 10. Copper electroplating — electrically
conductive primer



Proceedings of the 10th International Scientific and Expert Conference TEAM 2022
September 21-22, 2022, Slavonski Brod, Croatia

4. RESULTS AND
ACHIEVEMENTS

After the research of the application of
different types of coatings on the test bodies was
conducted, the conclusion is that with FDM
technology and ABS material, Novasil al 600 has
better adhesion. (Table 1.)

Table 1. Results FDM.

Method of creating the FDM

test body

Type .Of test body ABS

material

Tvpe of coatin Novasil Novasil al
P g zinc 400 600

Results of adhesion Not well Well absorbed

absorbed

Table 2. shows the application of coatings
on test bodies made by the Polyet process. The
ABS tube that was aluminum metallized has the
best adhesion. Other coatings have very poor
adhesion.

electrolysis process, because it can cause the
polymer meltdown.

Making molds using additive technology lays
the foundation for the production of
individualized products that have high-quality
mechanical properties equal to those of molds
made of metal. Making polymer molds using
additive  technology is an economically
acceptable and significantly faster process. In
further research, the goal is to achieve good
adhesion of the surface and the copper coating,
which will enable the application of different
types of metal coatings.
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Table 2. Results Polyet. 20)
I\_I_a(“:in izrade ispitnog Polyet
tijela
Type of test body Digital . L Tango Black
material ABS Digital ABS Digital ABS Vero Clear PlUs
Copper
. Aluminum . electroplating — . .
Type of coating metallization Copper plating electrically Copper plating Copper plating
conductive primer
. Not well Not well Not well
Results of adhesion Well absorbed absorbed Not well absorbed absorbed absorbed

5. CONCLUSION

Research conducted on the application of
coatings on polymer products made with additive
technology laid the foundations for further
research development.

It is recognized that the adhesion of the
polymer surface has a significant influence on the
adhesion of the protective coating. Better surface
activation is needed. It is also necessary to pay
attention to the amount of energy that enters the
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Abstract

Maintaining stability in the knee joint is important because of the maintenance of body balance in the
space and walking. One of the areas that biomechanics deals with is the understanding of the
influence of forces on some changes occurring in joints, including in the knee. The topic of this paper
is the biomechanical of the knee joint and analysis of walking and how the analysis of walking can
help us prevent and detect injuries and irregularities in the knee joint. The biomechanical analysis of
the knee joint is described in the paper, which can further explain the knee movements while walking
and sports activities. The pedobarography procedure analysed walking parameters in static and
dynamic measurements on subjects with multiple foot deformations and Varus leg deformations. This

paper describes the

relationship between biomechanical

and walking analyses and their

interdependence. The measurement for work purposes was conducted at the Biomechanical
Laboratory at the Faculty of kinesiology in Zagreb.

Keywords: biomechanics, knee joint, gait analysis, pedobarography

1. INTRODUCTION

The knee joint is the most complex and
largest joint in the human body. Maintaining
stability in the knee joint is of great importance
because of the maintenance of body balance in
the space and walking. One of the areas that
biomechanics deals with is understanding the
influence of forces on changes occurring in
joints and knees. One of the main signs of knee
joint disorder is motion disorder.

Within the framework of this paper, there
was an analysis of walking in the laboratory at
the Institute of Biomechanical Engineering at
the Faculty of kinesiology in Zagreb using a
procedure called pedobarography. After the
analysis of the walk, it is analysed how the
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changes in the knee joint affected the test
results. Unlike the papers describing some
external influence affecting the walk and the
knee joint [2], this paper describes the internal
influences (deformations) that affect the walking
disorder. The mentioned problems and the aim
of the research imposed the title of the paper:
“Dynamic load of the knee joint and gait
analysis”.

2. KNEE BIOMECHANICS

The joint must ensure a strong link between
bone oocytes and this link should provide
maximum mobility. The main mechanical
properties of joints are therefore strength and
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mobility. The strength of the joint implies that
the joint has the capacity to resist the forces that
affect it during motion. On the anatomical side,
joint strength is maintained by stabilisers, and
the most important stabilisers are muscles [1].

The knee joint consists of an angular and
rotational joint and is one of the two axial
movable joints. We distinguish between two
rotation axes, both longitudinal and transverse.
The knee joint can be called a modified ball
joint because it can also perform mild internal
rotation in addition to flexion and extension. On
the transverse axis there is a flexion and
extension (spring) of the upper leg, and around
the longitudinal axis there is a rotation of the
upper leg (out and inside). In the end, one
should not forget the simplest “movement” in
which the knee participates, namely the
standing. When standing there is only the
gravity force G whose amount is equally
distributed on both knees, and its direction is
vertical.

Knee flexion is possible only up to 120 or
130 degrees, depending on joint mobility. If the
upper leg is affected by some external forces,
then the flexion is possible up to 160 degrees.

Extension of the knee joint is possible only
when the upper leg and upper leg make up an
angle of 180 degrees and is called zero position.
However, as with flexural behaviour, some
external influences (forces) may occur and
hyperarexenia occurs; knee position occurs
when it crosses the zero position in the positive
direction.

Apart from flexural and torsion, we
differentiate between the rotation of the knee
joint. Rotation cannot occur while the knee is in
zero position; however, when the knee joint is in
a semi-bent position, the upper leg is rotated
around the longitudinal axis in or out. The most
important form of knee rotation is the final knee
rotation; it is the knee protection mechanism for
passive and active joint extension [2].

Fig. 1. Knee movements [2]

3. GAIT ANALYSIS

Each individual has its own distinctive way
of walking, because the way of walking depends
on many individual factors such as: gender, age,
constitution, development, walking rhythm or
footwear selection. Walking is a movement
process in which the body moves forward, and
first it relies on one leg and then on the other.
The walk at each individual is different and you
will never see two persons walking the same
way.

3.1. Gait Cycle

The gait cycle is defined as the period
between two established fifth (two-step) contact
with the base of the same leg. The walking cycle
consists of two phases; the stance and swing
phase.

— The Gait Cycle

Stance Phase - 60% S‘iﬂnﬂ Phase - 40%

AN

Heel Strike  Fool Flat Mid " Push-off | Acceleration

stand

Fig. 2. The gait Cycle [3]
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The stance phase is a supporting phase where
the foot achieves contact with the base and
makes 60% of the walking cycle. The phase
consists of several substages: the fifth impact
phase, the flat foot phase, the middle footing
phase, the fifth lifting phase and the finger
lifting phase. The swing phase consists of three
substages:  upstream  (accelerating phase),
intermediate  and downward (deceleration
phase). Another important term for walking is
the length of step that we define as distance
during the step, measured from the initial
contact between one leg to the initial contact
between the other leg.

3.2. Pedobarography

Pedobarography or analysis of pressure
distribution is a biomechanical method that
provides a detailed insight into the anatomical
and functional structure of the foot while it
interacts with the base in dynamic or static
conditions. In addition to diagnosis of
conditions, pedobarography enables monitoring
and evaluation of medical treatment procedures
(selection of surgery, rehabilitation) [3].

We distinguish between two types of
pedobarography: static and dynamic. Static
studies the pressure field during static activities
(standing, body movement, but without feet
lifting). Dynamic pedobarography deals with the
study of pressure fields in dynamic activities
such as walking, running. The base forces
operating on the platform consist of one vertical
and two horizontal components, antero-posterior
and medio-lateral. The  antero-posterior
component acts in the direction of the foot, that
is, in the direction of the fifth-finger, and the
Medio-lateral transverse, perpendicular to it [4].

During walking along forces, moments appear
that move joints and muscles. Forces and
moments occur when contact with the base is
made and can be presented as one resultant force
and one resultant moment operating at the point
of the catch. This point is called the Centre of
pressure (COP) and its position is constantly
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changing, which will be seen later in the
analysis of the gait report.

3.2.1 Measurement procedure

The measurements were performed on a Zebris
platform with dimensions of 158 x 60.5 x 2.1
cm with 11264 sensors on it and a reading speed
of 100 Hz. Unlike platforms that operate on the
principles of force converters, zebris platforms
for pedobarography is used by sensors. The
platforms are rectangular in shape and can be of
different dimensions. The network of measuring
sensors is set up throughout the platform so that
pressure can be measured on the sensor at all
times because no one has the same walking
pattern.After the pressure measured, each sensor
analyses the data and provides an image of the
pressure distribution across the surface of the
foot in the gait report.

The measurement shall be performed so that
the examinee passes eight times by default 9.5 m
long track and turns 180 degrees after the run
and repeats this action 2 minutes. In the middle
of the trail there is a platform with sensors
through which the examinee passes as much as
possible by natural walk, normal speed.

Respondents can walk at different speeds, but
the most accurate results are obtained when
walking at normal speed, i.e. at natural speed at
which the respondent usually walks. If the
measurement failed or the results are invalid, the
test shall be repeated. The measurement in the
static shall be performed so that the examinee
stands on the platform for a few seconds until
the results are readable. Measurement may be
made on one or two legs depending on the need
of the test. The result of dynamic and static
measurements is a gait report that provides all
necessary data for further analysis. The method
is completely non-invasive and can be
implemented several times.
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Fig. 3. Preparation for measuring

4. ANALYSIS OF GAIT REPORT

As mentioned above, the gait report is a
product of walking measurements and it
provides all necessary data on the subject's feet,
and through walking and foot disorders it can
further analyse problems caused by feet in the
knee.

The dynamic gait report consists of a 3D graph
of pressure that affects the feet, the display of
pressure on each foot, walking parameters on
each foot that are analysed in detail (geometry,
phase and time), the analysis of the foot line and
the analysis of force and pressure that affect
each foot.

The static gait report consists of an analysis of
the pressure applied while the examinee stands,
a chart of forces per foot and the calculation of
the average force per foot, but also per foot
zones (front and back) [6].

4.4.1. Dynamic gait report

In this paper, the following parts of the walking
report will be described for static analysis;
showcase of foot pressure distribution and
parameters , COP analysis and analysis of three
foot zones.

At the beginning of the report, a 3D display of
pressure distribution for each foot is presented.
It is marked with colours so that we can easily
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and quickly recognize where the greatest is, and
where the least pressure is and in what intensity.
In the Zebris system, pressure can be measured
from 0 to 60 N/cm?. Smaller amounts of

pressure are shown in blue and green shades,
and by increasing its amount it reaches red
colour. Feet in the 2D representation are further
presented and we can see an overview of the
average amount of pressure during the test and
the maximum amount of pressure on the parts of
the feet that it achieves during the measurement.
On this example we can observe that the average
amount is within the limits of normal amounts
(in this part we cannot see exact amounts) and
that on the right foot there is greater pressure
than on the left and in the area of the fifth. The
maximum pressure representation gives us a
different view. It can be seen that the pressure is
increased on the fingers (red colour) on both
legs and on the heels (yellow colour).

Pressure plots

Stance, maximum

Stance, average

] & 12 18 24

30 36

Fig. 4. Pressure plots

The second part of the report contains walking
parameters. Walking parameters are divided into
three tables as shown in Figure 5. The tables
describe the walking geometry, walking phase in
percentages and time calculated based on
measurement time. All the data in the tables
were compared with the maximum amounts that
can be achieved and deviation was given along
with the amounts measured.

The walking geometry data table consists of
rotating the feet, the length of the steps and the
total length of the steps (the whole step from the
fifth hind leg to the thumb of the swing leg is
summed up) and the width of the foot measured
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at the moment the examinee stopped at the full
foot on the platform.

The rotation of the foot shows how much the
foot rotates when the foot is removed from the
base, the rotation angle can be negative and
means the foot rotates towards the inside, and
the positive angle means the foot rotates
outward. In the report, the maximum rotation of
the foot is 15 degrees and it is measured for each
foot, in the example for the left foot it was
measured in a negative amount of -0.1 degrees,
and for the right foot 11.3 + 1.2 degrees, which
shows that the examinee relied on the right foot
during measuring on the platform and that the
left foot goes more outward.

The second table refers to the walking stages
and how much each leg participates in a
particular phase. The table presents the footing
stage, first contact, intermediate phase (centre
part of the walk), before momentum,
swallowing and double-support phase and phasis
expressed as a percentage with permitted
deviation for each leg.

In the support phase it can be seen that the left
leg is more active than the right leg, but not for
too large an amount, so we can say that they
participate in the support equally. 62% was
observed for the left leg and 60.7 + 0.4% for the
right leg. The second part is the first contact of
the fingers with the background, there is a
slightly greater deviation between the results,
10.2% was recorded for the left leg, and 13% for
the right, and here it can be concluded that the
respondent relies on the left foot. In the middle
phase it stops with a full leg on the platform and
there is a very small difference here, so it can be
concluded that both sides participate equally in
it. The left leg was 38.9% and the right leg was
38%. In the near-momentum, 13% was recorded
for the left leg, and 10.3 + 0.1% for the right leg,
and here we have another confirmation that the
left leg respondents are stronger than the right
leg. The last component is the phase of double
backbone and it is not measured for each foot
but the total amount and, in this example, the
amount 23.1% of all walks.
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Step time, sec

Veloity, km/h

Fig. 5. Gait parameters

The following part of the report analysis
consists of an overview of the change in the
position of the pressure centre during walking
and a comparison between the left and right feet
forming the shape of a butterfly, which is also
referred to in the report as butterfly (Butterfly),
as shown in Figure 5 and a table of parameters
describing the change in the amount of the
pressure centre. Figure 5 in letter A indicates the
length of one line of change to the pressure
centre during walking (full foot phase), letter B
indicates the length of one line during the step
and letter C indicates the front/rear position
representing the distance from the line
connecting the heels of both footsteps to the
intermediate point where the COP line is cut. In
this example it can be seen that the length of the
pressure centre line during walking is more
uniform on the left foot than on the right foot.
This part of the report walks often when making
orthopaedic cartridges because it requires a
detailed analysis of each foot to determine the
width, length and thickness of the cartridge.

L 0355

R 053

Stride time, sec 1,08

Cadence, steps/min 11241
45+
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COP analiza The static walking analysis report consists of
two works; the first part is the graphical
representation of the feet, and the second is the
analytical representation of the amount and
parameters of the static measurement. In this

v example, the greatest amount of force is on the

/ fifth left foot. However, unlike the static

C

analysis, this representation has additional
components as shown in Figure 8.

Lijeva linfja Desna linfja In letter A, the lines of the pressure centre
(COP) are marked for the right and left, while in
letter B 95% of the measurement areas of the
pressure centre are marked. Each point of the
pressure centre has its coordinates which are
readable from the centre of the ellipse, and all
points together when they connect form a COP
line. Point B can mathematically be
characterized as an ellipse with 95% accuracy

Fig. 6. COP analysis of both feet

level.
The last part of this part of the report is the Statik
analysis of three foot zones (fifth, middle leg atika
and front leg), as the first part shows the whole B
foot and the distribution of pressure for the e
hole foot, the force and part by part of the foot -
w part by p A T

are shown here and the amounts of force in .

1
colours are presented separately for each foot. . ‘

On the example shown in fig .6., we can see that
the greatest force is on the front of the left foot 8-

(painted red) and on the fifth right foot. Each 0 2 4 6 8 1 ¥ 1 18 0Nm
foot zone also has the time of action of forces,

E,...t; denotes the time of action of maximum Fig. 8. Static pressure plots
force on the heel, E,.,t, the time of action of

maximum force on the front leg and (t; + t,)/t

denotes the time of force distribution between
two times.

The second part of the first part of the report are
tables containing all geometric and time
parameters relevant for this measurement. The
Three foot zone analyss time parameters given in the tables given in

o hd ikt Redx Rt Nibt e I Figure 9 are the time of procedure (analysis)
Practl (L2 Fmax2  Fmad (L2 Fmal measured in seconds and the average rate of
COP line formation measured in mm/s. The time

8§ §
¢ ' I 9 of analysis is the time needed by platform

sensors to perform measurement, the maximum
time for valid results is 19 seconds, and the
measurement for these data lasted 15.4 seconds.
Other parameters are geometric characteristics
that are important for the measurement of
pressure centre and defining geometrical

Fig. 7. Three foot zone analysis

4.4.2 Static gait report
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characteristics of the centre of measurement
areas (95% of ellipses). Geometric parameters
are: length of pressure centre, length of main
and secondary axis, angle between axis,
deviation in amounts of main and secondary axis
and surface of ellipse.

Parameters

Analysis time, sec 15,4
5% confidence elipse area, man? 135
(0P path length, mm 141 |
(0P average velocity, mmsec |

Parameters advanced
Lenqth of minor s, mm 0
Length of major asis, mm 13,1
Angle btw, ¥ and major i, deg ey
Deviation ¥, mm 10

——

Deviation ¥, mm 103

Fig . 9. Static gait report parameters

5. CONCLUSIONS

This paper presents basic knowledge of knee
biomechanics which serve as a tool in new
knowledge in walking analysis and generally in
detection of joint and muscle deformations in
man. The results obtained by measuring show
the feet and walk of the examinee with multiple
feet deformations, best seen in the COP analysis
and graphical presentation of the pressure
distribution on the feet where uneven results can
be seen, while on the other hand it can be seen
in the static report that the right leg is stronger
than the left. This study is easy to conduct and
has found its wider application in medicine and
kinesiotherapy in the last twenty years.
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Abstract

Predicting the geometry of welded joints, mechanical properties and welding process parameter
using scientific methods and mathematical models is an integral part of a comprehensive research in
welding practice. In this paper, besides the experiments of robotic metal inert gas welding of 1 mm
thick aluminium alloy (AIMg3) sheet, the method of artificial neural networks was used to predict the
weld geometry. In the application of neural networks, the approach with four different input data for
network structure was used: 1. nominal values of welding current, arc voltage and instantaneous arc
power; 2. measured values of above mentioned process parameters; 3. measured values with standard
deviation values and 4. root mean squared values of above mentioned measured parameters. The
selected models, based on the calculation of mean relative error, showed that the neural network
method can be applied with high reliability in predicting the geometric characteristics of welded joints
of selected material. Also, for practical reasons, it can be used nominal values for predicting weld
geometry, but application of measured data in combination with standard deviation or root mean

squared values gives significantly more accurate results of weld geometry prediction.

Keywords: weld geometry prediction, artificial neural networks, robotic GMAW process, aluminium alloys

1. INTRODUCTION

The application of scientific methods for
predicting the observed characteristics of welds
today is an unavoidable tool in studying the
effects of welding processes, whether it is the
study of process parameters, mechanical and
other weld properties or weld geometry.

There are different scientific approaches in
structuring and optimizing weld geometry
prediction models and accepting the achieved
outputs. The majority of methods acceptable in
practical applications of neural network
modelling use different network structures
(number of layers, number of neurons, inputs
and outputs), different algorithms, network
parameters and acceptance criteria of output
results. Training, validation and testing
procedures are performed for a particular model,
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according to the selected proportion of the
available data set.

Numerous statistical methods already exist
for the evaluation of models, also applicable for
neural networks, based on the application of one
of the criteria - minimum error (RMSE, MAE,
MAPE, MRE, etc.) or maximum Pearson
correlation coefficient (R), efficiency factor
(EF) [1]. However, beside the selected optimal
model with the best result according to the
selected criterion, there are a number of other
models that are almost as good as the selected
optimal model and can be applied in practice.

The Artificial neural network (ANN) is an
interconnected assembly of simple processing
elements, units or nodes, whose functionality is
based on the biological neuron [2]. The
processing ability of the network is stored in the
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interunit connection strengths, or weights,
obtained by a process of adaptation to, or
learning from, a set of training patterns.

Among all types of neural networks, the
application of which depends on the individual
problem, neural networks can be divided into
two basic classes: feedforward networks (which
implement nonlinear functions of their inputs)
and recurrent (or feedback) networks (which are
governed by nonlinear discrete-time recurrent
equations) [3].

Feedforward networks are very often applied
in technical practice, which can be considered as
a fundamental structure for the development of
network models. The backpropagation algorithm
is the most commonly used algorithm in
modelling of feedforward multilayer neural
networks. The algorithm calculates the
minimum error function in the weight range
using the method of the steepest gradient of
error. The obtained combination of weight
coefficients that minimizes the error function is
considered as a solution to the problem of
learning (training) [4].

There are two basic backpropagation
algorithms — conjugate gradient (CGBP) and
Levenberg-Marquardt algorithm (LMBP) [5].
The Levenberg-Marquardt algorithm is a
variation of Newton’s method that was designed
for minimizing functions that are sums of
squares of other nonlinear functions, i.e., it is a
method tailored for functions of the type sum of
squared error. This is very well suited to neural
network training where the performance index is
the mean squared error. That makes it to be very
fast when training neural networks measured on
that kind of errors. When determining the
topology of a neural network using the selected
algorithm, it is important to select the optimal
number of neurons in hidden layers (nn). The
number of neurons in hidden layers is most
often optimized by choosing the weight
coefficients at which the smallest error function
is obtained.

