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Pawel LONKWIC", Patryk ROZYEO™, Ireneusz USYDUS”

NUMERICAL ANALYSIS
AND EXPERIMENTAL INVESTIGATION
OF DISK SPRING CONFIGURATIONS
WITH REGARD TO LOAD CAPACITY
OF SAFETY PROGRESSIVE GEARS

Abstract

The paper investigates the effect of various disk spring package configura-
tions on brake load of safety progressive gears. The numerical analysis is
performed using the Abaqus/CAE software and the designed 3D models.
The numerical results are then verified in experimental tests. The tests also
examine the effect of lubrication on brake load of spring packages.
In addition, the paper investigates the work conditions of safety prog-
ressive gears at emergency braking. The experimental results show
agreement with the numerical results.

1. STATE OF THE ART OF THE PROBLEM

The problem of selecting disk springs for technical objects is widely
investigated in the field of metal forming. When it comes to the application of
safety systems in traction lifts, however, the number of available studies devoted
to this issue is very scarce. The authors of the study (Dharan & Bauman, 2007)
examine composite disk springs. The results they report demonstrate that
composites can satisfactorily replace steel in disk springs with mass savings of
almost 80%. These authors also investigate the effects of different spring
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geometries on load deflection responses. In the studies (Debski, Kubiak & Teter,
2012; Ozaki, Tsuda & Tominaga 2012), the authors apply the finite element
method to predict load deflection curves based on the results of obtained using
different friction factors. The authors of (Atxaga, Pelayo & Irisarri, 2006)
discuss the effect of temperature and excessive environmental salinity on the life
and reliability of stainless steel disk springs. In the study (Kayaoglu, Salman
& Candas, 2011), the authors investigate stress and displacement of a lift safety
gear brake block using the Abaqus/CAE software. They compare the numerical
and experimental results. According to these authors, the numerical results agree
with the results of the experimental tests. In the study (Taplak, Erkaya, Yildirim
& Uzmay, 2014), the authors deal with the problem of using neural network
predictors for the analysis of lift vibrations caused by variable load weight.
The neural networks were applied to estimate vibration symptoms and, there-
fore, to identify failure of either one element of the lift or the entire lifting
equipment. The authors of (Onur & Imrak, 2012) discuss the application of the
reduction method to estimation of lift dynamics. In their analysis, the lift car
model is reduced to a flat system with one vertical degree of freedom.
This reduction-based methodology is then applied to describe a specific goods
lift using analytical and finite element methods. Moreover, the above authors
examine the effect of parameters of lift work on acceleration characteristics
of the entire lift system. In the studies (Jong, 2004; Feng, Bao, Zhou & Wang,
2012), the authors discuss the application of the finite element method
to estimation of rigidity and strength of a lift car frame in various types of lifts,
focusing on the problem of safety gears, too. The FEM was applied to optimize
the carrying frame design and thus to reduce both the sections of frame beams
and frame weight as well as determine safety factors. Based on the results, they
also undertake to determine failure-prone areas of the lift frame system.
The problems of lift brake system dynamics, materials and safety gears are also
investigated in the studies (Filas & Mudron, 2012; Lonkwic, Rozyto & Debski,
2015; Lonkwic & Roézyto, 2016; Lonkwic &  Szydito, 2014; Lonkwic
& Gardynski, 2014; Lonkwic, Szydto & Molski, 2016). The authors of these
publications analyze, among others, the lift brake system and compare the design
and operation of safety gears produced by European manufacturers with a new
developed solution. In the publication (Zhu & Ren, 2013), the authors raise
the problem of the effect of weight of car lifting feeders and hoisting ropes on
the operation of so-called tall lifts that are used in building above 40 stories tall.
Due to the considerable lifting height, this type of lifts requires the application
of an adjusting belt to compensate for the weight of hoisting ropes and feeders,
so that other lift components are not excessively loaded. The authors describe
the behavior of the adjusting belt and its effect on the linear model of lift
operation. They examine the effect of horizontal displacements of the adjusting
belt on free vibration frequency of the system. The above-mentioned studies
provide information with regard to the methodology of disk spring package
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selection and the use of different materials for disk springs. Nonetheless, there is
lack of studies reporting numerical results of the application of spring packages
in safety gears. Given the above, it seems justified that this problem be
investigated by both numerical modeling and experimental tests.

2. RESEARCH METHOD

The objective of the present study is to investigate the effect of different disk
spring package configurations and lubrication on the brake load of a safety gear.
The investigation of spring disk package deflection was performed following
the configurations given in Table 1.

Tab. 1. Characteristics of tested spring packages [source: own study]

Pack Package Dry Lubricated
| 14V_S X
Il 7X7_S X
1 4V5X5_S X
[\ 14V_Sm X
Vv 7X7_Sm X
VI 4V5X5 Sm X

The denotation 14V stands for a configuration of 14 disk springs that are
arranged in a parallel manner (Fig. 1a). The spring deflection load of this
package is 14 times higher than the deflection load of a single spring.
The denotation 7X7 (Fig. 1b) means that there are two packages, each
containing seven springs, arranged in opposite directions. This configuration
has the deflection load that is seven time higher than that of a single spring,
while the deflection is two times higher than the deflection of one spring.
The denotation 4V5X5 (Fig. 1c) stands for a mixed configuration of springs
with the packages arranged in opposite directions, where deflection is three
times higher than the deflection of a single spring and the deflection load
is the multiplicity of load of one spring in the package. Given the design of the
safety gear CHP 2000, the tested disk springs had the following dimensions:

— outside diameter: 31.5 mm,

— inside diameter: 16.3 mm,

— thickness: 2 mm,

— height of unloaded spring: 2.75 mm,

— spring travel: 0.75 mm.

Figures la—1c illustrate the package models used in the numerical simulations.



1a)

1b)
| 1
1c)

R
Dividing line / 1
Dividing line 4

Fig. 1. Models of disk spring packages designed in Solid Works: 1 — disk spring package,
2 —pusher, 3 —guiding bolt, 4 — base, a) configuration 14V, b) configuration 7V7, c) own study

The numerical results were verified in experimental tests conducted using
the testing machine HT-2402. The measurement of package deflection and load
was done in two ways: with no lubricant applied (dry) and with lubrication
to decrease the friction factor between individual springs in the package, following
the scheme given in Table 1. The lubricating agent applied in the experiments was
Megol SL-68.

The package deflection paths were obtained by averaging the results of 15
consecutive measurements. The measurements were averaged using dependence (1).

-
2iz1 Z;

1
k (1)

7=



where: zi —the path of package deflection in the n-th measurement cycle,
k — the number of measurement cycles,

i — the number of consecutive measurement.

Fig. 2. 4V5X5 disk spring package configuration to be tested
using HT-2402 machine (own study)

Fig. 2 shows one example of a disk spring package to be measured using the
HT-2402 machine along with all necessary measurement instruments.

3. DISCRETE MODEL

The discrete model of a disk spring package was modeled with Abaqus.
The discrete modeling was the fundamental stage of the numerical analysis.
The FEM analysis illustrated operation of the lift under load applied to three disk
spring packages with different configurations. The contact parameters were
based on the interaction between lift components in tangential and normal
directions. The load was defined for each spring package configuration
separately. All packages were subjected to axial load. The aim of the simulation
was to do the following: first, to generate a disk spring deflection package and,
then, to determine the maximum axial load applied to the package. The spring
package deflection was simulated in the range from 0% to 75% of the unloaded
package height, which is the effective operating range of springs.

The material properties of the applied components are compared in Table 2.
The objective of the present study is to investigate the effect of different disk.

Tab. 2. Characteristics of tested spring packages (Banaszek, 1996)

Young’s Poisson’s Yield Tensile
Material [ modulus ratio v strength strength
E [MPa] Re [MPa] Rm [MPa]
Disk Steel
springs 51Crva 210000 0.3 1080 1280
Other Steel
components|  C45 210000 0.3 360 610




The numerical analysis was statics-based, therefore the lift’s weight was not
taken into account. The configurations contained several contact interactions
between components that were active during the simulation. The assigning
of boundary conditions to the lift depended on suitable fastening of the system
and load determination, as shown in Fig. 3a. The component that produces
spring package compression was prevented from displacement in all axes, except
for the Y-axis. The bottom plane of the component with the spring package was
made totally fixed in compliance with the real fastening. The load was applied
as a point-concentrated force. To this end, a reference point was established
in the axis of the spring package compressing component. Next, the concentrated
force was assigned to the newly established point; the force was assumed to act
opposite to the Y-axis (Fig. 3a). The reference point was tied by a coupling
in the interaction module with the upper plane of the compression-generating
component. The coupling of the point with the surface-acting load enabled us
to perform further stages of the numerical analysis. The key stage of the FEM
analysis included assigning the mesh to a system and dividing it into finite
elements. To obtain the highest quality meshes, the elements were partitioned
into smaller parts. In this way, we obtained a linear geometry mesh; the mesh
was hexagonal (structured) for the springs, while for the spring fastenings it was
arranged hexagonally (sweep) relative to the centre line. The size of mesh ele-
ments was set to 2, while the size of spring fastenings was set to 4. The assigned
mesh element was C3D8R, i.e. a brick element with three degrees of freedom
and eight nodes, with reduced integration. Reduced integration is the technique
that can lessen the blockage effect, i.e. the removal of incorrect object shape
deformations. As a result, the components of high-order polynomials are
eliminated, which improves the numerical analysis (Zienkiewicz & Taylor,
2000). The total number of mesh elements in the entire system, in each analyzed
case, is 5862. For detailed information about the mesh see Fig. 3b.

a) b)

Fig. 3. a) Boundary conditions of the system , b) FEM mesh — total numbers of nodes: 10292;
total numbers of elements: 5862, 5862 linear hexahedral elements
of type C3D8R (own study)
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The FEM analysis shows the results in integration points that were geo-
metrically distant from the node points. The node results are the interpolated
values measured in the integration points.

4. NUMERICAL AND EXPERIMENTAL RESULTS

The numerical results are illustrated as distribution patterns of stresses
in crucial points. The FEM results are also compared with the experimental
results of load-elongation relationships produced for three configurations.
The simulation results of stresses are shown in Fig. 4.

5a)

S, Mises
(Avg: 75%)

+3.206e+02
- +2.939e+02
+2.672e+02
_ +2.404e+02
+2.137e+02
+1.870e+02
+1.603e+02

+1.336e+02
+1.069e+02
+8.016e+01
+5.345e+01
+2.673e+01
+1 953e-02

5b)

S, Mises
(Avg: 75%)

+8.876e+02
+8.136e+02
+7.397e+02
+6.657e+02
+5.917e+02
+5.178e+02
+4.438e+02

+3.699e+02
+2.959e+02
+2.220e+02
+1.480e+02
+7.404e+01
+8 293e-02

5¢)

S, Mises
(Avg: 75%)
+5.049e+02

+4.628e+02
+4.207e+02
+3.787e+02
- +3.366e+02
+2.945e+02
+2.524e+02
+2.104e+02

+1.683e+02
+1.262e+02
+8.415e+01
+4.208e+01
+4. 694e 03

Fig. 4. Numerical results of stresses: a) package 14V under load of 21kN, b) package 7V7
under load of 38kN, c) package 4V5X5 under load of 38kN (own study)

11



The above results demonstrate that the package 14V exhibits the lowest

stresses that are of about 321MPa. The stresses observed for the package 4V5X5
amount to about. 500MPa are considerably lower than is the case with the
package 7V7, where the stresses equal 888MPa. The analysis of the three cases
does not reveal that the yield strength was exceeded, therefore the system is free
from plasticization and plastic strains. The numerical results of displacements
are shown as axial sections of spring packages in Fig. 5.

6a)

6b)

6¢)

U, Magnitude
+7.144e-01
+6.582e-01
+6.019e-01
+5.456e-01
+4.894e-01
+4.331e-01

+9.549e-02
+3.922e-02

U, Magnitude
+1.430e+00
+1.311e+00
+1.193e+00
+1.075e+00
+9.561e-01
+8.377e-01
+7.193e-01
+6.009e-01
+4.824e-01
+3.640e-01
+2.456e-01
+1.272e-01
+8.725e-03

U, Magnitude

+2.132e+00
+1.959e+00
+1.786e+00
+1.613e+00
- +1.441e+00
+1.268e+00
+1.095e+00
- +9.222e-01
+7.494e-01
+5.766e-01
+4.038e-01
+2.310e-01
+5.820e-02

i
0
i
i
i
i
i
I
i
§
|
1
/]

Fig. 5. Numerical results of spring displacement (deflection) [mm]: a) package 14V,
b) package 7V7, c) package 4V5X5 (source: own study)

The experimental results are given in Fig. 6. At the beginning of the experi-
ment, each disk spring configuration was pre-loaded in order to remove redun-
dant clearance and determine the 0 measuring point. The dry-loaded packages
of springs were degreased with degreasing agents.
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Load [N]

Load [N]

Load [N]

25000 -

21200
21000
20000 + 20800
20600
20400
20200
15000 T 20000
19800
0,35
10000 +
5000 +
@14V S @14V Sm
0 + + + + +
0 0,1 0,2 03 04 05 06 07
Package Deflection [mm]
40000 T
40000
35000 +
38000
30000 4 36000
34000
25000 + 32000
20000 + 30000
1,35
15000 +
10000 +
—8—7X7. S —8—7X7 Sm
5000
0 + + + J
0 02 04 06 0,8 1 1,2 1,4 1,6
Package Deflection [mm]
40000 T
39000
35000 + 38000
37000
30000 1+ 36000
35000
25000 ¢+ 34000
33000
20000 + 2,05
15000 +
10000
© 4V5X5_Sm
5000 1
04 I 4 /

0 05 1 15 2 25
Package Deflection [mm]

Fig. 6. Experimental results of spring package deflection (own study)
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The numerical and experimental results show agreement with regard
to displacements. As for the first spring package configuration, the displacement
is equal to 0.7 mm, while the results measured for other configurations are
a multiple of the displacement recorded for the first case. In effect, the elon-
gation observed for the second case was approximately 1.4 mm, while for the
third case it amounted to 2.1 mm. The application of different configurations
of disk packages affects both stress and displacement of the system. Fig. 7 gives
the comparison between the experimental and numerical results of deflection
of disk spring packages.

2,50
2,13200| |2,13200| [2,10049

2,00
1,43000 | | 1,40041| | 1,40046
1,50
0,71440
1,00
0,70044 | | 0,70049
p!
- i i i
& < & 9 & & < &
& ? & Pd < Y]

0,00
<
Qs
A7 A% ; <
4f S;\f’ & o

=} w

Value of package deflection [mm]
1%

2 &

Y
w N
N F

S
'\,“‘

Fig. 7. Comparison of the numerical and experimental results (own study)

Analyzing the data given in Fig. 7, it can be observed that there is no signi-
ficant difference between the numerical and experimental results. Despite the lack
of lubrication, the generated package load is not disturbed in any way. A similar
dependence can be observed for the numerical and experimental results of a dry-
working (non-lubricated) spring package.

5. CONCLUSIONS

Based on the above results, the following conclusion have been drawn:

— The FEM and experimental results of the effect of load on disk spring
package deflection show a good agreement. In addition, the numerical
results demonstrate that stresses in crucial points of the three applied
spring package configurations do not have negative effect on system
operation, which means that the tested spring packages can be used in
safety gears.

— The numerical and experimental results of package deflections are almost
the same.
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— In terms of safety gear operation, the spring package 4V5X5 seems
optimum. Although the package configuration is asymmetric, the expe-
rimental results reveal that it is characterized by a high package deflection
(2.1 mm) and the highest load (almost 40kN). The results demonstrate that
the safety gear has the most unified structure in this particular
configuration, which means that it can be used at a wide range of load.

— The symmetric package 14V has the most disadvantages out of the tested
spring package configurations. Theoretically, this package should exhibit
the highest load at the lowest package deflection, yet the experimental
results do not confirm this relationship. This can be attributed to a high
number of interacting surfaces, which had a significant impact on the
experimental results.

— The numerical and experimental results confirm the suitability of using
asymmetric spring packages (4V5X5) in safety gears owing to the fact
that they exhibit the highest brake load and package deflection. The high
package deflection in spring disks means that the energy of the lift car
system will be gently reduced until the lift car’s stop.