In the article [6], an overview of methods for
determining the number of neurons in the hidden
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layer of the Elman neural network is given, and
an analysis of different approaches to existing
methods for calculating the number of neurons
in hidden layer, based on minimum mean
squared error. The authors performed a
statistical analysis of 101 different criteria for
selecting the number of hidden neurons by
calculating the statistical errors of MSE, MRE
and MAE. The selected criterion for the number
of hidden neurons, (nh=(4n*+3)/(n>-8), n-
number of inputs), had lower error values
compared to others. The number of neurons in
hidden layer has also been studied, as one of the
most important questions in defining artificial
neural networks in general [7]. In this research,
a special algorithm was developed, based on
algorithm with the curve fitter module, from
which the optimum number of nodes is
predicted. Its accuracy and repeatability are
tested by comparing its output over 10 runs to
the actual data from a full scan. The average
training error over 30 networks for each
topology between 1 and 256 hidden nodes,
overlaid on one such fitter output. The root
mean square error (RMSE) between the fitter
output and the actual data as well as the
correlation coefficient between the two is
counted. There is a remarkably good correlation
between the fitter and actual data.

Until recently, scientific researches were not
significantly directed to the application of
artificial neural networks with aluminium alloys,
especially when it comes to thin sheets.
Therefore, in the following description, an
overview of the application of ANN on
aluminium alloys, which is interesting for this
research, is given.

A comprehensive approach and comparison
of two models of neural networks with
feedforward backpropagation neural network
(FFBPNN), Elman backpropagation neural
network (EBPNN), and the response surface
method (RSM) based design of experiments,
were performed by authors in [8]. Using TIG
process, welding experiments were performed
on aluminium alloy 5083, 5 mm thick. 5, 10, 15,
20 and 25 neurons were used in hidden layer.
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The learning algorithms applied were ‘trainlm’
and ‘traingdm’. The transfer function ‘tansig’
applied for FFBPNN and ‘logsig’ and ‘purelin’
applied for EBPNN. The results showed high
accuracy, and the FFBPNN model had the
smallest error.

The development of neural network model
for weld geometry prediction was also carried
out in article [9]. The base material was 2 mm
thick aluminium alloy 6061 and the applied
welding process was CMT. Two hidden layers
with different numbers of neurons were used
and the transfer function was ‘logsig’ (inputs
and outputs are normalized to range [0, 1]). The
selection criteria were the correlation coefficient
(R) and the mean relative error, which indicated
high prediction accuracy.

Aluminium alloy 6063, 3 mm thick, was
used in TIG welding experiments [10]. Average
absolute error and standard deviation were used
as prediction quality criteria for selecting of
ANN model. Modelling was performed on data
set with and without normalization. The results
with normalization were better.

The criteria of Pearson's coefficient of
correlation (R) and mean relative error (MRE)
were used for selecting the ANN model, applied
for prediction of mechanical properties of welds,
obtained using of GMAW process for welding
7075 aluminium alloy plate with thickness of 5
mm [11]. ANN models with two hidden layers
were developed. According to the obtained
results, it is observed that, predicted values
obtained by ANN model and the experimental
values are in excellent agreement.

Based on available literature, applied neural
network models in prediction of weld geometry,
and in order to developing models based on four
data sets each separately applied on input layer,
neural network modelling was performed in this
research, with data obtained using MIG welding
process on aluminium alloy 5754.  This
approach was used for selecting the optimal
neural network model using the calculation of
the minimum estimation error for whole data
set, in this case the mean relative error (MRE).
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This approach is described in detail in the next
chapter.

2. METHODS AND MATERIALS
USED FOR RESEARCH

2.1. Experimental work

The aim of this research was to perform
welding experiments on selected aluminium
alloy using selected process parameters, to
measure welding current and arc voltage signals,
calculate standard deviation and RMS values
and to use four different sets of input parameters
for developing optimal model for prediction
weld geometry applying artificial neural
networks. The experiments were performed
through two phases: pre-experiments and main
experiments. The limit values of main welding
parameters were investigated through pre-
experiments based on factorial plan of
experiments — applying three factors (welding
current, arc voltage and welding speed) on three
levels. During these experiments it was found
that the process is very sensitive regard to
selected material thickness of 1 mm. Therefore,
further experiments were carried out by trial and
error method based on previous knowledge and
experience.

The experiments were performed in the
Welding Laboratory of the Department of
Mechanical Technology, FESB, University of
Split, by using a robotized system for GMAW
welding. A detailed description of MIG welding
process, experimental procedure and research is
presented in the master's thesis [12].

The equipment used for MIG welding as
follows, Figure 1:

- robotic  manipulator, KUKA ROBOTER

GMBH, type KR 16,

- device for GMAW welding, MERKLE, type
HighPULSE 450 RS,

- wire feeder, MERKLE ROB DV 31,

The base material was aluminium alloy sheet
AIMg3 (EN AW 5754) 1 mm thick, plates of
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dimensions 300x100x1mm. The surface of the
base metal plate was prepared mechanically
with a brush made of SS steel and chemically
with alcohol. Additional material for GMAW
welding was AIMg5 wire (according to DIN
1732: SG-AIMg5 and AWS A5.10, ER 5356),
diameter ®1.2 mm. As a shielding gas, argon
4.8 Special (02 2.9 vpm, H20 2.9 vpm) used.

Fig. 1 Robotic welding cell in welding laboratory

In order to achieve the objectives of this
research, 39 experiments in the short-circuit
mode were performed. The experiments were
performed using the pushing technique (angle =
15°), and the working angle of the gun was 0 °.

The selected welding parameters were:
welding current in the range from 40 A to 88 A,
arc voltage in the range from 12 V to 17.9 V,
with constant contact tip to work distance
(CTWD) of 23 mm. Welding speed was
adjusted for three values: 0.85; 1.1 and 2
m/min.

2.2. Development of models for weld
geometry prediction using ANN

The application of methods for prediction the
observed welding characteristics are regularly
used in study of process parameters, mechanical
and other weld properties or weld geometry.
This chapter presents the procedure of
developing a model for prediction the weld
geometry using artificial neural networks. For
neural network modelling, 39 experiments
performed in short - circuit mode. Most
researchers used nominal current and voltage
values to determine the optimal model, while
some used measured values. It has been shown
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that the measured values of process parameters
achieve more accurate prediction results. For
example, the measured parameter values were
used in article [13], i.e., mean value of current
and root mean squared values of current (RMS).
It was concluded that both forms of current
representation (mean and RMS values) must be
used if a more precise model of bead geometry
is required, at least for GTAW process with no
material feeding. Also, taking into account
electric arc power in welding process, applying
different methods of calculating, the differences
in values can reach up to 30 % [14]. The group
of authors measured and then applied calculated
mean and RMS values of current and voltage in
modelling weld strength using multiple
quadratic regression and ANN and the obtained
results are very precise [15].

In this research, six process parameters were
used for the input layer of the neural network:
Imean - mean welding current, Umean - mean
welding voltage, Pmean - mMean instantaneous
electric arc power, ws - welding speed, Kind -
inductance correction, and WJ-W factor (1 or 0
depending whether it is a welded joint or a
weld). CTWD in the short-circuit process was
kept constant. In output layer, the weld
geometry was used - face width, face height,
root width, root height and penetration per weld
length.

The mean values of current and voltage, the
mean instantaneous arc power and statistical
features were calculated using the processed
signal segments, according to the following
expressions:

1
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Umean=£2” U; 2

R 2= @)
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| 1 n .
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where are: Imean — mean welding current,
Umean — mMean arc voltage, Pmean — mean
instantaneous arc power, standard
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The measured welding parameters and weld
geometry defined in this way are shown in paper
[12]. By comparing the selected and measured
values of welding process parameters using
correlation coefficients and corresponding mean
deviations, information was obtained on how the
actual values of welding process parameters
coincide with the selected ones, which is
explained in Chapter 3.

According to the above mentioned articles, and
for the purpose of this research, four options
were used in the procedure of selecting the
optimal model. First option, nominal values of
welding current and arc voltage from welding
source were used in input layer of neural
network. Second option, average measured
values of welding current and arc voltage were
used in input layer of neural network structure.
Third option, standard deviation values of
welding current, arc voltage and mean
instantaneous arc power are added to input layer
of the second option. In fourth option, RMS
values of welding current, arc voltage and mean
instantaneous arc power are added to input
layer.

The modelling approach to this problem was
changing the number of neurons in one hidden
layer from 1 to 35, during which training was
performed for each number of neurons with 178
repetitions to reduce the stochasticity of model
selection, that is, to choose the structure of
neural network containing the number of
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neurons with the least mean relative error of
overall data set. As a transfer function between
the layers, the function "tansig" (tangent
hyperbolic) was applied, since the normalized
input and output data are used in algorithm (data
are normalized to be within the range [-1, 1]).

The neural network parameters were selected as
follows:

- ratio "training: validation: testing" = 70: 15:
15,

- network type:
network),

- transfer function: tansig (tangent hyperbolic),

- learning algorithm: trainlm (Levenberg-
Marquardt),

- net.trainParam.epochs:
number of epochs to train,

- net.trainParam.goal: 1e-8, performance goal,

newff (feedforward neural

1000, maximum

- net.trainParam.mu_max: 1e+10, maximum
value for mu,
- mu_step:  0.001, Marquardt adjustment
parameter,

- net.trainParam.mu_dec: 0.9, decrease factor
for mu,

- net.trainParam.mu_inc: 5, increase factor for
mu,

- net.trainParam.min_grad:
performance gradient

- net.trainParam.max_fail: 50.

1le-10, minimum

In order to determine the maximum number of
iterations, training with 1000, 2000 and 10000
iterations was performed. Because training with
2000 and 10000 iterations did not improve the
results, the maximum number of iterations was
limited to 1000. In order to avoid the possibility
of overtraining of the selected model from the
point of view of network parameters
(overfitting), the method of 'early stopping' was
used. The method is based on the validation
being performed during model training, in such
a way that the training stops when the validation
error increases by the set number of iterations,
i.e. 50 iterations (net.trainParam.max_fail=50).
The weight coefficients at which the smallest
validation error was achieved are taken into
account. After training, the normalized data is
converted back to the real value range. Selection
criterion was the minimum mean relative error
(MRE).
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3. RESULTS AND DISCUSSION

In accordance with the selected parameters,
robotized GMAW welding of aluminium sheets
were performed in short-circuit mode. An
example of a welded joint obtained by MIG
welding in short-circuit mode is shown on
Figure 2.

AR L

SRR C R N S S U ¥

ARIVAY & IV LEB0E «

Tanivs « OLVIE LEBOS

Fig. 2. Example of a welded joint by MIG welding in
short - circuit mode, experiment 5

The measured arc voltage and welding current
signals are stored in a computer with the help of
MATLAB. Due to the existence of noise, the
input signals were first filtered using the
"wavelet" scaling function "db5-level 7"
(Daubechy wavelet 5 with 7 coefficients) from
the MATLAB software package. Filtering was
performed on the “stationary" part of the signal
in such a way that the initial and final part of the
signal for approx. 0.5 seconds did not consider.
The relation of selected and measured main
parameters of the short-circuit process are
graphically displayed on Figures 3. to 5. The
data are shown together for three welding speeds
(0.85; 1.1 and 2 m/min). The dependence is
approximated by appropriate curve, linearly for
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welding current and arc power, and the second
order polynomial is selected for the welding
voltage. The deviation of welding parameters,
when the stability of welding process is
achieved, depends primarily on internal
regulation of process defined by manufacturer of
welding device. If the process is unstable, it
certainly affects both, arc voltage and welding
current. The mean deviation of measured from
selected welding current is 8.5 A, i.e. 13.1 %,
and values of mean measured current are higher
than the selected ones, Figure 3.
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Fig. 3. Dependence of mean measured and nominal
welding current in short-circuit GMAW of AIMg3
(welding speed, ws=0.85; 1.1 and 2 m/min)

The mean deviation measured from the selected
arc voltage is 1.2 V (7.9 %). The values of
measured mean arc voltage are higher than the
values of selected arc voltage up to amount of
145 V, after which the values of measured
mean arc voltage are lower, Figure 4.
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Fig. 4. Dependence of mean measured and nominal
arc voltage in short-circuit GMAW of AIMg3
(welding speed, ws = 0.85; 1.1 and 2 m/min)
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The deviation of mean instantaneous arc power
from the selected one is 120.3 W (11.3%),
Figure 5.
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Fig. 5. Dependence of mean instantaneous and
nominal arc power in short-circuit GMAW of AIMg3
(welding speed, ws=0.85; 1.1 and 2 m/min)

The presentation of the results obtained by
neural network method is described as follows.

Analyzing the achieved results and the optimal
models with the lowest MRE, it is noticed that if
4 or 5 features at the output are considered,
better results are obtained with the nominal
process parameters in the input layer. If
individual weld geometry features are observed
at the output, then significantly better results are
obtained compared to 4 or 5 outputs. Within the
results of predicting one weld geometry feature,
for such defined network parameters it is not
recommended to use nominal data in input layer
because the measured values in combination
with the standard deviation values or root mean
squared values give better results. Analyzing the
achieved results and the optimal models with the
lowest MRE, it is noticed that if 4 or 5 features
at the output are considered, better results are
obtained with the nominal process parameters in
the input layer. If individual weld geometry
features are observed at the output, then

After finishing the learning process, the selected ~ significantly better results are obtained

optimal weld geometry models by using ANN compared to 4 or 5 outputs.

with four different input data sets are shown in

Table 1.

Table 1. Selected models for different input data sets

Number of Number/type of MRE MREgs  Number of
R neurons in

outputs inputs % % hidden layer

5 (FW,FH,RW,RH,PEN)  6/nominal data 3,835 0,896 12,728 30

4 (FW,FH,RW,RH) 6/nominal data 4,52 0,944 15,187 28

1 (FwW) 9/measured+std 1,892 0,966 6,645 19

1 (FH) 6/measured data 4,331 0,936 18,218 18

1 (RW) 9/measured+std 1,709 0,985 6,007 35

1 (RH) 6/rms data 3,584 0,966 10,717 18

1 (PEN) 6/rms data 0,00024 0,999 0,0005 2

FW- face width, FH-face height, RW-root width, RH-root height, PEN-penetration per weld length

Within the results of predicting one weld
geometry feature, for such defined network
parameters it is not recommended to use
nominal data in input layer because the
measured values in combination with the
standard deviation values or root mean squared
values give better results. Figures 6. to 10. show
the results of predicting weld geometry
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according to the applied minimum MRE
criterion.
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Fig. 7. Face height (mm), experiment vs. prediction
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Fig. 10. Penetration per weld length (%), experiment
vs. prediction

If MRE of all results are analyzed, it is obvious
that the relative error values are significantly
lower for models with one weld geometry
features compared to models with 4 and 5 output
neurons. But, if magnitudes of MRE are
observed, it is concluded that models with 4 or 5
output neurons can be successfully used in
practical applications for selected alloy and
welding process.

4. CONCLUSIONS

Based on data presented and analysed in this
work, it is concluded that welding current, arc
voltage and consequently arc power have crucial
influence on welding process and weld
geometry. The application of nominal values of
welding parameters plays a significant role in
defining quality welds, but the real effect of
measured parameters, which depends on process
control by the manufacturer, affects process
stability, heat input and thus the weld geometry.
It is especially important to use real, measured
values of welding current and arc voltage in
modelling and prediction the weld geometry.
Deviations of the mean values of welding
current compared to nominal values were shown
to be up to 13.1 %, the arc voltage up to 7.9 %
and the instantaneous arc power up to 11.3 %.
The developed models of neural networks have
shown more precise results from point of view
of MRE when the measured values, standard
deviation or root mean squared values are taken
into account in relation to the nominal values.
This is especially true for the application of 1
hidden layer, where the selected models for one
weld geometry feature in the output layer of
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ANN structure have MRE values ranging from
0,0025 % (penetration per weld length) to 4,33
% (face height).

Appropriate selection of input data type can
significantly affect to desired effects of welding
process. The recommendation for further
research is the application of multiple selection
criteria for ANN model development with
measured welding parameters, to avoid possible
occurrence of outliers.
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Abstract

The paper presents the manufacture and heat treatment of a stamp for marking metal products. This
hand tool should be wear-resistant and dimensionally stable, so it is made of high-alloy tool steel for
cold working X210Cr12. Production and heat treatment by hardening and tempering were carried out
in the production facilities of the company Sigmat d.o.0. Based on the results of hardness tests and
tool function tests, a technological process for the production of a stamp was defined and technical
and technological documentation was prepared for the needs of the company.

Keywords: tool steel, stamp, heat treatment, hardening, tempering.

1. INTRODUCTION

A tool is any means by which a person
facilitates or enables the performance of a
desired action, either directly by the power of
the hand or indirectly by the power of the
machine. [1]

Most hand and machine tools are made from
tool steels that are used in a heat treated
condition.

Heat treatment of tool steels is more
demanding compared to other steels due to
higher carbon content, lower thermal
conductivity of tool steels and higher
austenitizing temperatures. [2]

Based on the theoretical knowledge of
materials for the manufacture of tools and
available recommendations from manufacturers
and users, a material must be selected for the
manufacture of a particular tool that has the

119

required properties after heat treatment and a
suitable microstructure.

Accordingly, the high-alloy cold-work tool
steel X210Cr12 was selected for the
manufacture of a stamp for embossing markings
on metal products.

2. REQUIREMENTS ON
PROPERTIES OF TOOL
MATERIALS

Tool materials must meet basic, special, and
manufacturing requirements. [1, 3]

The basic requirements for tool material
properties are wear resistance (abrasion,
adhesion, surface fatigue, tribocorrosion) and
toughness (high value of impact energy).

Special requirements are temper resistance,
hardenability, dimensional stability during
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hardening and use,
corrosion resistance, etc.

austenite grain size,

Production requirements are purchase price,
availability, machinability by separation of
particles, resistance to decarburization, etc.

Each type of tool has a specific combination
of requirements for the properties of the tool
material.

The requirements for the properties of tool
steel for the production of a stamp for marking
metal products are: wear resistance, toughness,
hardenability, temper resistance, dimensional
stability and purchase price.

The wear resistance of tool steels depends on
their microstructure, which is achieved by
suitable chemical composition and heat
treatment. The tool steel should have a hard iron
matrix with martensitic structure, additionally
reinforced with high quality carbides. The steel
X210Cr12 has a very high wear resistance due
to the high content of chromium carbides in the
microstructure.

X210Cr12 steel does not have
toughness due to its high carbide content.

high

The hardenability of steel depends on the
amount of carbon dissolved in the austenite at
the  austenitizing  temperature.  Through
hardenability depends on the proportions of
carbon and alloying elements. X210Cr12 steel
has  high  hardenability = and  through
hardenability.

X210Cr12 steel has satisfactory temper
resistance, i.e., a small decrease in hardness with
an increase in working temperature.

X210Cr12 steel belongs to the group of
steels with minimal deformation during and
after heat treatment and is used in cases where
dimensional stability is very important. [2]

The price of high-alloy tool steels depends
on the production method. Steels produced by
powder metallurgy have better quality and are
more expensive than steels produced by
conventional methods. Among tool steels,
X210Cr12 steel has an average price.
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3. TOOL STEELS

Tool steels are carbon steels with carbon
content of 0.6...2.06 % or alloy steels with
chromium (Cr), tungsten (W), vanadium (V),
molybdenum (Mo), cobalt (Co) and other
alloying elements and they are intended for the
production of various tools. [4]

Considering the chemical composition and
intended use, tool steels are divided into:

- unalloyed, low-alloyed and high-alloyed
tool steels for cold working

- low-alloyed and high-alloyed tool steels for
hot working

- high-alloyed high-speed steels. [4]

X210Cr12 steel belongs to the group of high-
alloyed tool steels for cold working. The main
alloying element of these steels is chromium
(> 5%Cr), and vanadium, molybdenum and/or
tungsten are also added. Chromium alloying
leads to the formation of carbides (Fe,Cr)sC,
Cr7Cs or CrasCs, increases wear resistance and
corrosion resistance, and also increases the
austenitizing temperature.

These steels can be divided into the
following groups:

a) steels with about 5%Cr, such as
X100CrMoV5-1

b) high-carbon  ledeburitic  steels  with

12 %Cr, such as X210Crl12, X210Crw12,
X165CrMoV12, X155CrVMol2-1

¢) martensitic  stainless steels, such as
X20Cr13, X42Cr13, X45CrMoV 15, etc. [3]

4. HEAT TREATMENT OF TOOL
STEELS

Tool steels are heat treated by the following
processes: annealing (stress relief annealing, soft
annealing, normalising), hardening, tempering,
surface hardening processes, thermochemical
processes, and surface coating processes.

The embossing marking stamp is heat treated
by hardening and tempering.
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Hardening of steel is a heat treatment
consisting of heating to the austenitizing
temperature, holding at the austenitizing
temperature for the purpose of dissolving carbon
and alloying elements in the austenite, and
guenching.

Figure 1. shows the pseudo-binary Fe-Fe;C
diagram for the steel X210Crl2. For this
hypoeutectic ledeburitic steel, the austenitizing
temperature is determined according to the
"0.6 %C criterion”, i.e. the steel is heated to the
austenitizing temperature at which at least
0.5...0.6 %C is dissolved in the austenite. The
content of carbon and alloying elements in the
martensite is equal to that in the austenite, and
the hardness after hardening depends on the
carbon content in the martensite.
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Figure 1. Determination of austenitizing temperature
in pseudo-binary diagram of steel X210Cr12 [5]

The thermal conductivity of alloy tool steels
is low, so they should be heated carefully to
avoid large temperature differences between the

hotter surface and the colder core. Heating
should be done slowly or with adequate
preheating.

The duration of heating to a given
temperature is determined by various analytical
(Newton, Smoljnikov, Ordinanz) and numerical
methods (finite element method, control volume
method, finite difference method).

The best recommendations for preheating
and austenitizing temperatures and the duration
of heating and holding at these temperatures are
given by steel manufacturers.

After hardening, the steel structure consists
of martensite, retained austenite, and carbides.

Tempering is the heating of hardened steel to
a temperature below the eutectoid temperature
to increase the toughness of the martensite,
reduce residual stresses in the martensite, and
achieve dimensional stability. For high-alloy
tool steels, high-temperature tempering converts
the retained austenite into tempering carbides
and secondary martensite.

The purpose of tempering is to achieve an
optimum combination of mechanical properties
for specific operating conditions of a product.

5. STAMP PRODUCTION AND
HEAT TREATMENT

Within the production program of the
company Sigmat d.o.o., stamps for marking
metal products with rectangular and round
marks are produced (Figures 2. and 3.).

e 4\ s

elels

Figure 2. Drawing of a stamp with a rectangular mark
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Figure 3. Drawing of a stamp with a round mark

The stamp has a round cross-section, smaller
dimensions and a 0.5 mm deep engraving of an
alphanumeric character on one side. On the
stamp engraving sharp transitions are slightly
rounded on a numerical milling machine, so that
they do not affect the functionality of the tool
and do not become places of high stress during
heat treatment.

The markings on the stamps are
alphanumeric, depending on the customer's
requirements. These stamps are most often used
in welding operations, where the marking
ensures the traceability of information about the
welders, which is especially important in
responsible construction.

The high-alloy tool steel X210Cr12, which
was developed in America around 1915 with the
aim of replacing high-speed steel, was chosen
for the manufacture of the stamp. Due to poor
tempering resistance, this replacement for high-
speed steels was not successful, but it was
observed that the wear resistance during cold
working was very high and there was very little
dimensional change. For this reason, this steel is
now widely used for cold working.

X210Cr12 steel is used for the production of
the following tools: highly stressed cutting and
punching tools, knives and shears for thin paper
and plastics, cold forming and stamping tools,
deep drawing tools, wire drawing tools, thread
rolling dies, drawing pins, extrusion tools,
milling slots, slitting tools, etc. [1, 3, 6]

The material for the production of the stamp
was purchased from the SIJ Metal Ravne
ironworks from Ravna na KoroSkem, Slovenia,
and according to the submitted certificate A18-
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20424 and the standard EN 10204/3.1 it has the

following chemical composition: 2.04 %C;
0.18 %Si; 0.26 %Mn; 0.022 %P; 0.008 %S;
11.24 %Cr.

The stages of stamp production and heat
treatment are as follows:

- turning on a universal lathe
- milling of the taper on one side of the stamp

-engraving of the stamp on the program
milling machine

- heat treatment by hardening and tempering
in an electric furnace

- hardness test and functional test of the
stamp engraving.

The machined stamps with rectangular marks
are shown in Figure 4.

Figure 4. Stamps with rectangular marks after
machining

For the experimental part of this work,
stamps with round markings were used. Four
stamps were made, on which the markings
KCO01, KC02, KS01 and KS02 were engraved.
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Preheating and austenitizing of the stamps
were performed in the electric furnace VPH125.
After austenitizing, the stamps were quenched in
oil. Immediately after quenching, the stamps
were tempered. The heat treatment was carried
out according to the recommendations in the
literature and from the steel manufacturers.

In order to control the obtained results, the
hardness of the punches was tested after the heat
treatment of hardening and tempering.

5.1. Hardening process

For austenitizing workpieces, the following
information is required: the austenitizing
temperature, the method of heating to the

austenitizing temperature, the time (duration) of
austenitizing, and the agent (medium) and
device in which the austenitizing is performed.

The steel selected for the production of the
stamp X210Cr12 belongs to the group of high-
alloy hypoeutectic ledeburitic steels with
12 %Cr, which should be heated to an
austenitizing temperature of ~1000 °C according
to the "0.6 %C criterion”.

Figure 5. shows the heat treatment diagram
of theX210Cr12 steel as recommended by the
tool steel manufacturer Dorrenberg Edelstahl
GmbH from Germany.
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Figure 5. Heat treatment diagram of X210Cr12 steel [6]

This  manufacturer  recommends  the
hardening process as follows:

- |. preheating at a temperature of 650 °C
- II. preheating at a temperature of 850 °C
- austenitizing at a temperature of 980 °C.

When the temperatures of the first and
second preheating are reached during heating, it
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is necessary to hold the samples at these
temperatures in order to equalize the
temperature of the core and the surface, and at a
temperature of 980 °C also because of the
austenitizing process.

The tool steel manufacturer recommends a
holding time of 0.5 min/mm of the characteristic
specimen dimension.
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The diameter of the stamp is 13.5 mm, from
which it follows that the holding time is:

t=0.5x%13.5=6.75min

The defined holding time at the reached
temperatures is t=10min for all three
temperatures.

Newton's analytical method was chosen to
calculate the duration of heating to the defined
temperatures.

On the cross-section of the metal workpiece,
the equality of surface and core temperatures
cannot be achieved immediately during heating.
If the temperature difference is negligible, such
an object is considered "thermodynamically
thin", which means that the object is heated and
reheated simultaneously. Otherwise, the object
is considered "thermodynamically massive".

The thinness and massiveness of the object
depend not only on the dimensions of the object,
but also on its physical properties, which is
expressed by Biot's characteristic. Biot's
characteristic is calculated by the following
formula [5]:

where is;
Bi - Biot's characteristic

o - convection  heat  transfer

W/(m?K)

coefficient,

X - characteristic heat length, m
A - thermal conductivity coefficient, W/(mK).

If the Bibt characteristic is Bi<0.25, the
workpiece is considered "thermodynamically
thin", and if Bi>0.25 the workpiece is
considered "thermodynamically massive".

Stamps are stacked side by side in an electric
furnace, so this type of stacking can be
considered as round bars stacked side by side.

When a round bar of diameter D and length |
is placed in the furnace and comes into contact
with other round bars, it is heated on both sides,
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so that the thermal length X is calculated
according to the formula:

X

D 2
- @
where is:

X - characteristic heat length, m

D - diameter of the bar, m. [5]

The convective heat transfer coefficient a
depends on the steel grade, temperature, and
heating method.

The thermal conductivity coefficient 1
depends on the steel grade and temperature.

The duration of heating the workpieces in the
furnace is calculated according to Newton's
formula:

v v —19;
pc E?’l ( fur I.TI ) (3)
aA 'sfur_ﬁfln

theat =

where is:

theat - heating time to in, S

V - volume of the workpiece, m?

A - surface area of the workpiece, m?

p - density of the material of the workpiece,
kg/m?

¢ - specific heat capacity of the material, J/(kgK)

r - temperature  of the furnace near the

workpiece, °C
Sin - Initial temperature, °C
S1in - final temperature, °C. [5]

The specific heat capacity of a material
depends on the steel grade and temperature.

The volume and surface area of the
workpiece are calculated based on the
dimensions of the stamp.

V =1.39x10° m?
A =4.1x10° m?
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The data used to calculate the heating time
[5], as well as the calculated and defined

(indicated in brackets) values of the heating time
in minutes are listed in Table 1.

Table 1. Used and calculated values according to Newton's method

Temperature range, «, 2y Bi c, theat,
°C W/(m?2K) W/(mK) J/(kgK) min
20-650 100 29 0,007 501 13.3(15)
650-850 173 26 0,013 633 7.8 (8)
850-980 232 27 0,017 636 5.3 (6)

Heating to the austenitizing temperature was
carried out in a VPH125 electric furnace. Butane
gas was used for the protective atmosphere.

The execution of the heat treatment process
in this furnace can be manual or programmed.
The process of heat treatment of the stamp was
controlled by software.

PSP

P3Pl PSP2

PSPOD

The program requires the input of parameters
such as temperatures and duration (time) of
heating. After the heat treatment is completed, a
diagram is printed, i.e. a record of the performed
heat treatment. Figure 6. shows a diagram for
entering the program data for temperature and
heating duration.

P5PS

W

Pt

Figure 6. Diagram for entering the program data for temperature and heating duration

The parameters of the individual phases of
the heat treatment process are entered on the
control panel of the furnace, and on the basis of
them a program is created, according to which
the heat treatment is carried out in a particular
case. The furnace has the possibility to enter
data for nine segments. After the last segment
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entered, you must enter the values 0 (zero) until
the end of the program. If nine segments are not
enough for programming, there is a possibility
to connect programs. The data for programming
the electric furnace for heat treatment of the
stamp are given in Table 2.
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Table 2. Data for programming the electric furnace for heat treatment of the stamp

PSPo =20 °C
Pt; = 15 min Pt> = 10 min Pt3 =8 min Pts =10 min Pts =6 min Pts =10 min
PSP, =650 °C PSP, =650 °C | PSP3=2850 °C PSP, =850 °C PSP5 =980 °C PSP¢ =980 °C
Ptz =0 min Ptg =0 min Ptg =0 min
PSP7;=0°C PSPg=0°C PSPy=0°C

Quenching was performed in FAMKAL 22 The diagram in Figure 7. shows the

oil by vertical immersion of the stamp and
circular movements in the oil.

5.2. Tempering

After hardening, tempering was performed
in a welding electrode furnace type PS 200/400,
which is a product of Sigmat.

dependence of the hardness of the X210Crl2
steel on the tempering temperature, measured
after cooling. To achieve the required hardness
of the stamp of 56..60 HRC, a tempering
temperature of 300 °C and a tempering time of
two hours were specified.
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Figure 7. Diagram of hardness after tempering for the steel X210Cr12 [6]

5.3. Hardness test

The hardness test of the stamps before and
after heat treatment was performed with a
hardness tester model 200HBRY-187.5D, also
in the Sigmat company. This hardness tester can
be used to test Brinell, Rockwell and Vickers
hardness. The measured hardness is read directly
on the scale of the instrument.
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The hardness was measured on the front
side of the stamp on the side opposite to the
engraving. The hardness was measured after
machining, after hardening and after tempering.
The measured values are shown in Table 3.

The hardness values of all four specimens
after heat treatment are in accordance with the
requirements on the stamp drawing.
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Table 3. Measured values of hardness

Hardness, HRC
Hardness testing 1. sample 2. sample 3. sample 4. sample
After machining 24 31 34 28
After hardening 61.5 59 67 61
After tempering 58 56 58 57
After measuring the hardness, a functional Strossmayer  University in  Osijek,
test of the stamping was performed. Each stamp Mechanical  Engineering  Faculty in

was used to stamp a mark on a 5 mm thick sheet
of X5CrNi18-10 stainless steel.

After stamping the mark, it was determined
that the mark had the correct depth and was
clearly legible. An examination of the engraving
of the mark on the stamp showed that it was
undamaged.

6. CONCLUSIONS

The high-alloy tool steel for cold working
X210Cr12 is recommended in the literature and
by tool steel manufacturers for the production of
stamps for stamping marks on metal products.

The material was chosen mainly due to the
requirement that the tool to be machined must
be wear resistant and dimensionally stable. In
designing the stamp, care was taken to ensure
that it was fit for purpose and had no sharp
transitions or edges.

For the heat treatment of hardening and
tempering, the steel manufacturer's
recommendations were followed regarding the
required number of preheats, temperatures,
heating durations, and holding times at specific
temperatures.

The measured hardnesses and the functional
test performed show that the tool is correctly
sized and well heat treated.
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Abstract

The aim of the research presented in the paper is to reduce the mass of the
structural elements of the subsoiler using the response surface optimization
method. Two structural elements are optimized tine and structural support. The
CAD model of the subsoiler was created in SolidWorks, a CAD system for
parametric modeling using features. For the purpose of optimizing structural
elements, soil load calculations were made using the Matlab software package.
The geometric parameters of the structural elements, which represent the input
parameters, were optimized. Output parameters (responses) consist of mass,
maximum equivalent stress according to von-Mises and deformations. After the
optimization, the control calculation of the optimized structural elements was
made again with regard to s tresses and deformations. Through the control
calculation, the stresses and deformations of the optimized structural elements

meet the permissible values.

Keywords: Subsoiler; Tine; Soil load; Optimization; Response surface

1. INTRODUCTION

With the increase of standard of living and
population, more efficient and better quality food
production is needed. Which requires the
development of agricultural mechanization. For
greater soil efficiency it is necessary to treat the
soil well before sowing, to have good results
subsoiler is necessary.

A subsoiler is an agricultural machine that is
used for surface tillage, it is used to prepare the
soil before sowing crops. The main functions of

129

the machine are improving soil fertility,
protection against soil erosion and maximum soil
moisture retention.

1.1 Subsoiler model

CAD Model of subsoiler was made from
measurement of existing subsoiler Pottinger
Synkro 3020.

Optimization will be performed for elements
shown on Fig. 1 where most loaded is humber 1
tine and number 5 structural support.



Proceedings of the 10th International Scientific and Expert Conference TEAM 2022
September 21-22, 2022, Slavonski Brod, Croatia

Fig. 1. CAD model of subsoiler

2. SOIL LOAD CALCULATION
FOR TINE

The mechanics of earthmoving are similar in
many respects to the bearing capacity of shallow
foundations on soil. The quantitative effects on
maximum bearing pressure of soil weight,
cohesion and surcharge pressure above the
foundation level can be separated and are additive
algebraically. Following as a universal
earthmoving equation for describing the force
necessary to cut soil with a tool [1].

P = (ygd*Ny + cdN, + qdNg)w

1)

where:
P —total tool force, N
y — total soil density, kg/m3
g — acceleration due to gravity, m/s?

d — tool working depth below the soil surface, m
¢ — soil cohesion strength, Pa

q — surcharge pressure vertically acting on the
soil surface, Pa

w — tool width, m

Ny, N¢, Ne, @ Ng — factors which are depend on
the soil frictional strength, on the tool geometry
and tool to soil strength properties.

The variables of tool geometry which
influence the magnitudes of the N factors include
the angle of the tool from horizontal plane, the
possible curvature of the tool shape and the depth
to width ratio of a narrow tool. It remains to be
seen for what complexity of tool shapes the N
factors of Eq. 1 can be determined analytically,
so that predictive calculations can be made of soil
cutting forces [1].

Approximate
line

straight
Exact slip line traig

Forces on soil wedge

Fig. 2. Forces on soil wedge [1]
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N factors calculation:

N = i[cota+cotﬁ] 2

Y 7 cos(a+B)+sin(a+B)cot(B+e) 2)
_ 1+cotfcot(f+¢)

NC - cos(a+pB)+sin(a+p)cos(a+p) (3)

Nq = 2N, (4)

N, = 1—cotacot(B+¢) (5)

cos(a+B)+sin(a+p)cot(B+¢)

where:
a —tool angle, rad
6 —tool to soil friction angle, rad
@ — soil friction angle, rad
c— soil cohesion resistance, Pa
¢, — tool to soil cohesion resistance, Pa
B - angle of the soil failure wedge, rad

a 10 20 30 40 a0 60 70 B0 a0
Angle beta -—->

Fig. 3. Value of the angle f for factor N,,

Calculated are values £ = 34,8389° and
N, = 1,4493, now is possible calculate other N

factors. Horizontal and vertical force of soil to
tool is calculated:

H = Psin(a + §) + c,dwcota (6)

V = Pcos(a + §) — c,dw ()
Also:

H = (ygd®Ny + cdN, + c,dNc, )w sin(a +

&) + c,dweot(a) (8)

V = Hcot(a + &) — c,dw(cotacot(a + §) +
1) 9)

Dimensions of subsoiler tool:

a = 40°
w=0,14m
d =0,3m

Mechanical properties of clay loam soil:
y = 2000 kg/m3

6 = 20°
@ =30°
¢ =30000 Pa
cy; = 12000 Pa

To find the most appropriate angle of the soil
failure wedge, it is therefore logical to determine

that value of the angle S, which causes N,, to be

a minimum using Eq. 2.
Value of the angle g

iteration in Matlab in causes to N, to a minimum

(Fig. 3).

In Matlab forces are calculated, horizontal
force values H = 3195,1312N and vertical
is needed for
total

force V =993,928 N, what
analysis of equivalent stress
deformation.

and

3. OPTIMIZATION

3.1 Analysis of design features of

subsoiler

Input parameters are determent for tine and
structural support which will be used for
Input parameters are
defined for tine: L1 as Width, L5 as Hight, L8 as

optimization (Fig. 4).

Distance, R2 as Radius and FD1 as Thickness.

on 20 mm

D12 12mm
D L1 70 mm
D LS 300 mm

L7 25 mm
D L& 165 mm
D R2 400 mm

V4 750 mm

Extrude
Geametry
Operation

Extrude2
Sketchl

Add Material
None [Normal)
Direction Both - Symmetric
Extent Type Fixed

D FD1, Depth (>0) |13 mm

Direction Vector

Fig.4. Input parameters for model of tine
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is determined by
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Frictionless support is defined as boundary
condition for tine on two surface of holes at the
top of model. Other boundary condition is load
defined at surface at bottom of model (Fig. 5).
Defined load is combined horizontal force H and
vertical force V calculated by Matlab.

Fig. 5. Placement of frictionless
support(left/purple) and load(right/red) for tine

For structural support load is defined on
surface of hole and fixed support is defined on
surface of other hole (Fig. 6).

Fig. 6. Placement of load(up/red) and fixed
support(down/purple) for structural support

3.2 Convergence solutions

Tetrahedral finite elements are used in
analysis. To check accuracy of the analysis, the
convergence was performed for the stress and
deformation analysis.

The convergence of the solutions was made
for tine and structural support elements.

/

72,183
72,41 — 72,399 =

]
-
=

-]

3
-]
wy

22 20

Element size, mm

Fig. 7. Graph of convergence solutions for
stress of tine

— 1,6702 !

Total deflection, mm

22 20
Element size, mm

Fig. 8. Graph of convergence solutions for total
deflection of tine

Results of convergence for tine are presented
in graphs (Fig. 7 and Fig. 8) therefore element
size 20 mm was chosen. With that element size,
analysis mesh counts 3352 elements and 7385
nodes.
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12
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Fig. 9. Graph of convergence solutions for
stress of structural support
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Results of convergence for structural support
are presented in graphs (Fig. 9 and Fig. 10)
therefore element size 10 mm was chosen. With
that element size, analysis mesh counts 11276

elements and 20776 nodes.

3.3 Output and input parameters

Chosen output parameters are mass,
maximum equivalent stress and maximum total
deformation. They are necessary for
optimisation.

Then the lower and upper values of input
parameters are defined for tine and structural

support.
3.4 Response surface

Response surfaces are generated and then it’s
possible to choose different diagrams for
showing the influence of input parameters on the
value of output parameters. Response surface can
display only three dimensions, so only the most
influential parameters will be shown for tine and

structural support.
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3.5 Local sensitivity

Local sensitivity shows influence of each input parameter on output parameters. Most influential
parameters for tine are width and thickness (Fig. 15 and Fig. 16).
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Fig. 16. Local sensitivity diagram for structural support

Structural support height is most influential parameter for mass, as thickness has great influence on
stress and total deformation.

4. RESULTS AND Comparison of initial and optimized values of
ACHIEVEMENTS structural support is displayed by Table 2.
Changed input parameters are: mass with -38,7%

Comparison of initial and optimized values deviation, stress with -0,1% and total defeflection
of tine is displayed by Table 1. Changed input with +50.6% deviation.

parameters are: mass with -55,1% deviation,
stress with +146% and total deformation with
+157% deviation.
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Table 1. Input and output parameter change due optimization of tine

Parameter Initial Optimized Deviation
value value
Input Width, mm 70 53,98 -22,9 %
Height, mm 300 281,11 -6,3 %

Radius, mm 400 433,78 +8.45 %

Distance, mm 165 238,96 +44.8 %

Thickness, mm 13 9,5628 -26,4 %

Output Mass, kg 14,229 6,3831 -55,1%
Stress, MPa 72,339 177,99 +146 %

Total deflection, mm 1,6702 4,286 +157 %

Table 2. Input and output parameter change due optimization of structural support

Parameter Initial Optimized Deviation
value value
Input Thickness, mm 5 3,109 -37,8 %
Width, mm 100 85,343 -14,7 %
Height, mm 100 61,511 -38,5 %
Plate thickness, mm 16 18,165 +13,5%
Output Mass, kg 6,8864 42217 -38.7 %
Mass, MPa 175,44 175,28 -0,1 %
Total deflection, mm 2,9642 4,4648 +50,6 %
42374 Max 171,87 Max
3.7678 154,78
3,2083 1337
2,0088 1n462
2359 95,539
1,8697 76458
14202 57,376
035063 38294
04811 18213
0.011566 Min 10,1308 Min

Unit MPa

Fig. 17. Comparison of initial(left) and

optimized(right) tine Fig. 18. Stress(left) and total

deformation(right) results for tine
With optimization of initial tine dimensions is

achieved mass loss of 55,1%.
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Fig. 20. Stress(up) and total
deformation(down) results for structural support

With optimization of initial structural support
dimensions is achieved mass loss of 38,7%.

5. CONCLUSIONS

A model for calculating the soil load on the
working body of the underminer tooth was
achieved. Achieved is change in geometry of
subsoiler structural elements by application of
response surface optimization. Geometry was
changed with goal to reduce mass. With mass
reduction of structural elements it lowers
production cost of subsoiler.