— The lubrication did not have significant effect on the experimental results.
Nonetheless, lubricating agents should be applied when safety gears are
used in order to prolong service life of spring packages.

— Due to lack of publications on such issues as safety gears and passenger
lift brake systems in both national and international journals, it is justified
that the research on this problem be continued.
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Abstract

The paper presents two methods of prior JPEG-compression detection.
In the first method the histogram of chrominance is analysed. In JPEG-
compressed images the histogram contains significantly more local
maxima than in uncompressed files. The second method is based
on neighbouring pixel @ value difference. In JPEG-compressed image
the distribution of these values is different than the distribution counted
on the edges of compression 8x8 blocks. These differences are summed up
to create a classifier that allows to assess if the image was compressed.

1. INTRODUCTION

Steganography is the science of hiding information in another carrier called
a container. A carrier can be an image. Further in the article we will focus
on images, thus the container will be understood to be an image. In this case the
data of the image chosen to hide data inside itself are modified in such a way
as to hide a portion of information by including it directly in the image data.
During this operation it is important to keep the image quality and not introduce
detectable changes.

By detectable changes we understand any visual distortions that can be
notified by observer or any statistical interference or characteristic artefacts
in the image data. The problem is that in some containers it is much more
difficult to meet these conditions. Especially when the image was previously
compressed. After compression some characteristic features are introduced into
the compressed image. If the steganographic method interferes with these
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features and changes the supposed characteristics of the previously compressed
image, the steganalyst who examines the image to check for hidden data will be
able to easily detect the presence of hidden information. Also the forgery of the
previously compressed file can be detected by image features analysis.

1.1. Problem formulation

Because of problems which may occur while using a compressed image it is
worth examining it for former compression. This is important especially when
we do not know the file origin. Files downloaded from the Internet are very
popular among users but they are often compressed. Even if the file is delivered
to user in uncompressed form it could be converted from compressed format.
This article discusses the problem of detection of prior JPEG compression.
The following thesis was formulated: “It is possible, without a complex analysis,
to detect if the analysed image was previously JPEG-compressed.”

1.2. Background

The subject of prior image compression is widely discussed in the literature.
This is important in steganography (Fridrich, 2005; Kodovsky & Fridrich, 2013;
Luka$ & Fridrich, 2003; Pevny & Fridrich, 2008), image processing (Yang, Zhu
& Huang, 2015) and forensics (Bianchi, Piva & Perez-Gonzalez, 2013; Fridrich,
2005; Piva, 2013; Popescu & Farid, 2005). In (Triantafyllidis, Tzovaras &
Strintzis, 2002) a frequency-domain technique for image blocking artefact
detection is proposed. The algorithm detects the image regions which contain
visible blocking artefacts. The detection is done in the frequency domain.
Blocking artefact inconsistencies are also used in (Ye, Sun & Chang, 2007)
to detect digital forgeries of images. Authors of (Lin, Chang & Chen, 2011)
propose the use of quantisation table estimation to measure the inconsistency
among images to detect forgeries. The authors of (Liu & Bovik, 2002) propose
a method of numerical assessment of the degree of artefact blocking in a visual
signal. The method works in DCT domain. The steganalytic algorithm based
on examining the compatibility of 8x8 pixel blocks with JPEG compression
with a given quantisation matrix is presented in (Fridrich, Goljan & Du, 2001).
In (Kodovsk™Y & Fridrich, 2013) the authors develop a JPEG-based steganalysis
by examining the difference between an image with hidden data and an estimate
of the cover image obtained by recompression with a JPEG quantisation table
estimated from the stego image.
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2. JPEG COMPRESSION

JPEG compression relies on the YCbCr colour model and discrete cosine
transform (DCT). It contains the following stages (Przybytowicz, 2008):

1. transformation to YCbCr colour model and resolution reduction,

2. image decomposition into blocks,

3. discrete cosine transform on each image block,

4. gquantisation,

5. DCT matrix zigzag shift and Huffmann coding.

In the first stage RGB image representation is transformed into a YCbCr
colour model. This means that each pixel will be described by three components:
luminance (Y) and two chrominance components: anti-red (Cr) and anti-blue
(Cb). Transformation from RGB model is done for each pixel separately
according to Formula 1:

Y =0.299*R +0.587*G +0.114*B
Cr=128-0.168736*R —0.331264*G + 0.53* B (1)
Cb=128+0.5*R-0.4186688*G —0.081312*B

where: R —value of red colour component,
G — value of green colour component,
B — value of blue colour component (Przybytowicz, 2008).

After the transformation a vertical and horizontal resolution of chrominance
components can be reduced because of lower human visual system (HVS)
sensitivity to chrominance components than to luminance (Przybytowicz, 2008).

An image prepared in this way is divided into blocks sized 8x8 pixels. Next,
each block is independently processed with DCT and quantised. Quantisation
is an operation during which each DCT coefficient is divided by a corresponding
value taken from the predefined array Q. Each result is rounded to the closest
integer. This operation allows for higher frequencies reduction. The human eye
has a low sensitivity on quick luminance changes so higher frequencies can be
reduced. At this stage the user can adjust the quality level (QL). The QL ranges
from 1 to 100. Value 1 means the highest compression and the lowest quality.
Value 100 means the best image quality and lowest compression level.

As a result of the reduction of the level of higher frequencies we obtain
an array of coefficients, where some coefficients representing high frequencies
are equal to zero. This array is changed into a vector by reading coefficients
from the array in such a way as to place the low frequency coefficients
at the beginning of the vector and the high frequency ones at the end of it.
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Because of this at the end of the vector multiple zeros are placed. These zeros
are replaced by the symbol EOB, which means that the rest of the vector is filled
with zeros. This allows for image data size reduction. At the end the data are
coded with Hufmann coding (Przybytowicz, 2008). It is worth noticing that
in the JPEG2000 compression format the cosine transform was replaced by a wavelet
transform. Thanks to this a better compression can be obtained and an image
transmitted through the Internet can be presented to the user in lower resolution
before the whole image data are transferred. Today most of JPEG images are
compressed in JPEG2000 format.

3. JPEG COMPRESSION DETECTION

Some images that can be download from the Internet look as if they are
uncompressed. Unfortunately, there is a high chance that they were compressed
earlier to store or transmit them effectively. Such images can be uncompressed
before putting in the repository available for users. In the case of lossy
compression the images keep the compressed format characteristics and some
of their features. To prove this statement, a simple experiment was done. A raw
picture (taken by Nikon D90, without any processing) was compressed and the
differences between corresponding pixels in the original and the compressed file
were calculated. In this way it was possible to determine how big the examined
pixel’s value change was. In this experiment a set of 10 different pictures were
examined. Average values were calculated and presented in Figure 1. There we
can see the results obtained after compression to JPEG format at various quality
levels (25, 50 and 90). In the case of transforming raw image to JPEG a large
number of pixels are changed. Only 20%-30% of pixels have the same value.
The rest of them changes during compression. In Figure 1 only the value chan-
ges up to 22 were presented, but the biggest changes of pixel value are up to 50.
Because of a small number of pixels having such a significant value change
it was not possible to present them on the chart.

In the next step of the experiment the compressed image was uncompressed
and saved in both bmp and png format. In this case the pixel value change was
also examined according to the above-presented algorithm. In this experiment
we found that all pixels had the same value after image format change.
There were no pixels changing value. Changing format from JPEG to uncomp-
ressed form does not change pixel value — all the difference between the
corresponding pixels is zero. This proves that no changes were introduced into
the image during the examined process and all the characteristics and features of
the compressed image are kept in its uncompressed form.
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Each image has a set of various features that can be examined to check if the
image was earlier compressed or not. It is not necessary to analyse all of them,
only a selection of parameters, to detect if the image has any features that
indicate prior compression. During the work over the problem in question
various aspects were analysed, the final selection being:

— luminance and chrominance distribution,

— value differences between neighbouring pixels.

The presented research was prepared with a set of 280 images. Pictures were
taken by Nikon D90 and written simultaneously in two formats: raw (NEF)
and JPEG. The quality of JPEG files was various. As a result, two sets of images
were collected. One set contained compressed files, the other uncompressed
ones.
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100000 § 44
1000 LEEERRE = PNG -> JPEG 50

1000 IR Y B PNG -> JPEG 25
PNG -> JPEG 90

Number of pixels

00 HHHHTHH
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1

0 2 4 6 8 10 12 14 16 18 20 22
Value change

Fig. 1. Pixel value differences after image format change (own study)
3.1. Luminance and chrominance analysis

As mentioned in Section 2, during JPEG compression the colours are
transformed to YCbCr model. The compression is done with the use of this
colour model (Bianchi et al., 2013). This causes changes in the pixels value.
To verify this the common histogram of luminance and chrominance
components was prepared. The histogram obtained from the raw file is presented
in Figure 2. Figure 3 presents the histogram obtained from the JPEG file.
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Fig. 2. Luminance and chrominance histogram for a raw image (own study)
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Fig. 3. Luminance and chrominance histogram for a JPEG image (own study)

Analysis of Figures 2 and 3 allows to notice a significant change of the
chrominance components histogram. On the base of this change an attempt
to create an image classifier was taken. The analysis of local maxima number
in the luminance and chrominance components was done. The obtained results
are presented in Figure 4.
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Fig. 4. Number of maxima in the luminance and chrominance histograms for JPEG
and raw image (own study)

As we can see in Figure 4, there exists a significant difference between the
number of chrominance maxima for JPEG and raw images. The number of
maxima for JPEG images is higher. The numerical analysis of the obtained
results was done as presented in Table 1.

Tab. 1. Numerical analysis of chrominance and luminance local maxima number (own study)

JPEG RAW
Y | Cb |Cr| Y| Cb |Cr
Biggest maxima number 65 | 54 |8 | 53| 23 | 24
Smallest maxima number 1 1 4 3 2 2

Biggest maxima number (VR=10%) 45 | 45 69 | 44 15 15

Smallest maxima number (VR=10%) 17 17 | 24 | 13 5 4

Biggest maxima number (VR=6%) 49 | 48 78 | 45 16 17

Smallest maxima number (VR=6%) 13 14 | 20 | 10 3 3

As can be seen, the number of maxima in chrominance histograms (Cb and
Cr) should be bigger in the case of JPEG images. The biggest maxima number
found in any image is presented in the first line of Table 1. Unfortunately,
in some cases JPEG images have a small number of analysed maxima (the
smallest numbers of maxima found in a JPEG image are presented in the second
line of Table 2). The algorithm of finding a threshold for the Cr histogram is as
follows:
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1. count local maxima in the Cr histogram for JPEG images and put obtained
values into table JPEG_Cr_max; sort the JPEG_Cr_max table in ascending
order;

2. count local maxima in the Cr histogram for raw images and put obtained

values into table RAW_Cr_max; sort the RAW_Cr_max table in de-

scending order;

set the percent of values to remove VR=1%;

remove one percent of the first values from both tables;

check if the first value form the table RAW_Cr_max is smaller than the

first value from the table JPEG_Cr_max; if yes, then return VR and first

and last values from both tables; if not, then increase VR=VR+1% and go

back to point 4.

ok w

According to the same algorithm the Cb histogram maxima were processed
independently. The obtained results are presented in the last four rows of Table
1. These results show that for the component Cb the threshold should be set to
16 maxima (compare blue-marked cells). Each image having more maxima will
be classified as JPEG-compressed. The accuracy of this classifier, according to
the present research, is 90%, because 10% of values are out of the determined
set. More precise results can be obtained with Cr component analysis. Cells form
Table 1 marked orange show that there is still a big gap between raw and JPEG
maxima number. Two last lines in Table 1 show results obtained for the set
where only 6% of extreme results were removed. Cells marked green show that
the JPEG files from the analysed set have in each case more maxima than
the raw files. In this case the Cr component threshold can be set to 18 maxima.
Each image having more maxima will be recognised as JPEG. The examined
accuracy of this classifier is 94%.

3.2. Neighbouring pixel values difference

JPEG compression processes image data in blocks sized 8x8 pixels. Each
block is processed independently. It causes an additional interference on the
blocks edges. In the case of strong compression blocks could be visible as small
squares having a slightly different colour than the neighbouring blocks. It is
caused by a bigger value difference between border pixels coming from different
blocks. This difference was examined and compared with the value differences
among the pixels coming from the whole picture. The value difference between
neighbouring pixels was counted in the RGB colour model according to the
following algorithm:

1. create table RES for results having size 3x256; each row will keep results

for another colour (R, G and B); initialise table RES with zeros;

2. set the read pixel index (PixIndex) to first pixel;
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3. read first pixel from the image (marked ORG) and pixel placed below it
(marked NGB);

4. for each colour:

— read first pixel from the image (marked ORG) and pixel placed below
it (marked NGB),

— count index= |ValORG-ValNGB|,

— increment RES[colour][index] by one;

set the read PixIndex to next pixel;

6. if the PixIndex indicates pixel from the image and not form the last line
then go to point 3 of this algorithm;

7. count the pixel number (PixNum) in the image but the last line;

8. divide all values in RES table by PixNum;

9. return to RES table.

o

For the pixels placed on block edges value differences were counted
according to the same algorithm, but ORG pixels were taken from the 8th line
and next every eighth line. The RES table contains information about the percent
of neighbouring pixels that differ about a defined value, for example the first cell
in the first row keeps what percent of neighbouring pixels do not differ, the
second cell tells what percent of neighbouring pixels differs about one, and so one.

As can be noticed, the differences between pixels are examined only
vertically. It is possible to check them in other directions but it is not necessary
because of good results obtained with the present method. Figure 5 presents the
results obtained for the raw file, Figure 6 the results obtained for the JPEG.
Symbols R, G, B mark differences among neighbouring pixels in the whole
image. Symbols R edge, G edge, B edge mark differences among neighbouring
pixels placed on the block edges. Series R difference, G difference, B difference
are used to show the value differences between values obtained for the whole
image and for the edges. These values were counted according to the formula 2:

Rdifference =R- Redge
Gdifference =G - Gedge (2)
Bdifference =B- Bedge

It can be noticed that the value differences between pixels are similar in the
raw file, in contrast to the JPEG file. There, because of compression, differences
are noticeable. On the basis of these differences a classifier was defined
according to Formula 3:

§|RES [c,i], N =0..255 @3)

2
c=0 i=

C:
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where: ¢ — colour index in the RES table,
N — value difference between pixels.

Pixels share [%0]

0123456 7 8 9101112131415 16 17 18 19 20 21 22 22 24
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|—R —G B R edges — G edges B edges R difference — G difference —B dif‘ference|

Fig. 5. Value differences between neighbouring pixels in a raw file (own study)

As can be seen in Figure 7, the classifier C has bigger values for JPEG
images. The minimal classifier value found for the JPEG image is 5,01 whereas the
biggest value found for the raw file is 1,77. The big gap between these results allows
to define a treshold at the level of 3,38. Each image having a bigger value of the
presented classifier will be recognised as JPEG-compressed. During tests all files
were classified correctly by this classifier, so its acuracy is 100%.
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Fig. 6. Value differences between neighbouring pixels in a JPEG file (own study)
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5. CONCLUSIONS

It is possible to efficiently detect prior JPEG compression with high
accuracy. The methods presented recognise characteristic features introduced to
the image during JPEG compression. The present article does not exhaust the
topic. Future research will focus on frequency analysis and an attempt to build
further classifiers will be made. The topic of prior compression detection
is important in steganography, because previously compressed image usage will
weaken the security of the applied protection. The prior potential container
analysis allows for obtaining better results in steganography and ensures a higher
level of hidden information security.
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CHARACTERISTICS OF PRODUCTS
MADE OF 17-4PH STEEL
BY MEANS OF 3D PRINTING METHOD

Abstract

The article presents the results of tests of 17-4PH steel fabricated by
means of the method consisting in laser additive manufacturing (LAM) —
direct metal laser sintering (DMLS). This grade of steel is characterized
by excellent stress corrosion resistance in the first place and is applied
as construction material in chemical, aircraft, medical or mould making
industry. 3D metal printing is a relatively new method enabling significant
change of structural properties of these materials at printing parameters
predetermined by printers manufacturer for “offline” printing mode.
In order to achieve this goal, the authors have carried out the analysis of
chemical composition, SEM tests and the tests of products surface rough-
ness. Furthermore the products have been subjected to X-ray analysis
by means of computed tomography (X-ray CT). Structural discontinuities
have been found in upper layer and inside printouts subjected to tests.

1. INTRODUCTION

Additive manufacturing technologies called RapidPrototyping techniques
occurred about 30 years ago. Initially, they were applied in aircraft and auto-
motive industry where there is a need to apply metal elements characterized
by complex shapes and high precision of inner structure. Additive manufacturing
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method of metal products fabrication by means of laser has been invented by
Ciraud in the year 1971 (Borsuk-Nastaj & Mtynarski, 2012; Mazzoli, Moriconi
& Pauri, 2007).

This technology was based on direct fabrication of successive layers of 3D
structures previously designed in computer aided design process. These struc-
tures can be tested and modified before engineering design works. The assump-
tions of this technology proposed by Ciraud have been applied till nowadays,
and the process has been developed in the form of 3D printing technology
thanks to modern CAD design technologies and laser technology.

Additive manufacturing methods are used for sintering of wide spectrum
of metallic powders e.qg. light alloys, titanium alloys, steel alloys and Co and Cr
superalloys as well as polymer materials (e.g. polyamide) or ceramic and
composite materials. This technology enables the fabrication of single elements
or small series of elements in accordance with individual market demands,
ensuring the forming of cavities, undercuts and inner channels which could be
difficult or even impossible by means of conventional methods (Atzeni et al.,
2016; Dobrzanski & Matula, 2012; Pal, Tiyyagura, Drstvensek & Kumar, 2016).

The latest technology used for making of complex shapes by means of me-
tallic powders selective melting method consists in DLMS process (Direct Metal
Laser Sintering). Thanks to DMLS technology, it is possible to obtain repeatable
strength parameters of elements being fabricated. The essence of DMLS
technology is the making of complex shapes which could be impossible even
by means of casting methods and using difficult-to —cut materials.

The functioning principle of DMLS machines (Fig. 1) consists on application
of a layer of precisely composed metallic powder by means of a blade
on a working platform and then in selective sintering of successive layers
of element being fabricated by means of near infrared laser beam (wave length
of about 1064nm).

SCANNER SYSTEM
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POWDER BED

-

RECOATER

|
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OBJECT
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POWDER FABRICATION POWDER
DELIVERY PISTON RECEIVING
SYSTEM SYSTEM

Fig. 1. Direct metal laser sintering apparatus
(own study based on (Mazzoli, Moriconi & Pauri, 2007))
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The whole process is carried out in protective atmosphere — most frequently
in nitrogen or argon presence depending on reactivity of applied alloy.
For example, aluminium and titanium alloys are processed in argon atmosphere
and tool steels characterized by lower reactivity as well as Co and Cr
superalloys are processed in nitrogen atmosphere.

2. RESEARCH METHODOLOGY

EOS StainlessSteel GP1 powder was the subject of tests. Composition of this
powder is similar to US classification 17-4 PHand European 1.4542 stainless
steel materials. This type of steel is widely applied in engineering applications
requiring high strength and good plastic properties as well as wear and corrosion
resistance e.g. in chemical, aircraft, medical or mould making industry.
Circular specimens 6 mm thick with diameter @ 30 mm were used for tests.
The specimens have been fabricated in laser additive manufacturing (LAM)
process by means of 3D printer for metals — EOSINT M280 supplied by EOS.
The following parameters have been used in course of printing: laser power
of 200W, layerthickness of 0.02 mmand laser spot size of 0.1 mm.

Chemical composition analysis has been carried out by means of Magellan
Q8 emission spark spectrometer (Bruker, Germany). The tests were carried out
on Fe130 detail testing channel used to complete 5 analyses (sparkings) for each
specimen. The purpose of tests was to verify chemical composition with
a confrontation with data declared by the manufacturer in technological sheets.

The surface of materials being tested has been subjected to analysis by means
of PhenomProX scanning microscope (supplied by Phenom-World B.V.) and by
means of Dektak 150 contact profile meter supplied by Veecolnstruments.
Measuring needle radius was equal to 2 um and load to 3 mg.

Additionally, the specimens have been subjected to X-ray analysis by means
of computed tomography (X-ray CT) in order to check whether there are any
structural discontinuities in the products made in LAM process. Therefore,
SkyScan1272 computed tomography equipment (Bruker, Belgium) with
XIMEA xiRAY11 camera and software package: Nrecon 1.6.10.1, CTVox 2.1.0
r741 and DataViewer 1.4.2 enabling the analysis of obtained images has been
used for tests. The most important parameters which have been used for tests
are: camera resolution of 1.6 um, detector pixel number of 2688x4032, source
voltage of 100kV, current of 100 pA, exposure time of 5300ms, rotation angle
of 0.15°, average number of photos per rotation is equal to 6; the thickness
of applied copper filter is equal to 0.11mm.
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3. RESULTS AND DISCUSSION

The results of chemical composition analysis are presented in Tab. 1.
The manufacturer — EOS company, does not indicate accurate information on
carbon concentration percentage in furnished data except of maximum content.
Measured average concentration is included in the scope declared by the manu-
facturer. In case of nickel, the concentration was slightly exceeded. Remaining
elements contained in GP1 steel under analysis meet the requirements for
17-4PH steel. High content of Cu additive additionally increases stress corrosion
resistance. In accordance with data (Thijs, Kempen, Kruth & Van Humbeeck,
2013), corrosion resistance of 17-4 PH is similar to this parameter of 18Cr-8Ni
steel.

Tab. 1. Chemical composition of the tested GP1 (17-4 PH) stainless steel (masses %o)
(own study)

C Si Mn Cr Mo Ni Cu Nb Fe
TeﬁdH”' 0.044 | 0717 | 0.686 | 159 | 0118 | 5272 | 4.806 | 0.274 | 71.84
) 0.001 | 0,008 | 0.016 | 0.045 | 0.002 | 0.057 | 0.054 | 0,001 | 0.098
Manufac- < 15— 0.15—
tures 007 | <Y | <Y | 175 | <05 | 35 | 35 | 4,5 | bal

Direct metal laser sintering DMLS consists in laser beam scanning on the
surface of thin layer of powder deposited on substrate (base plate). The laser
beam is directed to the layer of powder distributed on the base plate. Then the
laser is used to successively scan the first layer applied by scraper onto
previously melted layer which becomes the substrate for the next layer
(Yadroitsev, Krakhmalev & Yadroitsava, 2015; Lin et al., 2012). This process
takes place in accordance with laser beam scanning direction (Fig. 2).
After scanning, substrate is lowered and a new layer is deposited maintaining
the powder surface in laser beam focusing plane. The process is repeated until
the entire object is fabricated. A laser meltedtrack is created as a result of melted
material surface tension. Laser beam penetration into substrate or into
previously sintered layer causes an additional stabilizing effect for continuous
creation of tracks (Yadroitsev, Gusarov, Yadroitsava & Smurov, 2010) but
excessive depth of key hole penetration is not permitted in DMLS mode because
such phenomenon can generate pores in the final 3D object as a result of weld
pool collapse or gas bubbles in material (Steelinox BV,2016). Moreover, greater
depth of laser beam penetration (melting depth) i.e. much greater than
the thickness of sintered layer is also not useful for energy reasons (Yadroitsev
et al., 2015).
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SEM analysis of the surface after laser sintering (Fig. 2) indicated defects in
the form of structural discontinuities in the area of weld face. Such phenomenon
can be undesirable because the structural discontinuities in upper layer can play
the role of micro-notches and, as a result of stresses concentration, these areas
can jeopardize the reliability of the object being printed.

Surface roughness analysis (Fig. 3) indicates that elements printed at pre-
determined parameters are characterized by significant surface area (Sa = 6.05 um,
SQ=7.56 um, St=55.76 pm).

Fig. 2. SEM microphotographs of the tracks surfaces from 17-4 PH powder (own study)

200
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Fig. 3. 3. Dimension of surface roughness in 17-4 PH stainless steel (own study)
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Fig. 4. Visualization of 3D specimen made of 17-4 PH and its cross-section in XYZ planes
(camera resolution of 1.6pum) (own study)

Furthermore, the analysis of cross-sections carried out by means of X-ray
computed micro-tomography disclosed a discontinuity on XY and ZY planes
(Fig.4) in the form of pores exceeding the size of 5 um. This is a particularly
worrying phenomenon in the context of products made of 17-4PH steel applied
in aircraft industry.
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4. CONCLUSIONS

Thanks to the use of advanced additive techniques, it is possible to fabricate
the products which could be difficult to fabricate by means of conventional
methods i.e. casting or machining. Furthermore, these techniques make it
possible to build complex cooling channels following the contour of an element
in injection moulds inserts. Described technique makes it possible to design
complex geometries with lattices structures in order to unload the components
in aircraft and aerospace industry.

Optimization is required for selection of parameters for elements fabrication
by means of direct metal laser sintering DMLS methods. Printouts of elements
made of 17-4PH steel using a priori process parameters in "offline” mode
in case of highly loaded products can be unsatisfactory because, as confirmed by
X-ray analysis, they create the possibility of pores generation in material
structure. Furthermore, the surfaces of the products fabricated by means of this
method are characterized by significant surface area and accumulation
of structural discontinuities is possible in upper layer; their effect can be
compared to the effect of micro-notches. Therefore upper layer of such product
should be additionally subjected to finishing (grinding or sandblasting).
Chemical composition of printed products does not significantly differ from
the powder composition declared by the manufacturer.
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PERSPECTIVES FOR FOG COMPUTING
IN MANUFACTURING

Abstract

This article discusses ongoing efforts to enable the fog computing vision in
manufacturing. As a new paradigm of computing implementation of fog
computing faces many challenges that open perspective of new applica-
tions within a field of manufacturing. It is expected that fog computing will
be one of factors that will accelerate development of in forth industrial
revolution. In this article we discuss the perspectives of manufacturing
companies surrounded by new solutions of CPS, CPPS and CM in relation
to fog computing.

1. INTRODUCTION

The rapid development of technology, related to the progressive integration
of systems and incredible growth of mobile devices number that sends and
receives data, further extending quantity of solutions that implements Internet
of things (1oT) and cyber-physical systems (CPS) paradigms, increase demand
for computation recourses.

Cloud computing (CC) paradigm is in many cases the answer to this
extensive need to process and analysis rising data volume. CC mainly provides
scalable computation resources to meet customer computing power needs in
service model “pay-as-you-go” which means that the fee is charged only for
what is used. Computation resources are provided from the level of data centers
located globally, depending on capabilities of data centers provider.
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CC provides a fully functional virtual environment setup that meets
performance requirements. Moreover, this setup is available immediately for
a price much lower than investment in raw infrastructure that is purchase of new
equipment, implementation, configuration and maintenance only to obtain a new
computation power.

However, a problem arises when the power of the cloud becomes unavailable
or unusable due to the network unavailability, overfull bandwidth transmission
or delays associated with data transmission.

These problems may appear due to the fact that a given geographical area
is not available to broadband network. Control solution implement in the cloud
requires huge data stream from sensors to take action in real case scenario like
Smart Connected Vehicle (SCV), autonomous cars, smart cities, industrial
automation and Industrial Internet of things (11oT).

The conclusion that comes from above is that IoT like solutions force us to
adopt “system view”, rather than an “individual view” of the endpoints (Bonomi,
Milito, Natarajan & Zhu, 2014).

There is, for these reasons, a need for looking for some architecture
framework that will support future solutions. Attractive option is Fog Computing
paradigm which is presented in this article. It is considering the perspectives of
implementing a framework inside requirements and characteristics of modern
manufacturing.

2. FOG COMPUTING

Fog Computing is a highly virtualized platform that provides compute,
storage, and networking services between end devices and traditional Cloud
Computing Data Centers, typically, but not exclusively located at the edge of
network. Fig.1 presents the idealized information and computing architecture
supporting the future 10T applications, and illustrates the role of Fog Computing
(Bonomi, Milito, Zhu & Addepalli, 2012).

Gartner Inc. forecasts that 6.4 billion connected things will be in use worldwide
in 2016, up 30 percent from 2015, and will reach 20.8 billion by 2020. In 2016,
5.5 million new things will get connected every day (Van der Meulen, 2015).

With regard to this challenging increase in the volume of data generated from
millions of new connected devices in terms of smart connected vehicles, auto-
nomous cars, smart cities and industrial Internet of things systems it no longer
makes sense to ship all of this data to the Cloud for processing and storage.

In such cases, it begins to be important what is sent and processed in the cloud.
Question arises whether the data sent to the cloud is relevant and consistent
with the established objectives and the interests of implemented system?
What if some part of the data will be processed at the network edge and only
critical data will be pushed to cloud? This is where fog computing is proposed.
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Keeping the data at the edge of the network, where the connected devices are
creating the data offers the possibility to create new and innovative services
and process efficiencies not possible with Cloud computing alone.

Data Center, Cloud
Hosting loT analytics

Network Management ‘ Applications

Core IP/MPLS Core

Hosting loT analytics

Multi-Service Edge Field Area
3G/4G/LTE/WiFi Disrlused Network
Fog computng

Thousands
Embedded System and Sensors ) Smart Things
Hlow power & bandwith, smart things DNE Network

Fig. 1. The Internet of Things architecture and Fog Computing (Van der Meulen, 2015)

Smart solutions will make use of "horizontal" Machine-to-machine (M2M)
connectivity in the same way traditional M2M systems typically rely on
"vertical" Machine-to-Cloud (M2C) communication only (Vortex Fog, 2016).
That is presented on Fig. 2.

The idea of implementing fog computing is proposed to deal with problem
of data geo-distribution and data flow. Growing volume of raw and processed
data cause the need to differentiation among data in the way that accurate data
of interest will be directed to right place.

In this situation the fog collectors at the edge ingest the data generated by
grid sensors and devices. Some of this data relates to protection and control
loops that require real-time processing (from milliseconds to sub seconds).

This first tier of the Fog, designed for machine-to-machine (M2M) inter-
action, collects, process the data, and issues control commands to the actuators.
It also filters the data to be consumed locally, and sends the rest to the higher tiers.

The second and third tier deal with visualization and reporting (human-to-
machine [HMI] interactions), as well as with systems and processes (M2M).
The time scales of these interactions, all part of the Fog, range from seconds to
minutes (real-time analytics), and even days (transactional analytics). As a result
of this the Fog must support several types of storage, from ephemeral at the
lowest tier to semi-permanent at the highest tier. It also mention that the higher
the tier, the wider the geographical coverage, and the longer the time scale.
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The ultimate, global coverage is provided by the Cloud, which is used as repository
for data that has a permanence of months and years, and which is the bases for
business intelligence analytics. This is the typical HMI environment of reports and
dashboards presenting key performance indicators (Bonomi et al., 2014).

Very high latency

AN

Key performance indicators,
Business Intelligence ::> da:h‘::nards report !
HMI

Days to months

Business data

repository

Enterprise operations

Technical operations HMI

Visualization, reporting systems
Transactional analytics E y FEPOFHNg sy
and processes

¥

Minutes to months

Historical data

.| Medium speed/medium |:> Visualization systems and
Seconds to sub-minutes | latency real-time analytics :> processes

M2M

Operational and

non-operational data

‘ High speed/low latency
| real-time analytics

‘ |::> Protection and control systems

Milliseconds
M2M

to sub-seconds

Grid sensors and

NS devices

Very low latency

Fig. 2. Data flow in fog computing (Bonomi et al., 2014)

While the fog nodes provide localization, therefore enabling low latency and
context awareness, the cloud provides global centralization that opens
perspective to new innovative solutions.

The idea is not to replace the existing Cloud architectures but to enhance
a system by ensuring that critical data that is available to the places where it can
add most value. A Fog computing architecture can help to assure the required
determinism and efficiency ‘at the edge' by reducing latency and by improving
Quality-of-Service (QoS) leading to improved services and a better user
experience (Vortex Fog, 2016).