By applying the response surface optimization
method, the structural elements of the subsoiler
were optimized. The structural elements tine and
structural support have been optimized. A
mathematical model was also obtained for
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determining the soil load on the structure. For the
presented model, the program code was created
in the Matlab program package.

By optimizing the geometry of the structural
tine element, its weight was reduced by 55.1%,
which represents a significant saving of the
material needed for the construction. The mass of
the structural support element has been reduced
by 38.7%.

The paper shows how the application of
modern  computer  optimization  methods
contributes to a significant saving of materials in
the construction, while the function and
functionality of the structure and structural
elements remain unchanged.
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Abstract

In the present scientific work, the authors have dealt with face milling of nickel-based superalloy.
During this research work, a cutting simulation environment was set up in Ansys finite element software
can be studied the cutting process. To validate this model, the authors also performed the experiments
in reality, within which were measured the forces and torques during machining. It gives the opportunity
to be comparable with the results obtained in the simulation environment.

Keywords: Nickel-based superalloy, face milling, finite element method, 3D scanning, force- and torque measurement

1. INTRODUCTION

The Nickel-based superalloys are a special
class of metallic materials developed in the
United States in 1970s. It is used in many
applications, most notably in the aerospace,
medical and energy industries. These industries
have grown significantly in the past, are still
growing and will continue to do so in the future,
as they are the foundation of our economy. For
this reason, the study of the machinability of
these alloys is an aera of current research [1], [2],

(3], [4], [5].

These alloys are composed of two main
phases: the Gamma (y) and Gamma-prime (y’)
solid solution. Both phases have FCC lattice
structure, where in the y-phase the Ni and Al
atoms are disordered in the lattice, while in the
v’-phase the Ni atoms are located at the centre of
the sheet and Al atoms at the peeks [6], [7]. Their
lattice structure is shown in Figure 1.

137

Ni and Al mixed up

randomly \

Al atoms

Ni atoms

Fig. 1. The lattice structure of y (left) and y’
(right) phases [6]

Metal alloys are generally characterised by a
decrease in strength with increasing temperature,
as the dislocations are easily displaced at high
temperatures. In contrast, those superalloys
which contains y'-phase of Nis (Ti, Al) can be
retain their strength at very high temperatures.
Basically, in the y- and y’-phases, the dislocations
appear on the {111}-plane, however, the energy
of the phase boundary in the {100}-planes
decreases with increasing temperature, so the
dislocations in the y'-phase can move in these
directions. This results in an increase in strength
as the dislocations through the {111} and {100}
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planes are blocked in the fabric structure [7], [8],
[9].

This is the result of the low plastic
deformation capacity of the material, which
makes the machining process so difficult. The
machining process usually produces sheared
chips (eg. milling or turning).

As a result, the cutting force (Fc) and
temperature are greatly increased the strong
abrasive effect on the carbide tools. Furthermore,
due to its poor thermal conductivity, the cutting
temperature puts even more stress on the tool's
edge, overall it results drastic reduction of tool
life.

In the present research work, the authors
investigated the machinability of a GTD111 type
of nickel-based superalloy during face milling.
To determine the machinability, the authors
previously made virtual machining in simulation

environment, which was designed in Ansys finite
element software. In case of the real and the
theoretical machining forces and torques were
compared with each other. The machining
simulations are very important in tool design,
because it can help to radically reduce the cost of
tool design and it is sufficient to produce only
good tool geometries. Furthermore, this
simulation environment give opportunity to
testing cutting tool materials, which can help
change the best material.

2. METHODS AND MATERIALS
USED FOR RESEARCH

2.1. Material

In this research, the authors used GTD111
Nickel-based superalloy as work piece material.
Chemical composition, mechanical properties
and physical properties of GTD111 shown in
Table 1., Table 2. and Table 3.

Table 1. Chemical composition of GTD111 (mean values) [10]

Fe Ni C Cr Co Al Ti w Mo Ta B
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
- 62,37 0,08 13,7 9 2,8 4,7 3,5 1,4 2,4 0,05
Table 2. Mechanical properties of GTD111 (minimum values) [10]
Tensile strength Stretch Contraction Hardness
Rm, (MPa) As, (%) Z, (%) (HRC)
1310 5 5 414

Table 3. Physical properties of GTD111 [10]

Specific weight
p. (kg/m?)

Heat conductivity on 20 °C
A, (W/mK)

Specific heat on 20 °C
¢, (J/kgK)

8000

12,56

0,452x103

2.2. Experimental setup

The hard milling can cause extreme stress for
the machine centre, so a robust and highly rigidity
one is required, therefore the NCT EmL-850D
5AX was chosen.

The authors used a KISTLER 9125A24 rotary
force meter to measure the axial cutting force and
torque. A KISTLER 9257B linear force meter
was used to measure the cutting force. We must
used two type of force meter, because the rotary
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force meter can measure the axial cutting force
and torque. The linear cutting force meter was
used for measure the Fy, Fy and F; cutting force
components. It is necessary to compare the values
and directions.

For signal processing a KISTLER 5697 signal
processing unit was used. Results are recorded
using DynoWare software and evaluated using
OriginPro 2021 software. The experimental setup
is shown in Figure 2.
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Fig. 2. Experimental setup

2.3. The tool in the

experiments

was used

For face milling, ceramic inserts were used,
type of TaeguTec BNGX 0904 CH-E04 , which
were placed in a TaeguTec TFMBN 350-22R-
09CH tool holder (Figure 3.).

14 &

Fig. 3. Tool holder and inserts which used in
experiments

2.4. Cutting parameters

The applied technological parameters for the
experiments are based on the manufacturer’s
recommendation (cutting speed was v.=900
m/min, feed per tooth was f,=0,25 mm/tooth and
the depth of cut was ap=1 mm).

2.5. Cutting simulation
2.5.1. Design of material model

The simulation of the face milling was done in
Ansys finite element software. The first step was
to build the model, but to in case have to create
the material model. The physical and mechanical
properties of the material must be specified so
that the material model matches reality.
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A critical point in finite element simulations
of machining processes is chip formation and
separation. To solve the problems, a criterion is
developed to detect cracks and failures localizes.
These require complex physical and mechanical
modelling, which is very difficult to do, therefore
a separation criterion linked to a material
boundary is introduced. This criterion is based on
two separate values, this parameter is A. The item
is deleted if (A=1) or not deleted if (A=0). A
criterion is based on the following cumulative
plastic formula, as shown in Eq. 1. [11]:

1= <£Pj) with (X) = {
€

0hax <0}
|e” — 2]

lhaX>0 @

where g, is the plastic deformation limit, which
is 0,8 at milling, and determines the material
removal.

Chip formation is strongly linked to the contact
between the tool and workpiece. The contact
between geometries must be established and take
into account the friction due to energy generated
by friction. These phenomena is extremely
complex and changes by the cutting conditions.
Usually in machining, these phenomena are
approximated by a static Coulomb law, ps=0,8
[11]. The coefficient was derived from turning
tests [12].

2.5.2. Design of geometric models

To build the simulation model, it is necessary
to create a model of the raw material, the tool
body and the insert, as simple as possible,
because an excessively large model would
require a lot of computing time.

3D scanning was used to create a model of the
wafer, and the resulting point cloud was the
functional surfaces relevant to the simulation was
created.

The model of the tool body was placed in one
model with the insert to avoid unnecessary
contact and simplify the design of the
computational requirements.

A model of the raw material had to be made,
which was designed so that the cutting tool was
already in the machining process, otherwise a
significant amount of computation time would be
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required. Accordingly, the tool was constrained
relative to the workpiece so that the new cut was
set to the insert. This simulation environment

shown in Figure 4.
A &

i :H\““'_\

)

-
-
~
.

-

. |

Fig. 4. Setting up the tool and the raw material

Hexahedron meshing was used on the
workpiece, and tetrahedron meshing on the tool,
as this tracking the deformations [13]. Meshing
significantly affects the measurement results, so
it has been designed so that cutting zone (element
size was 0,035) with a depth of 0,5 mm
corresponding to the depth of the mesh, in the
other parts of the model, which were not directly
involved in the machining operation.

As a final step in the simulation, constraints
and displacements were defined. The primary
focus is on tool rotation as a function of time was
determined. The value of the rotation shall be
recorded in degrees, for a total of 576° of angular
rotation. In the other directions, displacement
was limited, as the tool was substantially
simplified in the axial direction, it must be
prevented from moving into the deformation in
that direction. So a constraint should also be
applied on that surface.

On surface A (Figure 5.), the constraint to turn
is the necessary rotation, while on surface B, the
constraint to simplify to prevent deformation for
simplification. On the workpiece only for
displacement parameters necessary giving for the
movement. Here, the workpiece will move 1.7
mm in the Y direction towards the tool during on
the test. The applied constraints for the tool and
workpiece are shown in Figure 5. and Figure 6.
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Fig. 6. Applied constraints on the workpiece

3. RESULTS AND
ACHIEVEMENTS
3.1. Cutting force and torque

The measured cutting force components and
torque shown in Figure 7. and Figure 8.
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Fig. 7. Measured cutting force components
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Fig. 8. Measured cutting torque
3.2. Achievements of cutting

simulation

The force components and torque obtained as
a result of the simulation are shown in Figure 9.
and Figure 10.
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Fig. 9. Given cutting force components from
simulation
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Fig. 10. Given cutting torque from simulation

As shown in Figures 7-10., the direction of the
cutting force and torque measured in reality and
the direction of the cutting force and torque
obtained in the simulation are the same, which
indicates that the constraints are well set.
However, there are multiple differences in
values. This could be because the scan of the
geometry of the insert may not hava been
accurate enough.

4. CONCLUSIONS

In the present research work, the authors
investigated face milling of Ni super alloy by
finite element simulation. Set up a realistic model
of the cutting process in Ansys finite element
software, and then these results were compared
with the results of experiment which carried out
in real life. For numerical values, it is clear that
there are order of magnitude differences between
the measured and simulated results, but they are
predictive. This implies that the constraints and
displacements defined in the simulation model
are correspond to reality.
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Abstract

The aim of this research is to support the theory that it is possible to create controlled surface roughness
using femtosecond laser beam modification techniques. In this case, the material under investigation is
a 5005 aluminium sheet with polyester painting. In the experimental design, the fixed, variable and
investigated parameters were determined. The surface modification experiments were achieved by
varying the laser beam technology parameters such as scanning speed, laser scanning path distances
and average power of the pulsed laser. During the tests, the resulting surface structure was investigated
by light microscopy and the stability of the process was verified by geometry measurements. The
roughness of the resulting surfaces was determined. Further measurements will be added to the
experiment to find an exact correlation between the laser parameters and the microgeometric
characteristics. From the interpretation of the results it can be seen that different laser beam technology
data can produce different surface profiles and roughness Ra, Rz values. It is possible to create surfaces
on the paint with different distances but controlled roughness. And microscopic images give an idea of
the material removal performance of the fs-laser beam. As a result of this research, the surface
roughness characteristics of the painted surface could be modified from Ra 0.5 um to 3.8 um and from

Rz 2.8 umto 14.4 pm.

Keywords: material science, fs-laser, aluminium, surface treatment, surface roughness, surface modification

1. INTRODUCTION

Laser beam technologies are nowadays very
widespread due to their versatility and efficiency.
Large, multi-kW installations are already
widespread in the automotive industry and other
fields. A few years ago, laser micromachining
was only used in laboratories or for exceptional
industrial applications, but today more and more
people are discovering it for themselves. This
branch of laser technology can be used to solve
problems that are difficult or impossible to solve
using conventional manufacturing processes.
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Some of the possible applications of the
technology presented are, but are not limited to:
electrotechnical soldering stencils, springs made
of shape-memory metal, biocompatible materials
for medical devices, endoscope frames, gas
nozzles, micro-filters, small ceramic
components [1].

A femtosecond is one billionth of a second,
or one billionth of a billionth of a second. In
layman's terms, a femtosecond is proportional to
a second as one second is to roughly 31.7 million
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years. In that time, a ray of light travels about
0.3 um [2].

Femtosecond lasers are the shortest pulse
duration lasers on the industrial market. The
pulse duration of industrial femtosecond lasers is
typically 300-400 femtoseconds or 300-400 10-1°-
101 s. When trying to create a laser that emits
such a short beam of light while having sufficient
pulse energy to process the material, the peak
power will be so high that it will damage the
excited medium. To avoid this, the pulse is
usually amplified with a spread pulse, which is
later compressed. The phase modulated pulse
amplification process spreads the pulse by a few
orders of magnitude. This reduces the peak power
and allows the amplification to occur below the
threshold that would damage the medium. After
amplification, the pulse is restored to its original
pulse duration and beam quality. For some lasers,
it may not be necessary to spread the pulse. In
addition, femtosecond lasers are available in a
variety of wavelengths from infrared to
ultraviolet (although UV is not available for all
lasers) through frequency conversion with non-
linear optics [2].

The pulse length of the laser is very short, so
it can work on almost any material from glass to
hardened steel and plastic. Since the pulse
duration of the laser is shorter than the
conduction time of the material, no heat signature
occurs during machining. The material goes from
solid to air - a phenomenon often referred to as
"cold ablation”, which allows for the highest
guality machining and offers unique machining
performance [2].

These disk-based femtosecond lasers
provide a pulse below 400 fs, in addition to the
best beam quality and peak power available. This
results in an extremely high quality, cold ablation
cutting process compared to the melt ablation
process [2].

The aim of the current series of experiments
is the femtosecond laser-assisted surface
treatment of painted aluminium sheet surfaces in
such a way that the surface roughness parameters
can be changed.
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2. METHODS AND MATERIALS
USED FOR RESEARCH

2.1. Material

Aluminium sheet 5005, 2 mm thick,
manufactured and distributed by
AssanAluminyum  from  Turkey. The
aluminium sheet is a polyester pre-painted
aluminium sheet with grey colour. The
thickness of polyester painting is 22 um. The
mass per unit area if dry polyester paint is
0,02678 kg/m2. In aluminium, regardless of
wavelength, the laser beam is extremely
difficult to absorb (<10%), so this has a big
influence on the parameters we have to work
with in the experiments.

2.2. Coherent Monaco femtosecond
laser.

The laser treating process was performed
using a Coherent Monaco Femtosecond Laser
with wavelength of 1035 nm. The laser impulses
had 277 fs — 10 ps of width, 188 kHz — 50 MHz
of the frequency and the average power was set
between 3 W and 60 W (ie. from 5% to 100%
power). The beam was focused on the surface
with a diameter of 60 pm.

Table 1. Data of Coherent Monaco.

No. Parameter Value
1. Wavelenght 1035+5nm
Output 60 W
Average
Power
3. Frequency 188 kHz — 50 MHz
range
4. Pulse Width 277 fs— 10 ps
5. Focus spot 60 um
diameter
6. Energy 80 wJ (at 750 kHz)
7. Marking Speed 0-20m/s
8. Focal length 300 mm

2.3 Surface roughness measurement
system Formtracer SV-C3100

The Formtracer SV-C3100 computerized
surface roughness measurement system was used
to measure the surface roughness of the treated
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sheet in three repetitions at a measurement length
of 4.8 mm perpendicular to the surface treatment
direction. When evaluating the data, the average
surface roughness and the roughness height were
examined.

2.4. Microscope

The microgeometry of the surface treatment
was examined using a Zeiss Axiolmager.M2
light microscope. The evaluation software was
AxioVision software, which was used to take
high resolution images of the treated surface.

2.5 Experiment plan

To carry out the surface treatment
experiments, an experimental design has been
defined as a function of the parameters to be
varied. It shows the fixed and variable process
data, which have been optimised mainly for laser
beam material removal. The fixed technological
data were determined on the basis of a series of
preliminary experiments in order to achieve the
most precise removal of material from the
painted surface without burning or degrading it.

3. RESULTS AND
ACHIEVEMENTS

3.1. Microscopic examination

The micrographs in Fig. 1. and 2. show the
resulting surface structure. The figures below
show how the surface changes as the distance
between the lines is increased. The thickness of
the lines is the same as the spot diameter of the
laser beam, so the minimum line spacing is
chosen accordingly and the maximum line
spacing is the same as the value when a line is
dropped.

An important condition was that no solidified
melt droplets should remain on the treated
surface, which could affect the processability of
the surface treatment. By using line parameters
that meet the requirements, it can be seen that the
laser treated surface is pure aluminium with no
residual melt droplets. The melting is due to the
high line energy density, which was avoided in
the experiments.
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The variable parameters are of a geometrical
nature and the results of this research have been
calculated on the basis of the data measured with
measuring instruments.

Table 2. Fixed parameters.

No. Parameter Unit/Value

1. Power P [W9%] = 30%

2. Marking speed V¢ [m/s] =6 m/s

3. Marking Count Mc[1] =10

Table 3. Variable parameter
No. Parameter Unit/Value
1. Line distance | [Control, 60...120 um]
Table 3. Examined parameters
No. Parameter Unit/Value
1. Line distance I [um]
2. Average Ra [um]
surface
roughness

3. Inequality height Rz [pum]

Fig. 2. Field structure with 120-micron line spacing
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3.2. Repeatability of surface treatment
lanes

The aim was to create a surface structure that
periodically repeats, and the repetition is of
programmed size. To achieve this, the repetition
was checked on a control chart known from
statistical process control (SPC) with all variable
values. The measurements were made on the
microscope images.

oF Lane distance - 60 um
& 62.85 pm 62.9um
L 6195 pm 0.5 ym
& Nominal value
@‘7 60.21 um
57.69 um 57.7 pm
o 56.82 pm
g;‘)
s 0 2, 3, a, 5, 6 7. 8.

Fig. 3. Control chart of 60-micron line spacing
3.3. Controlled surface roughening

By varying the laser power, surface treatment
speed and number of repetitions, and by placing
the laser in a structured form on the surface, the
microgeometric properties can be controlled in a
controlled way. In addition to fixed line
parameters, many combinations are available,
whether the target is to achieve a rougher or
smoother surface.

3.4. Microgeometry of surface profiles

The microgeometric characteristics are shown
in the diagram in Fig. 4., given by varying the line
spacing with fixed line parameters. The
maximum surface roughness is clearly seen at
80 micrometres. At distances below this, the
surface roughness is affected by the caustics of

the laser beam, because the Gaussian intensity
affects the adjacent lines, resulting in
overlapping.
Microgeometric characteristics (Ra, Rz)

"9\?& 14.448 pm 14,044 pm 13.699 pm

\‘?\;‘ 12.59‘-! pmlg?n “m ------------- 1 4mum ................. 1 4‘019 um ......

"’Q@ 2.819 pum 3.884 um

Q@ 1,999 3.645 pm 3.297 pm

&

0518 um 3.861 pm 3.884 um 3.362 um

“

L) Control 60pm 70pm 8B0pm 90pm 100pm 110 pm 120 pm
—Coated (Ra) ---Coated (Rz)

Fig. 4. Microgeometric characterisics of surfaces
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4. CONCLUSIONS

Through the example presented in this thesis,
it can be shown that ultrashort pulse lasers and
modern software can be used to create processes
to modify the microgeometry of a surface in a
controlled way.

In addition to measuring roughness, changes
in surface structure can be investigated in more
depth using scanning electron microscopy
(SEM), addressing basic science questions.

In the future, even more line parameters can
be defined in order to find a correlation with
surface roughness and to meet different
requirements, for example to increase the
strength of bonded joints in the construction
industry or to produce etalons.

Laser systems meet the requirements of
Industry 4.0, such as automation and continuous
measurement and evaluation during production.
Rapid material processing also  makes
manufacturing processes more economical.
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Abstract

The paper presents theoretical and experimental analyses of the axial load carrying capacity
for the multi-beam structure made up of six steel circular beams. The loading tests were
conducted on the three beam sets of different lengths where the maximum axial load was
determined, while numerical solutions were obtained using the finite element method. To
make a computation faster and simpler, a new algorithm was developed where the relation
between the axial load and axial displacement for a single beam is used to optimize the load
carrying capacity of the structure considering the beam length tolerances. The developed
approach is in a good agreement with the complex FE analysis and can be used in a wide
range of applications. The results show a significant load decrease in the carrying capacity
when using non-equal beam lengths compared to the equal ones where the discrepancies are
up to 40% considering the used length tolerance standard.

Keywords: Load Carrying Capacity; Buckling; Length Tolerance; Multi-Beam Structure; Optimization

1. INTRODUCTION

Multi-beam structures are worldwide used
systems which provide a higher carrying capacity
and a better stability than single-beam structures.
The beams can be connected to each other either
along the whole length or on the tips only. When
loading the slender beams by an axial force, there
occurs buckling. The formulas for the buckling
load have been derived and have a long history.

Zhang et al. [1] investigated buckling of the
double-beam system under the compressive axial
loading. The beams were joined by the Winkler
elastic layer and the effect of the applied force
ratio and the layer properties on the critical
buckling load was studied. Similar research in
which the double-beam system with the Kerr-
type layer was axially loaded and the buckling
behaviour was investigated was carried out by
Kozi¢ et al. [2]. The formula for the critical
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buckling load was derived in terms of spring
layer parameters. The former research for a single
beam linked to rotational spring or a preloaded
beam bimorph and elastic layer was performed
by Xiao and Li [3]. The elastically connected
double-beam system on the elastic foundation
where the effect of layer parameters and axial
loading was considered was studied by Hao et al.
[4]. To extend the knowledge of the multi-beam
systems and their behaviour under the axial
loading, the triple and multi-Timoshenko beam
systems were studied by Stojanovi¢ et al. [5]. The
buckling force was increased by an increase in
the number and stiffness of the connections and
decreased by an increase in the number and
length of the beams.