In other words, Fog complements of the Cloud, do not substitute it. For the
large class of Cloud intended applications the economy of the scale (OPEX, pay
as you go model) cannot be beaten. Binding these considerations it is obvious
that CC model is critical for new application architectures. On the other hand,
fog questions the model’s universal application as a platform in relation to
emergent loT applications demand (Bonomi et al., 2014).
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3. MODERN MANUFACTURING

Modern shape of manufacturing systems has been formed by successive
industrial revolutions (Fig.3). Nowadays manufacturing is affected by many
factors related to materials, methods, standards or even political and economic
aspects. It is noticeable that growing role of integrated manufacturing infor-
mation systems support manufacturing processes. Integrated manufacturing
systems are organized systems in a way of interrelated production factors
supported with the use of integrators (mostly computer systems). The integrators
are used for the optimization of production and the products quality, tailored
to market requirements and implemented with suitable use of productive
resources. The integration made in order to achieve greater added value and to
avoid a customer expectation mismatch is determined primarily by complexity
of the modern manufacturing processes and products (Szczubetek, 2014).

These days’ modern manufacturing support systems development is focused
on the implementation of the latest information technology solutions related
to leading trends in field of communication, data processing and mobility.
These trends are:

— Internet of things — paradigm implying cyber-physical systems
development, which are the basis for the development of ideas like
Industrie 4.0 (Germany) and Smart Manufacturing (USA)

— Cloud computing paradigm that enables the development of solutions
which provide remote access to computing power

— Big Data — methods used to analyze large sets of structured or not structured
data.

— Mobility, unmanned and remote operations contribute to the development
of automated control. No operators mean lower costs and possibility to
fully monitor and interact with the process from anywhere at any time.
That gives you the opportunity to control production in the enterprises
scale or even globally (Harjunkoski, 2015).
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Fig. 3. Industry revolutions (Monostori, 2014)
3.1. Industry 4.0

Industry 4.0 is a strategic initiative of the German government that was
adopted as part of the “High-Tech Strategy 2020 Action Plan” in 2011
(Kagermann, Wahlster & Helbig, 2013). In Germany, a major debate on Industry
4.0 has started, which in the meantime has also spread to other countries, like the
US or Korea. The idea behind this term is that, the first three industrial
revolutions came about as a result of mechanization, electricity and IT. Now, the
introduction of the 10T and CPS into the manufacturing environment is ushering
in a 4th Industrial Revolution.

In Industry 4.0, field devices, machines, production modules and products
are comprised as CPS that are autonomously exchange information, trigger
actions and control each other independently. Factories are developing into
intelligent environments in which the difference between the real and the digital
world is becoming smaller. The strong bias of the electro-technical and hierar-
chical world of factory automation will transit to smart factory networks, that
enable dynamic re-engineering processes and deliver the ability to respond
flexibly to disruptions and failures (Weyer, Schmitt, Ohmer & Gorecky, 2015).

3.2. Cyber-physical production systems
Cyber-physical systems are commonly used in aerospace industry, defense
industry, power industry, transportation industry (e.g. Intelligent vehicles),

medical industry (e.g. Medical devices and systems) and housing (e.g. Intelligent
houses).
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In a traditional manufacturing environment, where robotic systems, process
control and industrial automation are universal, CPS can support both vertical
and horizontal integration of IT systems, which integrate entire supply chain,
or even all branches of the industry.

This ability gives a broad perspective of solutions for production systems —
two-dimensional integration, both vertical and horizontal. That is a key aspect
and it gives a rise to a new paradigm of cyber-physical production systems
(CPPS) (Yu, Xu & Lu, 2015).

CPPS are composed of autonomous components and subsystems which
cooperate in a manner dependent on the situation in all stages of production.
Starts from processes that are carried out by means of production devices
and logistics network. CPPS systems open prospect for building applications
in different areas. The implementation of CPPS systems is identified with
manifestation of fourth industrial revolution.

4. PERSPECTIVES

Modern manufacturing environment is characterized by condensation
of various devices. Using more advanced and integrated machinery means
greater amount of the produced data. Moreover, with the 10T sensor model
implemented, the loT amount of data increases significantly up to terabytes
a day. At this point, the control and the processing of the production data gains
in importance. Especially where the decision has to be fast — almost instantaneous.
Therefore control decisions should be taken as close to the process being
monitored, the machines or the things. The decision record should be kept inside
of the company network to minimize delay associated with data transfer and storage.

Many current studies address solution to this issue to manufacturing cloud
paradigm corresponding with so-called DAMA concept that is design-anywhere
and manufacture-anywhere. The implementation of this concept requires the
ability to easily exchange data between design and manufacturing of multiple
objects remote. DAMA assumptions help to create efficient connections between
systems of production planning, resource management systems and customer
relationship management. Therefore, the adaptation of this concept can be
implemented through types of production based on technology of cloud
computing or the cloud predefined production (Cieplak & Malec, 2012).

However, manufacturing cloud is cloud computing based solution so it
inherits same limitations. That creates new perspective for application systems
that implement fog computing. Nevertheless the perspective of fog computing in
manufacturing depends on the answer to the question whether the application of
fog computing meets requirements and needs of modern enterprises. The answer
to this question will be made on the basis of the analysis of fog computing key
possibilities in relation to identified needs of modern manufacturing enterprises.
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Modern manufacturing information system that requires computation power
can be characterized with a 5C functions, which consist of Connection (sensor
and networks), Cloud (data on demand), Content (correlation and meaning),
Community (sharing and social), and Customization (personalization and value).

With the advent of smart sensors such as RFID technologies, collecting data
for the system has become a simple exercise, but the question remains whether
these devices or data provide the right information for the right purpose at the
right time. The data is not useful unless it is processed in a way that provides
context and meaning that can be understood by the right personnel. Just
connecting sensors to a machine or connecting a machine to another machine
will not give users the insights needed to make better decisions. Therefore
current manufacturing systems require deeper analysis of various data from the
machines and the processes (Lee, Lapira, Bagheri & Kao, 2013). Continuous
analyze should be implemented to identify many invisible issues and uncer-
tainties in manufacturing that can exist both internal and external to the factory.

Examples of internal issues include degradation of the machine and the
manufacturing processes and the occurrence of failure events without any
recognizable symptoms (component level). Variation of cycle time due to the
inconsistent operation, unplanned systems breakdown and the presence of scraps
and rework disrupt normal production planning and scheduling (system or pro-
duction process level).

Meanwhile, external uncertainties, typically stemming from product deve-
lopment all the way through the supply chain, can manifest as: (1) unreliable
downstream capacity, (2) unpredictable variation of raw materials or parts in
terms of delivery, quantity and quality, (3) market and customer demand
fluctuation, and (4) incomplete product design due to the lack of accurate
estimation of product state during production and usage, among others.

These invisible worries and uncertainties have adverse effects in manu-
facturing if there are no predictive analytics and control strategies implemented.
New, smarter technologies are needed for uncertainty reduction to make
manufacturing more transparent (Cieplak & Malec, 2012).

The basis for solution of these problems could be the implementation of the
manufacturing information system that has algorithms to support fog data
processing. In this way, it opens a lot of different perspectives.

One of the key perspectives that fog computing offers is implementation
of solutions that require very low and predictable latency. Cloud technology
frees users from many implementation details, including the precise knowledge
of where the computation or storage takes place.
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This opens door for implementation of CAx (computer aided systems)
engineering software in ,,as a service” model. CAx is a group software that
support engineers with tools that simplifies and enhances their work. CAx are
mostly used to develop and evaluate models of objects, products. From the
technical point of view CAX requires a lot computation power to be able to be
build and operate on models.

When using the Fog computing, it should be possible to share the entire
package of engineering software on ,,as a service” model within one license
model. Such possibility will facilitate deployment of working environment,
provision of common repository, data versioning, empower data exchange
and security.

Another perspective that fog computing opens is the possibility to implement
geo-distributed applications. Fog computing infrastructure allows access to the
cloud and its computing everywhere and at the edge of the network. This makes
a great perspective for solutions related to technical infrastructure monitoring
which is associated with the data acquisition from groups of sensors deployed
on major areas. This can be particularly helpful in mining industry, petro-
chemical industry (pipeline), metallurgy industry and wherever manufacture
technical infrastructure is dispersed within a given geographical area.

Next perspective s are fast mobile applications like smart connected vehicle
or connected rail. The proximity of the close fog computing layer opens with
prospect of cyber-physical systems implementation. In this case, the virtuali-
zation is all about reproduction of equipment and machinery control parameters
in virtual reality. In this way it is possible to centrally manage distributed
architecture and implementation of algorithms allowing for diagnosis,
monitoring, prediction of usage parts and safety in case of hacker and terrorists
attacks.

5. CONCLUSION

Fog computing is emerges as an attractive solution to the problem of data
processing in the Internet of Things. It relies on devices on the edge of the
network that have more processing power than the end devices and are nearer
to these devices than the more powerful cloud resources, thus it is reducing
latency for applications (Dastjerdi, Gupta, Calheiros, Ghosh & Buyya, 2016).

That is important because of a rich interplay between the edge and the core
of the network point of view, because the data generated has different
requirements and uses at different time scales (Bonomi et al., 2014).

From the manufacturing perspective fog computing, due to the wide range
of applications, has a high prospect of development in the field of production
support systems.
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Nevertheless the use of this technology to solve issues connected with pro-
duction tasks execution requires the implementation of special IT ecosystem
to build dynamic systems of the production data transfer.

Fog computing opens possibility to implement dynamic monitoring, control
and even enable prediction manufacturing.

It should be noted that in the case of the use of fog computing paradigm
in the production field it might bring effects represented as selected inventory
savings, shortening the manufacturing process, better utilization of machine time
and decrease in the value of work in progress.

Discussed ongoing efforts in the academia and industry in pages of this
article to enable the fog computing vision still face many challenges with issues
ranging from security to resource and energy usage minimization. Protocols
and open architectures are also other topics for future research that will make fog
computing more attractive for end users.
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COMPUTER MODELLING OF ENERGY
SAVING EFFECTS

Abstract

The paper presents the analysis of the dynamics of the heat transfer
through the outer wall of the thermal technical spaces, taking into account
the impact of the sinusoidal nature of the changes in atmospheric
temperature. These temporal variations of the input on the outer surface
of the chamber divider result at the output of the sinusoidal change on the
inner wall of the room, but suitably suppressed and shifted in phase.
Properly selected phase shift is clearly important for saving energy used
for the operation associated with the maintenance of a specific regime
of heat inside the thermal technical chamber support. Laboratory tests
of the model and the actual object allowed for optimal design of the chamber
due to the structure of the partition as well as due to the orientation
of the geographical location of the chamber.

1. INTRODUCTION

Designing technical heat chamber, home or any building structure due to
their thermal protection, it requires knowledge of the principles and processes
described by physics building (Janczarek, 2007; Recknagel & Sprenger1976).
Buildings in particular chamber should meet the technical requirements for
saving energy required for their operation, while maintaining thermal comfort
indoors (Janczarek, Bulyandra, Szapowalenko & Winogradov-Saltykov, 2007).
Ignorance of thermal processes occurring in buildings and in particular, keeping
the level of the coefficients of thermal conductivity through the wall, may lead
to a waste of continuously soaring energy and thus to excessive air pollution.

* Institute of Technological Systems of Information, Faculty of Mechanical Engineering,

Lublin University of Technology, Nadbystrzycka St. 36, 20-618 Lublin, Poland, m.janczarek@pollub.pl
** National University of Food Technologies, Volodymyrska St, 68, Kiev, Ukraina, 01033,

phone: 00380442879453, info@nuft.edu.ua
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The problem of saving energy in the twenty-first century becomes more
important than in the seventies of the last century, when it first appeared the
energy crisis associated with the armed conflict in the Middle East. This conflict
continues until today varying degrees swollen and also relates to the control
of any energy sources (Winogradov-Saltykov, Janczarek, Fiedorow & Kiepko, 2009).

2. DYNAMICS OF ATMOSPHERIC AIR TEMPERATURE
AND ITS EFFECT ON THE ENERGY EFFICIENCY
OF TECHNICAL CHAMBERS

In the analysis of mathematical-physical technical chambers were not taken
into account the heat capacity external partition the design and construction
thermal space building, but managed only strength of construction and in the
case of wall insulation these outsider partitions (Janczarek & Swi¢, 2012). Skills
of calculating the amount of exchanged heat and maintain the temperature of the
medium is the paramount importance for the design and maintenance of proper
use in the power of heat, refrigeration, food industry and in construction
(Janczarek & Bulyandra, 2007; Janczarek, 2009a, 2009b).

The previously used method for designing the exterior shell of buildings shall
take into account of the climatic conditions, unfortunately, only in a static way —
the average air temperature in the region. However, as is common knowledge,
atmospheric air temperature changes are inherently dynamics occurs in one
component of the variable daily, decade, monthly or even yearly. The figures
below are presented selected waveforms atmospheric temperature recorded
in different seasons in the vicinity of Lublin and also in choosing towns in the
world. In order to demonstrate the oscillating behavior in the form of sinusoidal
variations measured and also the temperature profile at various time periods.
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Fig. 1. Air temperature in Lublin, Poland area in the period
of one month in the spring — autumn time (own study)
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Fig. 2. Average air temperature for selected cities
in the 12-month cycle (Recknagel & Sprenger, 1976)

3. MEASUREMENT POSITION FOR THE RESEARCHING
COEFFICIENT OF HEAT TRANSFER IN MATERIALS
DEPENDENCE OF THE COEFFICIENT OF HEAT TRANSFER

Parameter determining the thermal conductivity, thermal conductivity is A
[Wm? K], which depends inter alia on bulk density and structure of the barrier
material, the humidity and temperature (Janczarek, 2006). The heat conduction
coefficient is information about a stream of energy that flows through the unit
area of the material layer having a thickness of 1 m, the temperature difference
on both sides of the layer equal to 1 K (1° C) (Carlslaw & Jaeger, 1959).

The higher the bulk density, the greater the ratio, and thus the material
is inferior insulation. In addition, materials of the same chemical substances but
different densities are different coefficients of thermal conductivity (Janczarek,
2013). The increase in temperature increases the thermal conductivity of
materials. This is because it takes to increase the thermal conductivity of the
solid and the air contained in the pores (Janczarek, Skalski & Suchorab, 2007).
At the same time the pores of the heat transfer occurs by radiation. The practical
application of this phenomenon is relevant only when the materials are used at
high or low temperatures, e.g. hot tank insulation. The building envelope
variations in temperature are relatively low, allowing you to skip the change
in thermal conductivity. However, the value of A should always be given the
temperature at which it has been marked.

The phenomenon of thermal conduction through exterior walls of the rooms
makes the largest part of the heat exchange chambers (Janczarek, Skalski,
Bulyandra, & Sobczuk, 2006). It dominates in the total heat balance of buildings
designed for either permanent residence in them and people as well as facilities
where workers are being short-lived. Envelope of chamber fulfill the protective
function not only in relation to the heat loss but also it can regulate the con-
ditions of moisture and air in the rooms. External walls should allow a certain
degree of penetration of air and water vapor while absorbing moisture.
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As is well known, the physical construction materials are unfavorable for the
user to change under the influence of moisture wall. Moisture adversely affects
the quality of the insulation partition as well and its stability. The objective
of effective protection of the building against moisture is to avoid the negative
influence of her presence and the resulting defects or damages. The condition
of living in the rooms of the building are comfortable microclimate dry bulkhead
surrounding the room. Moist partitions much impossible to maintain comfort
conditions, it is impossible, even with very intense heating. The protection
against moisture is very significant as the flow of steam. Diffusion of water
vapor through the building envelope is the process of aligning the partial
pressure of water vapor between the two environments, which are separated
by the partition. The flow of water vapor takes place from the environment
of higher vapor concentration to an environment with a lower concentration,
so that steam will always be diffused in this direction, where the air is dry.
Material properties related to the diffusion of water vapor through the building
materials characterized by the coefficient of steam-permeability 6 [mg/mhPa].
It corresponds to the amount of water vapor in milligrams, which diffuses
through 1 m? of the material layer having a thickness of 1 m for one hour and
a differential pressure on both sides of the layer equal to 1 Pa. Similarly, as for
the heat transfer through the outer shell of the building, the concept of diffusion
resistance of any material layers: d = Z/3, here: d - thickness [m].Water trapped
in the pores has a coefficient A approx. 0.56 [Wm™ K] or about 20 times greater
than the rate A of air trapped in pores with a diameter of about 0.05 mm building
material. The additional impact on thermal conductivity is the diffusion of water
vapor which is connected to increased heat transfer and capillary movement
of moisture. With an increase in the humidity of materials is an increase
of thermal conductivity. And lowering the value of insulation by humidity due
to the fact that in place of the air contained in the pores falls just water.

In aim of determined of coefficient of heat transfer of bricks in dependences
upon of degree her moistures one chose method experimental. Research one
passed on laboratory — position in Technical University of Lublin (Fig. 3 and 4)
and referred of measurement of temperatures, thickness of streams warm and
moistures relative bricks. As material to driven researches used brick full red
both wet and then this oneself brick dried in stove. In time of a few days'
measurements driven former at a help of computer registration of temperatures
in four points on external surfaces examined bricks as also in two central points
ininterior. Simultaneously driven former computer registration of moisture at
help of two searchers of type WHT installed in center of brick. Values of thick-
ness led of warm density became measured at help of electronic sensors of type
PTP, which connected former to universal measure APPA.
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Position laboratory — to qualifications of coefficient of heat flow in aspect
different moistures of equipped brick was in two chambers. Different conditions
thermal in chambers held former at help of aggregates cooling and of controlled
warmers. Among chambers one installed investigative sample in typical form
full red bricks placed tight to capacity in plate of polystyrene about thickness
20 cm. Polystyrene. Plate used former in aim of isolating of surface external
bricks from influence undesirable temperatures. Surfaces external bricks
surrendered became {remained} to activity from one side of chamber
to temperature + 25° C and from second side of chamber to temperature + 1,5°C.
Values these of temperatures registered former independently for every from six
sensors, and then recorded on disc of computer at measuring — step carrying out
15 of minutes. Simultaneously with measurement of temperature registered
former at help of programmed computer values of moisture of brick on two
separate files. Obtained from measurements of value of temperatures, of streams
and moistures became placed in computer programmer. At the help of suitable
mathematical transformations coded values of temperatures and moistures
exchanged on suitable individuals on degrees °C and on per cent definite values
of relative moisture.
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Fig. 3. Schema ideological positions laboratory — to measurement
of coefficient of heat transfer (own study)
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1. Chamber measuring — executed from aluminum profiles. Thickness of

side 10 cm, with full mineral.

Display — LCD Samsung SyncMaster about diagonal 15".

Driver — computer PC class with operating — system UNIX.

Wires driver steering of generative of microclimate in chambers.

Laboratory set of Danfoss firm to generating conditions thermal prevalent

inside of chambers. Range of temperatures from —40°C to +50°C.

Table made from aluminum — profiles with variable construction making

possible securing and arrangement of prepared samples to investigations.

7. Primary standard sample of builder's material — full red bricks — placed in
polystyrene plate.

Ok

IS

Fig. 4. View general positions laboratory — measuring — chambers (own study)

Correlations among obtained values of coefficient of heat conduction permit
on determination of characterizations of graphic coefficient for chance dry and
wet bricks.

Obtained results of measurements permitted on qualification of dependence
of coefficient of heat transfer from internal temperatures in full red brick wet and
dry. Example- course of changes of value of coefficient of heat transfer.
Simultaneously obtained results of value of coefficient of heat transfer permitted
on determination of coefficient lambda. From represented below graphs results
difference among courses for wet and dry bricks.
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Fig. 5. Characterizations of changes of coefficient of heat transfer
in wet full brick (own study)
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Fig. 6. Characterizations of changes of coefficient of heat transfer
in dry full brick (own study)

In order to verify this phenomenon experiment was performed on a labo-
ratory first for the wet material and then a similar experiment was repeated for
the material directly taken out of the oven — drying, i.e. The brick dry (Fig. 6).
External conditions of the experiment in both cases were the same. The tempe-
rature in the hot chamber was programmed at 25°C and the temperature in the
cold compartment to the value +1.5°C. Measured temperatures on both surfaces
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of brick, and inside it were recorded independently for each of the installed
sensors, and then stored on your computer using a measuring step of 15 minutes.
In parallel with the measurement temperature was also recorded by a computer
program humidity bricks. Obtained from measurements of temperature, heat flux
density and moisture content were used for calculations of energy in the heat
balance for a variety of technical chambers.

4. MATHEMATICAL ANALYSIS OF THE IMPACT
OF A SINUSOIDAL TEMPERATURE CHANGE

With the help of the mathematical-physical analysis as well as with the support
of Modelica programmer, shows a simulation of actual conditions of the cooling
chamber for example with below temperature regime.

e

[25]

. Brick T "
2 T h Styrofoam '
Polyurethan

Fig. 7. Effect of the sinusoidal temperature change in order to achieve suppression
of the indoor temperature (own study)

The analysis has been performed on the basis of original numerical
algorithms. They take into consideration hourly changes of ambient temperature
in the central — eastern region of Poland. The accepted methodology of perfor-
mance takes advantage of temperature dynamics which is necessary to solve

physical and mathematical problems related to heat transfer processes occurring
in chambers.
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Fig. 8. Model of wall composed of three layers in electrical analogy (own study)

From it we can get matrix notation (eventually for n-layers of wall) and
the final result of this calculation is a pair of linear relations between
the temperature and fluxes at the two surfaces of the composite slabs (1).

[t (p), Ag;(p)]=

[Ata(P)iAqa(p)][_lRl O}[l —pcl]{l —an][ 1 o} 1)

1o 1 0o 1 -R,, 1

The relation is precisely analogous to Ohm’s law for the steady flow
of electric current: the flux corresponds to the electric current and the drop
of temperature to the drop of potential. Thus R may be called the thermal
resistance of the slab (Fig. 8). Next suppose we have a composite wall composed
of n slabs of different thickness and conductivities. If the slabs are in perfect
thermal contact mat their surfaces of separation, the fall of temperature over the
whole wall will be the sum of the falls over the component slabs and since the
flux is the same at every point, this sum is evidently.

This is equivalent to the statement that the thermal resistance of a composite
wall is the sum of the thermal resistance’s of the separate layers, assuming
perfect thermal contact between them. Finally, consider a composite wall as
before, but with contact resistances between the layers such that the flux of heat
between the surfaces of consecutive layers is H times the temperature difference
between these surfaces. The differential equation to be solved is Fourier’s
equation. These models we can confront with computer program Modelica,
which allow to construct the walls of technical chambers (Fig. 9). The diagram
of the process of heat transfer through the wall under the program Modelica
is shown below. By this modeling, we can simulate any temperature regime and
heat flow both inside and outside of the chamber periodically temperature signal
on the outside surface of the wall. In Fig.10 and 11 we can obtain suppressed the
course of the internal temperature.
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Fig. 9. Ideal model passage of heat through the baffle
using an analogy to Ohm's law (own study)
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Fig. 10. Temperature t1 plots obtained from simulations in the Modelica (own study)
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Fig. 11. Temperature t2 plots obtained from simulations in the Modelica (own study)

Functions of the transition — the transfer — obtained on the basis of these
relationships and describing the relationship between the output gquantities and
input will be helpful also in the design of the construction of exterior walls store-
rooms. For the designer and constructor of thermal chambers technical model
uses the analogy of electricity to thermal processes is the closest to real physical
conditions among all ways of describing and calculating the flow of heat through
the outer baffle buildings.

In practice, we can get confirmation of the considerations relating to the stability
of heat buildings for example, existing to this day medieval buildings, eg. Churches,
libraries and palaces in which there is no need to use air conditioners during the
hot days of summer and winter respectively, high-power heating devices.
Thus, today we can suitably so designed and constructed partition, which
ensures the thermal inertia of the chamber, which would result in significant
savings in the energy required to maintain a certain temperature inside a building
structure. For example, the daily changes in atmospheric air temperature
detrimental to the indoor climate is the effect of heat flow from the interior
of space occurring after the 24-hour phase shift. In contrast, most preferred is
a case in which the housing is owning outer baffle capable of producing 12-hour
phase shift vector heat flux and result in suppression of the temperature change
in the building. So in order to achieve measurable economic effects in the
process of maintaining the desired temperature in the facility must be in the
design of the exterior wall into account not only thermal resistance but also heat
capacity of the partition. The product of the thermal resistance — as a function
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of the thickness and thermal conductivity of the wall and the heat capacity of the
barrier — as a function of the density and specific heat of the construction material
which has a dimension of a unit of time is the time constant characterizing the object
taken into consideration by inertia applied control and regulation systems.

The higher the bulk density, the greater the ratio, and thus the material is
inferior insulation. In addition, materials of the same chemical substances
but different densities are different coefficients of thermal conductivity.
The increase in temperature increases the thermal conductivity of materials.
This is because it takes to increase the thermal conductivity of the solid and the
air contained in the pores. At the same time the pores of the heat transfer occurs
by radiation. The practical application of this phenomenon is relevant only when
the materials are used at high or low temperatures, it means for example hot tank
insulation. The building envelope variations in temperature are relatively low,
allowing you to skip the change in thermal conductivity. However, the value of A
should always be given the temperature at which it has been marked.

The phenomenon of thermal conduction through exterior walls of the rooms
of the largest part of the heat exchange chambers. It dominates in the total heat
balance of buildings designed for either permanent residence in them and people
as well as facilities where workers are being short-lived. Envelope fulfill the pro-
tective function not only in relation to the heat loss but also regulate the con-
ditions of moisture and air in the rooms. External walls should allow a certain
degree of penetration of air and water vapor while absorbing moisture.

As is well known, the physical construction materials are unfavorable for the
user to change under the influence of moisture wall. Moisture adversely affects
the quality of the insulation partition as well and its stability. The objective
of effective protection of the building against moisture to avoid the negative
influence of her presence and the resulting defects or damages. The condition
of living in the rooms of the building are comfortable microclimate dry bulkhead
surrounding the room. Moist partitions much impossible to maintain comfort
conditions, it is impossible, even with very intense heating. The protection
against moisture is very significant as the flow of steam. Diffusion of water
vapor through the building envelope is the process of aligning the partial
pressure of water vapor between the two environments, which are separated
by the partition. The flow of water vapor takes place from the environment
of higher vapor concentration to an environment with a lower concentration,
so that steam will always be diffused in this direction, where the air is dry.
Material properties related to the diffusion of water vapor through the building
materials characterized by the coefficient of steam-permeability [mg/(mhPa)].
It corresponds to the amount of water vapor in milligrams, which diffuses
through 1 m? of the material layer having a thickness of 1 m for one hour and
a differential pressure on both sides of the layer equal to 1 Pa. Similarly, as for
the heat transfer through the outer shell of the building, the concept of diffusion
resistance Z of any material layers.
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Water trapped in the pores has a coefficienth, approx. 0.56 [Wm? K]
or about 20 times greater than the rate A of air trapped in pores with a diameter
of about 0.05 mm building material. The additional impact on thermal
conductivity is the diffusion of water vapor which is connected to increased heat
transfer and capillary movement of moisture. With an increase in the humidity
of materials is an increase of thermal conductivity. And lowering the value
of insulation by humidity due to the fact that in place of the air contained
in the pores falls just water.This process does not proceed uniformly in a variety
of materials depends on the structure and origin of the material, eg. In the
concrete cell is assumed that the gain coefficient A approx. 4.5% to 1% gain moisture.

5. CONCLUSIONS

The measurement results in the publication are test piece related to the heat
flow through the baffle chamber and technical be made in various embodiments
of both temperature and time as well as on the actual and model objects.
With a variety of probes can be read temperatures and heat fluxes at various
locations on the test material. On a laboratory can be simulated on both sides of
the baffle different conditions of the course of the atmospheric temperature
and the desired regime of heat inside the chamber. The results obtained for
optimizing the design of baffles to give the storage chamber, therefore, notable
economic impact.
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Abstract

Numerical studies were conducted with the use of a computer program
permitting the determination of the basic dynamic characteristics of the
process of machining and the presentation of graphic characteristics of the
numerical simulations performed. Analysis was performed of the relation
of the output parameters of the dynamic system to the input parameters,
relative stiffness coefficient B to feed rate and depth of machining, change
of retardation and time constants to rotary speed and depth of machining,
and of the frequency and time characteristics of models of the dynamic
system of machining of shafts with low rigidity.

1. INTRODUCTION

The numerical studies of the machining process were performed in the
program MATMOD. The program allows the determination of the basic dyna-
mic characteristics of the machining process, numerical simulation of the
dynamic system of the machining process, and graphic presentation of the chara-
cteristics of the numerical simulations performed (Abakumov, Taranenko
& Zubrzycki, 2006).
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Simulations were performed for shafts of steel C45, with dimensions
of L1=500 mm, d;=20 mm and L,=300 mm, d»=10 mm. The variable input
parameters were the rotation speed, feed, depth of machining, and the tool
cutting edge angle. The machined part was fixed in a chuck and supported by the
tailstock centre.

The following relations were analysed: of the output parameters of the
dynamic system to the input parameters, of the relative stiffness coefficient B
to feed rate and machining depth, of change of retardation and time constants
to rotary speed and machining depth, as well as the frequency characteristics
and the time characteristics of the dynamic system of machining of shafts with
low rigidity.

The possibility was found of the approximation of the frequency and time
characteristics within the range of actual frequencies of the dynamic system, and
of the control system of the operator transmittances of typical dynamic elements:
integrating element and aperiodic element of the second or first order. The gain
factor and the time constants of the approximated models are subject to change,
primarily with a change in the rotary speed of the machined part and in the
relative dynamic stiffness coefficient B, characterising the ratio of stiffness
of the elastic system of the machine tool and the gain factors of the machining
process (Swi¢, 2009; Swi¢, Gola & Wotos, 2014). In the case of use of universal
lathes for the machining of the shafts under analysis, with changing conditions
and parameters of machining the model parameters can vary within a broad
range (Gola, 2014; Swic & Mazurek, 2011).

Comparative analysis of the relative error in the determination of the time
constants of the models indicates that the developed mathematic models of turn-
ing of shafts are adequate to the actual process.

2. NUMERICAL ANALYIS OF PARAMETERS OF MACHINED SHAFT
WITH LOW RIDIGITY AND OF PARAMETERS OF ITS
MACHINING

The simulations were performed for shafts of steel C45, with dimensions
of L1=500 mm, d;=20 mm and L,=300 mm, d,=10 mm. The variable input
parameters were the rotary speed n,=100-2000 rev/min, feed f=0.1-0.8 mm/rev,
machining depth a,=0.5-3 mm, 44,=0.5 mm, and the tool cutting edge angle .
=45°, 90°. The machined part was fixed in a chuck and supported with the
tailstock centre. The results of the simulations for the shafts under analysis and
the effect of the input parameters of the dynamic system on the change in the
values of the output parameters are presented in Tab. 1.
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Tab. 1. Changes of output parameters of dynamic system with change of input
parameters (own study)
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Changes of machining force components in the case of shaft with L=500 mm,
d=20 mm, a,=0.4 mm and a,=2.5 mm are presented in Fig. 1 a) and 1 b).