When discussing the multi-beam systems,
their appearance can be seen in building
structures. Due to the complex shape of
structures, many papers dealing with the buckling
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behaviour have been published. Girgin and
Ozmen [6] brought a simplified procedure to
compute the buckling load for the spatial multi
storeyed frame structure. Bayo and Loureiro [7]
presented the direct one-step method to perform
the buckling analysis of the steel frame structure
that improved standards of that time. Both regular
and irregular frames were analysed to determine
the buckling lengths of multi-storey columns by
Girgin et al. [8]. Their improved procedures
eliminated some erroneous results obtained by
the design code and specification formulas.

To increase the load carrying capacity, the
buckling restrained braces (BRB) have been
widely used in structures. Eletrabi and Marshall
[9] showed the advantage of using the BRB at
three, five and eight storey steel frames. Another
research into the BRB where two side columns at
the bottom storey of a steel concentrically braced
frame were replaced by two buckling-restrained
columns and the seismic performance was
studied was conducted by Qing et al. [10].
Vatansever [11] investigated the buckling
phenomenon on the structure containing the
Mero node system that is prone to collapse
initiated by buckling of the truss bars. The
Chevron-Braced frames were studied by
Barbagallo et al. [12], where a new design
procedure was developed. Concentrically Braced
Frames were studied by Mohammadi et al. [13]
where ductility was increased and premature
buckling was removed.

In the paper by Szymczak [14] was studied the
hall construction modelled by rigid plane frames
and elastically connected on upper ends with the
roof. It has been proved that a fixed or elastic
connection of the frame with the foundation
increases the critical buckling loads of the frame
system in comparison with some hinged
connections. The double-beam frame of different
lengths connected by a rigid beam was studied by
Gongcalves and Camotim [15] where a system-
based approach was used to determine the
buckling resistance. The effective length of the
beams in multi-storey frames where an
assumption of adjoining column buckle was
improved was investigated by Webber et al. [16].
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The steel double-beam floor systems were
studied by Choi et al. [17], where the LM index
approach was used to minimize material quantity.
Naidoo and Li [18] brought a design optimization
of plane, rigid no sway frame structures based on
the buckling load. Bidmeshki and Habibi [19]
studied the post-buckling of several plane trusses
where a new procedure was developed to predict
buckling load. An important aspect of the beam
elements concerning the nonlinearities arising
from the force equilibrium conditions in a beam
significantly affect its properties as a constraint
element was studied by Awtar et al. [20].

A special kind of the multi-beam structure is
the one where the beams are not connected to
each other and the connection with the axially
loaded rigid plate is defined as a sliding clamp.
Obviously, it can be assumed that the axial load
carrying capacity of the structure is the buckling
load of the single beam multiplied by the number
of beams. It is correct only when the beams are of
the same lengths. This condition is not usually
met in practice due to the discrepancies during
the cutting process. The paper provides a
theoretical background of the multi-beam
structure considering the beam length tolerance
where dependence of the axial load on the beam
axial displacement is derived. On the basis of the
formula, the complex axial loading is determined
and the given claims are proved by the
experiments and finite element analyses. The
conclusion, resulting in a significant decrease of
the load carrying capacity can be brought by the
optimized algorithm based on the single beam
finite element analysis that is simpler and less
time-consuming.

2. EXPERIMENTAL STUDY

The loading test was performed on the
universal testing machine Testometric M500-100
CT where the axial load was gradually applied on
the beams mounted on the fixture (Fig. 1). The
beams were embedded into the fixture holes to
simulate a sliding clamp. The loading velocity
corresponded to the static load and the data were
collected by force and displacement sensors and
processed by the winTest software.
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Fig. 1. Experimental measurement
(1 — testing machine, 2 — fixture, 3 — specimens)

The tested structure consisted of the steel
beams with the circular cross section and the
diameter of 5 mm. Each specimen set contained
6 beams which were embedded on a pitch circle
with the diameter of 50 mm to avoid a mutual
coupling during the loading in the investigated
displacement region. Overall, 65 sets were tested
with the beam lengths of 330, 395, and 460 mm,
which corresponds to the slenderness of 124, 150,
and 176 when considering the embedding. As a
beam material, structural steel S235 (E = 210
GPa; 1 = 0.3) was used and the stress-strain curve
was considered to model a material nonlinearity

(Fig 2).

500 -
450 -
400 -
350 -
300 -
250 -
200 -
150 -
100 -
50 -
0

Oeng (MPa)

Eeng ()

012

0 002 004 006 008 01

Fig. 2. The stress-strain curve for S235 steel beam

The specimens were cut with tolerances
according to the standard ISO 2768, which gives
us the beam lengths with the tolerance fields of
330+ 0.5, 395+ 0.5, and 460 + 0.8 mm.
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3. THEORETICAL STUDY

The governing differential equations for a
beam buckling is derived based on a 2D element
using the second order theory (Fig. 3). The
Timoshenko theory using a shear coefficient « is
used while large deformations are considered in
the equations.

/ Qy +dQ,

T

M.+ dM.
{E).u

Fig. 3. The beam element

According to Fig. 3, the equilibrium equations
are derived as follows

N _

dQ, d*v dM, B
dx —

=N— = — 1
dx dx?’ dx QO )

where N, Qy, and M, are the axial force, shear
force, and bending moment. For the Timoshenko
theory, the displacement field can be expressed in
the form

Ux,y) = u(x) +yp,(x), V(x,y) =v(x) @

where u(x), v(x), and ¢, (x) are the translation and
rotation displacements. According to the strain-
displacement relations and using the Green
tensor, the following equations are used for the
Timoshenko theory with large deformation

_du de, 1]|/du de,\* dv\?
Al TRl +z[(a+y ) * (&)
1
gyzz(pzz @)

_ +dv+ du+ do,
Yay = @z + 0t Pz o F VP2

For a solid that has an isotropic material
symmetry equivalent to the geometry axes, 3 X 3
symmetrical matrix for the constitutive equations
is obtained.
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Considering the following equations

Jxx E
{Uyy} =1 72

Oxy

N =f0’xdi, Qy = fkaxydA, M, = f—yaxdi (5)
A A A

the governing system of differential equations for
a beam with a circular cross-section A and second
moment of area | is in the form

Ade,d*p, _dvd*v do,
oy F 2 g, —— = 0
4w dx dx dx dx dx
do, N d’v dudp, 2N(1+p)d*v ©)
dx " dx?  dx dx = kAE  dx?

21 d?p, dud?e, dv du
KA(l—,u)(de +de2 _"’ZJ’EJ’"’ZE

For our purpose, the axial load N is determined as
a function of the axial displacement u(x)

u(ly)kAE

N=29
(lo —ule))@ - u?)

U]

where the factor v is equal to 1. For a nonlinear
region, the factor can be substituted by a sum of
exponential functions.

When performing the finite element analysis,
the buckling load for a single beam was
determined by the linear and non-linear buckling
analyses while the linear solid element with eight
nodes and incompatible mode (C3D8I) was used
as the element type. Regarding the mesh
independence study, a review of element lengths
along the beam and circumferential edge
distribution was carried out by KotSmid [21]. On
the basis of the review, the element length does
not significantly affect the buckling load while
maintaining an appropriate element quality. On
the other hand, significance of the
circumferential edge distribution was proved.
Owing to this, the distributions of 12, 16, 20, 24,
28, and 36 elements on the circumferential edge
were used and the boundary conditions simulated
the embedding were considered according to Fig.
4. In order to achieve a lateral displacement for
the non-linear buckling analysis, one thousandth
of the beam length was used as a geometrical
imperfection.
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Fig. 4. The beam FE model

The buckling loads were taken to create their
dependence on the circumferential edge
distribution shown in Fig. 5.

3000 -+ Buckling Load (N) Linear Buckling

- = =Non-Linear Buckling
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-
—

2000 + =

1800 ¥ = -20200x2 - 162.58x + 1770.7

166.85x + 1676.9

1600 1Y = -16915x2 -
A=150

-

1400 ~
120.44x + 1290.6

\\

———— A=176
y =-13292x2 - 97.057x + 1177.3 -

y =-14753x2 -
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1000
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Fig. 5. Dependence of the buckling load

on the circumferential edge distribution

The curves are approximated by a quadratic
parabola where the constant term represents the
load for an infinite number of elements on the
circumferential edge and thus for the circular
cross-section. The critical buckling load for this
type can be computed by the Euler formula in
terms of a radius r

n?El  mw3Er*

Nerit.cir = Tz, = Wz, 8

The second moment of area for a regular polygon
with n sides is

nr*/, 2m 4w
1 (4— sin— + sin —)
n n

-5 9)
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Hence, the second moments of area for 12, 16,
and 20 circumferential edge elements are

4

I—r 4 si T sins =12
_Z( 51ng+51n§) forn=
r# T T
=—(4sin= + sin— = 10
I 3 (451n8+sm 4_) forn=16 (10)

S5r4

I = P (4 sin

T[

10+sm ) forn =20

When approximating the critical buckling loads
with 12, 16, and 20 circumferential edge
elements by a quadratic parabola and expressing
the constant term, we get

T
i 125(4sm10+sm5)

. . T
Nerit cir = W —-128 (4- sm§ + Slnz) + (11)

ff[ +27 (4 sin% + sing) |

The discrepancy between the term and Eq. (8)
is 0.38% and thus it is proved that the
distributions of 12, 16, and 20 are appropriate to
make the approximation, which was also verified
by a comparison with the constant terms in Fig.
5. Therefore, the distributions of 12, 16, and 20
are used in further analyses while the aspect ratio
is kept close to 1.

The decrease of the maximum axial load for a
non-linear analysis can be expressed in
dependence on the slenderness 1 by a polytropic
function. Regarding the described parameters,
the maximum axial load is

= Neri (1 — 182471478%) (12)

Nmax

When loading the set of six equally long
beams, obviously, the load carrying capacity
might be six times higher than the single beam
provides. In fact, the value is slightly different
(less than 1 %) due to the energy transformation
to deform the fixture. Using the beam length
tolerances, an empty space appears between the
shorter beams and the fixture hole bottom.
Therefore, the beams are going to be deflected
later and the load-displacement characteristics
will be changed. The reference beam lengths are
used to create the load-displacement relation

(Fig. 6).
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Fig. 6. The load-displacement relation for A = 150

The obtained curves can be approximated
either by a single function (e.g. polynomial of 9™
degree) or by two discontinuous functions; one
for load increase and the other one for load
decrease. To avoid small coefficients at higher
polynomial degrees, two functions were created.
The axial displacement domains are taken from
the load-displacement relations and the
individual beam shortening h; is in the range of
double tolerance 2¢ while the maximum beam
lengths are at the upper limit. Hence

Uy = [0, Umax], 0<h; <2e fori=1,..,6 (13)
The axial load for the i beam is defined as
a; cos[jp(uy — h)] +
%o Z { +b; sin[jp(u; — hy)] }
(14)

(
.
FO(uy) m
v | > Lo~ ] /Zd(ul—w
\

j=0
The first term is used for0 < u, — h; < u,; the

second one is used foru,<wu; —h; <
otherwise it is 0.

umax ’

During the optimization process, the beam
shortenings h; are searched for when meeting the
condition

6
[max [Z F(i)(ul)]} =min
i=1

(15)
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Obviously, h1 = 0 and the constants a;, bj, ¢j,
dj, and p are given by the method of least squares.
For the beam parameters described in the paper,
we got k = 4 and m = 6 to obtain the differences
less than 1 N for each displacement compared to
the FE analysis. The evolutionary method based
on the theory of natural selection was used to
solve the Eq. (15). To verify the approach, we
have performed the FE analysis with optimized
beam lengths.

4. RESULTS AND DISCUSSION

The lowest axial load carrying capacity is
achieved when the individual beam lengths are as
shown in Table 1.

Table 1. The optimized beam lengths

Beam Length (mm)
1 330.50 395.50 460.80
2 330.50 395.50 460.80
3 330.50 395.50 460.80
4 330.37 395.50 460.80
5 330.00 395.06 460.08
6 329.50 394.50 459.20

The axial displacements for 4 = 150 and 176
can be described in three phases. In the first one,
only four equally long beams are loaded, the
other two slide along the holes. This phase is
characterized by the load increasing with a
subsequent decrease when post-buckling occurs
there. When the length difference of the
following beam vanishes, it begins to be loaded
and the load increases again. Finally, the same
process happens for the last beam. Achieving the
third load peak, all the beams appear in the post-
buckling mode and the axial load decreases.

To compare the optimization approach with
the finite element analysis, the loads at peaks and
valleys were considered. For the slenderness of
124, the highest discrepancy of 1% is at the first
load peak for n = 12 while the first load valley
achieves the highest discrepancy of 0.66% for n
= 20. The highest discrepancy of 0.58% for the
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slenderness of 150 is achieved at the second load
peak for n = 12 and at the first load valley for n =
16 where the highest discrepancy is 0.72%. For
the slenderness of 176, the highest discrepancy of
0.54% and 0.75% is achieved for n = 12 at the
second load peak and the first load valley
respectively. The load-displacement relations are
shown in Fig. 7.

8400 - Axial Load (N) —— Optimization
7200
6000 -
4300 -
3600
Line Order
2400 -
n=20
1200 n=16
n=12
0 Axial Displacement (mm)

0 05 1 1.5 2

Fig. 7. The load-displacement relations
for the optimized beam lengths

A dependence of the axial load carrying
capacity on the circumferential edge distribution
is shown in Fig. 8. The curves are approximated
by quadratic parabolas and the constant terms are
evaluated further. The discrepancies between the
FE analysis and the described approach are
0.21%, 0.15%, and 0.08% for the slenderness of
124, 150, and 176 respectively. When comparing
the load carrying capacity of the structure with
the equally long beams and the one with the
optimized beams, the discrepancies are
significant. For the slenderness of 124, 150, and
176, the load carrying capacity decreases are
38.22%, 29.33%, and 30.10% respectively.
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Fig. 8. Dependence of the load carrying capacity
on the circumferential edge distribution

As it is shown in the comparison between the
experimental and theoretical results (Fig. 9), the
latter ones create the load intervals where the
experimental values should occur. It can be
assumed that the higher slenderness, the shorter
load interval. The maximum load values for the
equally long beams can be approximated by a
polytropic function; however, the values for
optimized beams are the functions of the
tolerance field that is not a continuous variable.
Furthermore, it depends on the used standard and
thus the exact formula is hardly to be created.

16000 4 Maximum Load (N)
14000 -
o
12000 4
10000 4 1 o
2000 ¢
6000 -
4000 -
© Equally Long Beams
2000 91 & Optimized Beams
—Experiment _
. . A6

100 120 140 160 180

Fig. 9. Theoretical and experimental values
of the load carrying capacity

5. CONCLUSION

In this paper, the multi-beam structure made
up of six vertical beams was studied to compute
the axial load carrying capacity. Owing to the
beam length tolerance, a theoretical computation
of six equally long beams is not suitable since it
provides the overestimated results. In fact, the
beams are not equally long; therefore, the longest
beams are loaded and deflected first. The others
are loaded afterwards and the longest ones can be
in a post buckling status already. Hence, the load-
displacement course contains peaks and valleys
that decrease the maximum possible load value.

In the beginning, the load-displacement
relation for a single beam was created based on
the governing equations and finite element
analysis using the defined geometrical and
material parameters. The relation is further used
as a base for the optimization procedure where
various beam length combinations are created
and the lowest axial load carrying capacity is
searched for. The evolutionary method based on
the theory of natural selection is used to solve the
problem while the results were verified by the
finite element analysis. Only a single beam load-
displacement relation is needed for the approach
where different method is used to compute the
optimization equations. This simpler and less
time-consuming way gives the results of
neglected discrepancies compared to the finite
element analysis.

As shown, it is possible to create such
combination of the beam lengths within the
tolerance that the load carrying capacity
decreases up to 40%. This reminds the
importance of the tolerance inclusion into the
computational process. Together with the
analysis of the equally long beams, the load
carrying capacity boundaries were obtained. The
real load carrying capacity should lie within the
interval bounded by the equal and optimized
beam lengths, which is proved experimentally.
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Abstract

Edge of the milled surfaces always contain sharp edges and/or burr, which are not allowed in case of
today’s modern parts (e.g. sliding elements or machine beds). The removing or forming of these
phenomena not easy and may also require further expensive processes and machining. During of the
magnetic assisted ball burnishing process the burnishing ball can move flexible in the tool so that the
balls can harmonically follow the surface and the edge of workpiece. In this research the authors
investigated the effect of the overrun of the balls, burnishing speed, direction and feed by Taguchi
DoE. The aim of this research is to show the size of formation of the edge after ball burnishing. To
achieve a rounded edge should be well known the effect of the burnishing technological parameters.
Based on the research results, it can be clearly stated that burnishing speed has a significant effect for
edge rounding. Furthermore, necessary different technological parameters for the different form of
rounded edge. This means, before the edge rounding must be known the right technological

parameters which this study contains as a result.

Keywords: ball burnishing, edge rounding, magnetic assisted machining

1. INTRODUCTION

During the machining of metal parts, burrs
are created in all cases, which significantly
affect the usability of the final product. A burr is
those material which left on the workpiece after
machining, it is created when the tool enters or
exits the workpiece in most cases [1]. It appears
in many different shapes and sizes after
machining, and its formation is influenced by
countless circumstances [2-4], so the type of
burr can also be various [5].

The removal of the burr and the rounding of the
edge at the same time are justified by several
factors, including the risk of accidents, the assembly
of components, the possibility of scratches on
sliding surfaces, and not beneficial from an aesthetic
point of view. There are many processes in industry
to remove the burr and create edge rounding [6, 7],
but in these case the rounded edge machined by
chip removing. Unfortunately, these are not burr-
free because every cutting process cause micro-burr
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[8]. Al this entails that a minimal burr is always left
behind due to machining [9].

The magnetic assisted ball burnishing (MABB)
tool plastically forms or removes the burr, creating
an almost burr-free rounded edge. In this procedure,
the burr can be removed in such a way that it breaks
off, but in most cases, it is only deformed in a
beneficial way.

2. MAGNETIC ASSISTED BALL
BURNISHING TOOL

During MABB process, the tool travels along
the surface of the workpiece by moving in a
straight line or along a given path at a given
speed and feed. The special feature of the tool is
in the generation of burnishing force because it
can be created by magnetic force. A detailed
presentation of the MABB tool and its
application options can be found in the authors'
previous articles [10, 11].
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With the MABB tool, deburring/edge
rounding can be achieved in such a way that
during the burnishing of the flat surface, the tool
does not stop when it reaches the edge of the
workpiece, but "overruns" it to a certain extent,
thus burnishing down the edge/burr, in this way
realizing the desired deburring and edge
rounding (Figure 1).

© L0

h

1

Of

Workpiece

Edge and burr

Fig. 1. Edge rounding process by MABB tool and
parameters of the rounded edge

This flexibility allows for the balls to hang over
of edge of the workpiece so the balls able to
form the edge and the burr, of course the MABB
tool can reduce the surface roughness and
improve the surface hardness too.

During the research, the authors examined the
changes in R, t and « dimensions of the rounded
edge. The size r has no role in terms of use or
other aspects, so the research did not cover it.

3. DESCRIPTION OF THE
EXPERIMENT

For the experiments, flat-milled workpieces
were used, which were burnished with pre-
designed technological parameters by Taguchi's
experimental design method, to be investigated
the edges rounding. During the selections of
technological parameters the main priority was
given to those affecting edge rounding.

3.1. Workpiece material

The workpiece material was hot-rolled C45
steel, 300 mm long, 75 mm wide and 20 mm
thick. The surface milling of the workpiece and

the edge-rounding experiments were carried out
on a Kondia B-640 three-axis machining center.
The technological parameters of face milling are
listed in Table 1.

Table 1. Technological parameters of milling.

Cutting depth, a, (mm) 1,5
Cutting speed, ve (m/min) 200
Feed, vi (mm/min) 150
Tool tip radius, r. (mm) 0,8

3.2. Design of experiment

The authors used Taguchi's method for the
experimental design, since the experiments
contained several factors and with this method
the number of necessary experiments can be
kept at a relatively low level. The experimental
design has 4 factors and 4 levels, the exception
is the machining direction (factor D), because
only two directions (climb and conventional
direction) are possible, so these 2 factors were
included in the experimental design. The values
of the feed (factor A) and the burnishing speed
(factor B) were already examined by the authors
in their previous articles, so they determined the
current values using that experience [12, 13].
The value of the overrun of the tool (factor C)
was taken to be smaller than the diameter of the
@16 mm burnishing ball, so that it does not get
stuck. Table 2 contains the values of the selected
levels.

Table 2. Technological parameters for burnishing.

Factors Levels

A Feed, vi (mm/min) 20; 40; 60; 80
B Burnishing speed, vi (m/min) 30; 50; 70; 90
C Tool overrun, b (mm) 6; 8; 10; 12
D Direction of burnishing 1:2

(2-climb / 2-conventional)
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The experiment plan was created in the
Minitab 17® statistical software. Based on the
available technological parameters, the L16
(4%)(2Y) type experimental matrix was selected to
determine the optimal technological parameters
and the effects of individual factors (Table 3.).
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Table 3. DoE table by Taguchi method.