FN] P

BV

3000 T_’___

2000+
— ., Fp
o ;
ol
Fhm | ] . 0.8
A - —
oy B 04 05 )
b { frev/min]

g1 02

b)

Fig. 1. Changes of machining force components in the function of longitudinal feed rate
at L=500 [mm], d = 20 [mml], tool cutting edge angle 45°, depth of machining 0.5 [mm] — a)
and 2.5 [mm] - b), np=1000 [rev/min] (own study)

Analysing Fig. 1 one can conclude that with a change of machining
parameters the machining force components change in a linear manner.
Irrespective of the depth of machining and of the feed rate, component F.
assumes higher values, while components F, and F; — at tool cutting edge angle

of 90° — are equal to each other.
We calculated the relative dynamic stiffness coefficient B. The results of the

calculations at x, =45 and x, =90° are presented in Tab. 2 and 3.
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Tab. 2. Change of relative stiffness coefficient B under the effect of feed rate and machining

depth at L =500 [mm], d =20 [mm], rotary speed of machined part n,=1000

[rev/min], tool cutting edge angle xr= 45° (own study)

Relative stiffness coefficient B
0.1 0.020 0.020 0.019 0.019 0.019 0.019 0.019 0.019
0.2 0.039 0.039 0.039 0.039 0.038 0.038 0.038 0.038
0.3 0.059 0.059 0.058 0.058 0.058 0.057 0.057 0.057
0.5 0.099 0.098 0.097 0.097 0.096 0.096 0.095 0.095
0.6 0.118 0.118 0.117 0.116 0.115 0.115 0.114 0.113
= 0.7 0.138 0.137 0.136 0.135 0.135 0.134 0.133 0.132
E 0.8 0.158 0.157 0.156 0.155 0.154 0.153 0.152 0.151
< 0.9 0.177 0.176 0.175 0.174 0.173 0.172 0.171 0.170
§ 1.0 0.197 0.196 0.195 0.194 0.192 0.191 0.190 0.189
s 15 0.296 0.294 0.292 0.290 0.289 0.287 0.285 0.284
< 2.0 0.394 0.392 0.389 0.387 0.385 0.383 0.380 0.378
oy 25 0.493 0.490 0.487 0.484 0.481 0.478 0.475 0.473
e 3.0 0.591 0.588 0.584 0.581 0.577 0.574 0.570 0.567

Tab. 3. Change of relative stiffness coefficient B under the effect of feed rate and machining

depth at L =500 [mm], d =20 [mm], rotary speed of machined part n,=1000

[rev/min], tool cutting edge angle &= 90° (own study)

Relative stiffness coefficient B
0.1 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.017
0.2 0.036 0.036 0.036 0.036 0.036 0.035 0.035 0.035
0.3 0.055 0.054 0.054 0.054 0.053 0.053 0.053 0.052
0.5 0.091 0.090 0.090 0.089 0.089 0.088 0.088 0.087
0.6 0.109 0.108 0.108 0.107 0.107 0.106 0.105 0.105
=3 0.7 0.127 0.127 0.126 0.125 0.124 0.124 0.123 0.122
E 0.8 0.146 0.145 0.144 0.143 0.142 0.141 0.140 0.140
< 0.9 0.164 0.163 0.162 0.161 0.160 0.159 0.158 0.157
‘é 1.0 0.182 0.181 0.180 0.179 0.178 0.177 0.175 0.174
s 15 0.273 0.271 0.270 0.268 0.266 0.265 0.263 0.262
£ 2.0 0.364 0.362 0.359 0.357 0.355 0.353 0.351 0.349
§ 2.5 0.455 0.452 0.449 0.447 0.444 0.441 0.439 0.436
3.0 0.546 0.542 0.539 0.536 0.533 0.530 0.527 0.523

Analysis of the results shows that the value of the relative stiffness
coefficient B decreases slightly with increase of the tool cutting edge angle.
The change in the value of coefficient B under the effect of change in the feed
and the machining depth a, (from 0.5 to 3 mm), and x,= 45° and 90° are

presented in Fig. 2 and Fig. 3.
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f [mm/rev] 01 O

Fig. 2. Change of relative stiffness coefficient B under the effect of feed rate and machining
depth at L = 500 [mm], d = 20 [mm], rotary speed of machined part n,=1000 [rev/min],
tool cutting edge angle xr=45° (own study)

Fig. 3. Change of relative stiffness coefficient B under the effect of feed rate and machining
depth at L = 500 [mm], d = 20 [mm], rotary speed of machined part np=1000 [rev/min],
tool cutting edge angle xr=90° (own study)

Based on the results of modelling (Fig. 2 and 3) we can conclude that the
value of coefficient B increases in the function of change of machining depth
and decreases slightly with increase of feed rate. With the change of tool cutting
edge angle from x=90° to x=45° one can observe a slight increase in the value
of coefficient B (for feed of 0.8 mm/rev and depth of 0.5 mm the difference
is 0.008).

Therefore, we need to determine the operator transmittance in control,
corresponding to these conditions, as well as the gain factors of the object and
the retardation z. Next, we determine the operator transmittance relative to the
interference factor that assumes the form:
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AF(s) _ m,h, G, (5)

G, (s)= 1
wo(®) Av,  S[(Ts+1)T2s* +2£T, s +1) + BG (s)+n,h, ] @

and the accurate value of coefficient B:
_ m,h, + K, mhy, )

1+ nyhyy

After calculating the gain factors of the machining process, my, my and m;,
with the change of feed f and machining depth a, (these values can be treated as
interference), we determine the relative dynamic stiffness coefficient B.

We determine the coefficients of object strengthening Kox, Koy, Koz, retardation
7 and coefficients K, Kby, Ko The relation to the approximated operator
transmittance of the object in control assumes the form (3) (Cardi, Firpi, Bement
& Liang, 2008; Swic & Taranenko, 2012; Wu & Liu, 1985):

AYo (S) _ K0 (3)

Go(8)= AV, (s) (T;s+1) (T,5+2)

After the determination of the operator transmittance we determine
coefficients Kaox, Kaoy, Kaoz and time constants T, and Ta.

Analysis of the simulation results presented in Tab. 2, Tab. 3 and in Fig. 2
and Fig. 3 indicates that in those cases the operator transmittances of the
approximated object of control have different forms. In the case of coefficient
B > 0.077 (the limit value of B, at which the form of the operator transmittance
changes), with changes of feed f and of machining depth a, (from 0.4 to 3 mm)
the operator transmittance has a form conforming to relation (3). At B < 0.077
and changes of machining depth a, (from 0.1 to 0,4 mm) and feed rate, the
operator transmittance of the approximated object has the following form (Swi¢,
Wolos, Zubrzycki, Opielak, Gola & Taranenko, 2014; Ratchev, Liu, Huang,
& Becker, 2004)

_AY,(s) K|
G,(8) = Av,(s) (Ts+1) @

The results of calculations of retardation and time constants in relation to
changes in rotary speed and machining depth, on the basis of which Fig. 4 was
elaborated, are presented in Tab. 4.
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Tab. 4. Change of retardation and time constants in relation to rotary speed and machining
depth at length L = 500 [mm], diameter d = 20 [mm], tool cutting edge angle »xr= 90°
(own study)

n [rpm] 500 1000 1500 2000 500 1000 1500 2000
Delay 7 [s] 0.12 0.06 0.04 0.03 0.12 0.06 0.04 0.03
T [s] 0.12 0.06 0.04 0.03 0.048 0.025 0.016 0.012
T, [s] - - - - 0.025 0.012 0.008 0.006
n [rpm] 500 1000 1500 2000 500 1000 1500 2000
Delay t [s] 0.12 0.06 0.04 0.03 0.12 0.06 0.04 0.03
Ti[s 0.062 0.031 0.021 0.016 0.076 0.038 0.025 0.019
Ti[S 0.019 0.01 0.006 0.005 0.016 0.008 0.005 0.004
T, Ty, Tyls]
0,12
0,1 T2
0,08 _—
0,06
0,04 T
0,02
0
[ [l
o o o o o o o o o o o o o o o o i
RIB8|R|IS|IRIB|R|S|R|IE|R|8|R|8|R| 8| np,lrev/min]
— — o~ — - ~ - — (] i — ~
0,4 0,6 1 1,5 ag, [mm]

Fig. 4. Change of retardation and time constants in relation to rotary speed and machining
depth at length L = 500 [mm], diameter d = 20 [mm] (own study)

Analysis of the data given in Tab. 4 and in Fig. 4 shows that the operator
transmittance at a, < 0,4 mm has a form conforming to relation (4).

3. ANALYSIS OF FREQUENCY AND TIME CHARACTERISTICS
OF MODELS OF DYNAMIC SYSTEM OF MACHINING OF SHAFTS
WITH LOW RIGIDITY

Transition processes in the dynamic system, at step-wise changes in feed rate
and various depths of machining, are illustrated in Fig. 5 a. At machining depth
of a,=0.5[mm] the approximated characteristic conforms to the operator
transmittance (4), while at higher values of a, it assumes the form of (3). This is
due to the change of the operator transmittance at the value of coefficient
B > 0.077, dependent on machining depth. The change of the operator
transmittance affects both the approximated and the output characteristics.
At higher depths of machining the time of response to unit step of feed increases.
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This is due to the inclusion of the change of time constants T: and T..
In Figs. 5-9 solid line represents the characteristics of the accurate model
(output), and the broken line the characteristics of the approximated model.

The amplitude characteristics at various depths of machining are presented in
Fig. 5 b. Irrespective of the depth of machining, at frequency 0 [rad/s] the curves
assume the value of 10 dB. At the depth of a,=0.5 [mm] the approximated
characteristic assumes values higher than those of the initial characteristic, and
in the case of greater depths of machining the approximated characteristic
assumes lower values. The change of the operator transmittance affects only the
approximated characteristic.

0.00

=10.00

10.00

0.00 - b R ] T W W 50 60 ORI
frequency [rad/s]

a) b)

Fig. 5. Responses to unit step of feed rate — a); amplitude characteristic at depth
of machining - b); where: 1 -0.5 [mm], 2 - 0.6 [mm], 3 - 1.5 [mm], 4 — 2.5 [mm], feed 0.4
[mm/rev], speed 1000 [rev/min], angle xr= 90° and L = 500 [mm], diameter d = 20 [mm],
tool cutting edge angle x= 90° (own study)

The phase-frequency characteristics at various depths of machining are
presented in Fig. 6. Irrespective of machining depth the output characteristic
attains the value of —180°, at frequency of 100 [rad/s]. The approximated
characteristic, in the range from 0° to —90°, assumes higher values at lower
depths of machining. At machining depth of 0.6 and higher, after exceeding the
value of —45°, the curve of the approximated characteristic diverges increasingly
from the curve of the output characteristic.

Within the range from 0° to —90°, the approximated characteristic assumes
somewhat higher values than the output characteristic in the case of machining
depths smaller than 0.5 [mm]. At the angle of —90° the curves cross each other,
and therefore the output characteristic assumes higher values with increase of the
depth of machining.
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Fig. 6. Phase-frequency characteristics at various values of machining depth, where:
1-05[mm],2-0.6 [mm], 3-1.5[mm], 4 —2.5 [mm], feed 0.4 [mm/rev],
speed 1000 [rev/min], angle xr = 90° (own study)

The responses to init step of feed are presented in Fig. 6. Irrespective of the
feed change, the output characteristic attains the value of —180° at frequency of
100 [rad/s]. Within the range from 0°to —90° the approximated characteristic
assumes higher values at smaller machining depths. Feed rate change has no
pronounced effect on either the amplitude or the phase characteristics. The feed
rate has a slight effect on the relative stiffness coefficient B, therefore the change
in the shape of the curves of the initial and the approximated characteristics is
barely observable. At machining depth of 0.6 mm and higher, and at angles
greater than —45°, the curve of the phase approximating characteristic becomes
increasingly divergent from the initial characteristic.

In the case of machining depths smaller than 0.5 mm, in the range from 0° to
—90° the approximating phase characteristic assumes values higher than those of
the initial phase characteristic. At —90° the curves intersect, and thus the initial
characteristic assumes higher values with increasing depth of machining.

Feed rate change has only a slight effect on both the amplitude and the phase-
frequency characteristics of the dynamic system of machining of parts with low
rigidity.

Feed rate change does not have any significant effect on the relative dynamic
stiffness coefficient B, and therefore the transition, initial and approximated
characteristics of the dynamic system remain practically unchanged.

Analysis of the transition characteristics of the system of machining of shafts
with low rigidity at step-wise change of unit feeds and at various speeds of shaft
rotation indicates that with increase of the rotation speed of the machined part
the duration of the transition process is shortened: at 500 rev/min it equals
0.12 s, at 1000 rev/min — 0.06 s, and at 2000 rev/min — 0.03 s. At the same time,
there is a reduction in the difference between the values of the characteristics.

The amplitude-frequency characteristics are presented in Fig.7. The
horizontal axis shows various values of part rotation speed: 500, 1000, 2000
rev/min. Analysis of the curves shows that at various speeds of the component
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the amplitude=frequency characteristics do not undergo any change in the case
of the initial and the approximated models. In the case of the speed of
555 rev/min the curves assume the value of —33 dB, at the speed of 50 rad/s and
analogously at 1000 rev/min — 100 rad/s; 2000 obr/min — 200 rad/s.

Irrespective of the change in the speed of rotation, the responses to unit
change in feed remain unchanged, whereas there is a change in the response
time. With increase of the speed of rotation there is an observable shortening of
the response time that at 500 [rev/min] amounts to 0.12 [s], at 1000 [rev/min] —
0.06 [s], at 2000 [rev/min] — 0.03 [s], as well as a decrease of the difference
between the values of the characteristics.

10.00 \\

-in.an

=20.00

rotation

spead

30.00 [revfmin]
2 2 4 5 7 8910 a0 an 40 S0 600

2 2 4 5 6780 20 A0 40 50 & 0 EC01 P 1000

4 5 5TE90 20 30 40 50 5070800100 ELCI 2000

frequency [rad/s]

Fig. 7. Amplitude-frequency characteristics, where: ap = 0.4 [mm], f=0.4 [mm/rev],
speed: n=500, 1000, 2000 [rev/min], angle &= 90° (own study)

The axis of abscissae represents three scales referenced to various speeds of
rotation: 500, 1000 and 2000 [rev/min]. Analysis of the graph shows that the
shape of the curve, both in the case of the approximated and the output
characteristics is the same at each of the speeds of rotation. At the speed of 500
[rev/min] the curves attain the value of —33dB at frequency of 50 [rad/s], and
analogously, in the remaining cases: 1000 [rev/min] — 100 [rad/s], 2000
[rev/min] — 200 [rad/s]. Also visible is a small difference in values between the
curves of the approximated and the initial characteristics. In the case of the
phase-frequency characteristic the speed of rotation has an effect only on the
frequency [rad/s], and does not affect the shape of the curve.

The responses to unit step of feed are presented in Fig. 8. At machining depth
of 0.6 [mm], the approximated characteristics assume the form of ma curve
conforming to the operator transmittance (3). Irrespective of feed change, the
time of response remains unchanged. With an increase of longitudinal feed rate
one can observe an increasing divergence between the approximated
characteristic and the initial characteristic. The initial value increases, e.g. at
feed rate of 0.1 [mm/rev] it equals 5 [N], at feed rate of 0.4 [mm/rev] — 20 [N],
and at feed of 0.8 [mm/rev] — 40 [N]. After 0.15 [s] the initial characteristic
coincides with the approximated characteristic.
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Fig. 8. Response to unit step of feed at machining depth of a,=0.6 [mm] and feed rate
[mm/rev.]: 1-0.1; 2-0.4; 3-0.8; speed 1000 [rev/min], angle xr =90° (own study)

The amplitude-frequency characteristic, at machining depth of 0.6 [mm],
speed of 1000 [rev/min] and various feed rates, is presented in Fig. 9 a. Based on
the Figure it can be concluded that feed change does not affect the shapes of the
curves of both the initial and the approximated characteristics. However, there is
a visible difference in values between the curves of the initial and the
approximated characteristics. Feed rate change has only a slight effect on the
relative stiffness coefficient B, therefore the change in the shape of the curves is
practically non-observable and has no effect on the amplitude characteristic.

The phase-frequency characteristic, at machining depth of 0.6 [mm], speed of
rotation of 500 [rev/min] and feed rates of 0.1, 0.4, 0.8 [mm/rev], is presented in
Fig. 9 b. The phase-frequency characteristic of the initial model attains the value
of —180° at frequency of 100 [rad/s]. After exceeding the value of —45° the curve
of the approximated characteristic begins to diverge more and more from the
curve of the initial characteristic. Feed rate change has only a slight effect on the
relative stiffness coefficient B, therefore the change in the shape of the curves is
practically non-observable and has no effect on the phase-frequency characteristic.
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Fig. 9. Amplitude-frequency characteristic at machining depth of 0.6 [mm], feed [mm/rev]:
1-0.1;2-0.4; 3-0.8; speed 1000 [rev/min] — a); phase characteristic at machining depth
of 0.6 [mm], feed [mm/rev]: 1 -0.1; 2 -0.4; 3-0.8; speed 1000 [rev/min], angle xr =90° — b)
(own study)

In the determination of the time constants of the models, comparative
analysis of the relative error & (%), that does not exceed 15% (Swi¢, 2009),
indicates that the developed mathematical models of turning of shafts with low
rigidity are adequate to the actual process.

4. CONCLUSION

As a result of analysis of the frequency and time models of the dynamic
system of machining of shafts with low rigidity, the possibility was found of
their approximation within the range of actual frequencies of the dynamic
system and of the control system of the operator transmittances of typical
dynamic elements: integrating element and aperiodic element of the second
or first order. It was determined that the gain factors and the time constants of
the approximated models are subject to change, primarily with a change in the
speed of rotation of the machined part and in the relative dynamic stiffness
coefficient B, characterising the ratio of stiffness of the elastic system of the
machine tool and the gain factors of the machining process. In the case of use
of universal lathes, with relation to the changing conditions and parameters
of machining the model parameters can vary within a broad range.
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OF TOOTH ENGAGAMENT PARITY
IN CONICAL SPUR GEAR ON CONTACT
PRESSURES, WEAR AND DURABILITY

Abstract

The paper presents the results of research undertaken to determine maximum
contact pressures, wear and life of conical gears, taking account gear
technological correction, tooth engagement and wear-generated changes in cur-
vature of their involute profile. The calculations were made for a reduced
cylindrical gear using a method developed by authors. The effect of applied
conditions of tooth engagement in the frontal and internal sections of cylindrical
gear ring is shown graphically. The initial maximum contact pressures will be
higher in the internal section and the highest at the entry of single tooth
engagement; the increasing of correcting coefficients will cause the fall of
contact and tribocontact pressures; the optimum values of correction coefficients,
at which the durability of the gear will be the highest were obtained.

1. INTRODUCTION

The conic gears that allow to transmit torsion moment with the angle
90° < 25 < 90° between axis are widely used. In teeth interaction their two-one-
two pair engagement is realized. But the methods allowing to take into account
this important circumstance of corrected and uncorrected gears work, including
bevel gears, are absent. For a gear with no tooth profile correction, the maximum
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“* Drohobych Ivan Franko State Pedagogical University, Drohobych, Ukraine, jurij_c@yahoo.pl

74


mailto:jurij_c@yahoo.pl

contact pressures generated during tooth engagement are determined in comp-
liance with a relative 1SO standard. However, no such methods have been
developed for conical gears with corrected tooth profiles. Also, the methods for
assessing wear and life gears reported in the literature (Drozdov, 1975; Grib,
1982; Brauer & Andersson, 2003; Flodin & Andersson, 1997; Flodin
& Andersson, 1999; Kahraman, Bajpai & Anderson, 2005; Pasta & Mariotti,
2007) can only be applied to gears with uncorrected profiles. The preliminary
results of investigations conducted using methods which take into account gear
tooth correction, changes in tooth profile curvature due to wear and the number
of engaged tooth pairs are reported in the works (Chernets, 2013; Chernets
& Chernets, 2014; Chernets & Chernets, 2015; Chernets, Yarema & Chernets,
2012; Chernets, Kelbinski & Yarema, 2011). The study below was undertaken
with respect to the effect of the above factors and tooth interaction conditions
on variations in the maximum contact pressures and tribotechnical parameters.
The calculationfor a conical gear were made in the same way as for a reduced
cylindrical gear with frontal and internal modules of conical engagement made
variable over a tooth length Mmax < m <mpmin (Chernets, 2013). To solve the problem,
we applied methods for assessing contact strength, wear and life of spur gears.

2. METHOD FOR ESTIMATING GEAR DURABILITY

Tooth wear causes an increase in curvature radii of tooth profiles, which
leads to a decrease in initial maximum contact pressures pjmax and contact area
width 2b; at every j-th point of contact. The values of pjnmax and 2bj, are
calculated in accordance with the modified Hertz equations:

P jhmax :0.5641fN’9/pjh , 2b;, =2.256,/0Np;, , (1)

where j = 0, 1, 2, 3,... are the contact points of the teeth profiles; N' = N/w;
N = 9550P/rin;cosa is the engagement force; P is the power on the drive shaft
(pinion); w is the number of engaged tooth pairs; 0 = (1 — v1? )/E1+ (1 — v22 )/ Ez;
E, v are the Young modulus and Poisson's ratios of toothed gear materials,
respectively; r; — is the rolling radius of the pinion; r. is the number
of revolutions of the drive shaft; a = 20° is the pressure angle of engaged teeth;

_ P1jnP2jn

P1jnh tP2jn
to changes due to wear in a normal section; pajn, pjr are the changeable radii
of curvature of the pinion and gear teeth profiles, respectively.

in is the reduced radius of curvature of the gear profile subjected
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In operation, due to the gear’s wear, the initial curvature radii pi, pz
(Chernets, Yarema & Chernets, 2012) of the gear profiles and the reduced
curvature radius p; increase.

The work (Chernets, Yarema & Chernets, 2012) presents a method which
takes account of wear-generated changes in the initial radii of gear curvature
in every revolution of the gear. Accordingly

Pih =Py Djkz Kkﬁ k=12, )

where n = ng = 1, 2, 3,... is the number of revolution of the gear; k is the
numeration of gears (1 — pinion, 2 — gear); Dix = K?%q are the nondimensional
constants at every j-th contact point depending on wear.

The wear-generated changes in gear profiles during every tooth interaction is

K, =8hy/ |§j , (3)

where h'y; in the linear wear of gear teeth at any j-th point of the profile; Iy is the
length of a gear chord which substitutes the involute between points j— 1, j + 1;

ij = 2pkjh sin Eijh = const , (4)

where g, =S, /py, Is the angle between the points j and j +1;

Sy = mzk[ 1 - 21 ]COS(I is the length of the involute between
4 | cos”ay;  cos” oy

the points j, j + 1; o, aj+1 are the angles of tooth engage of selected involute

points j, j + 1 (Chernets, Yarema & Chernets, 2012); m is the module of

engagement; z1, Z» is the number of gear teeth.

To make the computation time shorter, we developed a block-based method
for solving this problem. With this method, changes in profile curvature radii,
reduced curvature radii and maximum contact pressures are determined
following a selected number of revolutions (blocks of interactions), and not per
every gear revolution (tooth engagement) as was done previously. In a block,
computations are made under constant conditions of tooth engagement based on
linear cumulative changes in given parameters. In a successive block of compu-
tations, the cumulative changes are taken into account after (5), (6) and then the
computations are continued using new data. The changeable curvature radii
Py, are determined as

j+l

Bmax
Pijn =Py T E, z ijB Kk_j]é . ®)
B
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where B denotes the number of gear revolutions (i.e. the size of a block
describing tooth interactions) with the conditions of contact maintained constant;
a the size of a block can be selected as: B = 1 revolution (accurate solution),
B = ny (rev/min), B = ny revolutions per one hour, B = n; revolutions per 10
hours, and so on; B; and Bmax are the first and last computational block,
respectively; Ex is a nondimensional constant dependent on the maximum
acceptable tooth wear hi; Dyjs = K%gs is a constant which remains unchanged in
one block but changes in every other block.

The wear-induced change in the curvature of a gear tooth profile for every single
block of interaction is:

B
Kyge = 82 hin /|§j . (6)

The unit linear tooth wear h'yj, at any j-th point of gear profiles is calculated
for every successive revolution of the block for the time tj = 2byj / vo,
and it is not subject to accumulation. The width of contact area 2bj, is deter-
mined at the revolution nc— 1 or at block B — 1 in accordance with (1). A value
of h'n is calculated using the equation (Chernets, Yarema & Chernets, 2012):

o Vjt}h ( fpjhmax )mk
" (0.35R, )™

()

where t'j, is the time of tooth wear at displacement along the profile of a j-th
contact point over the contact area width 2bjn; vo = warisina is the velocity of
contact point travel along the tooth profile; w: is the angular velocity of the
pinion; v;j is the sliding velocity at a j-th point of the gear profile; f is the sliding
friction factor; pjmmax iS the maximum tribocontact pressure (at tooth wear)
at a j-th contact point; Cy, mi are the indicators of resistance to wear of tribolo-
gical pair materials; R the immediate tensile strength of material.
The sliding velocity of engaged teeth is calculated as:

v, =w1rbl(tana1j —tanazj), (8)

where rp; = ri€0sa, oaj, ozj in compliance with (Chernets, Kelbinski & Yarema,
2011). Hence, following every interaction or a block of interaction, the
parameters hyj, haj,, pajh, P2ih, Pjh, Pihmax, 205n, t'in Will change.

For the applied number of pinion revolutions nisand gear revolutions nis,
and the corresponding number of interaction blocks, the total tooth wear hgjn
and hyj, at the j-th points of contact are calculated as:
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nls n25
hljnzzhljB' hzjn:ZthB’ 9)
1 1

where n,c =n, /u; h, = z hy; is the tooth wear in every block of interaction;

u is the gear ratio.
The service life tsmin 0f gear operation for the number of gear revolutions ns
or nys is determined by:

thin = nls /60n1 = n25 /60n2 * (10)

The angles of transition from a double tooth engagement (Ae,. ) to a single

tooth engagement and, again, to a double tooth engagement (Ao, ) in a cylin-
drical gear with profile correction are determined in the following way:

AQie, = Qo =P, AP =@1p + Py (11)

where @,p =tano,. —tana, @ =tana, —tana, @;p=tana,, —tana,
_nsina—(p,~) .. _fsina—(p,—e)

I, cosa, ' I, cosa.
The angle Ag,. describing the moment of teeth exit of engagement is:

tano

no

F 51

AQe =@y + Py (12)

where @, =tana; —tana,, ag =arccos(, /1), L =mz, /2, p, =mTMCOSCL,

2 .
tan oy, =(1+u)tana— \/(rzo/rz) —cos’a, € =4l:—L: —rsina,

cosa.
e, =M—rzsinoc, o=r,—r,L,=mz,/2,r,=6+m, [ ,=r,—r,
r,=rcosa, r,=r,cosa, r=0,2m; r, —is the radius of a pitch circle of the
gear; p, is the pitch of teeth; u= uf< is the gear ratio of a reduced cylindrical

gear, z, =z, /cosd,, Z, =1, /cosd, are the numbers of teeth in reduced
cylindrical gears.
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3. NUMERICAL SOLUTION

Numerical solution of the problem is made for the data: zix = 20; uk = 3;
ny = 750 rpm; P = 20 kW; b = 50 mm — ring width; Mmax =5 mm — a normal
module of tooth engagement in the frontal section; Mmin — 3.391 mm — a normal
module of tooth engagement in the internal section; Ap = 4° — the increment
in the pinion’s angle of rotation; hg = 0,5 mm — maximum acceptable wear
of gear teeth; B = 900000 revolutions. We applied boundary lubrication with
a sliding friction factor set to f = 0.05. The applied technological correction
coefficients were: x1 = —x2 = 0; 0,1; 0,2; 0,3; 0,4. It appears by a double-single-
double tooth engagement.

The gears were ascribed the following material properties: the pinion was
made of 38HMJA steel after nitriding at a depth ranging from 0.4 mm to 0.5 mm
described by 58 HRC, Rn= 1040 MPa, C; = 3,5-10%, m = 2; the gear was made of
bulk hardened 40H steel with 53 HRC, Rn = 981 MPa, C; = 0.17-10°, m, = 2.5;
E=2.1-10°MPa, n=0.3.

The results are illustrated in the figures below. Fig. 1a shows the diagram that
presents changes of initial contact pressures pjmax in the frontal section
(external), and Fig. 1b presents their transformations pjmax as a result of tooth
wear up to maximum values. Respectively Fig. 2 shows contact and tribocontact
pressures in the internal section.

The left- and right-hand sides of the figures show double tooth engagement,
while single tooth engagement can be observed in the centre of the figures.
An increase in the displacement coefficients leads to decreasing pPjmax, this
decrease is particularly significant on the left. The decrease in the tribocontact
pressures pinmax This value is remarkably high in the entire left-hand zone
of double tooth engagement and quite visible at the beginning of the double
tooth engagement zone.
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As for this section, pjmax iS approx. 1.48 times higher than that in the frontal
section. The change in pjmax is similar to one given above (Fig. 1b).

Fig. 3 shows the diagrams of linear wear of gear profiles in the engagement
zone in the internal section.
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Depending on a value of x1= —xo, the maximum acceptable wear of cylin-
drical gear teeth occurs at the entry of the left-hand zone of double tooth
engagement (x1 = —X2 = 0; 0.1) and at the exit of single tooth engagement
(Xx1=—x2>0.1).

Fig. 4 illustrates the effect of the minimal life of gears (gear tooth profile
points where hy~ is attained) on the displacement coefficients x1 = —x..
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Accordingly, the gear life tsmin takes into account changes in pjmax due to
tooth wear, while tmin is described by the assumption that pjmax remains constant.
For a selected range of change in the displacement coefficients, the optimal gear
life is at x1= X2~ 0.13.

4. CONCLUSION

The results have demonstrated that:

1.

In spur gears with double-single-double tooth engagement, the initial
contact pressures pjmax Will be higher in the internal section of the gear by
1.475 times than in the frontal section due to a decrease in the module.
That means that increasing of pjmax IS proportional to decreasing of the
module’s value.

The highest values of pjmax can be observed at the entry of single tooth
engagement in both sections.

The regularities concerning a decrease in pjmax and pjnmax in the left-hand
zone of engagement can similarly be observed with increasing the displa-
cement coefficients Xx1= —Xo.

We determined optimal displacement coefficients for spur gears xi= —x. = 0.13
which will produce the highest possible gear life.

The linear wear hyj, hy; of gear teeth in the internal section are alike.

Spur gears have the lowest acceptable life in their internal section.
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Abstract

The article presents a computer algorithm to calculate the estimated
operating cost analysis rail bus. This computer application system
compares the cost of employment locomotive and wagon, the cost of using
locomotives and cost of using rail bus. An intensive growth of passenger
railway traffic increased a demand for modern computer systems to
management means of transportation. Described computer application
operates on the basis of selected operating parameters of rail buses.

1. SUBURBANAND REGIONAL RAIL SERVICES

Until recently, regional rail services were operated by electric three-car
multiple units, EN57 and EN71, as well as SP42 or SM32 diesel locomotives
to haul up to four cars on non-electrified routes. The aforementioned electric
or diesel trains were heavy vehicles with high axle loads ranging from 160170 kN.
These vehicles had numerous shortcomings, including high energy consumption,
lack of operational reliability, low acceleration (1.2 m/s?), lack of smooth
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running due to noise and vibration on a vertical and horizontal plane, low
braking rate, low travel comfort (lighting, heating), inefficient and usually non-
operational sanitary facilities which are difficult to maintain clean. In addition,
these units did not have train destination side plates, which made orientation
difficult for passengers getting on and out of the train from side travel directions.
Passengers also reported difficulties with getting on and out of trains at high-
platform stations. The use of standard train sets led to destruction of railway
tracks, the technical condition of which was and still is far from being
satisfactory, high consumption of electric energy and diesel oil, as well as degra-
dation of the environment due to vibration, noise and pollution. The above fac-
tors contributed to the development of modern multiple units based on modern
computer systems with new, passenger-friendly constructional and operational
parameters which meet EU requirements (Sobaszek, Gola & Swié, 2014).

Suburban and regional rail services at distances of approx. 150 km on
electrified lines with a higher traffic density are operated by electric multiple
units EN 57.0n secondary non-electrified lines (it is estimated that there are
about 6500km of such lines), the traffic is operated by SM42, SP42 and SP32
diesel locomotives with two or three second-class passenger cars.

The PKP Polish Railways plans to close these lines down due to their
unprofitability. Apart from low commercial speed of trains on secondary lines,
the operation of rail traffic using diesel locomotives is very expensive.

This cost can significantly be reduced if a locomotive, e.g. SP42 with two
cars, is replaced with a railbus, e.g. Regio Tramp 215M (two-unit) or 213M
(single-unit).