Levels Factors
A B C D
1 20 30 6 1
2 20 50 8 2
3 20 70 10 1
4 20 90 12 2
5 40 30 8 1
6 40 50 6 2
7 40 70 12 1
8 40 90 10 2
9 60 30 10 2
10 60 50 12 1
11 60 70 6 2
12 60 90 8 1
13 80 30 12 2
14 80 50 10 1
15 80 70 8 2
16 80 90 6 1

4. RESULTS
After the performing of experiment, the P

formed edges were measured with a Mitutoyo
Formtracer SV-C3000 surface roughness and
contour tester. Based on the results were
established the effect of the individual factors
and the optimal technological parameters.

4.1. Measuring of edge rounding

To measure the edge roundness, must be
tilted the workpiece by 45° so that the
theoretical edge forms a perpendicular angle
with the probe of the contour gauge, for which
the workpiece must be placed in a prism with an
opening angle of 45°. The measurement setup
for edge rounding is shown in Figure 2. The
measurement result of the 5th experiment is
shown in Figure 3.

Mitutoyo Formtracer
SV-C3000

Fig. 3. The result of the contour measurement of the
5th experiment

After the contour measurement, the dimensions
of each rounded edges were made on the drawn
contours in Mitutoyo's contour measuring
software. In this software it is possible to fit a
straight line by selecting a curve or an arc,
which function was used to measure the o angle.

Fig. 2. The measurement arrangement of edge rounding
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Table 4. Parameters of rounded edges.

Length of rounded edge,

Radius of rounded edge,

Nominal angel of rounded edge,

No. t (mm) R (mm) a (°)

1 0,538 0,785 29,59
2 0,359 1,128 17,6
3 0,474 1,379 10,76
4 0,749 0,576 36,15
5 0,398 0,457 41,86
6 0,659 0,756 26,87
7 0,379 0,413 30,58
8 0,745 0,552 44,41
9 0,607 0,653 50,78
10 0,423 0,673 25,31
11 0,322 0,311 40,04
12 0,533 0,501 40,83
13 0,384 0,493 47,18
14 0,447 0,778 16,97
15 0,406 0,410 29,68
16 0,588 0,640 33,58

The measurement was performed on the edge
rounding obtained with all 16 experiments, each
edge was measured three times, the average of
which was used to evaluate the experiment.
Table 4. summarizes the average values of the
measurement results.

4.2. Evaluation of the dimensions of
edge roundings

The measurement results (Table 4) were
evaluated in the Minitab 17 statistical software.
During the evaluation, the "Larger is better"
formula (1) was used, because the goal of the
research is to achieve the largest value of the
dimensions (R, ¢, ) that can be measured for the
created edge rounding.

1 1.
(§/N)p = —10 * Iﬂgma § (}T)z (1)
i=1 7"

Since the highest value of all three examined
dimensions can be achieved with the application
of different technological parameters, they are
evaluated separately. In each case, the optimal
technological parameter to be used (A-feed, B-
burnishing speed, C-tool overrun, D-direction of
burnishing) and the factor with the greatest
influence were determined separately.

a) Length of rounded edge

Based on the S/N values, the influence
diagram of length of the rounded edge (t) shown
in Figure 4.

b (mm) direcetion (1; 2)

fb
=
=
\

20 40 60 80 30 50 W 0 6 8 ¥ R 1 H

Signal-to-noise: Larger is better

Fig. 4. Effects of edge rounding technological
parameters for the length of rounded edge

Based on the Figure 4. the optimal
technological parameters to achieve the largest
size of t dimension:

A-2: vi= 40 (mm/min)
B-4: vp=90 (m/min)
C-3: b=10 (mm)

D-2: 2 - climb machining

Furthermore, it can be concluded that the vy
burnishing speed has the greatest effect on the
change of t dimension.
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b) Radius of rounded edge

Based on the S/N values and about the
"Larger is better" analysis on the Figure 5. it can
be prepared for R dimension.

20 40 60 80 30 50 0 %0 [ & 0 pry 1 2

Signal-to-noise: Larger is better

Fig. 5. Effects of edge rounding technological
parameters for the radius of rounded edge

Based on the Figure 5. the optimal
technological parameters to achieve the largest
size t dimension:

A-1: vi= 20 (mm/min)

B-2: vp= 50 (Mm/min)

C-3: b=10 (mm)

D-1: 1 - conventional machining
Furthermore, it can be concluded that the vt

feed has the greatest effect on the change of R
dimension.

¢) Nominal angel of rounded edge

Based on the S/N values and about the
"Larger is better" analysis on the Figure 6. it can
be prepared for o dimension (radius of the
largest circle that can be insert).

vy (mnony/min} vy (m/min) & (mm) direction (1; 2)

[ ]
32
31
2 30
@A
29 °
28
7

20 40 60 80 30 0 70 90 & 8 o z 1 2

Signal-to-noise: Larger is better

Fig. 6. Effects of edge rounding technological
parameters for the nominal angel of rounded edge
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Based on the Figure 5. the optimal
technological parameters to achieve the largest
size o dimension:

A-3: vi= 60 (mm/min)
B-1: vp= 30 (Mm/min)
C-4: b=12 (mm)

D-2: 2 - climb machining

Furthermore, it can be concluded that the v¢
feed has the greatest effect on the change of a
dimension.

5. CONCLUSIONS

Based on the results of the evaluation, it can
be determined which machining parameters
have the greatest effect on the resulting edge
rounding. According to this, the burnishing
speed and the feed have the greatest effect on
the formation of edge rounding with the
magnetic assisted ball burnishing tool. At the
same time, the evaluation also showed that the
direction of machining (climb/conventional) has
the least influence on the creation of edge
rounding, which is recommended to be
considered during subsequent experiments.

During the research, the authors recommend
the following optimal technological parameters
by Taguchi's experimental design method for the
workshop practice:

o if the goal is to achieve a large size of t:
vi= 40 (mm/min), vp= 90 (m/min), b=
(mm), climb machining

10

if the goal is to achieve a large size of R:
vi= 20 (mm/min), vp= 50 (M/min), b=
(mm), conventional machining

10

if the goal is to achieve a large size of a:
vi= 60 (mm/min), vp= 30 (M/min), b=
(mm), climb machining

12

Where t (mm) is the length of the rounded
part, R (mm) is the radius of the largest circle
that can be inserted, a (°) is the normal angle
fitted to the rounded arc, vi (mm/min) is the
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feed, v, (M/min) is the burnishing speed and b
(mm) represents the tool overrun.
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Abstract

This study presents the experimental results of uniaxial compression test for determining the flow curve
of DCO04 automotive thin sheet. The common method for flow curve definition is the tensile test, which
is not reliable for high strains due to the necking phenomenon. For this reason, we used compression
test that resulted two-or- three magnitude higher strains than in case of tension. To lower the friction,
two types of lubricants were used. The friction coefficient was obtained measuring the buckling of the
test pieces by cutting all the specimens in the rolling direction and perpendicular to it. For measuring
the geometry, microscopic investigations were used. To obtain the flow stress, the Siebel equation and
the Christiansen et al. method were used. Lastly, the Swift and Hockett-Sherby equations were applied
for the calculation of the flow curve. Our results show that although the flow curve can be plotted with
good approximation, the small plate thicknesses result in large scatter.

Keywords: flow curve, compression test, thin sheets.

1. INTRODUCTION

Nowadays, the importance of sheet metals in
the industry is increasing. Many sheet forming
technologies are used every day with some
important input parameters, one of which is the
flow curve. In order to determine the flow curve
of a given material, it is important to use a method
that produces almost identical forming conditions
to the technology that will be used to form the
material.

The ultimate goal was to be able to use our results
to construct the flow curve with a higher range of
deformations than the tensile test could achieve.

Nobuo Yoshikawa et al. used pre-strained
specimens to obtain the flow curve, therefore several
shear test, was done with different pre-strained sheet
metals [1]. The problem is that preparing plates and
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evaluating the tests is a wvery time-consuming
process.

M. Merklein et al. done stack compression test on
sheet metal with a ratio of length and diameter equal
to one in order to obtain the flow curve. A huge
disadvantage of this method is that it requires two 3D
optical strain measurement system to evaluate test
properly [2]. Later, Kraus, Lenzen and Merklein
developed the method for one layer of specimen, too

[3].

Marcel Graf et al. investigated how different flow
curve acquisition methods for specimens with well-
defined parameters and nearly identical properties
compare to each other. They concluded that by
applying the appropriate correction factor, good
approximations can be obtained [4].

These results all illustrate that the flow curve of a
given material can be taken in a myriad of ways.
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However, most procedures are cumbersome and
complicated. Therefore, we considered it the most
obvious method to perform simple compression tests
on the specimens and investigate the geometrical
deformations for given loads. The flow curve can
then be determined.

2. METHODS AND MATERIALS
USED FOR RESEARCH

The material used for the experiment is DC04,
a cold-rolled mild steel with a ferritic structure
and very good ductility properties.

2.1. Specimen

For the test we used cylindrical specimens
which can be seen in Fig. 1. The test specimens
were cut from board using a Trumpf TruLaser
Cell 7020, a 4KW diode beam source laser
system. The cutting accuracy of the device is +
0,02 mm. The cutting was performed using
nitrogen gas.

The height of the test pieces is equal to the
sheet thickness, which is 1 mm. For the diameter,
10 mm has been selected. It gives an exceedingly
small ratio of height and diameter.

47 d900.

Fig. 1. The cylindrical specimen

In Fig. 1 the rolling direction and the
perpendicular direction was marked.

2.2. Uniaxial compression test

The compression test was done on ZD40
universal testing machine which is shown at Fig.
2. The reason why we chose this device is that it
can provide a significant load that is enough to
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reach much higher strains. For the test, five
different loads were used such as 80, 120, 160,
200 and 240 kN. The speed was consistent during
the test.

Fig. 2. ZD40 universal testing machine

The compression tests were carried out at
room temperature using two different lubricant
pairings. In the first case, BWS lubricating oil
was applied to the surfaces of the test pieces in
contact with the tool, and a thin (~0,05 mm)
polyamide film was placed between the two
surfaces. In the other case, BWS type lubricating
oil was also applied to the surfaces of the test
pieces in contact with the tool, but here a
polytetrafluoroethylene film (~0,1 mm) was
used.

Of paramount importance for the experiment
was to ensure the best possible lubrication
conditions, thus reducing the uncertainty caused
by friction. To this end, we have chosen this
lubrication form and lubricants with excellent
friction reducing properties.

2.3. Buckling measurement

To measure the phenomenon of buckling
especially with a height and diameter ratio this
low is a bit of a challenge. First of all, the
specimens had to be cut in half in the rolling
direction and perpendicular to it. Therefore, the
positioning and the fixing must have been precise
and stable. The cut was made on Wirtz Cuto 20
which is abrasive disc precision cutting
equipment. Each workpiece was then subjected
to microscopic examination. The aim of the test
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was to measure the degree of buckling. This is the
distance between the end blade diameter and the
centre diameter.

Before measurements were taken, it was
advisable to grind the half-cut specimens to
ensure that the line created during cutting did not
interfere with the measurement. It also improves
the image quality. The grinding was carried out
in two steps. First, 1200 grit sandpaper was used,
followed by 2400 grit sandpaper.

For measuring purposes, | used the Zeiss Axio
Imager.M2m metal microscope. This device has
a motorized focus and slide stage movement. In
addition, the maximum magnification available is
500 close. In order to obtain a satisfactory image
of the edges of the specimen, it is necessary to use
the function of the microscope to form a sharp
image by superimposing several sharp images.
This is necessary to eliminate image degradation
due to possible surface defects. Fig. 3 shows the
buckling of a specimen that was compressed with
240 kN. The cut was mad in the rolling direction.

86,14 pm

100 pm
—

Fig. 3. The buckling of the specimen that was
compressed with 240 kN

2.4. Obtaining the friction coefficient

The friction phenomenon has a significant
influence on the shape of the flow curve. As a
consequence, it is essential that the correct
lubrication conditions are established. Measured
geometrical displacements were an important
tool for the determination of the friction
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coefficient and were used to derive the average
value of the R-factor, which can be calculated
from the thickness variation:

_ ,ho
Rave =Tp * h_v

where, ro is the initial radius, ho is the initial
height and hy is the height after filling. A friction
sensitive shape factor is also introduced [5]:

M)

A h
)

b=4x v

)

where 4r is the rate of change of radius and
Ah=ho-hy is the change in height of the test
specimen. The Kudo friction coefficient (m) was
determined using the formulae so far [6]:

()
b
()-G5)
finally, using this formula, we obtain the
coefficient of friction [7]:

ave

@)

w=7 4)
After the calculation, the following
coefficient of friction values were obtained.
1. 1. 2. 2.
90° 0° 90° 0°
i i i t
0,190 0,187 0,161 0,211
0,126 0,138 0,117 0,160
0,130 0,152 0,116 0,151
0,119 0,117 0,110 0,124
0,149 0,144 0,122 0,126

In the table, mark 1 refers to polyamide and
oil lubrication and mark 2 to
polytetrafluoroethylene and oil lubrication.

2.5. Obtaining the flow stress and
strain

The deformation and flow strength were
determined before the flow curve was
constructed. The strain was determined using the
following relationship [8]:
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®)

The flow stress was derived using two
methods, one was the Siebel equation, and the
other was based on the Christiansen et al. The
Siebel approach:

2ur(s)
3h(3)

kr(8) = 0p(8) |1+ (6)

Hereafter, kg (&) will be referred to as mean
strength and o+ (€) as ki. We then also determined
the forming strength based on Christiansen et al.

[6]

P = 20, (a2t

(Do +AD)

(")

where P is the surface pressure, referred to as
ki, oo is the yield strength, referred to as ks, ho is
the initial height and Dy is the initial diameter.

) e () s

3. RESULTS AND
ACHIEVEMENTS

We have fitted the Swift flow curve equation
[9] and the Hockett-Sherby flow curve equation
[10] to our previous tensile and compression test
results. The swift equation is:

ke =K % (So + O™ (8)

in which K is the strength coefficient, SO is the
pre-strain and n is the hardening exponent. The
Hockett-Sherby equation is:

kp = o5 — exp(=(Ne)P) (a5 — ay). 9)

In this formula, os belongs to the saturation stress,
N and p are material parameters and oy refers to
the yield stress obtained from uniaxial tensile
test.

After performing the fitting, the following results
were obtained. Fig. 4-5. show the case where
polyamide and oil lubrication were used. It can
be see that the data points originated from the
Siebel equation to counterbalance the friction and
the geometrical effect are fitted fairly well with
both flow curve equations.
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Fig. 4. Flow curve determined from
compression and tensile tests, for polyamide and
oil lubrication, orientation 0°
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Fig. 5. Flow curve determined from

compression and tensile tests, for polyamide and
oil lubrication, orientation 90°

Fig. 6. and fig. 7. show the case where
polytetrafluoroethylene and oil lubrication were
used.
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Fig. 6. Flow curve determined from
compression and tensile tests, for
polytetrafluoroethylene and oil lubrication,
orientation 0°
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Fig. 7. Flow curve determined from
compression and tensile tests, for
polytetrafluoroethylene and oil lubrication,
orientation 90°

The case is similar for the
polytetrafluoroethylene-oil mixed lubricant, too,
but the counterbalanced points become closer to
each other.

4. CONCLUSIONS

From our results, it can be seen that a
relatively high degree of uncertainty in the stress
values obtained for the compression of thin plates
occurred. This may be due to uncertainty in the
measurement or in the calculations. In our future
research we plan to study the factors that may be
responsible for the resulting uncertainty.
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Abstract

The main objective of this paper is the calculation of the supporting structure of the production hall.
The model of the production hall was previously modelled in 3D software and the model was used to
obtain all the resulting displacements and stresses. The calculation of the elements of the production
hall is conducted following the European standard Eurocode. Two cases of loads on the load-bearing
structure were considered: Wind effects in combination with the weight of the roof and snow loads in

combination with the weight of the roof.

Keywords: supporting structure, truss, calculation, load, wind, snow

1. INTRODUCTION

The structure of the production hall consists
of a series of trusses, 5 m apart, connected to the
columns by an end plate and bolts. The initial
dimensions of the truss itself were based on a
combination of real-world examples and
suggestions for good engineering practice found
in Eurocode guides. These were later refined after
initial analysis to obtain a favourable
combination of components.

It is imperative for an engineer to design and
calculate the supporting structure that will
provide safety, durability and serviceability to the
end user. Accomplishing this task will require a
very good knowledge of design parameters, snow
and wind loads to comply design standards. In
standards for structural design, models for snow
loads on flat roofs generally provide the basis for
determination of snow loads on any roof shapes.
They are typically derived from ground snow
loads and the predicted effects of exposure of flat
roofs primarily due to wind, often conveyed
through the exposure coefficient [1]. As for wind,
research shows that the system of forces resulting
from the wind action can be more complex than
assumed in standards. Therefore, the question

arises whether the standard recommendations
guarantee that the design is always on the safe
side from the point of view of the failure-free
operational use of the construction [2]. For these
reasons, Standards play a central role in
construction  because they specify the
requirements for the construction engineer to
attain a minimal acceptable safety level [3].

The load-bearing structure of the production
hall was modelled using SolidWorks [4] and is
shown in Figure 1.

Figure 1. The model of the structure

The calculation of the load-bearing structure
of the production hall is carried out according to
Eurocode. Prior to the calculations, the
permanent loads as well as the wind and snow
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load on the structure have to be determined in
order to calculate all resulting displacements and
stresses with SolidWorks. The calculation of the
load-bearing structure of the production hall is
carried out by checking each element of the
structure individually.

2. DETERMINATION OF LOADS
ON THE SUPPORTING
STRUCTURE

The structure is loaded with permanent loads
as well as wind and snow loads. The load analysis
was carried out on a representative roof truss.

The permanent loads are the dead load
capacity of the truss, the weight of the secondary
structure and bracing, and the weight of the roof
slabs. The dead load capacity of the truss and the
weight of the secondary structure were
determined with SolidWorks, the weight of the
roof slabs was taken from a catalogue [5].

In order to determine the distribution and the
amount of wind pressure on the surfaces of the
structure, the peak wind velocity pressure must
first be calculated using expressions from
Eurocode [6]. Once the wind peak velocity
pressure is calculated, the wind pressure on the
different surfaces of the supporting structure is
determined. The snow load on the roof is
calculated using the follow expression [7]:

1)

where: sy, is the characteristic value of the snow
load on the ground (for region of Slavonski Brod,
Croatia), p is snow load shape factor, c, is
exposure factor (generally c, =1), ¢, is
temperature factor (generally ¢, = 1). The snow
load on the roof of the structure is:

S=U"Co Cy- Sk

s=08-1-1-1,25=1kN/m?
2.1. Combinations of loads

In this paper, two different cases of load
combinations were observed to determine the less
favourable one:
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1. permanent load + snow load
2. permanent load + wind load.

The load combination is the sum of permanent
load multiplied by a factor 1,35 and wind or snow
load multiplied by 1,5.

Accordingly, the combined load for the first
case is 167,67 kN. The combined load for the first
case is distributed along the beams of the
structure as shown in Figure 2. The figure is
obtained using SolidWorks.

Figure 2. Distribution of loads for the first case

After determining and distributing the loads for
the first combination, a diagram of the axial
forces is obtained using SolidWorks as shown in
Figure 3.

Figure 3. Diagram of axial forces for the first
case

The combined load for the second case is
117,34 kN and it is distributed on the truss as
shown in Figure 4. The figure is obtained using
SolidWorks and shows two different load
amounts depending on the wind zone.

Qi =48 KN

il
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Figure 4. Distribution of loads for the second
case

After determining and distributing the loads
for the second combination, a diagram of the
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axial forces is obtained using SolidWorks as
shown in Figure 5.

‘Najveéa aksijalna sila u gornjoj pojasnici

Figure 5. Diagram of axial forces for the second
case

After determining that the greatest load on the
structure is the combined load of snow and wind,
the greatest forces and moments acting on the
structure are determined using SolidWorks so
that all the main elements of the structure can be
verified.

VERIFICATION OF THE
MAIN MEMBERS AND
CONNECTIONS OF THE
STRUCTURE

The main parts of the structure considered in
this paper are the top and bottom chords of the
truss, the diagonals of the truss, the connecting
plate, the K joint of the diagonal and chord and
the column.

3.1. Verification of the
subjected to compression loads

parts

The parts of the truss subject to compression
are the top chord and the diagonal. The
verification is carried out for the top chord and
the diagonal under the action of the largest axial
force.

For the top chord of the truss, the resistance of
the cross-section to compression, to bending in
the plane of the truss and to shear is calculated. In
addition, the buckling resistance in and out of the
plane of the truss is calculated. These values are
then compared with the values obtained from
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SolidWorks and any additional conditions from
Eurocode 3 [8] are checked.

For the diagonal of the truss, the resistance of
the cross-section and the buckling resistance in
and outside of the plane of the plane of the truss
are calculated. These values are also compared
with the values from SolidWorks and all other
conditions from Eurocode 3 [8] are also checked.

3.2. Verifications of the parts under
tension

Truss parts under tension are the bottom chord
and the diagonal. The verification is carried out
for the bottom chord and the diagonal under the
action of the largest axial force.

The resistance of the cross-section under
tension and the bending moment are calculated
for both the bottom chord of the truss and the
diagonal. These values are then also verified by
comparison with the values given by
SolidWorks.

3.3 Verification of the connecting plate

The truss is connected to the column by a
connecting plate with 4 bolts. The thickness of
the plate is 10 mm and the steel grade is S355. All
other dimensions of the plate are shown in Figure
6. The bolts are M20 8.8.

) SE
Figure 6. The connecting plate

First, the requirement for ductility is checked.
The following condition must be satisfied:
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t Si fub
P =28+ fp

)

where: t,, is the thickness of the plate, £, is
the ultimate strength of the material of the bolt,
fyp is the yield strength of the material of the
plate. This condition is fulfilled.

The weld between the plate and the truss must
also be verified according to the expressions
given in Eurocode 3 [9]. The weld is shown in
Figure 7.

Figure 7. The welded connection of the plate and
the truss

3.4. Verification of the K-joint of the
diagonal and the chord

The truss chords are connected by diagonals
welded in a K-joint without a gap. The diagonals
are 100% overlapped, the connection is shown in
Figure 8.

Figure 8. K-joint of the chords and the diagonals

Since the cord profile is arranged so that the
web of the profile forms the base for the
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diagonals, the expressions provided for a
rectangular chord are used in this paper.

The conditions that must be fulfilled are given
in Eurocode 3 [8]. The resistance of the diagonals
must be calculated and compared with the values
from SolidWorks.

3.5 Verification of the support

The supports chosen for this structure are
HEB 200 profiles made of quality steel S355.
The critical buckling resistance and the buckling
resistance moment must be calculated. After
these values have been obtained, they must be
compared with the values given by SolidWorks.
If the values fulfil all conditions of Eurocode 3
[8], the column is then verified.

4. RESULTS

After checking all the main elements selected
before, the structure is verified according to
Eurocode [8].

The structure could be optimized by replacing
the welds between the beams with bolts, this
would simplify the assembly process.

The price of the structure could be reduced by
replacing the K-joints without gap by K-joints
with gap. K-joints without a gap are much more
difficult to make because each diagonal has to be
cut at a certain angle. However, if a gap were
added, this could be avoided.

5. CONCLUSION

The aim of this paper was to show a concrete
example of the calculation of a structure
according to Eurocode. It also aims to present one
of the possible constructions and uses of a truss.

In this calculation, both chords of the truss and
the diagonals were checked. The resistance of the
disputed elements to compressive, tensile and
shear stresses and to buckling was confirmed. In
addition, the main connections of the structure
and the columns were calculated.

Due to the scope of the paper, the calculation
of the foundation and the calculation of the
connections of the truss were omitted
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Abstract

This paper is about the design and manufacturing of a hazelnut drying system. The way of design and
installation, functioning, operation and maintenance of the plant are the reason why the design of such
a plant was necessary. Recently, there has been a chronic shortage of nuts on the Croatian market. With
the significant increase in subsidies, the number of hazelnut plantations has also increased, especially
in small farms. Even with the first larger harvests, the problem of drying the fruit was recognized.
Industrial plants are too large for family farms that simply cannot produce enough, and they are also
too expensive. It was necessary to build a plant acceptable in terms of capacity, characteristics and price
for farms with lower production, such as plantations of 1 to 2 hectares. The plant is designed so that
you can build it yourself due to the simplicity of the individual parts, of course, with basic knowledge
of mechanical engineering and also with some tools. Turning and bending the sheet metal for the tank

on rollers is also required, but on a smaller scale.

Keywords: drying, hazelnuts, production, assembly

1. INTRODUCTION

Objective of the work

This work explains in detail how to solve the
problem of small farms related to the drying of
hazelnuts. The aim of this work is to develop an
optimal and functional device for drying
hazelnuts, which will significantly reduce the
drying time of the fruit with minimal energy
consumption. With the lowest possible cost of
manufacturing the device, simplicity of all
assemblies and installation, it was necessary to
ensure ease of operation, maintenance,
servicing and safe operation of the device.

Justification

Given the large increase in agricultural land
planted with hazelnuts, mostly owned by small
farms (family farms), there was a problem with
drying the fruit. Many of these farms with 1 to
2 hectares of cultivated land sell their products
"on the doorstep". The problem arises when it is
necessary to dry the required amount of
hazelnuts as soon as possible after receiving the
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order, in order to be able to separate the kernel
from the shell. The traditional method of drying
in air bags and with natural drafts is too slow to
meet the agreed deadlines.

At harvest, the fruit has about 30 to 35%
water. The humidity must be reduced to the
usual 10% to be able to separate the shell from
the kernel in special equipment [1].

Since the kernel of hazelnuts is very
susceptible to shrinkage, the separation of the
shell from the kernel should be done only after
receiving the customer's order, until then it is
optimal to leave the fruit in the shell. In this
way, the fruits are protected from the
appearance of mold and are less calcified, which
means less loss for the producer.

After receiving the customer's order, it is
necessary to dry the ordered quantity of
hazelnuts as soon as possible, of course using as
little energy as possible, and then separate the
kernel of the fruit from the shell. About 50% of
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the total mass of hazelnuts falls on the shell [2].
The shell that remains after hazelnuts are
shelled can be used very well as a heating
material for heating houses, in the ceramic
industry for the production of ceramic tiles, for
the production of activated carbon and so on.
For each use, the shell must be prepared in
advance.

In large industrial dryers, the drying air
temperature is up to 40°C (normally 32 to
34°C), which is of course achieved by certain
burners, gas or fuel oil. Nowadays, when energy
prices are extremely high, this represents a
significant cost factor for the manufacturer.

In practice, it has been shown that hazelnuts
can be dried at room temperature with natural
circulation (traditional drying method), but such
a drying method takes a very long time.

The development of a hazelnut drier, which
is processed in this last plant, significantly
reduces the drying time, with minimal energy
consumption (the drying air is not heated),
which is very important given the affordable
cost of manufacturing such a plant, about
10,000 kn. This type of drier can also be made
in the "do-it-yourself", of course, with some
tools and knowledge at least in the basics of
mechanical engineering. Turning, bending on
rollers and welding are required for the
manufacture of some positions, but in the total
price of the product this represents a lower cost
factor. By purchasing prefabricated parts, which
are available on the market at affordable prices,
the construction of the equipment is simplified
and the overall price is reduced. This type of
drier can be manufactured in the desired
capacity, depending on the production volume
of the family business, and the principle of
operation is the same.

2. DESIGN REQUIREMENTS

From conversations with smaller farmers
who own hazelnut orchards and from
observation of social networks, it became clear
that most of them have a problem with drying a
smaller amount of fruit. The dryers available on
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the market are not suitable for drying small
guantities of hazelnuts and are simply too
expensive for small family farms. The hazelnut
dryers available on the market use an energy
source to heat the air needed for drying, usually
natural gas or fuel oil. In this way, drying time
is reduced, but production costs are also
increased, which directly affects the producer's
profit.

From the problems identified, the idea
developed to build a hazelnut drying plant that
would be affordable for small family farms,
adaptable to their capacity needs, and have the
lowest possible energy consumption. Of course,
the drying time is slightly longer than for dryers
that use burners to heat the air, but the drying
costs are significantly lower, which ultimately
leads to lower production costs and better
competitiveness in the market.

During the design process, care was taken to
make the system as simple as possible to
minimise the need for maintenance, as well as
the maintenance of the system itself with
absolute work safety. A low number of moving
parts and low speeds guarantee the longevity of
the plant. It is possible to build dryers with a
capacity of 100 kg of hazelnuts.

Market research has tried to obtain as much
information as possible about the availability of
materials, finished products and semi-finished
products for sale, which are needed for the
construction of the plant. The use of
prefabricated parts and assemblies greatly
simplifies the construction of the plant,
assembly and installation, and facilitates
maintenance and replacement of parts. In this
way, the price of the finished product is
significantly reduced.

In this work, parts or components are
highlighted, most of them with pictures,
available on the market (belts, bearings,
components of screw conveyors, perforated
tank plates, square steel tubes ...).
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3. TRADITIONAL WAY OF
DRYING HAZELNUTS

After harvest, hazelnuts must be properly
dried and stored to prevent them from becoming
moldy and rancid. Until the appearance of
dryers, hazelnuts were dried in a variety of
ways, such as in the sun in boxes with
occasional stirring, in breathable bags hung
under canopies, on the floor in storage rooms,
etc. Common to all these methods is a long
drying time of 2 to 4 weeks. In the marketing of
agricultural products, the best price is obtained
by those that reach the market earlier, so it is
necessary to shorten the drying time.

Fig. 1. Drying hazelnuts in the sun

Fig. 2. Drying hazelnuts on the attic floor
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This method of drying not only takes a long
time, but also requires mixing several times a
week to dry the hazelnuts evenly, which is
physically demanding for larger quantities. In
this way, the dried hazelnuts can be stored and
stirred occasionally. The optimum storage time
is about one year, although there is of course
some loss due to shrinkage.

For the above reasons, it is obvious that there
is a need for faster, simpler and easier methods
of drying hazelnuts. This is achieved through
various hazelnut drying equipment. For smaller
family farms, most of the dryers available on the
market are either oversized or overpriced.

i T =

Fig. 3. Display of a factory-produced der

Most family farms have 1 to 2 hectares of
hazelnut orchards, so dryers of this type are out
of the question. A large number of family farms
sell "at the door" in quantities up to 100 kg.
Until sold, hazelnuts are best kept in the shell,
as the kernel is very susceptible to shrinkage, so
they require far fewer dryers.

In this paper, it is shown how a hazelnut
dryer with a capacity that meets the needs of
family farms can be made with a relatively
small investment and is easy to operate and
maintain. One of the most important features is
the minimal energy consumption. Air without
heating is used for drying, which significantly
reduces the price of the product and increases
the profit of the farm.
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4. CONSTRUCTION AND
MANUFACTURE OF
HAZELNUT DRYER

Making a sketch

Fig. 4. Sketch of a dryer for hazelnuts

Once the problem to be solved was
identified, and that is to make a dryer, but before
starting the design, it was necessary to make a
concept sketch that included all the important
parts and the principle of operation. Making a
sketch requires the creativity of the designer
himself, as well as a lot of knowledge in the
field of technical sciences, so that the product is
ultimately functional.

Prototyping of the dryer

Once the sketch of the device is made, the
details and solutions for each assembly are
worked out, the material and finished parts to be
used in the construction are selected,
prototyping can begin. Since the functionality
of the product was uncertain, as with most
prototypes, the materials and parts that would
cost the least were used for the design. Most of
the materials and parts used in making the
prototype were obtained from "waste" at a very
low cost. This manufacturing method requires a
little more time to customise some parts, but
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with an unknown outcome, this is acceptable.
Once the prototype was completed and put into
operation, the result was satisfactory, and at a
very low price of the product. This prototype is
on a family farm and has been in operation for
3 years and has proven to be very reliable and
economical.

Fig. 5. A prototype of a dryer for hazelnuts was
made

Creating a 3D model in
SolidWorks

Solidworks is a 3D modeling tool and
belongs to the middle category as far as the
scope of this type of programs is concerned.
AutoCAD and other 2D systems have a smaller
scope and weaker 3D modeling capabilities.
Solidworks ranks ahead of Autodesk Inverter,
followed by CATIA, a powerful 3D modeling
program. Solidworks is primarily a tool for
modeling and creating technical documentation.
However, it can be extended with additional
modules and used in production together with
the SolidCAM tool to create programs for CNC
machines [3].
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Fig. 6. 3D model of the dryer made in the
Solidworks program

1. container with housing; 2. fan; 3. electric
motor; 4. worm conveyor; 5. tank emptying
channel; 6. air concentrator

O -

ng. 7. Hazel dryer cross section made in the
Solidworks program

1-housing with tank, 2-fan, 3-pipe for air
supply, 4-range of hazelnut in worm conveyor,
5-electric motor, 6-worm conveyor, 7-air
concentrator, 8-bearing.

To better understand the operation of the
hazelnut dryer and the position and role of each
part and assembly, a cross-section of the system
is shown in Figure 7., which was created using
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the Solidworks program. The cross-section
shows the parts and positions that are not visible
in the overall model because they are located
inside the tank. These are the air concentrator,
the air supply pipe, the position of the screw
conveyor, the spiral of the screw conveyor with
the area where the screw conveyor collects the
hazelnuts and transports them to the opening at
the top of the @ 200 pipe, through which the
hazelnuts return to the tank. In this way, the
hazelnuts are uniformly mixed in the tank.

Description of the dryer
operation

The dryer tank must always be filled so that
the air concentrator is covered with a layer of
hazelnut at least as thick as the distance from the
air concentrator to the tank wall, in this case 200
mm. Otherwise, it would not received the same
air flow in all directions and therefore uniform
drying would not be achieved. At the bottom of
the @200 tube there is an opening of 150 * 120
mm through which the hazelnuts enter the tube,
where they are collected by the screw conveyor.
The screw conveyor pushes the hazelnuts up
through the tube towards the top. At the top of
the tube is an opening through which the
hazelnuts fall back into the tank. In this way, the
hazelnuts are evenly mixed in the tank, resulting
in even moisture removal, i.e. drying.

The circular motion of the screw conveyor is
generated by an electric motor via an open belt
drive, a V-belt. On the shaft of the electric
motor there is a drive pulley @50 mm, which is
firmly connected to the shaft. The transmission
of torque and movement is ensured by the pin.
On the shaft of the screw conveyor there is a
driven pulley @200 mm, which is also firmly
connected to the shaft. Here, too, the
transmission of torque is ensured by feather.
The tolerances were chosen to achieve a tight fit
with "light hammer blows", as this makes
assembly easier and does not require a press [4].

The pressure fan that supplies the drying air
must be strong enough to overcome the
resistance of the hazelnut layer, in this case 200
mm. Another condition that must be met is that
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it must supply as much drying air as possible in
order to extract as much moisture from the
hazelnuts as possible in the shortest possible
time, thus shortening the drying process. It is
also desirable to install a fan that has a low noise
level. This method of drying is time-consuming,
as the drying process can be carried out at night.
The fan blows compressed air through the air
supply hose into the air concentrator. The air
supply hose has no holes, so all the air from the
fan enters the air concentrator. The air
concentrator is made of perforated sheet metal
with @6 mm holes. When the air is pressurized,
it flows from the concentrator through the
hazelnut layer, absorbing some of the moisture.
The tank of the dryer is also made of perforated
sheet metal, so that the air containing part of the
moisture absorbed by the hazelnuts can be
freely released into the environment. This is the
main principle of drying. The process lasts until
the moisture content of the hazelnuts has
dropped to about 10%. Only then can the
hazelnuts be placed in a device for separating
the kernel from the shell or for storage. The
separated shell represents about 50% of the total
mass of hazelnuts, so in this case the waste can
be usefully used for heating in certain furnaces.
For several reasons, it is desirable that the
electric motor for driving the screw conveyor
have the ability to regulate the speed. In the
drying phase, the number of rotations of the
worm conveyor should not be too high, about
50 rpm, so that the hazelnuts do not break.
When emptying the tank, the speed of the
conveyor can be the maximum allowed to
shorten the emptying time, in this case not more
than 150 rpm. The maximum permissible speed
is calculated for each conveyor. If the tank with
hazelnuts is emptied directly into the device for
separating the kernels from the shell, the
number of rotations of the conveyor can adjust
the amount of hazelnuts at the exit of the tank to
the capacity of the device for separating the
kernels from the shell (cruncher).
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Fig. 8. Demonstration of hazelnut intervention in a
Screw conveyor

Figure 8 shows part of the plant where the
screw conveyor collects the hazelnuts and
pushes them up through the conveyor pipe
towards the top.

Fig. 9. Tank cleaning door

Figure 9 shows the door for cleaning
hazelnut residues, shells and other impurities.
Cleaning should be performed after each drying
cycle.

Fig. 10. Discharge channel
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In the working position, in the drying phase,
the tank emptying groove is in a vertical
position so that the hazelnuts fall back freely
into the tank. When emptying the tank, the
emptying chute must be placed in the position
shown in Figure 10 This is achieved by simply
folding the groove using the hinge and resting it
on the tube of the screw conveyor The length of
the groove is calculated so that the chute does
not "collapse" after leaning against the pipe.

-

=

Fig. 11. Tightening the belt by moving the electric
motor

Figure 11 shows how to tighten the drive belt
by simply moving the electric motor and
tightening the screws. This solution is one of the
easiest ways to tension the belt and is very
commonly used in many operations. The figure
also shows the way in which the transmission of
power and motion is solved. Although the drive
pulley, which is located on the shaft of the
electric motor, and the shaft have a tight fit, the
transmission of torque is guaranteed by a
possible slippage of feather. Since the pulley
can be easily mounted on the shaft of the
electric motor, it is recommended to choose a
tight fit, which is achieved by "light hammer
blows" to avoid crimping, which is often
inaccessible to presses. In the further part of the
work, the recommended calculation of the tight
fit is made.
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Fig. 12. Open belt transmission

A drive with a V-belt was chosen for the
transmission of power and motion from the
electric motor to the shaft of the screw
conveyor. The drive pulley is located on the
shaft of the electric motor, and the driven pulley
is firmly seated on the conveyor shaft. The belt
drive was chosen because of its simplicity and
relatively low cost of manufacturing the
transmission. Not only is the belt easy to
maintain, but it also slips in the event of an
overload, preventing major damage to the entire
system. The screw conveyor can also be self-
made, as all the necessary parts are available on
the market.

Fig. 13. Conveyor auger available in the market

Fig. 14. Mounting the bearing and top plate on the
shaft and the worm conveyor tube
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In order to install the shaft with the screw
conveyor in the @200 mm tube, at least one
plate to which the bearing is attached must be
removable. Figure 12. shows the sequence and
method of mounting only the adjustable bearing
attached to the top plate and the connection of
the @196 * 20 plate to the conveying tube. All
connections are bolted to make the work as
simple as possible in case of repair or
replacement of parts.

Screw conveyor

Air concentrator

Air supply pipe

Ventilator

Fig. 13. Air concentrator

Figure 13 shows how the air concentrator is
supplied with compressed air. The pressure
blower draws air from the environment and
forces it into the concentrator through the air
supply tube. Since the concentrator is made of
perforated plate with @6 mm holes, the
compressed air flows freely through the holes
and hits a 200 mm thick layer of hazelnuts
which are located in the tank. As it flows
through, the air absorbs some of the moisture
from the hazelnuts and releases it into the
environment. In this way, the moisture in the
hazelnuts is gradually reduced so that the drying
process takes place.
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VENTS Ventilator TT PRO 150

Fig. 14. Selected fan that meets the required
conditions

Fig. 15. Self-aligning bearing UCF 208 SKF

It is recommended to install self-adjusting
bearings. If the installation is done in a "home
workshop", it is quite difficult to meet the
requirement of parallelism of the upper and
lower plates to which the bearings are attached.
Self-adjusting bearings can withstand some
shear on the axis of rotation, and these
characteristics reduce the load on the shaft and
vibration. For the screw conveyor in this
system, the calculated maximum speed is up to
150 rpm. Since this is a relatively low speed and
low loads, the selected bearing fully meets the
required conditions.

The advantage of this bearing is that it is
already in the housing, which avoids expensive
turning operations in the manufacture of the
hub, where the bearing would then have to be
pressed into the hub. There are holes in the
housing for tightening the bearings, which
greatly simplifies installation.

The lubricator built into the housing allows
lubrication, which extends the service life and
reduces bearing noise.
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On the inside of the bearing there are fixing
screws with hexagon socket, which tighten the
screw conveyor shaft and prevent its axial
movement.

This type of bearing is available on the
market at a very reasonable price, about 120 kn,
which is very reasonable given the requirements
it meets.

5. NECESSARY CALCULATION
FOR THE CONSTRUCTION
OF THE PLANT

Maximum speed of the worm
conveyor

For each screw conveyor, it is necessary
calculate the maximum allowable screw speed
that must be maintained to prevent the device
from breaking [5].

E
Npax = D rom (1)

E coefficient as a function of the material to be
transported

(for light, non-wearing material E = 65)

Screw conveyor D diameter (m) - a standard
screw with a diameter of @190 mm was chosen

65 r
Nppax = ﬁ - 149, 12% ~ 150 rpm
Gear ratio

To calculate the power of the electric motor
that drives the schaft of the screw conveyor, it
is necessary to calculate the transmission ratio
between the driving and driven pulley. [4]

. dgro

g = —= )
R™ dg,

ir - gear ratio

drs - drive pulley diameter (mm)
dro - driven pulley diameter (mm)
) dr, 200

Transport speed

When talking about the transport speed, it
means the speed at which the hazelnuts pass
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through the screw conveyor. This calculation is
necessary in order to eventually calculate the
time needed to empty the bin. At the maximum
permissible speed, it is possible to calculate how
many times the total quantity of hazelnuts is
mixed in one drying cycle and what the
maximum capacity of the screw conveyor is [5].

p=32 m/s (3)
60

n - conveyor auger speed (rpm)

s - worm coil pitch (m)

Vv - transport speed (m/ s)

TRANSPORT SPEED IN THE DRYING
PHASE:

The recommended speed of the screw conveyor
in the drying phase is about 50 rpm.