Compared to diesel locomotives, the use of the above railbuses brings the
following benefits (Stoktosa & Cisowski, 2008; Cisowski & Wojciechowski,
2011):

— the cost of materials, operation and maintenance of a high-speed engine
manufactured by MAN (such engines are applied in Regio Tramp 215M
and 213M buses) are lower than the cost of materials, operation and
maintenance of a diesel engine type a8C22 (used in SP42 locomotives),

— fuel and engine oil consumption by 2 engines of a 210M railbus is by 13%
lower than that by the aBC22 engine.

The operational costs of a railbus are significantly lower than those of the
analyzed trainset due to a lower railbus weight and thus its lower impact on the
track.

The data listed in the above table demonstrate that the number of passengers
in both cases is almost the same, but fuel consumption is much lower in the case
of railbuses (D¢binski, Kiercz, Kowalski & Kadziotka, 2011).

In addition, travel comfort in railbuses is higher. Finally, the lower weight
of railbuses means that the rail tracks are destroyed to a smaller extent.
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Table 1 provides a comparison of the operational parameters of two Regio
Tramp railbuses and an SP42 locomotive.

Tab. 1. Comparison of a railbus and SP42 locomotive with two cars used in computer
algorithm (own study)

. . . Iocgrﬁqﬁive Regio Tramp ReoTS

Type of trainset or railbus Unit M/
+2 cars 215 Sp42
120A

Weight [t] 159.5 58 36
Number of passengers [pc] 128 120 94
Weight of passengers [t] 8.96 8.4 94
Engine type - A8C22 2x2866LUH-21 -
Numper and arrangement i 8V50° R6 i
of cylinders
Rated power [kW] 588 2x250 85
Rated rotational speed [1/min] 1000 2000 -
Rated fuel consum./unit [9/kwWh] 224 195 87
Engine oil consumption [o/kWh] 1.12 1.135 101
Fuel _C(_)nsumptlon in normal [kg/h] 131.7 1145 37
conditions
Engine ol refill [kg/h] 0.659 0.244 37
consumption
Idle-run fuel consumption [kg/h] 9.0 2x2.2 49

Rated fuel consumption per unit

250

200

— 150
]
&

100

0

SP42
. Regio Tramp %215M/
locomotive 215 spa2
+2cars120A
| Rated fuel consumption
: 224 195 87
per unit

Fig. 1. Result of algorithm calculating fuel consumption (per unit) (own study)
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o .
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locomotive +2 °g';’15'°'“p %215M/SP42
cars120A
® Fuel consumption in
normal conditions 13,7 114,5 57

Fig. 2. Result of algorithm calculating fuel consumption (normal) (own study)

The first step comparison vehicles of computer algorithm are presented in fig.

Comparison of a vehicle

Type of trainset or railbus

Weight

Number of passengers

Weight of passengers

Engine type

Number and arangement of cylinders
Rated power

Rated rotational speed

Rated fuel consumption per unit
Engine oil consumption

Fuel consumption in normal conditions
Engine oil refill consumption

[ Idle+un fuel consumption

Unit Value
3] 159.5
[pc] 128

3] 8,98
[l ABC22
[ 8V50
kw] 588
[1/min] |
[a/kWh]

[g/kWh]

[ka/h]

ka/h]

ka/h]

Fig. 3. Comparison vehicles (own study)
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2. PROPERTIES OF RAILBUSES MANUFACTURED
IN POLAND AND ABROAD

Railbuses are light traction vehicles manufactured by a number of companies
worldwide (Gola, Montusiewicz & Swi¢, 2011; Swi¢, & Gola, 2013), including
Siemens (the Netherlands), Adtranz (Germany), Bombardier/DWA (Germany),
Wagonka Studenka (Czech Republic), Fujii Hi (Japan), Alstom (Germany),
Goninan (Australia), DE Dietrich (France).

The parameters of railbuses manufactured by foreign companies are listed
in Table 2.

Railbuses can develop a speed ranging from 90+150 km/h, yet their
operational speed is usually approx. 120 km/h.

Their engine power ranges from 200+2x380 kW. The number of seats ranges
from 36+74. The maximum unit power of such bus is 12.9 kW/t.

These buses are powered by under-floor diesel engines manufactured by such
companies as MAN Eurol, Volwo Euro I, MTn Euro I, MTN Eurol, Dentz, Man
Euro Il and Niigata DMF.

In Poland, railbuses are predominantly manufactured by three companies:

— ZNTK Poznan, the manufacturer of Regio-Tramp 213M and Regio

Tramp 215M,

— KOLZAM Raciboérz, the manufacturer of 208M and SPA-66/AS-66,

— ZNTK Bydgoszcz, the manufacturer of 214M.

— Table 3 gives the comparison of parameters of railbuses manufactured

in Poland.

Regio Tramp 213M and 215M (Figs. 1 and 2) are light modern low-floor
diesel railbuses for passenger service on normal-track lines.

These vehicles offer a broad spectrum of possibilities owing to their modular
equipment which can be tailored to user requirements.

These vehicles can either consist of up to three units interconnected with
a coupler and a bridge (e.g. 214M) or a single unit (e.g. 213M).

One of the most important features of these vehicles is that they can auto-
matically change their wheel track from 1435 mm to 1520 mm.

These vehicles are relatively inexpensive and have low maintenance costs,
which in fact increases the profitability of passenger service on the lines
excluded from railway traffic by the PKP Polish Railways.
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Tab. 2. Technical data of railbuses manufactured by foreign companies (own study)

2 2 E
; c D 4&; IS [o))
= S 73 23| 2
2 E.: |8 5|z E 85| £ |55 2F| 8
= C 4= @ - S| g c = =2 =2 S =
= > ° 2 s 5| & S £ S == = o
s | 8 °|SE|FEEY &%) 15|88 5 2
= S g ER AN
O ol
SIEMENS | Netherlands | 1980 | 1435 | 120 | 2x320 | 26170 | - - -
Adtranz | Germany | 1990 | 1435 | 129 | 2x257 | 25500 | 53/13 | 12.9 EngIIETJeroNIIAN
Bombardier/ Engine
TWA Germany | 1990 | 1435 | 100 | 265 | 16540 |58/13| 115 |, DN
Wagonka Czech Engine
Studencka Republic 1990 | 1435 | 90 206 13250 36 111 Volvo Euro |
Engine
Fujiii HI Japan | 1990 | 1067 [110| 296 | 20000 | 3435 | 85 |\ tdUI
Alstom | Germany | 1992 | 1435 | 120| 315 | 27260 | 60113 | 7.7 E”gE”l‘ﬁoNI'TU
. . Engine
Goninan Australia | 1994 | 1600 | 135 | 2x231 | 25900 50 9.2 Bentz
. Engine
ABB Australia | 1994 | 1435 | 150 | 3x380 | 3x25250 | 3x54 | 7.0 .
Commins
SIEMENS | Germany | 1995 | 1435 | 100 | 2x228 | 24800 173(/) 11.12 E”g'”lel Euro
Alstom | Germany | 1999 | 1435 | 120 | 2x257 | 28900 | 63/17 | 105 E”gE'Efo'\fIAN
DeDietrich | France | 2000 | 1435 | 140 | 2x257 | 28900 | 6317 | 105 | "9 MAN
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Tab. 3. Comparison of buses manufactured in Poland (own study)

| Number of units and dimensions | Uniaden weight I Power ] Type of gear ] Maximum speed ] Standing room I Seats |

207M + SDA- | 207Ma+207
e 207 Mr 208 66/AS-66 | Mra+207Mb | 213 214M
Manufacturer | | ZNTK | KOLZAM | KOLZAM | ZNTK ZNTK PESA
Poznan Raciborz Raciborz Poznan Poznan Bydgoszcz
Number 12 2 1 3 1 1
of units
17000 mm
Length with | 5056 1 | 19200 mm | 16500mm | 45040 mm | _ W™ | 18000 mm
bumpers automatic
clutch
Uv\'l‘;?gdhet” 54000ky | 38800kg | 23200kg | 82000kg | 27500ky | 23520kg
Power 200KW | 157KW | 92/110KW | 2x200KW | 250 kW 250 kW
. hydro- . . hydro- hydro-
Type of gear hydraulic mechanical mechanical | hydraulic Kinetic Kinetic
Mi;;‘:;m 90kmh | 90kmh | 90kmh | 90kmh | 120km/h | 110 kmih
Seats 96 60 66 136 +4 38 60
SR 140 68 74 196 52 70
room
=3 icE X

—

ﬂ LT E\i

HEE Wl =y

Fig. 1.215M [2]

%I ELI] HLd ;f

Fig. 4. Computer algorithm to comparison of buses (own study)
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The main operational advantages of these vehicles include:

— reduced environment-polluting emissions due to the application of diesel
engines which comply with the EUROZ2 standard (Lalik, 2008),

— reduced noise due to the application of shields and increased floor
thickness, with particular emphasis on thermal and sound insulation,

— low axle-load of 140+150 kN and thus a less destructive impact on rail
tracks,

— relatively low energy consumption due to the application of light materials
in vehicle design,

— reduced vehicle weight due to light steel design, the application of diesel
engines with low fuel consumption and the use of heat from the engine
and gear cooling system for vehicle heating,

— lower financial outlays on vehicle inspection and maintenance due to the
application of maintenance-free subassemblies which wear to a little
extent and do not require constant supervision,

— the use of environment-friendly materials, e.g. water-soluble painting materials,

— the use of recyclable materials, e.g. steel and parts made of plastics.

3. SELECTED PARAMETERS OF RAILBUSESUSED
IN THE CALCULATION ALGORITHM

A selection of operational parameters of railbuses used in the calculation
algorithm is illustrated using 208M as an example. According to the manu-
facturer’s nomenclature (Basak & Bilinski, 2007), 208M is a third-generation
bus characterized by high comfort of travel (they are easy to get in and out of),
modular design, low floor, on-board diagnostics, air-conditioned cars, and
a closed WC system. Third-generation buses have a lower floor in the entire
passenger space, while the floor height in the central part of the bus is 575+600
mm (Basak & Bilinski, 2007). The power units are mounted on an independent
carrying frame, which considerably facilitates operation and maintenance
processes. The buses are equipped with under-floor Power Pack integrated
power units (Marciniak, 2009; Cisowski & Wojciechowski, (2011).

These buses are characterized by (Basak & Bilinski, 2007):

— low purchase and operational costs, which leads to a higher profitability of

passenger service on both local and regional lines,

— are adapted for getting in from both high and low platforms, i.e. from the

level of a rail head (sliding doors),

— suitable for different levels of traffic due to their modular design and

multiple travel,

— can be used for both cross-border and regional traffic on secondary lines

as well as on lines which run in mountainous and sub-mountainous areas,
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— high body inclination and small railway track arcs,

— are adapted to transport disabled passengers (getting in/getting out),

— separate space for the transport of large luggage and bicycles,

— ergonomic chairs with “vandal-resistant” design,

— ecological (closed) WC cabins adapted for disabled passengers,

— amodern hydro-mechanical under-floor drive system,

— amodern ecological combustion engine which complies with the EURO I
standard,

— are equipped with an on-board computer which enables both drive system
control and on-board diagnostics.

4. ANALYSIS OF ESTIMATED RUNNING COSTS OF A RAILBUS —
RESULTS OF THE WORK CALCULATION ALGORITHM

The analysis of running costs involved calculating an estimated cost of
transporting about 40 passengers at a distance | = 100 km by an SP42
locomotive with one 134-type car and by a 207-type railbus.

All calculations were based on the generated results of the works calculation
algorithm. The algorithm in the course of calculation takes into account:

— route recalculation,

— energy consumption,

— final conversion,

— fuel consumption,

— specific fuel consumption

— the cost of fuel,

— converting liters of fuel per 1 kg of fuel.
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Below are the steps in the process of computing the computer application:

Stage 1. Calculate the cost of the operational cost of SP42 locomotive

with one car:

Step 1. Power of SP42 — P=588.2 kW (Stoktosa & Cisowski, 2008),

Step 2. Route — I = 100 km,

Step 3. Time of travel -t =2 h,

Step 4. Unit fuel consumption — p = 224.4 [g/kWh],

Step 5. Energy consumption — E =2-588.2 = 1176.4 kWh,

Step 6. Fuel consumption — P =224.4-1176.4 = 263984.16 g ~ 264 kg,

Step 7. Converting fuel into litres — 1 kg of fuel = 1.3 litre,
P=264-1.3=343.21,

Step 8. Cost of 1 liter diesel oil — 2.7 zloty,

Step 9. Fuel cost — Kp = 343.2 x 2.7 = 926.64 zloty.

Stage 2. Calculate the cost of the operational cost of K1 locomotive:
Step 1. It was assumed that the cost of one-day operation of this locomotive
was 4000 zloty, which means that for 2 hours of operation:

K, = 4022’ 2 _3335zloty 1)

Step 2. A conductor was employed in the car for passenger service. An
average monthly salary of the conductor was estimated at 2000 zloty
per 200 hours a month,

The cost of conductor work for 2 hours (train travel):

K, = 2000-2
200

= 20zloty (2)

Step 3. It was assumed that the cost of one-day operation of a 134-type
passenger car was 2000 zloty.
The operational cost of this car was:

~2000-2

K
5T 24

=166,66 zloty 3)

Step 4. K4 denotes the consumption of other operational materials K4 = 50
zloty (lubricating oil for wheel flanges, engine lubricant, sand,
cooling water).
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The total cost of 100 km travel (locomotive with one car):

K= Z K, =926,64 + 333+ 20+166,66 + 50 +1496,30 zloty 4)

Stage 3. Calculate the cost of the operational cost of 207 railbus:
Step 1. Engine power — P=200 kW,
Step 2. Route — I = 100 km,
Step 3. Time of travel -t =2 h,
Step 4. Unit fuel consumption — p = 209 g/kWh,
Step 5. Energy consumption — E =2-200 = 400 kWh,
Step 6. Fuel consumption — P =209-400 = 83600 g = 83.6 kg,
Step 7. Converting fuel into litres:
P=283.6x1.3=108.68~ 1091,
Step 8. Cost of fuel:
1 1 engine oil costs 2.7 zl/I,
Kp =109 x 2.7 = 294.3 zloty.

Stage 4. Calculate the cost of the operational cost of a railbus:
Step 1. It was assumed that the cost of one day of operation of a railbus was
1500 zloty, which means that for 2 hours of operation:

~1500-2

K, =125zloty (5)

No conductor on the bus. Operational materials K4 = 25 zloty
Step 2. The total cost of 100 km travel (railbus):
K ZZKi =2943+125+ 25=444,30zloty (6)

Step 3. A ratio between the locomotive and railbus costs:

k =149630/444,30=3,96zloty (7



Tab. 4. Comparison of costs of 100 km travel of a locomotive with one car
and a railbus—results of the work calculation algorithm (own study)

Diesel locomotive

Cost specifications . Railbus
with one car

Fuel consumption [zl] 926.64 294.3
Operatlo_nal cost K1 [21] 333 125
locomotive/railbus
Conductor work cost K2 [zl] 20 -
Car use cost K3 [zI] 166.66 -
Cost of operational materials
K4 [2]] 50 25
Total cost 1496.30 444.3

Beloware presented results of cost specifications Diesel locomotive with one
car and Railbus.
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Fig. 6. Calculation results of computer algorithm for Railbus (own study)
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Fig. 7. Calculation results of computer algorithm for Diesel locomotive
with one car (own study)

An algorithm analysis reveals that buses of this type can be used on lines
which are in relatively low technical condition and have an axle load of 13+14 t/axle.
Their maximum speed is 90 km/h. The buses have seats for 60+66 passengers,
with standing room for 68 and 74. Railbus operating costs are lower more than
70% than diesel locomotive with one car.

3. CONCLUSIONS

Based on the analysis results, the following observations and conclusions
have been drawn:

1. Computer algorithms for estimating operating costs are an effective tool to
assist transportation process,

2. As a consequence, the maintenance of regional trains required and still
requires considerable financial outlays,

3. Economic effectiveness of passenger railway services on secondary
railway lines can be significantly increased if light rail vehicles are used
instead of a diesel locomotive with two passenger cars.
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4. P. 1 demand can be met if light railbuses, Regio Tramp 215M or 213M,
are used.

5. 215M and 213M buses manufactured in Poland can compete with foreign
products of a similar type.

6. 215M and 213M railbuses ensure high travel comfort, and they are easy
and economic to operate.
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