_sxn_0,1><50
VE760 T 60

TRANSPORT SPEED WHEN TANK
DISCHARGE:

= 0,083 m/s

The recommended speed of the screw conveyor
when emptying the tank is the maximum
allowed, for this conveyor it is up to 150 rpm.

sxXn 0,1x150
v="-= =0,25m/s
60 60

At maximum speed, the tank emptying time
is significantly reduced. Since this dryer is
equipped with an adjustable speed electric-
motor to start the screw conveyor, family farms
that have their own device for separating the
kernel from the shell can continue the
"crunching" process directly from the dryer. In
this case, the quantity of hazelnuts entering the
"cruncher" hopper is adjusted to the capacity of
the equipment by changing the speed of the
electric motor.

Belt length calculation

The belt is tensioned by moving the electric
motor along the grooves in the carrier. The
length of the groove is limited and so is the
movement of the electric motor. For this reason,
it is necessary to calculate the length of the belt
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in order to select a standard belt that can be
properly tightened [4].

D

L=pBx 21+(21T—,B)x%+2a><sin§ mm  (4)
B _ D_Dy

cos 2 _Za (5)

L - belt length

[ - coverage angle
D1 - diameter small pulley
D, - diameter large pulley

a - pulley center distance

B 200 % 50

€08 5 = 2 %300

=0,25/% cos™!

gz arc cos 0,25 = 75,522 = 75° 31’ 21"'/x 2
B =151,0449 = 151° 2’ 42"
B

I
= 151,045 X 180 = 2,6362 rad

50 200
L= 2,6362 X -+ (21— 2,6362) X —~+2

2,66362

X 300 X si
Sin 2

=1011,54 mm

The first larger standard belt is selected, in
this case a belt 17 x 1025 mm.

Tolerance of fit

In order to avoid pressing the bearing on the
screw conveyor shaft as well as the pulley on
the conveyor shaft and the electric motor shaft,
and since the torque is achieved by the tongue,
transitional and tight fits are chosen, which can
be achieved by "light hammer blows", because
the torque is achieved by feather. The
manufacturing accuracy of the parts that make
up the clamping joint, should be given by the
tolerances of ISO in a system with a single bore

[6].
For the connection of the bearing to the shaft

of the screw conveyor, a transition fit was
chosen for easier assembly.
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ISO tol. (mm)

’ l 040 77 0035
_ o’ 0

- ouo i | 0013
1 T30.009

A tight fit has been chosen for the
connection between the motor shaft and the
drive pulley @50 mm. The tolerance of a tight
fit is such that the connection is achieved with
"light hammer blows". With the selected seat,
SJP, sufficient intimacy is achieved so that the
pulley does not fall off the shaft during
operation and torque transmission through the
tongue is ensured.

ISO tol. (mm)
+ 0,035
020 H7
0,0
+0,073
220 k6
+0,051

For the connection between the sleeve of the
screw conveyor and the driven pulley @200
mm, a tight fit, SJP, was also chosen due to the
ease of installation, achieved by "light hammer
blows". Again, the transmission of the torque is
ensured by the pin, and a tight fit is sufficient to
prevent the pulley from falling off the sleeve
during operation of the equipment.

ISO tol. (mm)

&, 0.0
039 ke | T0.073
+0,051
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Calculation of the screw
conveyor output

In order to be able to calculate the time in
which the tank of the hazelnut dryer can be
emptied and to find out how many times the
total amount of hazelnuts has been mixed in one
drying cycle, it is necessary to calculate the
capacity of the screw conveyor [7].

The power calculation of the screw conveyor is
calculated according to the following formula

[71.

Q=15xD*XmTXnXsXExcxY

t/h (6)
Where is: 6.

Q - action of the screw conveyor (t/h)
D - diameter of the screw conveyor (m)

- for this conveyor the standard dimension
@190 mm was chosen

n - screw speed (rpm)

- for this calculation we take the number of
revolutions in the drying phase, 50 rpm

s - screw pitch (m)

- the pitch of the coil is assumed to be 100 mm
d - specific weight of the material (kg / m3)
- for hazelnuts & = 650 kg / m?

y- filling coefficient of the conveyor

- depends on the type of material, for larger
material it is 0.25 to 0.4

¢ - coefficient of power reduction due to
gradient o - for o = 90° ¢ = 0,40

Since all quantities are known, the power of the
screw conveyor can be calculated.

Q=15x0,192x7x50x0,1x650%0,4x0,4 =
= 884,6 kg/h = 0,884 t/h

This is a calculation of the output of the
screw conveyor in the drying phase, at 50 rpm.
In the same way, the maximum effect can be
calculated, that is, the time in which the dryer
hopper can be emptied. The maximum
permissible speed of the screw conveyor, 150
rpm, is included in the calculation.

Q=15%0.192x7x150%0.1x650%0.4%0.4=
=2653.8 kg/h =2.65 t/h
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It follows that the maximum effect of this screw
conveyor is 2.65 t / h of hazelnut transport.

Calculation of torque and power
at the screw conveyor shaft

The torque of the screw conveyor is calculated

according to the following formula: [7]

Mo = F x r, Nm (7)
ro =(0.7-0.8) x D/2 m (8)
Where is :

F - axial force acting on the screw conveyor (N)
- the conveyor is upright at a 90 °

r'o - radius of the coil on which the axial force
acts

D - diameter of the cochlea (m)

0.7 - 0.8 -experience coefficients

Mo - Torque on the coil (Nm)

In order to calculate the torque, it was
necessary to calculate the axial force acting on
the screw of the conveyor, namely F = 611 N

ro = 0.8 x 0.095=0.076 m

Mo =611 x 0.076=46.4 Nm

The power at the screw shaft is calculated using
the following formula:

Mo = Po/® Nm 9)

o = (nxn)/30 rad/s (10)
The power of the shaft can be calculated from
the above expressions.
Po=Mox oW (11)
For the speed in the drying phase, 50 rpm, the
power at the screw shaft is:

o = (nx50)/30 =5.235 rad/s

Po =46.4x 5.235=249.9 W

For the number of revolutions in emptying the
tank (150 rpm), the power at the worm shaft is:
® = (nx150)/30 = 15.7 rad/s

Po=46.4x 157=728.48 W
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6. CONCLUSION

Due to the growing need for structurally
acceptable solutions, leading to increased
efforts by the profession to provide simple,
flexible and, above all, financially but also
technologically efficient solutions to a given
problem, we come across a certain number of
acceptable options for product design and
construction. In this task, we will deal with only
one variant of manufacturing a hazelnut dryer.

As for the technical aspect of the design of a
hazelnut dryer, it was focused on technology,
efficiency, economy, and ease of manufacture
and installation. The use of a blower without
heating the air needed for drying significantly
reduces operating costs. The feedback from the
owner of this equipment, referring to economy,
is that for a mass of 350 kg of hazelnuts with
21% moisture, the moisture drops to 12% in 3
hours, which is enough to separate the kernel
from the shell, with a total cost of about 10 kn
for the electricity that drives a fan and an
electric motor to drive the screw conveyor.

This work has shown that it is possible to
build a functional and economical plant for
drying hazelnuts that is simple and safe to use.
And above all, such a plant can be afforded by
any small business, and that was the aim of this
work.
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Abstract

This paper deals with a laboratory facility for testing the forced convection of nanofluids through
circular cross-section pipes. The aim of this paper was to verify the hydraulic parameters of the
laboratory facility. The parameters considered were pressure drop and friction factor. The paper
presents a technical solution for the part of the laboratory facility related to the measurement of
hydraulic parameters and the results of its validation. The facility parameters were verified with
distilled water, and the measured data were compared with the results obtained from the well-known
Darcy—Weisbach, Poiseuille, and Blasius equations. It has been shown that the measured data match
theoretical data very well. The maximum relative deviation of the experimental and theoretical
pressure drop is 4,8%, while the average value of the relative deviation is 1,15%.

Keywords: Nanofluid; Pressure drop; Friction factor; Forced convection.

1. INTRODUCTION

The first research on nanofluids was done by
Masuda et al. [1]. The authors suspended Al»Os3,
SiO2, and TiO; particles in water as a base fluid.
They found that an increase in the concentration
of Al;O3 and TiO, particles leads to a rise in
nanofluid thermal conductivity. After that,
intensive development of nanofluids followed,
where numerous researchers worldwide were
engaged in the research of thermophysical
properties of nanofluids [2]. Today, it is
considered that nanofluids (NFs) are advanced
colloids obtained by dispersing 1-100 nm
nanoparticles (NPs) in a base liquid [2]. Water,
ethylene glycol, oil, and ionic liquids are used as
base fluids. Different material particles are
suspended in base fluids: metals, oxides,
carbides, nitrides, and carbon nanotubes. In the
future, nanofluids could be used as heat transfer
fluids for heat exchangers, so researchers are
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now intensively dealing with the forced
convection of nanofluids.
Adding nanoparticles to the liquid can

increase its thermal conductivity and intensify
heat transfer in heat exchangers. Intensification
of heat transfer does not automatically mean a
benefit from the considered nanofluid. The
suspension of nanoparticles can increase fluid
viscosity, which affects the increase in the
pressure drop. As a result, more energy is
needed to pump the fluid through the system.

It is crucial to examine the nanoparticle
impact on the heat exchange process related to
the power required to achieve the desired flow
regime and to determine whether it makes sense
to use such a nanofluid in practical applications.
The criterion representing the ratio of
transferred thermal to required mechanical
energy [3-8] is used for validation purposes.
This ratio can be defined in a few ways, and
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literature gives a few different names, like
performance index and thermal performance
factor. If the energy ratio is greater than 1,
nanoparticles provide more benefits regarding
heat conduction than drawbacks regarding
pumping power. In that case, the nanofluid
could be wused in practical applications.
Therefore, in many papers related to
nanoparticles-induced thermal conductivity and
convection coefficient improvement, pressure
drop and friction factor studies are performed.
Measured data have been compared with the
theoretical data obtained by the Darcy—
Weisbach, Poiseuille, and Blasius equations [3—
22]. In some papers, various empirical formulas
for the prediction of nanofluid friction factors
have been proposed [3,5,14,16]. They differ
significantly due to different nanoparticle
materials, sizes, and methods needed to obtain
them. A large amount of experimental data is
necessary to develop a new mathematical model
for calculating a nanofluid's viscous friction
factor or pressure drop. Various technical
solutions for test facilities were proposed. All
facilities were first tested using a base fluid. The
results obtained were verified using theoretical
values.

Mojarrad [3] et al. studied heat transfer
enhancement of alumina/water and
alumina/water—ethylene glycol nanofluids with
nanoparticles volume concentrations up to 0,7%.
A laminar flow regime was observed. Validation
of the facility was carried out using water. The
result showed that the pure water maximum
deviation between experimental and theoretical
pressure drop values was 4%. A comparison of
the energy ratio was also performed, and it was
shown that this ratio increases both by
increasing the Reynolds number and by
increasing the concentration of nanoparticles.
Razi et al. [4] used a CuO/base oil nanofluid
under a turbulent flow regime with nanoparticle
concentrations from 0,2 to 2 wt%. Validation of
the facility was performed with pure base oil.
The maximum pressure drop deviation for pure
oil was less than 16%. The energy ratio showed
that only nanofluid with higher concentrations
could be used in practical applications. lyahraja
et al. [5] researched convective heat transfer and
friction factor of silver—water nanofluid under
laminar flow, with particle concentrations of
0,01, 0,05, and 0,1 vol%. After facility
validation, the maximum deviation of the
friction factor was 2,37%, and the average
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deviation was 1,19%. Validation of the facility
was performed with pure water. New
correlations for predicting the Nusselt number
and friction factor were proposed. Energy
analysis showed that the energy ratio was
greater than one for all concentrations. Emad et
al. [7] investigated forced convection using
graphene nanoplatelet-distilled water nanofluid
under a turbulent flow regime at particle
concentrations of 0,025, 0,05, 0,075, and 0,1 wt
%. The facility validation was carried out with
water. The measured and theoretical friction
factor deviation was less than 10%. Hussein [9]
performed an investigation of forced convection
under laminar flow. Nanofluid was the mixture
of aluminium nitride nanoparticles into ethylene
glycol with a volume fraction of 1 to 4%.
Validation of the facility was carried out with
water. During validation, friction factor
deviation was less than 3%. Hwang et al. [10]
performed Al,Os/water nanofluids tests in a
fully developed laminar flow regime, with
particle concentrations from 0,01 to 0,3 vol%.
The validation was carried out using water
flowing through a pipe with a small diameter of
1,812 mm, so the measured pressure drop was
relatively significant for the laminar flow
regime. The pressure drop deviation was less
than 1%. Almohammadi et al. [11] used the
same type of nanofluid in the laminar flow
regime. Validation was performed using pure
water. The deviation of the friction factor was
less than 5%. Rea et al. [12] studied the heat
transfer and viscous pressure loss of
alumina/water (20 wt%.) and zirconia/water
(12,8 wt%) nanofluids under laminar flow. The
pressure drop was measured, and the results
were compared with the Darcy-Weisbach
equation. Validation was performed with
distilled water. The pressure drop deviation of
the measured and theoretical values was less
than 20%. It has been shown that the pressure
drop of the selected nanofluids depends only on
the viscosity. Minakov et al. [13] studied the
heat transfer coefficient of a CuO/water
nanofluid with several nanoparticle
concentrations between 0,25 and 2 vol%.
Laminar and transitional flow regimes were
investigated. The Poiseuille and the Blasius
correlations were used to compare the friction
factor. Validation of the facility was performed
with pure water. The pressure drop deviation
was less than 5%. Syam et al. [14] explored heat
transfer and friction factors under laminar flow.
MWCNT-Fe3O4/water hybrid nanofluids with
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0,1 and 0,3 vol% nanoparticles concentration
were used. The facility validation was carried
out with water, and the maximum friction factor
deviation was within the limits of £3%. New
correlations for the Nusselt number and friction
factor calculation were proposed. Everts and
Meyer [15] studied water convection at constant
heat flux under a laminar flow regime. The
experimental facility was verified, and the
average friction factor deviation reported was
2,5%. The Poiseuille correlation was used to
calculate the theoretical friction factor. Teng et
al. [16] studied pressure drop of TiO./water
nanofluid with different fractions (0,5, 1, and 1,5
wt%) for laminar and turbulent flows at different
temperatures. It was found that at concentrations
between 0 and 1,55 wt% and temperatures
between 10 and 40 °C, the pressure drop
increased from 25 to 63,3% for laminar and 5,7
to 15,3% for turbulent flow. Deviations of the
measured values compared to the theoretical
ones for laminar flow ranged from 0,01 to -
52,36%, and below 20% for turbulent flow. A
new empirical formula for friction factor
calculation was introduced, which gave better
results.

Arani et al. [17] explored Ag/oil nanofluid in
concentrations of 0,011, 0,044, and 0,171 vol%
in the laminar flow regime. The experimental
facility was validated with pure oil, and the
measurement  results coincided with the
theoretical values. The most significant increase
in pressure drop was observed at the highest
concentration of nanoparticles and was about
3% compared to pure oil. There was no
significant change in the nanofluid friction
factor compared to pure oil. Naddaf et al. [18]
explored heat transfer performance and pressure
drop under laminar flow. Nonfluid was a
mixture of graphene/multi-walled  carbon
nanotubes and diesel oil in concentrations of
0,05, 0,1, 0,2, and 0,5 wt%. It was shown that
the viscosity increased with consentration, and
accordingly, the pressure drop increased as well,
but the pressure increase was not significant,
between 0,012 and 6,3%. The energy ratio
showed that the benefit from thermal
conductivity growth was greater than the
disadvantages due to the increase in pressure
drop. Heyhat et al. [19] experimented with
Al,O3 nanoparticles dispersed in distilled water
with concentrations between 0,1 and 2 vol%.
They studied convective heat transfer and
pressure drop under laminar flow. The
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experimental facility was first verified with
distilled water and then used to measure the
pressure drop of nanofluids of different
concentrations. For smaller particle
concentrations, the measured pressure drop
coincides with the theoretical one. However,
pressure drop deviation is significant for higher
concentrations, so the same expression cannot
be used for pressure prediction as for pure water.
Kayhan et al. [20] observed Al,O3 nanoparticles
suspended in distilled water at concentrations
from 0,1 to 2 vol% in a turbulent flow regime.
Facility validation was successfully performed
with distilled water. The measured pressure drop
was in good agreement with that obtained
theoretically. The nanofluid friction factor
differed slightly from pure water for the same
Reynolds numbers. Zarringhalam et al. [21]
investigated CuO/water nanofluid
concentrations between 0,0625 and 2 vol% in a
turbulent flow regime. An analysis of the
benefits of adding nanoparticles was performed.
It was shown that for some concentrations at
specific Reynolds numbers, the energy ratio was
less than 1, and for some, it was greater than 1.
It was also shown that the theoretical model
could be used for friction factor calculation but
that measured value deviations were more
significant at lower Re numbers. Hemmat et al.
[22] experimented with carbon nanotubes/water
nanofluid with concentrations between 0,05 and
1 vol%, at Reynolds numbers from 5000 to
27000. It was shown that with an increase in the
concentration of nanoparticles, the energy ratio
at all values of Reynolds numbers increased,
although there was an increase in pressure drop.
Thus, it is justified to use this type of nanofluid
with a higher concentration of nanoparticles
from an energy efficiency standpoint.

The paper presents a developed technical
solution for the part of the laboratory facility for
testing the forced convection of nanofluids
through tubes of circular cross-section. It is a
specific laboratory facility with a small volume
because the nanofluid price is still very high.
Due to the small volume, developing a
laboratory facility to investigate nanofluid
forced convection is very challenging. This is
precisely why experimentally obtained hydraulic
and heat transfer parameters must be verified.
The research aims to validate the hydraulic
parameters of the laboratory facility. The
validation was done using distilled water for
laminar and turbulent flow regimes for the
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following two hydraulic parameters: pressure
drop and friction factor. The experimentally
obtained hydraulic parameters were compared
with the values obtained from the Darcy—
Weisbach, Poiseuille, and Blasius equations.
The research hypothesis was that the deviation
of experimental and theoretical results follows
the data from the literature.

2. MATERIAL AND METHOD
2.1. Experimental Setup

A schematic of the laboratory facility is
given in Figure 1. The main parts of the facility
are the tank, pump, test section, control valves,
heat exchanger, temperature, flow and pressure
sensors, data acquisition device, and thermal
bath.

A centrifugal magnetic pump AO01VP-
12VvDC-5,0L, 12 VDC (Rotek Handels GmbH,
Austria) with a maximum flow of 5 L/min and a
pressure of 0,54 bar was used for forced flow
realization. Flow regulation can be done via two
needle valves and/or by changing the number of
revolutions, i.e., by changing the electric voltage
of the pump. The pump takes water from the 1,5
L stainless-steel tank and sends it through the
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needle valve to the test section assembly. The
needle valve is used for flow regulation and
fluid mixing intensification to achieve uniform
fluid temperature over the pipe cross-section.

The test section assembly consisted of
several parts. At the beginning and the end of
the test section, there were specially designed
couplings made of polyamide, in which PT1000
temperature probes were placed to measure the
mean temperature of the fluid at the entrance
and exit of the test section. The temperature
probes were calibrated with an accuracy of £0,1
°C. The fluid first entered the 800 mm long flow
development  section to  ensure  full
hydrodynamic flow. The flow development
section and the pressure drop measurement
section comprised a smooth, seamless tube made
of stainless steel EN 1.4301, with a calibrated
inner diameter of 5,6 mm, a wall thickness of
0,2 mm, and absolute roughness of 0,0015 mm.

The length of the pressure drop measuring
section was 1490 mm. At the beginning and the
end of the pressure measuring section, specially
designed couplings made of polyamide were
placed.
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Fig. 1. Schematic of the laboratory facility
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The couplings had fittings for connection with a
differential pressure gauge. A differential
pressure gauge EJA110A (Yokogawa Electric
Corporation, Japan) was used for pressure drop
measurement.

After leaving the test section, the fluid passed
through the primary side of the plate heat
exchanger, then through the Coriolis flow meter
R025/2700 (Emerson Electric, USA), and
returned to the tank. The secondary side of the
heat exchanger was connected to a MaXircu
CR-P30 thermal bath (Witeg Labortechnik
GmbH, Germany) with a maximum power of
800 W and temperature accuracy of +0,1 °C.
The heat exchanger and the thermal bath
achieved and maintained the desired fluid
temperature. The fluid flow through the
secondary side of the exchanger was achieved
with a pump installed in the thermal bath. The
adjustment of the thermal power was made by
adjusting the fluid flow and temperature in the
secondary line of the heat exchanger. The
remaining pipes were flexible hoses with an
outer diameter of 8 mm, which additionally
thermally isolated the system in the axial
direction and prevented the transmission of
vibrations.

All sensors and gauges were connected to the
CompactDAQ data acquisition system (National
Instruments, USA) with modules NI 9219 for
temperature measurement and NI 9923 for
current signal measurement, i.e., for measuring
volumetric flow rate (Q) and pressure drop
(Apwm). Data acquisition was connected to a
computer where all data were displayed in real-
time and stored. The data sampling rate was 1
Hz.

The test sectio